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TESTIMONY
Regarding 8111115 related to Special Improvement Districts
-

This legislation advances the political doctrine that dollar value, trumps the
principle of equal opportunity and equal protection of law. By its terms, it empowers a
private corporation to coerce payment of a liability that a property owner living within
the boundaries of a district though it may not benefit from, nor want the improvement.
This kind of police power needs to be limited to governance by a structure with separate
but equal powers. Bill 11,5 clearly abancLons this principle.
There never has been a Council that for an instant would propdse in an ordinance
to remove the constitutional protections of equal opportunity and equal protection’ of
Law. in reality, th,is Council will consider for approval on second and final reading a
legislative act that removes these cherished principles. Why?
There is a fiction, thought to he real, that portrays citizens as customers served by
servants in a constantly changing world. We know this. This attractive scheme
advances the malignancy known as “supremacy” of the individual, The impulse occurs
throughout human existence and resurfaced in our community in the early nineties with
the enthusiasm of three elected and non elected Republicans; Two served as a Member
of Council, then took its ineffectiveness to the Office of Mayor. A third contiiiue this
parade into the twenty first century. One way to stop the advance of supremacy is to
recOfli~flit B’ll 115.
I
Bill 115 facilitates a specific project in Paia involving 42,000 sq. ft of commercial
use. The property owner could initiate the funding of needed improvements should Bill
115 become law; also, renovation of a hotel pro perty may also be pro~noted here.
Under the existing improvement district pro~-ision, ownership of property
comprising 40% of the area of land drives implementation, because indebtedness ‘relates
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to square footage of land benefiting by the expenditure of dollars to improve the
infrastructure. Why is a draconian change to our system promoted here on th:is day in
December, to Members of this Council?
Well, maybe equality, opportunity and
protection are not important in. a constantly changing world, And in the real world of
some citizens, there are more important concerns e.g. Christmas.
Equality is important for this guy named Smith. I believe in history words matter;
that some of citizens have more important concerns in their private world; but this place
and, your election make that private world, not relevant.
II

•

This Bill repeals the existing improvement district ordinance by implication; at
section 3.70.020 iL states the provisions of this chapter may be used instead of any other
Chapter; and then at Section 3.70.050 it states this Chapter has “superiority” over
conflicting provisions of other law and when a conflict is present with that other
provision this chapter shall prevail. Repeal by in. p’tication is illegal.
This legislation at Section 3.70.170 turns legislative power into quasi-judicial.. It
allows discretion to determine reasonableness of assessment determination. The
judicial branch deterii.i.nes rightness and wrongness and reasonableness not a legislative
body. This encroachment of legislative power violates the separation of powers
doctrine. Our Executive branch administers Policy set by legislative action. With this
Bill, administrative power is presumed by this Legislative Body. This problem needs to
be more particularly defined in a Committee. The fact that the legislation is approved
as to legality and form by the Office of Corporation Counsel, must be considered a
formality. This Bill expands power of our legislative branch and its duty. This can oniy
be seen as illegal.
The legal question specific to the terms of the Bill that should be raised is whether
agricultural land that has been dedicated, must pay for and benefit from improvements;
and should the answer be yes, what percentage of the total assessed value will property
owners of this land be coerced to pay?
I hope to present oral testhnony on this Bill at the Council. meeting. This
testimony is given to participate and.assist in solving the problem always present in the
creation of new legislation. The problem in this instance is “supremacy”, in a place were
equality must rule.
~esR. S~h ~
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Aloha Council Members,
My name is Janice Simeon, wife of Chef Sheldon Simeon, & co-owner of a local mom & pop lunch
shop, Tin Roof in Kahului. Chef sends his regrets for not being here today, but he is currently
filming a series that will showcase Hawaii restaurants & purveyors to a national audience. I am
here today to ask that you vote to restrict the use and sale of polystyrene food service containers.
As leaders of the food industry and a new small local business here on Maui, Chef Sheldon and I
knew we had to pave the way and set an example. When we first opened Tin Roof back in April,
we did not realize how difficult it would be to receive sustainable packaging on island. It took us
6 months to find a vendor that would supply them to us. Even with an attempt to partner up
with another Maui company, we were still unable to meet the minimum order requirement to
get a shipment on island. We have no financial resources to pay for 200 cases at one time, which
would have been about $25,000, nor do we have the storage space to house them. So for 6
months, we used packaging that was readily accessible. Accessible because so many other
companies were already using those same plastic & Styrofoam containers. Finally about two
months ago, we were introduced to a company called Sustainable Island Products in Hilo who
ships weekly to Maui, but will be opening a second location in Kahului around Spring 2017. We
found a container that fit our brand and was pleasantly surprised when I realized the cost was
very comparable to what we were using at the time, but made even cheaper with a bulk discount.
I imagine as more companies on island make the switch, together we can bring the costs down
even more. I am happy to report that our company now uses about 99% compostable packaging
for our take-out lunch spot and are currently phasing out the lasts 1%. That’s less waste in our
landfills as our products will start to decompose itself in months, not decades.
As a small business, it was much easier for Chef Sheldon and I to make that commitment to
transition to compostable packaging. But we are just one local shop. What about larger
corporate businesses that runs several locations on island, such as Panda Express & McDonalds,
that serve thousands of people a day? The local management team cannot make that decision.
That is why you, as our elected lawmakers, need to make that decision for the corporate giants.
We hope you vote to ban Styrofoam containers on our island.
Lastly, if you think your decision will only affect what happens on our island, think again! Because
my husband, internationally recognized Chef Sheldon Simeon & humble local boy, is currently
representing our entire state to millions of viewers from all over the world , and if you saw last
night’s episode of the Emmy Award winning show Top Chef, you would know that he’s killing it
right now!! So the world is watching our every move. Let’s show up and show them what Maui
is doing to better the future for our island & planet as a whole. Mahalo for your consideration.
Janice Simeon
Tin Roof Maui
sjsimeon@gmail.com
808-276-5258
www.tinroofmaui.com
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha,
On behalf of Chef Sheldon Simeon and I, we are happy to report that our small local business is now 99% sustainable
in regards to our packaging for our take-out lunch spot. We are currently phasing out the last 1%. We did not
realize how difficult it would be to receive compostable packing on island as it took us 6 months to find a vendor that
would supply the product to us. Our packaging is now being shipped each week from the Big Island, but if Maui
bans styrofoam containers, compostable sustainable packaging would be much accessible to all. It was difficult for us
to receive the product because many vendors required us to purchase about 200 cases as a time for them to
consider partnering with us. As a small business, we do not have the financial resources nor space to accommodate
such request. On the other side, as a small business, it was much easier for us to make that decision to convert &
commit ourselves to using sustainable packaging. For larger corporate businesses, it’s easy for them to say, “I’m not
in charge of our packaging, that comes from corporate (mainland).” Do the late corporate executives care about
what happens here? Not necessarily. Therefore, as the island lawmakers, you need to make that decision for them. I
hope to make the right decision for the future of our island and vote to ban styrofoam containers.
Mahalo,
Janice Simeon
(808) 276-5258 Cell
Simeon Restaurants LLC
TIN ROOF
Twitter & Instagram @tinroofmaui
www.tinroofmaui.com
www.facebook.com/tinroofmaui
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IEM 5: Revised proposed bill 12-06-16

A Bill For An Ordinance Establishing A New Chapter 20.26, Maui County Code, Restricting the Use and Sale of
Polystyrene Food Service Containers
Position: Oppose

Chair White and Members of the Maui County Council:
I am Robert Kline, Senior Account Executive of KYD, Inc. dba: K Yamada Distributors. KYD is a locally founded,
family run business in Kalihi. KYD, Inc. began in the 1940’s as a florist and a supplier of florist supplies. In
1958 we evolved into the packaging company we are today and later expanded into a distributor of many
other fine products. KYD, Inc and its sister company, Hawaii Foam Products, LLC provide jobs to 100 men and
women and contribute much to Hawaii’s economy in the form of payroll and taxes. We locally manufacture
and distribute food-grade expanded polystyrene food containers throughout the State.
As Senior Account Executive, I have first-hand interaction with customers about pricing and functional quality
of food service containers that KYD distributes, which includes alternatives to the foam containers we
manufacture. I understand that pricing and impact on Maui businesses as well as residents are of concern.
Please look at the highlighted items —l will pass samples for you to examine. Please keep in mind that sales
prices are subjective because the wholesaler may sell it with a higher/lower margin. Ultimately, it is the enduser that pays for it.
COST COMPARISON BASED ON FREIGHT, INCL.UDED IN PRICING
COMPOSTABLE
COST/CASE
(Cs)

FOAM
P.S.
COST/CS

Cs COST
DIFF

UNIT PRICE
DIFF

8” x 8”

HINGED CONTAINERS PULP (HIGHER END)
200/CS

54.00/CS

20.00/CS

34.00/CS

+

8” x 8”

HINGED CONTAINERS PULP (STANDARD)
200/CS

52.56/CS

20.00/CS

32.56/CS

+

9” x 9”

HINGED CONTAINERS PULP (STANDARD)
200/CS

61.16/CS

29.56/CS

31.60/CS

+

6” x 6”

HINGED CONTAINERS PULP (STANDARD)
300/CS

79.36/CS

29.94/CS

49.42/CS

+

10”

PI.ATES COMPOSTABI.E (POTATO BASE - HIGH
END) - 500/CS

80.00/CS

35.00/CS

45.00/CS

+

8.3 X 4.3”

PULP TRAY 500/CS (STANDARD)

60.00/CS

20.00/CS

40.00/CS

+

STANDARD
COFFEE CUP
STANDARD
SOUP BOWL

STANDARD COMPOSTABLE COFFEE CUP w/
PLANT BASE LINING 500/CS
STANDARD COMPOSTABI.E SOUP BOWL 12
OZ w/ PLANT BASE LINING 500/CS

55.00/CS

22.50/CS

32.50/CS

+

105.00/CS

40.00/CS
(12 0Z)

65.00/CS

j.D
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0.17 CENTS
MORE / EACH
0.163 CENTS
MORE / EACH
0.158 CENTS
MORE / EACH
0.165 CENTS
MORE / EACH
0.09 CENTS
MORE / EACH
0.08 CENTS
MORE / EACH

0.065 CENTS
MORE/EACH
+ 0.13 CENTS
MORE / EACH
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While the unit price differences for compostable and foam PS cost varies from $.06 to $.17, food service
operators buy by the case. So the case price difference is what matters to the food operator.
It’s easy to see that some of local-style foods will not do well in the pulp containers. KYD customers like the
feel of the higher end potato-based plate. It’s sturdy, nice weight and local style foods will not soften, bend or
leak from it. However, when customers see the case price difference compared to foam containers, they say,
“Too expensive.”
While some people may do home composting, the vast majority of residents and businesses using
compostable products probably do not. Without a commercial composting facility on Maui, compostable and
EPS foam containers go to the landfill, where nothing degrades due to the lack of air and moisture to allow for
bacteria to breakdown material. The Maui Waste Characterization Study found that the amount of EPS foam
containers entering the landfill is less than 1% of the total tonnage received. Please reconsider the ban on
EPS foam food containers.
Thank you for the opportunity to provide testimony.
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ZippyS
RESTAURANTS

TO: COUNCIL MEMBERS OF THE COUNTY OF MAUI
FROM: ZIPPY’S RESTAURANTS, Jason Higa, CEO
Re: Bill 16-204 (EIM-5) relating to expanded polystyrene food service containers
Dear Council Member(s):
I have been following the debate in Maui County on EPS (expanded polystyrene) disposable
food service containers, as Zippy’s takes great interest in sustainability and environmental
protection. We take pride as a local business in ensuring that our practices are responsible and
neighborly. Hawaii is our home.
In 2010, pursuant to customer feedback, Zippy’s Restaurants studied the possibility of
eliminating all EPS food service containers. Although it increased our costs, we converted as
much of our EPS food service containers to plastics with the recycling symbol 5 (polypropylene
or PP) (hereinafter referred to as “Type 5 Plastic.”)
Type 5 Plastic food service containers are re-usable, microwaveable, dishwasher safe, and
recyclable. The conversion of our EPS food service containers to Type 5 Plastic food service
containers was very well-received by our customers. Many of our customers, in fact, wash, re
use and re-purpose our Type 5 Plastic food service containers.
We were unable to convert all our food service containers to Type 5 Plastic. The reason is that
EPS food service containers are simply superior for handling “hot temperature” foods such as
hot saimin (served between 190-200 degrees F) and hot soups (served between 165-1 70
degrees F). Therefore, we continue to use EPS food service containers for our hot saimin and
hot soup menu items.
In 2011 and 2014, pursuant to customer feedback, Zippy’s studied the possibility of using
‘compostable” food service containers. In both 2011 and 2014, we found that “compostable”
food service containers are simply unstable (and hence unsafe) for our “hot” menu items, which
are required to be served at 140 degrees F or higher.
During our review of container materials, we assumed that we would find one material that we
could use for all applications, and that switching to this material would create an environmental
“win.” During our years of study of different container materials, we discovered that choice of
foodservice materials is a much more complicated issue than it appears, and there are no easy
one-size-fits-all solution. Our key findings include:

1. There is no one material that works for everything. Some materials work well for hot
food, some for cold, while other materials are great for entrees but not for beverages.
Overtime, we have designed and selected the best-suited containers for our menu items,
while taking into consideration the safety of our employees and customers;
environmental impacts; and pricing.

1765 SOUTH KING ~ HONOLULU, HAWAII 96826
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PHONE 808 973-0880

•

FAX 808 955-7043

A DIVISION OF ECH ENTERPRISES, INC.

•

WEBSITE WWW ZIPPYS.COM

ZippyS
RESTAURANTS

2. Every type of meal requires a container suited to it. Every menu item is unique, and
maintaining its ideal flavor and temperature depends on using the right container. Some
meals may have two components with different serving temperatures that need separate
containers. For example, our take-out saimin is served with the noodles separated from
the hot dashi.
3. All foodservice materials have relative environmental benefits and impacts. Every
material, from the latest compostable materials to EPS containers, take different
amounts of energy and resources to make. No material can really be considered “good”
or “bad.” It all depends on what works best for each use, and whether it is disposed of
properly.
4. “Compostable” and “recyclable” depend on local infrastructure. It is easy to label
containers as being eco-friendly, but the truth is much more complicated.
“Compostable” containers are going to the landfill unless there is a system in place that
collects, processes and composts food waste and containers. In the State of Hawaii,
there is no such system at this time.
After a lot of study and experimentation, we found that best solution for our customers and
employees is to use the container that works best for each menu item and ensure that the
container makes it into the garbage. This was a complicated process that ended up producing a
pretty simple answer, but what we learned along the way has led to improvements in our
management and customer service. Most importantly, it has reinforced Zippy’s long-standing
priority on maintaining very clean restaurants and surrounding areas, and discouraging our
materials from becoming trash.
Our search for a simple answer led to the conclusion that there is no simple answer on this
issue, aside from the importance of preventing litter.
I’m happy to answer any questions you may have on this issue. Thank you for your
consideration in accepting my testimony.
Sincerely,

Jason Higa
CEO
Zippy’s Restaurants

~7á5 SOUTH KING

•

HONOLULU, HAWAII 96826

•

PHONE 808 973-0880

•

FAX 808 955-7043

A DIVISION OF ECH ENTERPRISES, INC.

•

WEBSITE WWW ZIPPYS.COM

If~
~

An independent leader in packaging and wholesale distribution

KYD, Inc. dba k. yamada distributors

P.O. BOX 29669, Honolulu, Hawaii 96820 Phone: (808) 836-3221 Fax: (808) 833-8995

Maui County Council
December 16, 2016— 9:00 a.m.

IEM 5: Revised proposed bill 12-06-2016
A Bill For An Ordinance Establishing A New Chapter 20.26, Maui County Code, Restricting the Use and Sale of
Polystyrene Food Service Containers
Position: Oppose
Chair White and Members of Maui County Council:
I am Dexter Yamada, President of KYD, Inc. dba: K Yamada Distributors. Our company is a locally founded,
family run business in Kalihi. KYD, Inc. began in the 1940’s as a florist and a supplier of florist supplies. In
1958 we evolved into the packaging company we are today and later expanded into a distributor of many
other fine products. KYD, Inc and its sister company, Hawaii Foam Products, LLC provide jobs to 100 men and
women and contribute much to Hawaii’s economy in the form of payroll and taxes. We locally manufacture
and distribute food-grade expanded polystyrene food containers throughout the State.
The purpose of the proposed IEM-5 is to “promote public health, reduce litter and limit harmful materials
from entering the environment...” It targets the use of FDA approved, food-grade expanded polystyrene (EPS)
food service containers based on misinformation.
For the record, I would like to correct misinformation presented about food-grade EPS food containers:
1)
Critics of the EPS food service containers like to confuse Styrofoam TM with food-grade EPS food
containers. Styrofoam TM is a Dow brand name for industrial use like insulation; packaging material.
Styrofoam TM is not a FDA-approved food-grade product and is not used for food service containers.
2)

Most people encounter styrene as part of their daily lives, though in small amounts in foods and
beverages for produced synthetically. Scientific studies have shown that the small amounts of styrene
consumers may be exposed to are not harmful; studies have also shown that, should exposure occur,
styrene does not stay in the body for long and is rapidly metabolized and excreted.
I
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Cinnamon has the most styrene, 170-39,000 parts per billion compared to a foam cup, 5-10 parts per billion.
See www.plasticfoodservicefacts.com/main/SafetV/NationalToxicologVProgram for more information about
the safety of polystyrene food service containers.
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A ban that singles out food-grade EPS food containers does little to reduce litter or ocean debris
harmful to marine life and the environment. The 5 most common items found during International
Coastal Cleanup are plastic cigarette butts, food wrappers, plastic beverage bottles, plastic bottle caps,
and plastic straws and drink stirrers. Plastics can enter into the ocean through ineffective or improper
waste management, intentional or accidental dumping and littering on shorelines or at sea, or through
storm water runoff. (Trash Talk: Marine Debris and Plastics, NOAA, Sept. 17, 2015)
Better litter management was a unifying recommendation from the Maui Task Force (2014).
Rather than impose a discriminating ban on only polystyrene food service containers and mandate the
use of an alternative product, the County of Maui is urged to focus on the cause of ocean debris, much
of it from land- based origins.

Maui County is encouraged to join two, free, private sector litter management programs that support personal
responsibility by residents and visitors to Maui:
1)
Malama 808 (www.malama808.org)
This can serve as a model for Maui restaurants and businesses to participate and join more than 100
restaurants and businesses in Malama 808’s pledge to:
*
Keep trash control at the forefront of our management practices and conduct regular reviews of
trash control procedures.
*
Survey our establishments to ensure that there are enough receptacles, and they are in the correct
places to make disposing trash and recyclables convenient and effective.
*
Ensure that trash and recycling receptacles are appropriately covered to prevent trash from flying
away.
*
Assess the trash that’s collected on and around our establishments, and when there is a problem with
trash escaping, take steps to correct the problem.
*
Educate our employees and customers on the importance of making sure trash is managed properly.
*
Consult best management practices for trash control and adapt them to our local needs; and
2)

Litterati, (http://www.litterati.org/)
This is a free web program founded by Jeff Kirschner that encourages people to send digital
photographs identifying the type and location of litter to the literati internet data base.
By following the app instructions to photograph, identify, and tag by geographic location, each piece of
litter’s digital photographs are collected via #litterati-tagged photos on Instagram, and the
photographer will properly disposed of it.
By joining Litterati, the County, through its participating employees, will collect data about the type
and location of litter found and will pin-point litter hot spots. This can assist the County and others to
target specific geographic locations and types of litter reduction needed.

Please reconsider the ban on EPS foam food containers. Thank you for the opportunity to provide this
testimony.
Hawaiian
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Dear City Council Members,
Our names are Christian and Marilyn Jorgensen, owners of CJ’ s Deli & Diner. We have lived
here for eighteen years and owned CJ’s Deli for 14 years. At CJ’s, the majority of our customers
are tourists and they complain about the prices of our food on a regular basis. We haven’t raised
our prices at the restaurant for over 2 years because of tourist complaints. Yelp and Trip Advisor
comments claim we are expensive even though our entrees range from $8 $15. Many tourists
just aren’t used to the high prices in general in Maui. Unfortunately, we have lost a large share of
our market to the Timeshare condos where guests cook in their own kitchens and are eating out
less. There are more restaurants opening every month and competition is fierce. Locals aren’t
making as much money and can’t afford to eat out as much either.
-

At times, I’m not sure how to react when people criticize or insult our hard work to keep our
small business afloat. It is hard to be a business owner and with prices rising at all angles, it
makes it nearly impossible. Electric bill, gas bill, Workman’s Compensation and general liability
insurance, Employment practices insurance, HMAA medical benefits for the staff (9% increase
every year), monthly pest elimination services, grease trap services, Rent and CAM fees annual
increase, and the rising cost of food. There are so many other reasons for us to go out of
business; we do not need another reason! We love running our restaurant. Not only is it our
income, but it is our passion. We have guests return year after year to our restaurant and are
happy we are still in business. We both work 7 days a week and are finding it hard to pay our
bills. Unfortunately, these rising costs could put us out of business in the near future.
The polystyrene foodservice foam ban is a bad idea! We are frying to be environmentally
friendly by recycling in our restaurant (plastic bins by the trash cans for plastic and glass bottles,
and aluminum cans). We offer guests free cloth coolers to use when they buy a lunch box from
us. We used to buy Styrofoam coolers but have switched this year to reusable cloth coolers. We
even offer guests plastic wrap or aluminum foil as an alternative to foam take out boxes. We
want to be able to wean ourselves off of the Styrofoam containers but the environmentally
friendly packaging is not as efficient or cost effective (2.5 to 3 times more expensive). The
alternative takeout containers don’t perform as well in regards to heat retention, lock and seal
mechanisms, and the food does not have the same food quality when the customer returns to
their hotel room, condo, or home. Almost 40% of our business is take-out versus dining in and if
we can’t serve a quality product in a to go container then we will lose even more business.
There are many other issues to focus on rather than attacking small businesses, perhaps, a better
recycling program that accepts newspapers, plastic and glass on the West Side. What about
curbside recycling to reduce items going into the landfill? Sadly, I mentioned the lack of a
recycling center when I testified about this in November 2014 and nothing has been done to fix
this problem. We are an environmentally conscious business and family (also have solar panels
on our residence). Please do not force this ban on our restaurant. We want to use the best
product for our business and our customers and be able to make this decision ourselves!
Christian and Marilyn Jorgensen, CJ’s Deli & Diner
Kaanapali Fairway Shops, 2580 Keka’a Drive #120
Lahaina, Hawaii 96761
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Marilyn Jorgensen
From:
Sent:
To:
Cc:
Subject:
Attachments:

Tim Pagan <TPagan~hfmfoodsep,j~c0~>
Friday, December 9, 2016 3:53 PM
Christian Jorgensen
Marilyn Jorgensen
Re: Styrofoam ban
CJ Foam Products 2016 usages.pdf

Hi Christian I Marilyn
I’ve attached a usage report for all of your foam products purchased in 2016 up to todays date.
In a nut shell, here’s how things would compare to Bio Pulp Products cost vs Foam cost
•
•
•
•

Container 9x9x3 compartment Foam 102 case purchased @ 21.95 case (Comparison Bio Pulp product would
cost $55.00 case) You would have spent $3,37.00 more
Container 6x6x1 compartment Foam 8 case purchased @ 53.51 case (Comparison Bio Pulp product would cost
you $76.25 case) You would have spent $181.92 more
Container Soup 8oz Foam -2 case purchased @ 70.02 case (Comparison Paper Container same size and case
pack cost you $95.00) You would have spent $49.96 more
Container Soup I 6oz Foam -4 case purchased @ 63.54 case (Comparison Paper Container same size and case
pack cost you $91.00) You would have spent $109.84 more
-

-

In all you would have spent $3711.72 more for Earth friendly products vs foam products for 2016 up to Dec. 9th.
Hope this can help you.
mahalo
Tim Pagan
HEM Foodservice Hawaii
Sales Manager Maui
Desk:808-877-2017 ext 502
Mobile: 808-205-2148
Fax:808-270-9545

ORDER ACKNOWLEDGEMENT
Delivery Date~I2/1 0/2016
Route:
Stop:
Customer Memo: 18973-50
CJ’S DELI & DINER
2580 KEKAA DRIVE
SUITE #120
-

LAHAINA HI 96761
Item
Pack E
371104
2
370007
1
378201
1

E=Breakable

Ship To:
CYS DELI & DINER
2580 KEKAA DRIVE
SUITE #120

Po#
Ref# 8444

LAHAINA HI 96761
Size Brand
100CT EARTHCH
200 CT BRIDGE200CT HAWAII

Description
CONTAINER 3-CMPT 8’X8” HINGED
CONTAINER 8” 3-COMP HINGEWARE
CONTAINER FOAM 3COMP 8.75X7.8X2.5”

Page 1

Qty
1
I
1

Weight
23.1
14.8
7.0

3

44.9

Price
$61.76 CS
$54.53 CS
$21.95 CS

Extended
$61.76
$54.53

$21.95
$138.24

12/9/2016

My name is Tamalani Kaleleiki
I am testifying on CR 16-201 and CR 16-202
CR 16-201
I strongly oppose any county funds to be released
to FOM because:
1)They are irresponsible and negligent in their
inability to pervade the requested information
from 2003.
2)The director came on board with FOM in May
2013. She admits that she saw the
requirements and began to focus efforts on
cleaning the place up. Where are the reports
from 2013-2016? (3 Y2 years) This is
noncompliance.
3)She talks about comprehensive report and had
an internal audit but repeatedly failed to

provide one report. It is too late to ask for any
patience and understanding from the County.
In addition to opposing the release of monies, I
request the county to:
1)Recoup any monies that FOM has as of today.
2)Seize any and all items and properties that FOM
acquired which belongs to the county.
3)Pursue legal action against FOM for nonprofit
and for-profit entities and personnel
responsible for handling monies to collect any
and all monies previously awarded to FOM. I
recommend you hiring a private attorney.

They have blatantly mismanaged county monies
and disrespected the county by their defiance to
comply. Their business relationship needs to be
terminated immediately by the county.

CR 16-202
I whole-heartedly support the creation of the
Hawaiian Cultural Restoration Revolving Fund for
the depositing of the proceeds from the parking
concession. Which establishes better oversight from
the County. The appropriate use of the concession
funds for restorations, will be in better hands with
the county.

December 16, 2016
Maui County Council
SUBJECT:

Support for a phase out or ban of polystyrene food containers

Aloha Council Chairman White and members, and Mele Kalikmaka,
My name is Hannah Bernard and I am the Executive Director and Co-Founder of
Hawai’i Wildlife Fund. Mahalo for the opportunity to testify on behalf of the proposed
bill to restrict the use and sale of disposable polystyrene food service containers.
You have already received extensive testimony from myself and our Vice President,
Megan Lamson, so I would just like to reiterate some key points: HWF has
organized volunteer events and cleaned more than 200 tons of marine debris from
our beaches from Midway to South Point, (Ka Lae), Hawai’i island, and we believe
this bill will begin the process of reducing the trillions of pieces of plastic floating in
the world’s ocean which we then pick up off our beaches since expanded
polystyrene (EPS) and other plastics make up 60-95% of marine debris.
-

-

We support this bill since more than 690 species of marine life have been impacted
by marine debris, including sea turtles here in Hawai’i and if we don’t do
something in 2050 (when my grandbaby is 33 years old), 99% of all seabirds will
have eaten plastic and there will be more plastic than fish in the ocean.
—

-

Hawai’i throws away 50,000 pounds of polystyrene a day and yet a willingness
to pay survey conducted on O’ahu found that 81% of respondents would
prefer a recyclable or biodegradable take out or plate lunch container, and
would even pay more to use one.
—

Polystyrene lasts at least 500 years, so what has been produced is still out there
and is not recyclable, in fact it is absorbing pollutants that adhere to it and is itself a
known human carcinogen.
As former Hokule’a captain Chad Paishon says in the video Plastic Pollution: Our
Oceans Our Future
.we are all connected by this ocean.. and it’s our
responsibility to take care of our home...” (view this great video featuring Hawai’i
“. .

P.O. Box 790637

-

•
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•

HI • 96779 (808) 280-8124
www.wildhawaii.org

•

wiId(~a1oha.net

students visiting one of our marine debris focal sites, also known as the “dirtiest
beach in the US”, or “plastic beach”, in Kamilo, HI, at www.wildhawaii.org)
We support this bill and are deeply grateful for the years of work that have gone into
its crafting. But we have no time to waste. We have truly entered the age of
consequences in 2015, we experienced the third global coral reef bleaching
episode, which hit us hard locally. This massive coral bleaching episode killed
—50% of some coral species here in Hawaii. We must do all that we can to reduce
our own impact on our ocean home.
-

Maui’s leadership in reducing plastic pollution at its source through the passage of a
plastic bag ban in 2011 made a huge difference in our environment. This
polystyrene phase out is a great next step in recovering the health of our ocean
our home.
—

Mahalo for your kind consideration,

Hannah Bernard
Executive Director
Hawai~i Wildlife Fund
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December 15, 2016
MEMORANDUM

RECEIVED
DEC I 6 ~J1 8; 25

TO: OFFICE OF THE COUNTY CLERK

-~

FROM: ROB PARSONS (AS AN INDIVIDUAL)
RE: COUNTY COUNCIL COMMITTEE REPORT 16-204, BILL TO RESTRICT THE USE AND SALE OF
DISPOSABLE POLYSTYRENE FOOD SERVICE CONTAINERS IN THE COUNTY

Aloha;
Since IEM-5 passed out of committee, I met with Richelle Thompson, Shelley Espleta, Elle Cochran and
Kathy Kaohu to discuss concerns raised by member Guzman. We reached agreement that the bill is
legally sound as is, provided scientific studies are submitted as part of the record for a legal nexus to the
bill, I.e., to protect human health and the environment. I have compiled a number of studies and links
and they are being submitted today, and as part of my testimony tomorrow.
The 18 month phase-in written into the bill will allow ample time for vendors to use existing stock, and
for DEM to write administrative rules and do public outreach and education. The San Jose website is a
wonderful example of how that jurisdiction provides an abundance of information about their
ordinance, including a 52-page list of alternatives! htt~://www.sanioseca.gov/eps

Respectfully submitted,

Rob Parsons
Attachments: scientific studies

DECEMBER 16, 2016
TESTIMONY OF ROB PARSONS
RE: CR 16-204, RESTRICTIONS ON POLYSTYRENE FOOD SERVICE WARES

Aloha and Mele Kalikamaka;
First, I’d like to take a moment to thank each of you for the countless hours you have put
in serving Maui County and those who elected you to make wise, sometimes difficult
decisions. A special ‘mahalo’ to outgoing members Couch, and Victorino, who first
brought the polystyrene foam issue forward for consideration.
Years have passed, much has been discussed, and finally you have before you a bill that
hopefully we all can live with. It will require a period of adjustment, and education. The
18-month phase-in period will allow for that, and allow time for DEM to create
administrative rules. Should any minor adjustments to language be needed, there is time.
I want to report what has taken place since this item passed out of IEM Committee; There
were concerns raised by member Guzman about the inequity of exempting polystyrene
food service wares prepared outside the County. Corp Counsel provided a legal opinion
on that, and I also researched how other communities handled the issue and transmitted
recommendations to member Guzman.
I met with Council member Cochran, Corp Counsel, Council Services and staff to discuss
this specific issue. Corp Counsel deemed the ordinance ready to move forward as is, and
also deemed it wise to submit scientific studies indicating the human health and
environmental health issues which are a basis for moving away from using single-use
polystyrene plastic, in favor of materials made from non-fossil fuel resources and those
that are reusable or compostable. To meet this recommendation, I hive submitted 29 peer
review studies, which unfortunately required a lot of paper to print, as they were pdf files,
not web links.
I am submitting six more studies via web-links in this testimony:
Styrofoam degrades in seawater
<http://missouri.webschoolpro.comIhomefMOO96O882 1 50/.blogs/post 1 2/Styrofoam%20
degrades%2Oin%20seawater%20%2820-Aug-2009%29.doc>
R Ehrenberg Science News, 2009 missouri.webschoolpro.com
The chemical building blocks of foamed polystyrene have been detected in several areas
of the Pacific Ocean and lab experiments demonstrate that the plastic degrades
at seawater temperatures, researchers reported August 19 at a meeting of the American
Chemical Society.
-

-

Cited by 6
<https :1/scholar. google.com/scholar?cites=795 1165909081 959265&as sdt=2005&sciodt
=0,5&hl=en>
Related articles
<https://scholar. google.com/scholar?g=related:YasGaUQ3WG4J: scholar.google.com/&h
l=en&as sdt=0,5>
Cite
<https://scholar.google.comlscholar?hl=en&g=polystyrene+in+ocean&btnG&as sdt= 1
%2C5&as sdtp=#>
Save
<https:/Ischolar. google.com/scholar?hl=en&q=polystyrene÷in+ocean&btnG=&as sdt= 1
%2C5&as sdtp=#>
More
<https:/Ischolar.google.comlscholar?hl=en&q=polystyrene+in+ocean&btnG=&as sdt= 1
%2C5&as sdtp=#>
[CiTATION] Expanded polystyrene as a source of contaminants
V Zitko Marine Pollution Bulletin, 1993 Pergamon
-

—

I have heard lingering concerns over cost of replacement items, or whether they will
perform adequately. Other testifiers will cover this directly, and I’d like to highlight that
San Jose County has a wonderfully informative website for their ordinance that includes
a link to a 50-page reference guide to alternative products.
The Maui County General Plan 6.1 .2.Action 2 states, Develop regulations, programs,
funding opportunities and/or incentives to: (5) Discourage the use of slow degradable
materials, e.g. Styrofoam.”
Lastly, there has been talk of supporting a litter education program. I am not aware of any
such program since, “Listen to Tita, Don’t Littah!” campaign from ten years ago. That
was primarily a bumper sticker and radio PSA effort.
I have an idea. When you are reviewing the upcoming budget, place a proviso with the
Maui Visitors Bureau funding to lead a collaborative effort for a robust litter campaign. It
is certainly in their interest to promote a clean, un-littered Maui County, and I am certain
the Chamber of Commerce, Maui County recycling specialists, Kokua Hawaii
Foundation and others would be willing to join the effort.
I look fc~rward to Maui County being the first in Hawaii to run our polystyrene bill across
the goal line. Thank you for leading the effort.
Mahalo nui ba, and Happy Holidays.
Robparsons@earthlink.net

Dec. 5, 2016
MEMORANDUM
FROM: Rob Parsons, Maui County Environmental Coordinator
TO: Council Member Don Guzman
RE: INFORMATION REGARDING IEM-5, POLYSTYRENE DISPOSABLE FOOD SERVICE CONTAINERS

BACKGROUND
At the November 28, 2016 meeting of the Infrastructure & Environmental Management Committee of
the Maui County Council, member Guzman raised questions regarding the Exemptions section of the
proposed bill. Specifically, more clarity was requested about the Polystyrene Food Service Containers
draft bill 20.26.050 (A.), Exemptions, which reads,
“This chapter shall not apply to....(A) Polystyrene food service containers for foods prepared and
packaged entirely outside of the County but sold within the County.”
Member Guzman had two concerns: 1) Would inclusion of this language present Commerce Clause
concerns, and would there be constitutional or legal concerns should the exemption be removed?
[NOTE: Memo was sent 12/1/16 from IEM Chair Cochran to Corp Counsel to address these points.j and,
2) Would such language create an unfair advantage to those preparing food outside the County and a
punitive disadvantage for those in Maui County preparing similar items?

SUMMARY OF RESEARCH OF POLYSTYRENE LEGISLATION IN OTHER JURISDICTIONS
The city of Takoma Park, Maryland has a simple exemption section which includes, “Factory-sealed,
aseptically-packaged shelf-stable foods.” This effectively describes the type of product prepared outside
the County such as “Cup 0’ Noodles,” which would indeed be prepared outside Maui County. It does not
describe some of the examples mentioned at the 11/28/16 meeting, such as manju, manapua or kalbi
foods, since they do not meet either the “factory-sealed,” or “shelf-stable,” criteria. See:
http://www.codepublishing.com/MD/TakomaPark/#!/TakomaPark08/TakomaParkO8l6.html
Many other jurisdictions are silent on goods prepared outside their city or County limits. Instead, they
address the kind of items offered on food service wares, such as “prepared foods,” as ready to eat, to
distinguish from raw fish or meat, for instance. For example, the San Jose Bill (see below included) and
found here: j~.~j/sanioseca.gov/DocumentCenter/View/31718 defines “prepared food” in the
Definitions section and then prohibits “prepared foods” from being sold by any type of vendor in
polystyrene containers.
The City of San Mateo has a simplistic exemption for “pre-packaged foods,” that does not distinguish
between shelf-stable, factory-sealed and the kinds of foods commonly originating on Oahu or another
location outside Maui County. http://www.cityofsanmateo.org/DocumentCenter/Home/View/37288
This does not appear to offer the specificity that was being sought by IEM Committee members.

Pergamon
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Occurrence of Plastic Particles in Seabirds from the Eastern North Pacific
LOUISE K. BLIGHT and ALAN E. BURGER*
Department of Biology University of Victoria, Victoria, British Columbia, Canada V8 W 2 Y2 and Bamfield Marine
Station, Bamfield, British Columbia, Canada VOR IBO

We found plastic particles in the stomachs of 8 of the 11
species of seabirds caught as bycatch in the pelagic waters
of the eastern North Pacific (41—50°N, 131—134°W).
Plastic was found in all surface-feeding birds (two stormpetrel, one albatross, one petrel and one fulmar species)
and in 75% of shearwaters. Densities in some storm
petrels, shearwaters and the petrel were possibly sufficient
to impede digestion, but were negligible in other birds.
Plastic was also found in two diving species (puffins) but
absent in three others (murre, aukiet and murrelet). Of
353 anthropogenic items examined, 29% were industrial
pellets and 71% were fragments of discarded products
(‘user’ plastic), with user plastic making up 60% of total
mass. Our study is evidence of widespread plastic
pollution affecting birds in a previously unsampled
sector of the North Pacific. © 1997 Elsevier Science Ltd

Study Area and Methods
We examined a sample of 58 seabirds drowned in an
experimental drift-net fishery for squid, 13 June—24
August 1987, in oceanic water 250—500 km off British
Columbia, Washington and Oregon (area bounded by
4l—50°N, 131—134°W; Jamieson & Heritage, 1988). The
nets were green 8-gauge monofilament with mesh size of
115—121 mm (Jamieson & Heritage, 1988). Birds were
frozen when collected and the stomachs (gizzards and
proventriculi) later removed and contents examined.
Particles from each stomach were separated into user
plastic and industrial pellets. These were counted,
classified by colour, air-dried, and weighed (to
0.00 1 g). Very small particles were identified using a
microscope. The presence of other anthropogenic
material, pumice and pebbles was noted.

Results
Plastic particles floating on the sea surface are ingested
by seabirds in many parts of the world (Furness, 1983,
1985; van Franeker, 1985; Fry et al., 1987; van Franeker
& Bell, 1988; Robards et aL, 1995). Voluntary ingestion
likely occurs in surface-feeding birds due to floating
particles of plastic being confused with prey items
(Azzarello & van Vleet, 1987; Fry et al., 1987; Boersma
& Groom, 1993) or may enter birds within the bodies of
prey species, as is suspected for some alcids (Robards et
al., 1995). Plastic is often passed from parents to chicks
in regurgitated food (Fry et a!., 1987; Ryan, 1988; van
Franeker & Bell, 1988; Sievert & Sileo, 1993).
Two types of plastic debris are commonly consumed
by seabirds: manufactured plastic products (‘user’
plastic) such as bags, bottles, containers and packaging
that are discarded at sea and slowly broken down into
smaller fragments; and raw industrial plastic pellets
which may occur at sea at densities as high as 8000 per
km2 (Pruter, 1987). We report the occurrence of plastic
particles in 11 species of seabirds collected from the
mid-latitude eastern North Pacific, in an area previously
unsampled.
~corresponding author.

Eight of the eleven species (73%) had ingested plastic
particles (Table I). Plastic was found in all surfacefeeding procellariiforms examined (albatross, petrel,
fulmar and storm-petrels), in 75% of the shearwaters,
and in 39% of the pursuit-diving alcids. The number of
pieces of plastic in each bird was highest among the two
species of storm-petrels and in the single Stejneger’s
Petrel Pierodroma longirostris (Table I). One Sooty
Shearwater Puffinus griseus contained 23 particles.
Most (95%) birds containing plastic carried less than
0.3g each, and only one Sooty Shearwater (carrying
1.1 g) and one Black-footed Albatross Diomedea
nigripes (6.6 g) had loads exceeding I g. A second
Sooty Shearwater had ingested a wad of fibrous
material, possibly surgical dressing, with a mass of
4.8 g, or 32% of the total mass of anthropogenic
material examined. This was excluded from further
analyses.
Of 353 ingested items, 29.2% were industrial pellets
and 70.5% were user plastic (7.9% and 60.1% by mass,
respectively). The proportions of each plastic type
varied among species (Table I). Pieces of monofilament
line found in two albatrosses were included as user
plastic. The majority of plastic particles were beige or
323
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TABLE I
Occurrence and composition of plastic particles in seabirds from the eastern North Pacific.
No. of birds % Containing
sampled
plastic

Species

No. of particles per bird

Industrial pellets
(% of total
particles)

Surface-feeding procellariiforms

Black-footed Albatross
Fork-tailed Storm-petrel
Leach’s Storm-petrel
Northern Fulmar
Stejneger’s Petrel

Diomedea nigripes
Oceanodromafurcata
0. kucorhoa
Fulmarus glacialis
Pterodroma longirostris

3
7
I
3
1

100
100
100
100
100

5.3
20.1
47
7.7
24

20

75

9

89
50
0
0
0

2.9
6.6

—

2—11
1—51
47
1—18
24

50
16
6
48
71

3.4

1.3

0—23

38

3.3
1.5
0
0
0

0.9

0—9
0—3
0
0
0

43
100
0
0
0

—

5.2

Surface-feeders/pursuit divers

Sooty Shearwater

Puffinus griseus

Pursuit divers (alcids)

Tufted Puffin
Horned Puffin
Common Murre
Xantus’ Murrelet
Rhinoceros Aukiet

Fratercula cirrhata
F. corniculata
Uria aalge
Synthliboramphus hypoleucus
Cerorhinca monocerata

brown (68%), while 15% were white or grey, 5% blue,
4% black, and the remaining 8% were light shades of
various colours. Most blue particles (16 of 19) were
found in storm-petrels. Small stones and pumice
(specific gravity > 1.0 and <1.0, respectively) were
found in five birds.

Discussion
A high proportion of seabirds examined by us,
including every one of the surface-feeding procellarii
forms, contained plastic particles in the proventriculus
or gizzard. In most birds the quantities found were
considered unlikely to impede digestion but in small
storm-petrels, the Stejneger’s Petrel, and one Sooty
Shearwater the quantities might have been sufficient to
reduce the volume of food in the gizzard, or to affect its
assimilation. Although shearwaters dive below the
surface to take prey in addition to feeding at the
surface, 75% of the 20 shearwaters in our sample
contained plastic.
The alcids are pursuit-divers and unlikely to feed on
surface-floating objects. In this group we found no
plastic in three species: the Common Murre Uria aalge;
Xantus’ Murrelet Sythliboramphus hypoleucus; and
Rhinoceros Aukiet Cerorhinca monocerata. By contrast,
plastic particles were found in a high proportion of both
puffin species (Tufted Puffin Fratercula cirrhata and
Horned Puffin F. corniculata) in our sample. The
absence of plastic in some alcids and presence in
others may be related to dietary differences and a
variable tendency among prey species to ingest plastic
pellets.
The majority of birds examined by us had ingested
more user plastic than industrial pellets, although the
opposite pattern was observed in Alaska where
industrial plastics made up 75% and 76% of the plastic
particles found by Day (1980) and Robards at a!.
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2
1
5
6

1.5

0
0
0

(1995), respectively. The differences in our results likely
reflects differing composition of floating plastic rather
than regional differences in feeding preferences of the
birds. The predominance of beige or brown coloured
plastic in our sample is probably due to the similarity of
these particles to prey items, but we cannot rule out the
possibility that these colours were more common among
the floating particles.
Increasing plastic production since the l960s and a
corresponding rise in the amount of plastic debris in the
oceans correlate with an increase in the consumption of
plastic in seabirds (Sievert & Sileo, 1993; Robards et a!.,
1995). The uncertainty over the long-term, cumulative
effects of this pollution on seabirds makes it important
to monitor plastic ingestion worldwide. Our results
confirm the high frequency of plastic particles in
surface-feeding birds, as well as in some pursuitdivers, from the eastern North Pacific. This provides
further evidence of widespread pollution of the pelagic
ocean by both user and industrial plastic.
We thank Dwight Heritage and Glen Jamieson of the Canadian
Department of Fisheries and Oceans, Pacific Biological Station,
Nanaimo, for preserving the birds, and Don Gamier for assisting
with the analysis. Research facilities were provided by the Bamfield
Marine Station. Seabird research by AEB is supported by grants from
NSERC Canada and the Nestucca Fund.
Azzarello, M. Y. & van Vleet, E. S. (1987). Marine birds and plastic
pollution. Mar. Ecol. Progr. Ser. 37, 295—303.
Boersma, P. D. & Groom, M. J. (1993). Conservation of storm-petrels
in the North Pacific. In The Status. Ecology, and Conservation of
Marine Birds of the North Pacific (K. Vermeer, K. T. Briggs, K. H.
Morgan & D. Siegel-Causey, eds), pp. 70-81. Can. Wildl. Serv.
Spec. PubI., Ottawa, Canada.
Day, R. H. (1980). The occurrence and characteristics of plastic
pollution in Alaska’s marine birds. M.Sc. thesis, University of
Alaska, Fairbanks, Alaska.
Fry, D. M., Fefer, S. I. & Sileo, L. (1987). Ingestion of plastic debris
by Laysan Albatrossess and Wedge-Tailed Shearwaters in the
Hawaiian Islands. In Plastics in the Sea: Selected Papers from the

Volume 34/Number 5/May 1997
Sixth International Ocean Disposal Symposium (D. A. Wolfe, ed.).
Mar. Pollut. Bull. 18, 339—343.
Furness, B. L. (1983). Plastic particles in three procellariiform seabirds
from the Benguela Current, South Africa. Mar. Pollut. Bull. 14,
307—308.
Furness, R. W. (1985). Ingestion of plastic particles by seabirds at
Gough Island, South Atlantic Ocean. Env. Pollut. 38, 261—272.
.lamieson, 0. S. & Heritage, G. D. (1988). Experimental flying squid
fishery off British Columbia, 1987. Can. md. Rep. Fish. Aquat. Sci.
186.
Pruter, A. T. (1981). Sources, quantities and distribution of persitent
plastics in the marine ocean environment. In Plastics in the Sea:
Selected Papers from the Sixth International Ocean Disposal System

(D. A. Wolfe, ed. ). Mar. Pollw. Bull. 18, 305—3 10.

Robards, M. D., Piatt, J. F. & WohI, K. D. (1995). Increasing
frequency of plastic particles ingested by scabirds in the subarctic
North Pacific. Mar. Pollut. Bull. 30, 151—157.
Ryan, P. G. (1988). Effects of ingested plastic on seabird feeding:
evidence from chickens. Mar. Pollut. Bull. 19, 125—128.
Sievert, P. R. & Sileo, L. (1993). The effects of ingested plastic on
growth and survival of albatross chicks. In The Status. Ecology, and
Conservation of Marine Birds of the North Puc~/lc (K. Vermeer, K.
T. Briggs, K. H. Morgan & D. Siegel-Causey, eds), pp. 70—81. Can.
Wildl. Serv. Spec. Pubi., Ottawa, Canada.
van Franeker, J. A. (1985). Plastic ingestion in the North Atlantic
Fulmar. Mar. Pollut. Bull. 16, 367—369.
van Franeker, J. A. & Bell, P. J. (1988). Plastic ingestion by petrels
breeding in Antarctica. Mar. Pollut. Bull. 19, 672—674.

325

A comparison of plastic and plankton in
the North Pacific central gyre
Charles I Moore’, Shelly L. Moore, Molly K. Leecaste,
and Stephen B. Weisberg

ABSTRACT

T

filter feeders was assessed by measuring the relative abun
hedance
potential
for ingestion
of plastic
particles
by open ocean
and mass
of neustonic
plastic
and zooplankton
near
the central high-pressure area of the North Pacific central gyre.
Neuston samples were collected at 11 random sites, using a manta
trawl lined with 333 u mesh. The abundance and mass of neustonic
plastic was the largest recorded in this area at 334,271 pieces/km2
and 5,114 g/km2, respectively. Plankton abundance was approxi
mately five times higher than that of plastic, but the mass of plastic
was approximately six times that of plankton. The most frequently
sampled types of identifiable plastic were thin films and polypropy
lene/monofilament line. The most frequently sampled type of uni
dentified plastic was plastic fragments. Cumulatively, these three
types accounted for 98% of the total plastic pieces.

studied are the effects of ingestible debris on fish, and no studies
have been conducted on filter-feeding organisms, whose feeding
mechanisms do not permit them to distinguish between debris and
plankton. Moreover, no studies have compared the amount of
neustonic debris to that of plankton to assess the potential effects
on filter feeders.
Concerns about the effects of neustonic debris in the marine
environment are greatest in oceanographic convergences and ed
dies, where debris fragments naturally accumulate (Shaw and Mapes
1979, Day 1986, Day and Shaw 1987). The North Pacific central gyre,
an area of high pressure with a clockwise ocean current, is one such
area of convergence that forces debris into a central area with little
wind and current influence. This study compares the abundance
and mass of neustonic debris with the amount of zooplankton in
this area.

METHODS
INTRODUCTION
Marine debris is a visible expression of human impact on the
marine environment. Debris is more than an aesthetic problem, pos
ing a danger to marine organisms through ingestion and entangle
ment (Day 1980, Balazs 1985, Fowler 1987, Ryan 1987, Robards 1993,
Bjomdal etal. 1994, Laist 1997). The number of marine mammals
that die each year due to ingestion and entanglement approaches
100,000 in the North Pacific Ocean alone (Wallace 1985). World
wide, 82 of 144 bird species examined contained small debris in their
stomachs, and in many species the incidence of ingestion exceeds
80% ofthe individuals (Ryan 1990).
Many studies have focused on the ingestion of small debris by
birds because their stomach contents can be regurgitated by re
searchers in the field without causing harm to the animal. Less well
‘Algalita Marine Reservh Foundation. 345 Bay Shore Avenue,
Long Beach, CA 90803

Eleven neuston samples were collected between August 23 and
26, 1999, from an area near the central pressure cell of the North
Pacific sub tropical high (Figure 1). Sampling sites were located
along two transects: a westerly transect from
45.8’N, 138° 30.7’W
to 36° 04.9’N, 142° 04.6’W; and a southerly transect from 36° 04.9’N,
142° 04.6’W to 34° 40.O’N. Location along the transect and trawl
duration were selected randomly. Samples were collected using a
manta trawl with a rectangular opening of0.9 mx 0.15 m, and a 3.5 m
long, 333 u net with a 30 cm x 10 cm collecting bag. The net was
towed at the surface outside of the effects of port wake (from the
stern ofthe vessel) at a nominal speed of I m/s; actual speed varied
between 0.5 and 1.5 m/s, as measured with a B&G paddlewheel
sensor. Each trawl was conducted for a random distance, ranging
from 5 to 19 km. Sampling was conducted as the ship moved along
the transect with an approximately even split of sampling between
daylight and night-time hours.
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Samples were fixed in 5% formalin, then soaked in fresh water plankton mass in 6 out of Ii samples. The ratio of plastic-to-plankand transferred to 50% isopropyl alcohol. To separate plastic from ton mass was higher during the day than at night, although much of
living tissue, the samples were drained and put in seawater, which the difference during the day was due to a plastic bottle being caught
tended to float the plastic at the
in one daylight sample and
FIGURE 1. Location of sampling area in the
surface and leave living tissue at
1 m ofpolyline being caught
North Pacific gyre.
the bottom. Top and bottom porin the other.
tions were inspected under a dis
DISCUSSION
secting microscope. Intermixed
The mean abundance
plastic was removed from the tis
and
weight of plastic pieces
sue fraction and tissue was re
calculated for this study are
moved from the plastic fraction
the largest observed in the
and placed in the appropriate
North
Pacific Ocean. Previ
containers. Plankton were
ous studies have estimated
counted and identified to class.
mean abundances of plastic
Plastic and plankton were
pieces ranging from 3,370 to
oven dried at 65°C for 24 h and
96,100 pieces/km2 and mean
weighed. Plastic was sorted by
weights ranging from 46 to
rinsing through Tyler sieves of
4.76 mm, 2.80 mm, 1.00mm, 0.71 mm, 0.50 mm, and 0.35 mm. hidi 1,210 g/km2 (Day and Shaw 1987). The highest previous single sample
vidual pieces of plastic were categorized into standardized catego abundance and weight recorded for the North Pacific Ocean is 316,800
ries by type (fragment, Styrofoam fragment, pellet, polypropylene! pieces/km2 and 3,492 g!km2 (Day et al. 1990), which is three and
monofilament line fragment, thin plastic films), and one nonplastic seven times less than the highest sample recorded in this study,
respectively.
category (tar); then they were counted.
Several possible reasons were observed for the high abundance
found in this study. The first is the location of our study area, which
RESULTS
A total of 27,698 small pieces of plastic weighing 424 g were was near the central pressure cell of the North Pacific sub tropical
collected from the surface water in the gyre, yielding a mean abun high. Previous studies conducted in the North Pacific Ocean were
dance of334,271 pieces/km2and a mean mass of 5,114 g!km2. Abun conducted without reference to the central pressure cell (Day et al.
dance ranged from 31,982 pieces/km2 to 969,777 pieces!km2, and 1990), which should serve as a natural eddy system to concentrate
neustonic material including plastic. However, while previous stud
mass ranged from 64 to 30,169 g!km2.
A total of 152,244 planktonic organisms weighing approximately ies did not focus on the gyre, many studies were conducted as
70 g were collected from the surface water in the gyre, with a mean transects that passed through the gyre (Day etal. 1986, Day 1988,
abundance of 1,837,342 organisms/km2 and mean mass of 841 g/km2 Day et al. 1990). Thus, it is unlikely that location alone was the
(dry weight). Abundances ranged from 54,003 organisms/km2 to reason for the higher densities we observed.
An alternate hypothesis is that the amount of plastic material in
5,076,403 organisms!km2, and weights ranged from 74 to 1,618 g!
the ocean is increasing overtime, which Day and Shaw (1987) have
Plastic fragments accounted for the majority ofthe material col previously suggested based upon a review of historical studies.
lected in the smaller size categories (Table 1). Thin plastic films, Plastic degrades slowly in the ocean (Andrady 1990, U.S. EPA 1992).
such as those used in sandwich bags, accounted for about half of While some of the larger pieces may accumulate enough fouling
the abundance in the second largest size category, and pieces of organisms to cause them to sink, the smaller pieces are usually free
line (polypropylene and monofilament) comprised the greatest frac of fouling organisms and remain afloat. Thus, new plastics added to
the ocean may not leave the system once introduced unless they are
tion ofthe material collected in the largest size category.
Plankton abundance was higher than plastic abundance in 8 washed up on shore by ocean currents. Although numerous stud
out of 11 samples, with the difference being much higher at night ies have shown that islands are repositories of marine debris (Lucas
(Figure 2). In contrast, the mass of plastic was higher than the 1992, Corbin and Singh 1993, Walker et al. 1997), the North Pacific
2 Comparison of Plastic and Plankton

TABLE 1. Abundance (pieceslkm2) by type and size of plastic pieces and tar found in the North Pacific gyre.
Mesh-size
(mm)

Fragments

Styrofoam
Pieces

Pellets

Polypropylene!
Monofilament

Thin Plastic
Films

>4.760
4.759-2.800
2.799-1.000
0.999-0.710
0.709-0.500
0.499-0.355

1,931
4,502
61,187
55,780
45,196
26,888

84
121
1,593
591
567
338

36
471
12
0
12
0

16,811
4,839
9,969
2,933
1,460
845

5,322
9,631
40,622
26,273
10,572
3,222

217
97
833
278
121
169

350
36
72
48
0
229

24,764
19,696
114,288
85,903
57,928
31,692

Total

195,484

3,295

531

36,857

95,642

1,714

736

334,270

Tar

Misc.!
Unid.

Total

at. 1990, Ogi 1990, Ryan 1990, Laist 1997). Two filter-feeding saips
(Thetys vagina) collected in this study were found to have plastic
fragments and polypropylene/monofilament line firmly embedded
in their tissues. Organisms that feed throughout the water column,
such as baleen whales, are less likely to be directly affected. While
our study focused on the neuston, samples also were collected from
two oblique tows to a depth of 10 m. We found that the density of
plastic in these areas was less than half ofthat in the surface waters
and was primarily limited to monofilament line that had been fouled
by diatoms and microalgae, thereby reducing its buoyancy. The
smaller particles that have the greatest potential to affect filter feed
ers were even more reduced with depth, as should be expected
because of their positive buoyancy.
Several limitations restrict our ability to extrapolate our findings
of high plastic-to-plankton ratios in the North Pacific central gyre to
other areas ofthe ocean. The North Pacific Ocean is an area of low
biological standing stock; plankton populations are many times
higher in nearshore areas of the eastern Pacific, where upwelling
fuels productivity (McGowan et at. 1996). Moreover, the eddy ef
fects of the gyre probably serve to retain plastics, whereas plastics
may wash up on shore in greater numbers in other areas. Con
versely, areas closer to the shore are more likely to receive inputs
from land-based runoff and ship loading and unloading activities,
whereas a large fraction of the materials observed in this study
appear to be remnants of offshore fishing-related activity and ship
Ocean has few islands and the dominant eddy currents serve as a ping traffic.
retention mechanism that prevents plastics from moving toward
mainland coasts.
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Abstract

Small-plastic beach debris from nine coastal locations throughout the Hawaiian Archipelago was analyzed. At each beach,
replicate 20 1 samples of sediment were collected, sieved for debris between 1 and 15 mm in size, sorted by type, counted and
weighed. Small-plastic debris occurred on all of the beaches, but the greatest quantity was found at three of the most remote beaches
on Midway Atoll and Moloka’i. Of the debris analyzed, 72% by weight was plastic. A total of 19,100 pieces of plastic were collected
from the nine beaches, 1 l% of which was pre-production plastic pellets. This study documents for the first time the presence of
small-plastic debris on Hawaiian beaches and corroborates estimates of the abundance of plastics in the marine environment in the
North Pacific.
© 2003 Elsevier Ltd. All rights reserved.
Keywords: Plastic debris: Hawaiian islands: Plastic pellets; Marine pollution; Beaches: North pacific

1. Introduction
Ninety-six percent of the plastic found in the North
Pacific was small pieces of plastic (Robardset~L1997).
Such debris is composed of fragments of manufactured
plastic products (user plastic), and pre-production
plastic pellets (industrial pellets, virgin pellets, plastic
resin beads, or nurdles) that are shipped from manu
facturing plants to plastic injection factories to be mel
ted and molded into consumer products (US EPA,
1992). Billions of these pellets, lost from container ships,
down drains, and through other shipping and produc
tion mishaps, have been reported floating in coastal
surface waters, in the open ocean, on beaches through
out the world, and in sediments (US EPA, 1992; Der
~~002). Plastic pellets and plastic fragments were
collected in trawls in the North Pacific central gyre in a
ratio of 6:1 plastic to plankton mass (Mooreetal.,
200lb). Mistaken ingestion of small pieces of plastic
occurs in seabirds, fish and various planktivores ~
penteretal.,1972; Laist? 1997). Ingestion of plastics can
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have harmful effects, such as diminished food con
sumption, loss of nutrition, internal injury, intestinal
blockage, starvation, and death (Redford et al., 1997;
Derraik~ 2002). Plastic particles, which do not biode
grade readily, may accumulate in plankton-consuming
animals, and could be passed up the food chain. In
addition, plastic pellets and fragments can transfer
chemical pollutants to organisms (Derraik~,,,,,,~002),
including polychlorinated biphenyls (PCBs), l,l-di
chloro-2,2-chlorophenylethylene (DDE) and nonylphe
nols (NP), which have no natural sources, and may have
adverse health effects (AGTSDR, l995a,b). Such pol
lutants may absorb into plastic pellets from seawater,
and show a steady increase in concentration with
exposure time (2001).
Sampling North Pacific seabirds, which have shown a
rise in plastic ingestion since the 1980s (RobardsetaL~
1995, 1997; Blight and Burg~ 1997), is an indirect
method of measuring increase in the amounts of floating

plastic debris that collects in two gyres—one northwest
and one northeast of the Hawaiian Islands (Ingraham,
2001; Moore et aL, 2001b). Few studies have attempted
to quantify the abundance and mass of neustonic debris
in situ (Day et aL~ l99O~ Ogi et al., 1990; MooreetaL5
200lb), perhaps because shiptime for extensive open
ocean trawls are costly and time-consuming (Fan, 1997).
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remote locations, can be useful as an indicator of the
amount of small-plastic debris in the North Pacific. Our
study assessed the quantity of small-plastic debris on
selected Hawaiian beaches.

The islands and atolls of the Hawaiian Archipelago
stretch 1500 km from 19°N to 28°N latitude and act as
a filter, garnering marine debris from passing currents
(Donohueetal~2O01). Beach surveys, especially in
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2. Materials and methods
Nine remote locations throughout the Hawaiian Is
lands were sampled between September 2001 and Feb
ruary 2003: Cargo Beach, Rusty Bucket, North Beach
and Turtle Beach on Midway Atoll, Tern Island at
French Frigate Shoals, Nanakuli Beach Parlc on O’ahu,
Halawa Valley on Moloka’i, and Waipi’o Valley and
Green Sands Beach on the island of Hawai’i (Fig. 1,
Table 1). None are near industrial, commercial, nor
densely populated areas.
At each beach, a sediment sample was taken from the
high tide line as well as from the berm or the upper part
of the beach that receives wave action during storms and
high surf (except Halawa sites, 2 high tide samples were
collected due to lack of a berm). Each sample consisted
of sand scooped with a small shovel from a 61 x 61 cm2
quadrat to a depth of approximately 5.5 cm, to fill a 20 1
bucket. These residues were sieved through a set of
nested sieves: 4.75, 2.8, and 1 mm. Only particles 1—15
mm in size were retained from each sieve tray and placed
in separate labeled plastic bags.
Sorting proceeded through the following steps (see
Ogi and Fukumoto, 2000; Moreeta1.~,2001a).
Dry sort—Each sample was placed on a sheet of white
paper. Materials were sorted into major categories:
plastic, plant, and “other” (i.e. shell, paper and ceramic
matter), placed in separate containers, and labeled with
sieve size, location and type.
Wet sort—Each sub-sample of plastics was rinsed to
remove soil and sand, and to pick out non-floatable
objects that may be mistaken for plastics (glass). Small
amounts of sample were poured into a container of

freshwater. The container was swirled for 1 mm and
floating particles (mostly plastic) then sieved out. Some
sub-samples required rinsing several times to remove all
of the clinging sand or soil. The samples were then dried
in an oven for 1 h at 65 °C.
C1ass~Jication and quantification—Each size class was
then separated by type of plastic (film, line, pellet,
fragment, foam), counted and placed in separate con
tainers. Each size class was weighed to 0.01 g on an
Ohaus top-loading balance. Plant material and “other”
non-plastic, non-plant material from each sample was
sorted and weighed.

3. Results
A total of 22 samples (20 1 each) were taken at nine
locations. Of the 736.47 g of debris collected, 72% by
weight was plastic particles, 22% was plant material, and
6% “other”. Mean weight of debris per sample was 23.38
g plastic, 7.35 g plant matter, and 1.88 g “other” debris
(Fig. 2). Small-plastic debris was found in every sample,
totaling 19,100 pieces (Table 1). After being sorted, 87%
of the plastic collected was fragments, while 1 l% was
pre-production plastic pellets. Cargo Beach on Midway
Atoll showed the greatest number of small-plastic pieces,
followed by Turtle Beach, Midway and Halawa Valley
North, Moloka’i. The least number of plastic pieces was
collected at Nanakuli Beach Park on the leeward coast of
O’ahu. Seeds of Cheeseweed (Malva parv~flora), a non
native, herbaceous plant, were abundant in sands from
both Midway Atoll and Tern Island, French Frigate
Shoals, where it is a common weed (Wagneretalj99O).

Table 1
Total amount of plastic pieces collected at each beach sorted by type
Collection Sites

Date

Fragments

Pellets

Line

Film

Midway Atoll
1. Cargo Beach
2. Rusty Bucket
3. Turtle Beach
4. North Beach

23/ix/02
ix/Ol
ix/Ol
ixJOl

15,563
9
384
105

1890
1
79
7

183
0
44
0

French Frigate Shoals
5. Tern Island—South Beach

6lviii/02

207

57

O’ahu
6. Nanakuli Beach Park

29/ix/02

5

Moloka’i
7. Halawa Valley North
7. Halawa Valley South

llxii/02
l/xii/02

Hawaii
8. Green Sands Beach
9. Waipi’o Valley North
9. Waipi’o Valley South

17/ii/03
13/x/02
13/x/02

Total

Foam

Total

6
0
0
0

3
0
0
15

17.645
10
507
127

9

2

0

275

0

0

I

0

6

243
49

123
7

0
0

0
I

8
1

374
58

57
1
8

4
0
1

20
2
1

1
0
0

0
1
2

82
4
12

16,631

2169

259

11

30

19,100

Site numbers correspond to locations shown in Fig. I. Two samples were taken from each beach.
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4. Discussion
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Fig. 2. Mean weight of debris per 20 1 of sediment based on 22 samples
at nine Hawaiian beaches. Bars represent standard error of the mean.

A greater quantity of plastic occurred at the high tide
line for all sites showed than at the berm (Table 2). High
tide plastic pieces totaled 18,559, and weighed 496.05 g.
We collected 36.32 g of plastic (541 pieces) from berm
samples. The total weight of plastic for all sites com
bined was 532.37 g.
In both the berm and high tide collections, the 2.8—
4.75 mm size class contained the greatest quantity of
plastic pieces (Table 3). Smaller pellets (1—2.8 mm) were
also present, and most of these were collected at Cargo
Beach, Midway Atoll. At this site, 15,563 fragments
were collected, almost half of which were in the smallest
size class.

Table 2
Total weight of plastic debris by type from all beach samples taken
from the high tide zone (n = 13) and berm (n = 9)
High tide (g)

Berm (g)

Total (g)

456.20
36.09
1.81
0.45
1.50

31.13
1.36
3.63
0.05
0.15

487.33
37.45
5.44
0.50
1.65

Total weight of plastic 496.05

36.32

532.37

Fragments
Pellets
Line
Film
Foam

All weights in grams.

Table 3
Abundance of plastic pieces in all beach samples combined, sorted by
size range and collection site on the beaches
Size range (mm)

High tide

Berm

>4.75
2.8—4.75
1—2.8

1744
8829
7986

99
280
162

Values equal numbers of plastic pieces.

Measurable amounts of small-plastic debris (1—15
mm in size) were found at all remote beaches sampled.
Each beach had different current patterns, sand types,
wave action, and wind exposure. It is likely that smallplastic debris affects every beach in the North Pacific,
regardless of isolation or proximity to dense human
population centers or shipping traffic.
Pre-production plastic pellets comprised 11% by
abundance, 7% by weight, of the small-plastic debris we
collected. This type of plastic pellet is known to be
abundant on beaches in areas near plastic manufactur
ing factories, cargo loading docks, and shipping lanes
for raw plastic materials (Gregory~ 1978;
~er192~,
1982, 1987; ~an~1982; Khordaguiand~~u-~l
l994~ Fujieda, 1999; Mooreetal.~00la). We found pre
production pellets in high densities on beaches far from
cities and industry, as have Gregory (1983, 1999) and
Cruz et al. (1990).
Our data showed 43% of the plastic pieces collected
on remote beaches were 1—2.8 mm in size. This size of
particle could be ingested by planktivores, including
filter-feeding salps, and surface-feeding seabirds (Bourne
and Imb~ 198~ Azzarello and Van V~j987; Moore
High tide line collections contained much more
plastic than berm samples, perhaps because particles
suspended in the water will be left on shore during every
receding tide, whereas berm debris may be deposited
primarily during storms, or as wind-blown debris from
the high tide line. Line, film and foam particles were
found in very low densities at the remote beaches: foam
may be degraded in the marine environment (Andrady,
1990); and line, film and foam with large surface areas,
can be fouled by marine organisms, sink out of the water
column, and not be deposited on beaches.
We have shown that small-plastic debris occurs at
even the most remote beaches in the North Pacific, and
that pellets make up a large portion of the small-plastic
debris collected. Studies are needed to correlate marine
debris accumulations with currents and shipping lanes
to determine sources of the debris, and to target clean up
and prevention efforts. The effects of small-plastic debris
on marine animals, including toxicity of pellets and
fragments that wash up on beaches throughout the
Hawaiian Archipelago, remains unknown, but should
be investigated.
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• We examined gut contents of 1799 seabirds comprising
24 species collected in 1988—1990 to assess the types
and quantities of plastic particles ingested by seabirds
in the subarctic waters of Alaska. Of the 15 species
found to ingest plastic, most were surface-feeders
(shearwaters, petrels, gulls) or plankton-feeding divers
(aukiets, puffins). Of 4417 plastic particles examined,
76% were industrial pellets and 21% were fragments of
‘user’ plastic. Ingestion rates varied geographically, but
no trends were evident and rates of plastic ingestion
varied far more among species within areas than within
species among areas. Comparison with similar data
from 1968 seabirds comprising 37 species collected in
1969—1977 revealed that plastic ingestion by seabirds
has increased significantly during the 10—15-year
interval between studies. This was demonstrated by: (j)
an increase in the total number of species ingesting
plastic; (ii) an increase in the frequency of occurrence
of plastic particles within species that ingested plastic;
and, (iii) an increase in the mean number of plastic
particles ingested by individuals of those species.

V

Consumption of plastic by numerous species of
seabirds has been documented during the last few
decades in most oceans of the world (Baltz &
Morejohn, 1976; Day, 1980; Furness, 1985; Day et al.,
1985; van Franeker, 1985; Azzarello & Van Vleet,
1987; Fry et a!., 1987; Ryan, 1987a, 1988; Moser &
Lee, 1992). The frequency of plastic particle ingestion
varies among species and is most prevalent in surfacefeeders such as shearwaters, petrels, prions and
phalaropes (Day, 1980;Ryan, 1987a), as well as some
planktivorous diving species (such as aukiets). Plastics
may be consumed because particles resemble prey
items (Day et al., 1985, 1990), or through the food
chain by consuming prey with plastics in their gut
(Kartar et al., 1976). In turn, adult seabirds may pass
plastics on to chicks by regurgitation (Fry et aL, 1987).
V

Available evidence suggests that plastics are
damaging to seabirds when they are consumed in
sufficient quantity to obstruct the passage of food or
cause stomach ulcers (Fry et aL, 1987; Ryan, 1987b).
Other effects may include bioaccumulation of PCBs
(Aldershoff, 1982), diminished feeding stimulus,
lowered steroid hormone levels and delayed repro
duction (Azzarello & Van Vleet, 1987), but eviden6e of
direct effects on body condition are equivocal (Day,
1980; Ryan, 1987b; Moser,& Lee, 1992).
Two basic classes of plastic are commonly found in
seabirds (Day et aL, 1985; Ryan, 1987a). Plastic ‘pellets’
(also known as resins or cylinders) are the raw material
of the plastic industry. These enter the marine
ecosystem from manufacturing plant outfalls and during
transportation at sea. Plastic ‘fragments’ or ‘user’
plastics are small, weathered pieces of larger manu
factured items that are discarded at sea (such as fishing
floats, buckets, bottles, etcetera). Plastic pollution has
risen dramatically with an increase in plastic resin
production. Plastic production in the United States
increased from 2.9 million tin 1960 to 47.9 million t in
1985 (Society of the Plastics Industry, 1986). This has
been paralleled by a significant increase in plastic
particle concentrations in sea-surface waters of the
North Pacific from, the 1970s to the late 1980s (Day &
Shaw, 1987; Day et aL, 1990).
In this paper we will demonstrate that the frequency
and number of plastic particles
seabirds from the
subarctic North Pacific have also increased during this
time period. Day (1980) analysed 1968 stomach
samples from 37 species of seabirds collected during
1969—1977 (mostly 1975—1977) throughout a wide
geographic area of subarctic, coastal Alaska. Most
specimens were collected at major sêabird colonies in
the Aleutian Islands (such as Buldir Island), and in the
northern Gulf of Alaska (for example Shumagin,
Semidi, Kodiak Islands). One of us (3. Piatt) had been
collecting seabirds in these same areas for diet studies
in 1988—1989. We made a concerted effort in 1990 to
•~ V

V

V

V
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collect more of several key species (petrels, aukiets,
puffins) studied by Day (1980) in order to assess
whether plastic Loads in seabirds had increased during
the inturvening decade since Day’s analysis. Here we
present our findings on the types and quantities of
plastics found in 24 species of seabirds, and, compare
our results with Day (1980).

Study Area and Methods

laboratory for diet composition, and all plastic particles
were extracted for analysis.
All of the specimens collected (Table 1) were also’
used for studies of feeding ecology and morphological
variation of seabirds in Alaska (Piatt, in prep.).’Tissues
were also preserved for genetic and stable isotope
analyses. Skeletons, specimens, and tissue samples are
archived at the Alaska Fish and Wildlife Research.
‘Center (Anchorage).’and at the American Museum of
Natural History (New York).

Sample collection
Stomach samples of 1799 seabirds comprising 24
species were collected during the months of May—
August in 1988—1990 (Table 1, note common and
scientific names for all species). Samples were collected
at seven sites in Alaska ranging over a distance of about
2800 km: at Agattu and Buldir Islands in the western
Aleutian Islands, at Aiktak Island in the eastern
Aleutian Islands, south of the Alaska Peninsula at the
Shumagin and Semidi Islands, in Kachemak Bay (lower
Cook huIet~, and in Prince William Sound (Fig. 1, and
Appendix).
Seabirds were collected (J. Piatt) for on-going studies
of feeding ecology. To ensure that samples were large
enough for statistical comparisons’ of key plastic study
species, collections were more extensive for Parakeet
‘Auklets, Tufted Puffins, Horned Puffins, and Blacklegged Kittiwakes. These species were chosen for
intensive study of plastic ingestion because of their
large populations, widespread distribution, ease of
collection, and because they had been the foéus of an
earlier study of plastic ingestion by Day (1980).
Stomachs were dissected and contents were preserved
in the field. Stomachs were later examined in the
,

V

V

.

Plastic analysis
For each stomach, plastic particles were counted,
weighed and classified according to their colour, size,
shape and type following Day (1980). Colour classes
were reduced in number from Day’s study to reduce
subjectivity in colour identification. The Munsell
Notation of coktur analysis (Smithe, 1975) provides
quantification of three visual aspects: hue, value and
chroma. Value represents’ darkness of a colour on a
scale of 0 (black) to 10 (white). This measure (with an
accuracy of ± 0.5) was used to assign, particle colours
as dark (≤ 5.0) or light (≥ 5.5). Thus, particles were
classified as light or dark, irrespective of their shade of
colour (chroma). Light brown or tan particles were
most common and classified separately. Mixed-coloUr
plastic was classified light or dark depending on the
dominant colour.
Size classes ‘determined from a particle’s largest
dimension were used to categorize size. Fifteen size
categories were recorded, using 0.5 mm intervals from
0.0 to 14.5 mm, and one category for all particles larger
than 15.0 mm. Particles were classified as per Day
(1980) for shape, with an extra classification to describe

TABLE I

Comparison of the frequency of plastic particle ingestion by seabirds in Alaska between the years 1969-1977 (fiom Da>~ 1980) and 1988—1990
(this study).
1969-4977
Common name•
Northern Fulmar
Sooty Shearwater
Short-tailedShearwater
Fork-tailed Storm-petrel
Leach’s Storm-petrel
Pelagic Cormorant ‘
Red-faced Cormorant
Northern Phalarope
MewGull
Glaucous Gull
Glaucous-winged Gull
Black-l’eggedlCittiwake
Red-legged Kittiwake
Common Guillemot
Thick-billed Guillemot
Cassin’sAuklet
ParakeetAuklet ,
Crested Anklet
‘
LeastAukiet
Whiskered Auklet
.
Ancient Murrelet
‘
Marbled Murrelet
Kittlitz’s Murrelet ,
Pigeon Guillemot
Rhinocerous Aukiet
Horned Puffin
Tufted Puffin
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‘
.

Scientific name

No.

Freq. (%)

Fulmarusgiacialis
Puffinusgriseus ,
Puffiiwsfrnuirostris
Oceanôdromafurcata
Oceanodroma leucorhoa
Phalacrocoraxpelagicus
Phalacrocoraxurile
Phalaropus lobatus
Laruscanus
Larus hyperboreus
Larusglaucescens
Rissarridacyla
Rissabrevirostris
Firiaaalge.
.
liria lomvia
Plychoramphusaleuticus
Aethiápsittacula
Aethia cristareila
Aethiapusilla
Aethia pyg~naea
Synthliboraoiphusantiquus
Brachyramphus marmoratus
Brachyramphus brevirostris
Cepphuscolumba .
Cerorhinca monocerata
Fraterculacornicidata
Fratercula cirrhata

38
76
200
8
4
3
2
3
10
33
63
188
46
191
138
10
116
85
89
5
16
61
5
18
20
148
348

57.9
43.4
83.5
100.0
25.0
0.0
0.0
66.7
0.0.
3.0
0.0
4.8
13.0
0.0
1.4
40.0
75.0
0.0
1.1
0.0
0.0
0.0
0.0
0.0
0.0
36.5
14.7

‘

.

.

.

1988—1990
Change

‘

No.

Freq. (%)

19
.

84.2

—

4
—

21
256
15
134
92
35
208
40
13
22
68
96
17
43
1
120.
489

—

80.0
85.7
48.4
20.0
0.0

—

.

+26.3

—

5.
21
64
10
16

‘

(%)

‘

.

.

—3.5
—14.3
+23.4
+20.0
0.0

—

—

25.0

+25.0

—

—

0.0
7.8
26.7
0.8
0.0
11.4
93.8
2.5
0.0
0.0
0.0
0.0
0.0
2.63
0.0
36.7
24.5

.

.

.

‘

0.0
+3.0
+13.7
+0.8
—1.4
—28.6
+18.8
+2.5
—1.1
0.0
‘
0.0
0.0
0.0
+2.6
0.0
+0.2
+9.8
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Fig. 1 Study area and sites for collection of seabirds, 1988—1990.

whether a particle was tubular, flat or three-dimensional.
Shape categories included ‘round’, ‘oval’, ‘cylinder’,
‘string’, ‘asymmetrical’, and seven other descriptive
categories. Particles are defined as pellets, plastic
objects, fragments or unrecognizable objects.

Results
Frequency ofoccurrence
Of the 24 species of seabirds collected in 1988—
1990, 15 species were found to contain plastic particles
(Table 1). Most plastic particles were found in the
ventriculus (gizzard), and few were found in the pro
ventriculus (stomach~. Species with high frequencies of
occurrence of plastics included all the procellarids
(fulmar, shearwaters, and storm-petrels), kittiwakes,
Parakeet Auklets, and puffins.
Of the 24 species of seabirds that were collected in
both 1969—1977 and 1988—19~0, there was an increase
in the number of species from 12 to 15, respectively,
that contained plastic particles (Table 1). For the 17
species found to contain plastic in either study period,
plastic ingestion increased in 12 species, and decreased
to zero frequency in two species. Overall, there was a
significant (x2~”l1O0~ 16 ,df, p <0.001) increase in the
frequency of plastic ingestion from 1969—1977 to
1988—1990. For those species that consumed plastic
and for which we have adequate (n> 15) stomach

samples in both study periods (Fig. 2), the frequency of
plastic ingestion increased over time by. 0.2—26.3%
(Horned Puffin and Northern Fulmar, respectively).
Species for which nO plastic particles were found in
any year of study included Red-faced Cormorant,.
Glaucous-winged Gull, Whiskered Auklet, Ancient
Murrelet, Marbled Murrelet, Kittlitz’s Murrelet, and
Rhinocerous Anklet. Only three of 545 Common and
Thick-billed Guillemots that were examined over all
years contained plastic. Similarly low frequencies of
occurrence were observed in Glaucous Gulls and Least
Aukiets.
Number ofparticles
The number of plastic particles ingested by seabirds
in 1988—1990 varied widely among species and areas
(see also below). The largest number of particles were
found in Parakeet Aukiets, which contained up to 86
particles per individual and averaged 17.1 particles per
bird (Fig. 3). This rate of ingestion was much higher
than among the other three key study species, which
averaged 0.3—1.2 particles per bird (Fig. 3). Maximum
numbers of particles per stomach varied widely among
species (Tufted Puffin 51, Horned Puffin 14, Black~
legged Kittiwake 15, Leach’s Storm-petrel 13, Forktailed Storm-petrel 12, Northern Fulmar 26).
The average number of particles per bird increased
significantly (Mann—Whitney U= 0.87, p <0.05)
between collections of key study species in 1969—1977
153
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I
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RLKI
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PIGU

HOPU

TUPU

Species
Fig. 2 Frequency of occurrence of plastic particles in stomachs of
seabirds collected in 1969—1977 (Day, 1980) and 1988—1990
(this study). Note figure shows only those species for which
it ≥ 15 in both studies (see also Table 1).

+1

I

BLKI

PAAU

HOPU

TUPU

Species

Fig. 3 Mean number of plastic particles in stomachs of four key study
species in 1969—1977 (Day, 1980) and 1988—1990 (this study).
Species: BLKI, Black-legged Kittiwake; PAAU, Parakeet Auklet;
HOP(J, Horned Puffin; TUPU, Tufted Puffin.

and 1988—1990 (Fig. 3). The observed inärease was
greatest in Black-legged Kittiwake (four-fold) and
Tufted Puffin (two-fold), and least in Parakeet Auklet
and Homed Puffin (1.3-fold each); although the latter
species had• historically high plastic loads and large
increases may not have, been physically possible.
Similarly, the weight of plastic ingested by the four key
study species increased significantly (Mann—Whitney
U~1.43, p<O.O5) between 1969—1977 and 1988—
1990.
Characteristics ofplastic particles
Of the 4417 plastic particles examined from 15
species (Table 1), the majority were of two main types:
pellets (76.4%) and user plastics (21.5%)—which
included plastic container fragments and monofilament
line. The remainder (2.1%) of items were unrecogniz
able plastic pieces. Seven seabird species (Fig. 4)
accounted for 98.9% of all particles recovered, and the
154

composition of particle types differed greatly among
species (x2~=~l642~ 6 df, p <0.0001). Pellets were
ingested most by diving species like Tufted Puffins and
Parakeet Auklets, whereas user plastics were more
common in surface-feeding species like storm-petrels
and kittiwakes (Fig. 4). Leach’s Storm-petrels ingested
monofilament line as well as smaller user fragments.
Horned Puffins and Northern Fulmars ingested slightly
more user plastics than pellets.
Most of the plastic particles ingested by’ birds were
light brown in colour, or were a light shade of colour
(Table 2). The proportion of light and dark colours that
were ingested varied among species (x2= 521, 6 df,
p <0.0001). Diving species (puffins, auklets) ingested a
considerable fraction (>20%) of dark particles. Except
for the Fork-tailed Storm-petrel (2 9%), surface-feeding
species ingested few (2—6%) dark particles.
The size of plastic particles ingested by seabirds
ranged from 0.5 to 28 mm (largest dimension). Blacklegged Kittiwakes and Mew Gulls ingested the largest
particles (maximum size: 28 Xli Xl mm), largely
because they ingest more user plastic. The mean size
index for kittiwakes was 5.87 compared with 4.08 in
Parakeet Auklets, 5.03 in Horned Puffins and 4.10 in
Tufted Puffins. Birds that ingested primarily pellets had
a mean particle size index of 4.0 (3.5—4.5 mm).
Geographic variation
The best data for examining regional variation in
plastic. consumption are from Tufted Puffins (Fig. 5).
The highest frequencies of plastic consumption were
observed at Agattu (32.2%) and Buldir (29.0%) islands
in the western Aleutians. There was no significant
difference between these islands in the frequency of
occurrence or mean number of particles ingested
(Wilcoxon two-sample test, Z= 0.22, p >0.05). Plastic
particles occurred at more than twice the frequency in
Tufted Puffins collected in the western Aleutians than at
Aiktak Island (14.4%) in the eastern Aleutians (Fig. 5).
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Fig. 4 Types of plastic particles ingested by seabirds in subarctic
Alaska, 1988—1990.

TABLE 2
Colour composition of plastic particles removed from seabirds collected in Alaska in 1988—1990.
Light colour (%)
Species
Northern Fulmar
Leach’s Storm-petrel
Fork-tailed Storm-petrel
Black-legged Kittiwake
ParakeetAuklet
Horned Puffin
Tufted Puffin
All species

Dark colour

(%)

N

Brown

Shades

Mixture

Shades

Mixture

141
90
105
70
3380
124
458
4417

59.6
48.9
38.)
24.3
65.6
29.0
66.2
62.4

37.6
47.8
33.3
70.0
12.8
50.0
10.5
16.8

0.0
1.1
0.0
0.0
0.3
0.0
0.4
0.3

2.8
2.2
28.6
5.7
21.2
21.0
22.9
20.4

0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.1

V
0,

+1
V
C)

‘A

V

C)

0

E
z

Fig. 5 Geographic variation in the frequency of occurrence and mean
number of plastic particles ingested by Tufted Puffins in sub
arctic Alaska, 1988—1990.

The frequency of plastic particles in Tufted Puffins
from the Shumagin Islands (20.3%) was intermediate
between levels observed in the eastern and western
Aleutians. The mean number of plastic particles in
Tufted Puffins varied inconsistently, and the only
significant differences were observed between Buldir
(1.14 particles per bird) and Aiktak (0.87 particles per
bird) islands (Wilcoxon two-sample test, Z —2.58,

p <0.01), and between Aiktak and Agattu (0.77
particles per bird) islands (Wilcoxon two-sample test,
Z=—2.93,p <0.01).
Parakeet Aukiets were sampled in large enough
numbers for geographic comparison only at Buldir
Island (n=102) and the Shumagin Islands (n—99). As
with Tufted Puffins, plastic particles occurred at a
higher frequency in Parakeet Auklets at Buldir (97.1%)
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than at the Shumagins (89.9%), although there was no
significant difference in the mean number of particles
ingested at each site (15.8 and 18.0 particles per bird,
respectively; Wilcoxon two-sample test, Z —0.20,
p >0.05).
In contrast to Tufted Puffins and Parakeet Aukiets,
plastic particles occurred more frequently in Blacklegged Kittiwakes at the Shumagins (14.3%, n84)
than at Buldir (6.4%, n=125). The mean number of
particles per bird was also higher (Wilcoxon rank test,
Z=2.31, p <0.05) at the Shumagins (0.41) than at
Buldir (0.31). Although sample sizes were small, no
plastic was found in Black-legged Kittiwakes collected
at Agattu Island (n~ 30) or the Semidi Islands (n 12).
The occurrence of plastic in Leach’s Storm-petrels
was similar in birds collected at Buldir Island (5 1.9%,
n=27) and the Semidi Islands (48.3%, n~29). The
same was true for Horned Puffins collected at the
Shumagin Islands (41.2%, n=85) and the Semidi
Islands (40%, n 15). No other species was collected in
large enough numbers to make geographic comparisons
(Appendix).
The frequency of particle types, irrespective of
seabird species, was similar between areas. Particles
recovered from birds at Buldir Island (n = 1760) were
mostly pellets (76.3%) and user fragments (22.3%).
Particles (n= 2131) recovered from a similar suite of
species at the Shumagin Islands were also composed
mostly of pellets (82.1%) and user fragments (14.9%).
Discussion
The purpose of this survey was to determine whether
the quality and quantity of plastics ingested by seabirds
in Alaska had changed during the 10—15-year period
between our collections and those examined by Day
(1980). With respect to types of plastic ingested, some
differences were observed, although these are difficult
• to assess statistically because of differences between
studies in the number of each species sampled in each
collection locality (detailed information not provided
by Day, 1980). Whereas Day found that about 93% of
ingested plastics were ‘light’ (brown, shades, etc.) in
colour, this was reduced to about 80% in this study.
• This difference was most pronounced among diving
species (Horned and Tufted Puffins, Parakeet Aukiet).
However, the. proportion of total particles that were
pellets (76%) vs asymmetric (user) plastic fragments
(24%) remained remarkably similar since Day’s study
(75 and 25%, respectively). Similar to Day, we found
that in general, surface-feeding species took mostly
‘user’ plastics, whereas diving species ingested more
pellets. Also like Day, we found that larger species
• tended to ingest larger particles, as did species that
ingested more ‘user’ fragments—which tend to be larger
than pellets.
Geographic variability in plastic pollution could
account for some of the differences observed among
• species and years, simply because of differences in
sampling of seabirds among areas. Day (1980) did not
• address this question. For species with adequate sample
sizes, we did detect significant differences in mean
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plastic loads and frequency of plastic occurrence
throughout an area spanning about 2000 km from the
Semidi Islands to the western Aleutian islands.
However, geographic differences were inconsistent
within and among species, and no obvious trend
emerged. Differences in rates of plastic ingestion among
species were far greater than geographic differences
within species.
We conclude that levels of plastic ingestion, which
may reflect plastic pollutioti, are relatively uniform
throughout this subarctic region of the North Pacific.
Indeed, east—west gradients in neustonic plastic particle
densities are much smaller than north—south gradients
(Day et a!., 1990). Our study area is influenced pre
dominantly by east—west currents of the Alaska Stream,
and contains relatively uniform, moderate levels
(12 800 particles km2) of neustonic plastic pollution
compared with the Bering Sea (100 particles km2) to
the north, or• Transitional and Subtropical waters
(57 900—74 700 particles km2) to the south (Day et
al., 1990).
If we assume that differences in sampling intensity
among species and geographic areas between Day’s
(1980) and our study introduce little bias to our
analyses, then it appears that plastic ingestion by
seabirds has increased significantly during the 10—15
year interval between studies. This was demonstrated
by: (i) an increase in the total number of species
ingesting plastic; (ii) for those species found to ingest
plastic in both studies, an increase in the frequency of
occurrence of plastic particles within species; and (iii)
an increase in the mean number of plastic particles for
individuals of those species.
This increase in plastic particle ingestion parallels an
observed increase in plastic pollution in the North
Pacific during the same time period. In subarctic waters
and the Gulf of Alaska, levels of small plastic particle
pollution rose from 0 to 132 particles km2 in 1974—
1976, to 3370 particles km~2 in 1985 (Day & Shaw,
1987), to 12 800 particles km2 in 1985—1988 (Day et
aL, 1990). Similar increases were observed in the Bering
Sea (68, 80, and 600 particles km2, respectively) and
in subtropical waters (100, 1210, and 726 g km2,
respectively).
Strikingly similar temporal observations of plastic
pollution and ingestion of plastics by seabirds in the
North Atlantic have recently been reported by Moser &
Lee (1992). They analysed the stomach contents of
1033 seabirds collected off the coast of North Carolina
from 1975—1989. Twenty-one of 38 seabird species
contained plastic particles. Procellarliform birds con~
tamed the most plastic, and the frequency of occurrence
of plastic increased in seven of eight procellarid species
during the study period. This increase was attributed to
increasing levels of plastic particle pollution in the
North Pacific (Moser & Lee, 1992).
~ conclusion, our study corroborates Day’s (1980)
finding of widespread ingestion of plastic particles by
seabirds in the subarctic North Pacific. The types and
quality of ingested plastics have changed little over a
10—15-year period, but there has been an increase in
the frequency and quantity of plastic ingestion by a
V

V
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variety of seabird species. This increase corresponds to
increases in plastic pollution in the North Pacific, and
parallels the situation with seabirds and plastic
pollution in the North Atlantic. Data from this study
will be archived with the US Fish and Wildlife Service
(Anchorage, Alaska) in anticipation that surveys of
plastic ingestion by seabirds will be conducted again in
the future; thus allowing for quantitative comparison of
species and localities used in this study.
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APPEN1MX
Numbers of seabirds collected in different areas of Alaska, 1988—1990, for studies on diets (including plastic), morphology and genetics.
Area
Common name

-

Northern Fulmar
Short-tailed Shearwater
Fork-tailed Storm-petrel
Leach’sStorm-petrel
Pelagic Cormorant
Red-faced Cormorant
Mew Gull
Glaucous-winged Gull
Black-legged Kittiwake
Red-legged Kittiwake
Common Guillemot
Thick-billed Guillemot
Cassin’sAuklet
Parakeet Auklet
Crested Auklet
Least Auklet
Whiskered Auklet
Ancient Murrelet
Marbled Murrelet
Kittlitz’sMurrelet
Pigeon Guillemot
Rhinocerous Auklet
Horned Puffin
TuftedPuffin
Totals

.

.
.

AGA

BUL

0
0
.
0
4
1
10
0
3
30
0
47
10
0
2
1
0
0
4
0
0
2
0
2
127

1
1
2
27
0
1
0
1
125
15
24
67
11
102
8
13
22
14
0
0
0
0
8
131

243

-

573

AIK

SHU

SEM

0
0
18
4
0
0
0
0
5
0
1
0
1
0
0
0
0
0
23
. 4
4
0
10
97

7
3
0
0
7
1
4
11
84
0
23
2
21
99
31
0
0
45
31
0
25
1
85
123

11
1
1
29
2
4
0
6
12
0
39
3
2
5
0
0
0
5
0
0
- 7
0
15
11

.

.

.
.

.
-.

-

167

.
-

-

603

.

.

153

KAC

.

0
0
0
0
0
.0
0
0
0
0
0
0
0
0
0
0
0
0
15
13
0
0
0
0
28

.

.

PWS
0
0
0
0
0
0
0
0
0
0
0
0
0
0
. 0
0
0.
0
27
0
5
0
0
0
32

AGA, Agattu Island; BUL, Buldir Island; AIK, Aiktak Island; SHU, Shumagin Island; SEM, Semidi Island; KAC, Kachemak Bay; PWS, Prince
William Sound.
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ABSTRACT
Plastic debris is accumulating on the beaches of Kauai at an alarming rate, averaging 484 pieces/day in
one locality. Particles sampled were analyzed to determine the effects of mechanical and chemical pro
cesses on the breakdown of polymers in a subtropical setting. Scanning electron microscopy (SEM) indi
cates that plastic surfaces contain fractures, horizontal notches, flakes, pits, grooves, and vermiculate
textures. The mechanically produced textures provide ideal loci for chemical weathering to occur which
further weakens the polymer surface leading to embrittlement. Fourier transform infrared spectroscopy
(FTIR) results show that some particles have highly oxidized surfaces as indicated by intense peaks in the
lower wavenumber region of the spectra. Our textural analyses suggest that polyethylene has the poten
tial to degrade more readily than polypropylene. Further evaluation of plastic degradation in the natural
environment may lead to a shift away from the production and use of plastic materials with longer res
idence times.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Plastic debris in Earth’s oceans pose one of the most prominent
ecological problems we face (Derraik, 2002; Sheavly and Register,
2007). A 25-fold increase in the production of plastic resin prod
ucts between 1960 and 2000, and a recovery rate of less than 5%,
has resulted in an unparalleled rate of plastic materials entering
the environment (McDermid and McMullen, 2004; Moore, 2008).
Because plastics are relatively inexpensive to produce and provide
limited economic incentive for reuse, they are the fastest growing
materials of the waste stream, with 60—80% of marine litter repre
sented by plastic debris (Derraik, 2002; Moore, 2008). Land based
sources account for up to 80% of marine debris which is trans
ported to oceans via sewage/drainage systems, natural waterways,
wind, or human neglect (Derraik, 2002; Gregory and Andrady,
2003). The remaining plastics are derived from ocean/waterway
sources such as cruise ships, recreational boaters and commercial
fishing vessels which dump debris directly into the water (Derraik,
2002; Sheavly and Register, 2007).
More buoyant plastic debris floats and can be dispersed over
great distances by wind and ocean currents (Hansen, 1990; Corbin
and Singh, 1993; Kubota, 1994). While at sea plastics begin to
break down by either photo—, thermal, or biological degradation
(Gregory and Andrady, 2003; Shah et al., 2008). Large, low density
plastic fragments floating on the surface of the ocean become brit
Corresponding author. Tel.: +1 519 432 8285.
E-mail address: dcoope3@uwo.ca (D.A Cooper).
0025-326X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi: 10.101 6/j.marpolbul.2009.1 2.026

tle and break into smaller pieces while exposed to UVB radiation,
oxygen and seawater (Andrady, 2005; Santos et al., 2009). Plastic
debris on land degrades more readily than plastic at sea because
of higher solar radiation exposure and subsequent increased bulk
temperature (Pegram and Andrady, 1989). Whereas larger plastic
pieces are often removed through active beach clean-ups, compo
sition and degradation rates most often dictate retention times of
smaller plastic particles on beaches (Corcoran et al., 2009).
Building on previous work by Corcoran et al. (2009), we col
lected samples from 5 beaches on the island of Kauai to further
determine the relationship between particle composition and sur
face textures in natural plastics degradation. This study evaluates
the effects of mechanical and chemical processes on the degrada
tion of plastic debris and considers the daily rate of replenishment
of plastics on the beaches of Kauai.

2. Research area and methods
The Hawaiian Islands are located within the North Pacific Cen
tral Gyre, an area with an estimated three million tonnes of plastic
debris (Moore et al., 2001). The increased accumulation of oceanic
debris within the gyre is a result of the large-scale clockwise rota
tion of ocean currents and high atmospheric pressure (Moore et al.,
2001; Moore, 2008). Circulation around the high pressure centre is
a result of the Coreolis effect and the frictional surface currents
caused by westerly winds on the north side of the gyre and easterly
trade winds to the south. The complex system of winds and
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currents results in a buildup of water and debris in the centre of
the gyre (Aguado and Burt, 2004).
Plastic fragments were sampled from 5 beaches on the island of
Kauai by setting a 40 m transect line on each beach parallel to the
shoreline (Fig. 1). Plastics visible to the naked eye were sampled
from 50cm-wide swaths at 10 m intervals stretching from the
water to the vegetation lines. Each plastic particle and <5 g of sur
rounding sediment was collected from the beach surface using a
stainless steel tablespoon. Caution was used to avoid scratching
the surfaces of plastic particles during sampling. In order to deter
mine a rate of plastics accumulation on a typical Kauaiian beach,
samples were collected from Maha’ulepu beach (Fig. 1). The plas
tics were sampled from a 1 m x 5 m area at a depth of<3 cm over
a period of 11 days from March 9—20. 2008.
In order to remove loose debris, CaCO3, NaCI and other residues,
the samples were washed in a Branson ultrasonic cleaner with de
ionized water for 4 mm then dried in a Thelco Precision laboratory
oven at 35 °C for 45 mm. A Bruker IFS55 F~IR equipped with a
microscopic stage attachment was used to perform fourier trans
form infrared spectroscopy (fTIR). A micro attenuated total reflec
tion (micro-ATR) attachment was used to determine plastic
composition and level of surface oxidation. Digital photographs
were taken using a Hitachi S-4500 field emission scanning electron
microscope(FESEM) with a 10 kV electron accelerating voltage and
a 30° sample tilt to analyze surface textures. All plastic samples
were treated with a light coating of conductive gold prior to anal
ysis to prevent sample charging.

3. Results
A total of 6082 pieces of plastic were collected from Maha’ulepu
beach at an average rate of 484 pieces/day. The first day of sam
pling yielded 1243 plastic particles, and during the following
10 days, approximately 400—600 fragments were deposited on
the beach daily. FTIR analysis of 56 plastic samples showed that
45 particles are composed of polyethylene (PE) and 11 particles
are polypropylene (PP) (Table I Supplementary material). Spectra
from polyethylene samples display peaks around 2916, 2849,
1471, and 718 cm5, which are characteristic of this material
(Fig. 2a). Polypropylene samples also produced characteristic peaks
between 2723 and 2952 cm1 as well as several peaks in the lower
wavenumbers between 631 and 1458 cm’ (Fig. 2b). Peaks around
1711 cm1 on several polyethylene and polypropylene samples are
increased absorption peaks, which are indicative of oxidized mate
rial. Oxidation was classified as low, medium or high based on peak
height at 1711 cm~ relative to the characteristic peak height at
1471 cm5.
The plastic particles examined using SEM were predominantly
eroded fragments (<1 cm2) of larger objects, however, several plas
tic resin pellets (nurdles) were also recognized. The fragments are
of various shapes, sizes and colour, with edges ranging from very
angular to well rounded (c.f. Powers, 1953) (Table 1 Supplemen
tary material). The majority of the larger fragments (>7 mm) are
sub-angular, angular and very angular. Different surface textures
were identified on the polyethylene samples, including flakes,

A

1600W

Hawaiian
Islands

90 km

155° W

Fig. 1. (A) Sample locations on the island of l<auai, Hawaii. Closed circles indicate beaches where plastic debris was visible to the naked eye. (B—F) Sampling transects along
each beach. Solid line is the shoreline, dashed lines represent roads, and short, thick lines represent transects.
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sites for foreign objects to become lodged, thus facilitating
mechanical degradation of the polymer (Fig. 3A). In addition to
mechanically produced fractures and pits, additives such as fillers,
colorants, stabilizers and softeners may have provided preferential
sites for degradation to initiate (Fig. 3E, and F). Horizontal notching
in grooves along the surfaces of some particles indicates that sed
imentological processes such as saltation may have been responsi
ble for skipping the plastic particles over harder materials such as
rocks, granules, metals, or glass (Fig. 3C, and G). Conversely, these
textures may be the results of materials being dragged across the
surfaces of stationary plastic particles. The polypropylene samples
displayed little to no vermiculate textures, vertical notches or
grooves, but deeper, more defined fractures were common
(Fig. 3H).

a

Cs

C

D

a)
C)
C
Ce

0
Ca
.0

4. Discussion

4000

3000

2000

1000

Wavenumber cm1

b

Cl)
C

D

a)C)

C
Co

.0

0
C/)

.0

at

PP Blank

4000

3000

2000

J’kJbLiA,_._

1000

Wavenumber cm-1
Fig. 2. (A) FTIR spectra of 3 polyethylene particles analyzed for composition and
degree of surface oxidation, Increased peak intensity at -.l700cm1 indicates a
higher level of oxidation. Particle LY2O is the most oxidized, PB Blank represents the
lB spectra of a virgin polyethylene sample with no oxidation. (B) ETIR spectra of
polypropylene particle analyzed for composition and degree of surface oxidation.
Increased peak intensity of sampled particle Ke13 is indicative of a high level of
oxidation relative to the polypropylene blank.

grooves, cracks/fractures, adhering particles and pits (Fig. 3A—D). A
vermiculate (worm-like) texture was identified on several frag
ments (Fig. 3B). Particles with flakes locally provided potential

Plastic particles sampled from 5 beaches on the island of Kauai
are primarily fragments of larger debris. The heaviest accumula
tion of debris occurs on the eastern side of the island, indicating
a strong relationship between the North Pacific Central Gyre,
buoyant ocean debris, and local longshore ocean currents (Corco
ran et al., 2009). The presence of virgin plastic resin pellets indi
cates that plastic debris on Kauai originates from distant sources
as no local source for virgin pellets is present (McDermid and
McMullen, 2004: Moore, 2008). All beaches sampled were heavily
populated, but due to clean-up efforts, contained few pieces of
macroscopic plastic debris. Fragments <1 cm in size were concen
trated along the high water marks (strandlines) at each sampling
locality, suggesting that plastic embrittlement is initiated while at
sea. Degradation increases once the plastic debris reaches land as
a result of particle—particle collisions associated with physical
processes such as saltation and traction (dragging).
Textural investigations indicate that the largest fragments are
the most angular, which is in contrast to what normally occurs
during sedinsentological processes wherein the larger fragments
are more rounded. This indicates that although plastic particles
on beaches can be considered part of the sediment load, their
unnatural chemical composition leads to weathering in a previ
ously unpredicted fashion. Our results suggest that compared to
polypropylene, polyethylene debris is particularly conducive to
oxidative processes, which occur in pits and along fractures created
during collisions. Small patches of heavily oxidized areas in other
wise intact plastic indicate that additives may provide preferential
sites for continued degradation, but this hypothesis requires fur
ther testing. Whereas chemical degradation may begin at sea,
mechanical processes produce fractures and grooves, which pro
vide favourable sites for oxidative processes to occur.
Our results confirm that combined mechanical and chemical
weathering of plastic debris on beaches work to degrade and
embrittle plastic particles. In addition, our preliminary results
show that polyethylene appears to be more conducive to break
down via both weathering processes than polypropylene, which
contains evidence for more mechanically-related degradation.
Additional comparative studies of the behavior of polymer types
in natural settings will help clarify this hypothesis, and enable
determination of the plastic types that will degrade more quickly
(relative to others) in the natural environment, It is however essen
tial to keep in mind that degradation of cm-size plastics results in
microscopic particles that remain in Earth’s environment indefi
nitely. In addition, our calculated beach plastic replenishment rate
of 484 pieces/day demonstrates that the results of continued mis
use and improper disposal of synthetic polymers will not be re
solved simply by switching to more rapidly-degrading plastic
types.

D.A Cooper, P.L Corcoran/Morine Pollution Bulletin 60 (2010) 650—654

653

Fig. 3. SEM images of surface textures on plastic samples. (A) Flaking on surface on sample LYI4_3 providing an area for foreign objects to become lodged, and for the
transport of biological organisms such as diatoms. (B) Vermiculite texture indicating oxidation advancing deeper into a linear fracture in sample LYOI_4. (C) MechanicalLy
produced fractures. (D) Deep, well defined pits providing locations for oxidation to progress. (E) Area of initial degradation on particle. (F) Tungsten degradation occurring
preferentially to that of the polymer. (C) Horizontal notching in grooves. (H) Deep cracks and fractures.
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The effects of ingested plastic on
growth and survival of albatross chicks
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Abstract
We stuchect the effects of ingested plastic on the growth
and survival of chicks of Laysan Albatros.ses Diotnedea
im,nutabthx and Black-footed Albatrosses 1). nigripes on
Midway Atbil during the nesting seasons of 1986 and 1987,
\VcighI% and proventricular contents of the chicks were
determined periodically through the nesting cycle. Large
(>22 cm) volumes of plastic were present in the proventriculi
of 27’;~ of the Laysan and 16% of the Black-footed albatross
chicks examined by cndoscopy. Prior to fledging, albatross
cli icks regurgitated pellets composed of plastic and other
indi~tesiihlc material from their proventriculi. Laysan Albatross
chicks with large volumes of proventricular plastic had
asymptotic fledging weights significantly lower (122 g) than
did chicks with ow amounts ci’ plastic. The effect of depressed
fledajng weights on postfledging survival was not determined.
Plastic had no detectable effect on the growth of Black-footed
Albatross chicks. All chicks that died were examined by
necropsy. Mechanical lesions front ingested plastic were the
cause of death ci one of 45 Laysan Albatross chicks examined
in 1986, hut were not the cause ol’dcath of 93 individuals
examined in 1987. Dehydration was the most common cause of
death. In general. ingested plastic was not a significant direct
Cause ol death in nestlings, but there was some evidence that it
may have affected survival in.1986, when the volume of plastic
ingested was highest.
Resumé

Los auteurs ont étudié los effets do l’ingestion de
plastique sur Ia croissance ci La survic des pouts des espèces
Albatros de Laysan Diotnedea i,nmutahllix et Albatros ~ pattes
noires D. nigrcpc’s, dans l’atoll Midway, pendant les saisons de
nidilication de 1986et 1987. lls ont périodiquement pose les
petits et déterminC Ic contenu de leur estomac glandulaire, au
cours du cycle de nidification. Au moyen des techniques
d’endoscopic, us ont relevC de forts volumes de plastique
(>22 cm3) dans l’estomac de 27 % des peuits d’Albatros de
Laysan et de 16 % des petits d’Albatros a pattes noires. Avant
Ic premier envol, los petits ont régurgité des pelotes, composëes
do plastique Ct d’autres substances indigestibles. Los petits
d’Albatros de Laysan, qul prdsentaient un fort volume de
plastique dans leur estomac glandulaire, affichaient un poids
très irtfCrieur (122 g) a celui des autres petits. Les auteurs n’ont
pas déterminë l’effet de Ia perte de poids sur Ia survie aprés Ic
Cuneni addrc’.s: Department of 8iology. University of Pennsylvania,

Philadetphia. PA

premier envol. Ils n’ont pas constatC d’effet sur Ia croissance
des petits d’Albatros ~ pattes noires. Us ont examind bus cs
sujets niorts. au moyen des techniques de nCcropsie. Les lt~sions
morphologiqucs imputablcs a l’ingcstion do plastique étaiciu a
cause d’un dCc~s parmi les 45 petits d’Albatros de Laysan
examines en 1986 ci n’Ctaient Ia cause d’aucun dCcès parmi its
93 sujets examines l’aitnCe suivante. La dC.shydratation Ctoit Ia
cause de mortalité Ia plus fréquenle. En régle gCnérale.
l’ingesuion de plastique n’est pas une cause directe importanle
de mortalitC dans les couvCes d’albatros, malgré qu’ellc nil Pu
affecter Ia survie des petits en 1986, annCe d’observut ion des
volumes les plus élevés do plastique.
I.

Introduction

Dumping of plastic in the oceans has increased
dramatically in the last 30 years and has raised concerns about
the impact of plastic on the health of marine organisms.
Currently, 80 species, or approximately 25% of the world’s
seabird species, are known to ingest plastic (Silco et al. 1991).
Ingest ion of plastics has been noted from all oceans and there•
fore has potential broad impacts on scabird populations and
marine communities in general. The effects of ingested plastic
on the health of marine birds are therefore of great interest.
The assessment of the impact of ingested plastic on
seabirds has been very difficult, and iflost studies have had to
rely on data correlating parameters affecting survival or
reproduction to the amount of plastic ingested. Results from
these studies are varied, with some showing statistically weak
negative correlations between ingested plastic and bird mass 0t
fat indices (Day 1980; Connors and Smith 1982; Furness I 985i1.
1985b), whereas others find no effect of ingested plastic on
body condition (Ryan 1987). The usefulness of correlation
analyses is limited, as Ryan (1987) has stated, because of the
difficulty of separating cause from effect. Controlled
experiments are rare, and have not yet provided conclusive
evidence of harm from ingestion of plastics. Ryan (l988h)
found that chickens that had been fed plastic pellets ate less and
grew more slowly than did control birds. This was in contrast to
previous results for White-chinned Petrels Proceltaria
aequinoctialis that showed no change in assimilation cffwwt1~,Y
or rate of mass loss between birds fed large quantities of plastiC
particles and controls (Ryan and Jackson 1987). Because ot the
• paucity of controlled studies and their variable findings. WC
began a study in 1986 to assess the impact of ingested plastics
on the growth and survival of Lnysafl Albatross D. immutahtit5
and Black-footed Albatross D. nigripes chicks on Midway AtoII~

l9104.
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Laysan and Black-footed albatross chicks were selected
for study because they are known to ingest the Widest Variety of
plastic items (Keflyofl and Kridlcr 1969), and contain larger
volumes of plastic than have been reported for any other seabird
(SilcO and Fefer 1987). In addition, the docile nature of these
birds and their high nesting density make them ideal for
controlled field studies requiring large sample sii.es. The goal of
this research was to study the impact of ingested plastic on
albatross chickS by using two types of field experiments. In the
first expetiment we fed some chicks plastic, and in the second
experiment we compared chicks that were fed different volumes
of plastic by their parents. The impact was evaluated in terms of
chick growth and survival to fledging
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bill open with one hand while inserting the cndosvupc into the
esophagus with the other. Through the endoscope. floating.
plastic and other particles could be.sccn on the surface of the
stomach oil. After viewing the oil surface, the erdoscope was
then inserted as far posteriorly in the provcnlricWus as Jkl%%ihk.

A chick witS considered in have a tow v~lunic uf plastic it the
posterior wall of the provenlriculus could he reached “easily.’
The chick was classified as having a high volume of plastic if
the posterior wall could only be reached “with ditliculty” or
could not be reached at all. The chick was handled for IS
31) s in order to estimate its volume of plastic. 13y using 11w
endoscope nfl It) chicks that were found dead during the ~
of the study and then dissecting their proventricult. weiiiuiid
that our low ranking corrc%pnnded w plastic votunws ~if
≤22 cm’ and our high ranking to volumes >22 cm The cs;wt
2.
Methods
volume oh plastic in a bird cnukt not be determined will’. this
method. bcviitise it was not possible In tell what traction ~l the
The study was conducted on Sand Island, Midway Atoll
ir.digcsiihle material below ~hie stomach oil surtacc ~s as
28°l l’N, l77°22’W), located 2100 km northwest of Honolulu,
pumice. or prey parts
V
V V
•
V
Hawaii. Approximately 20() 000 pairs of Laysan Albatrosses
lw” hundred chicks were c.~uniined tn~nt 0 Ma~ in
and 75(X) pairs of Black-footed Albatrosses nest on the Iwo
2 June. and 46 were cla~siflcd its coniiiirling high WIUTIIt” (,~
V
islands of the atoll (Feter ci at. 1984). A U.S. Naval Air Facility
plastic. The remaining i~4 birds were itrs iilcd ruin three git’up..
is located on Sand Island, and albatrosses nest around the
and 54 were not fed an~ plastic. 51) were ted It Xl cm oh p1 as Iii
facility’s buildings and in less disturbed areas on the island, The
pellets, and SI) were fed 2(11) cris~ of pktslic pellets. 11w IlIasIIcV
study sites were located in open fields of grass and Compositac
pet lets were white polyeth terre spheres 3 5 rrnc’ in di anreter
forhs found within ironwood Casuarina litcirea forest. ~ntry to
Plastic was fed to the chicks 1w eritut’ttti’’rI and wqurrcd
these areas was iestricted by the U.S. Navy, and so the oniy
handl dig the bird lnr I • 2 tom. All cli itk ~s crc marked w rb
human disturbance was due to our movements within the
numbered plastic kg hand’ and checked at least once da: lint
colony
tkdging. All chicks thai tIred during the stuth;~ a crc necn’psrcd.
Laysan Albatrosses begin arriving at the colony in the
and selected tissues a ere ‘a~ ed for histolngwiil. bacicti’ ~logw.il
first week of November and lay eggs from 211 November to
and to~iicolt’gtcal e~arrii nation. Ihe olumt’ ~ plastic. rot k arid
16 Deeember~ 90% of the eggs hatch from 25 January to
food iiein~ reiti~,eeit fr,~,ri the prnvs’ntriclilus a a~ imicasurud )v,
8 February, and the chicks fledge throughout Jaly. l3lack~too!’~h
water disp latettlent iS, I~i ci at t ‘IOu
AThatrosses begin arriving at the colony in the third week ol
In I L)$7 we bei;in ticki w ork i’tt 24 .lanuIr% md mn;n Lcd
October and lay eggs from 13 10 30 Ntwcmber~ 9O~i of the egg%
the nests o~ 4tH) I,.i~ s,ifl ansI 2 S(t Hbc k.hs’tc:l .ilI~atrt’..’es
hatch from IX to 31 January. and the chicks fledge throughout
\Vhen the chicks were :tpproum.tictY si weeks d ace ih~~
June (Rice and Kenyon 1962). l’hc study occurred during only
were iii irked wit Ii numbered tla 5) i~ kg hands Stu~l~ .i re.i s ~%
the latter portion of the chick-rearing period in 1986 ~ May~
inspected I 2 times a das br ticath studs SIOL ks and ~ bird.
I August) and spanned the entire chick-rearing period during
ss crc tw~Wpsi~tl .ii~d tissues sascd as tlc’srtbe~l .i~w’se Vs ?i1~
1987 (24 January—S August).
chord and niass of ~lw ~htt k’. were rrrc.tsure’~ a eckt~ iii 11w.
In 1986. we conducted field experiments to detenhlmfle
lirsi 12 weeks and ever’ two wcck~ •tlwreattcr antil ticdL’mlig
whether plastic ingestion had a significant effect ott the survival
A IT chicks stere c ~airi mcd ti~l irg It1~V endn’.’.t )prL its hriisiii~’
of Laysan Albatross chicks. Growth rates were not compared in
stescribett above during three time 1s~riomts. 2 Feb 6
Ibis year, because the chicks already had attained their
6 M~iv~ 13 May. and I? Juim. .6 Jul. ~o shriek’ were ted ptaslit
asymptotic weights when we arrived. Our approach was to
artificial j~V It, a thick was kiund to huve ~i br~hr t’liiflic oh
monitor the fates of the following four groups ot chicks ss ith
plastic dun rig army one oh Ilw’e hires’ C samfliniti( ‘ITS. ii 5% as
approximately 50 individuals per group: I I) naturally fed lo~
chassitied as iiigestiitt~ a high vnttii1~e ~i plastic: mithet ~
amounts of plastic; (2) naturally fed high amounts til plastic:
wits consistered to ingest a low volui1ie ot plasiuc.
‘3) artificially fed 100 cm~ of plastic pellets; (4) artificiallY fed
Four other types olinfvirmltuttitn were ohtai,’i’d to assist
200 cm’ of plastic pellets. Ii should be noted that chicks
in interpreting the etpcrifliefliah rcsuLI~ls: I Ii Ireqtis’iicy thin
naturally fed low amounts of plastic had to serve as our control
etticks were fed~ (21 s’itsoIi;IlliY ol bolts regurgitation.
group, because all Laysan Albatross chicks flct’ropsie(I in this
(3) number o(carcas%Cs of La~oli Albatross t’hieks cotletied
study and in a concurrent study of plastic prevalence itt
daihv around the ~4asal Facility hutidings: and 14) d:ul~ hugh
Hawaiian seabirds (Silco et al 1991) contained plastic. W~
temperatures. Frequency ot heeding w~s determined by thaihy
quantified the amount of plastic in the proveniriculus of chicks
weighing oh 20 Laysan ansI 21) h~laek footed albatross chick’..
by viewing the contents with a fibre optics endosc0l’~~ (Welch
We assumed that pronounces1 weight gain in a ~.4ls period
Allyn). The endoscope consisted of a hollow stainless steel
meant that a chick had been ted in the pres wu~ 24 Ii.
barrel with an outside diameter of 11.5 mm and length ol
Seasonitlity oh bolos regargitiulilirt w i~s desetihed h~ thaily
255 mm and was attached to a 3.8-V halogen light handle that
counting and removal of castings froiti the study ~uIe. ftc
provided a mobile light source. A çustom~dcsign~d e~tcfl%j°fl to
number of Laysan Albatross carcassrs collected daily anti daily
the otiginal bar~cl lengthened the barrel to 410 mm and allowed
maximLifli temperatures were supplied by Hase Services. lnt.
the scope to be Inserted into the esophagus and to the posterior
(civilian contractor for the U.S. Navel Facility r.
We compared survival rate’ ~‘ith clii .squarC tests.
Portion of the proventrlcUlUs. The amount of plastic in the
proventriculus of a chick could be measured by one person who
Growth rate. as measured by wing chord. was apalyzed by
~~I1~d the bird between his or her legs and held the bird s
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tittin~ the measurements to a linear equation. Growth rates, as
measured by changes in body mass, were fitted with the
Goinpertz growth equation:

Thhtc I

Scasonat chumiges in the percentage (perventlsumpte size) of Ltiystmn and
Black-footed albatross chicks cc’fltainirtg laige volumes of plastIc {>22on’i~
their proventriculi during 1987 on Midway Atoll. The volume of phat~ wus
detcmiinett by inspection ot the proventricutus with a flhre optic~._liIl1I(l~cL~I,e

W=Ac~
where: W
A
k
d

=

weight

=

asymptotic weight

=

constant proportional to overall growth
rate
day. and
number of days to reach the inflection
point of the growth curve.

=
=

S’iimptiii~ period
Species
Laysan Albatross

23 Fcb,—6 Mar.

6

0.8/370

26.6/351)
19118(1

Black-tooted Albatross 0.0128

May— 13 May

~
t 7 iun.—6
3.1,
97/267
I 5.~/t42

Figure I
Number ot new castings collected per week in nesting ~oloities of Laysun md
Btack’footcd albatross chicks on Sand Island, Midway Atoll, 1987
so

Slopes of the hues fitted to wing chord growth, and
parameters from fitted (iotnpcrtz growth curves~ were analyzed
us in~ a mutt ivariate analysis ui variance,
3.

Results

to
0

60

I

In 1987. the percentage of l.~uy.san and Black-tboted
albairosses cofltaiIuhlg high volumes of proventricutar plastic
cltatiged over the chick—rearing period (Table I). At about four
weeks of age. only 0.W/. of the I.aysan chicks had high amounts
of plasi’: lhi~ frequency increased to 26.6% by the second
week or Ma~ . then (lecrcasc(l to 9,7(~ in the latter half of June.
I3lack-tuotcd Alb:ttrm,s chicks showed a continual increase in
plastic accumulat on 1mm late February (0%) to late June
I 5.5~ I. The numher of holoses of plastic and other
iiidigestihle items regurgitated by albatross chicks showed a
biimxtal disid hution, with peaks in regurgitation occurring the
last two weeks oi’ May and June (Fig. 1). During 1986, we
noted that some of the holuses contained plastic pellets that had
been artitkiutlv fed to experimental chicks.
Ihere wax a dramatic seasonal trend in the number of
l.avsan Albatross chicks dying near U.S. Naval Facility
buitdini~s in both yearx of’ the study (Fig, 2). In 1986, 18 300
chicks died, and in 1987, 17 30() died. During 1986, Luysan
Albatross chicks that ingested high volumes of plastic had
sigitil icantlv lower survival fates than did those ingesting low
YOILIITiCS (Table 21, ‘the ~ercentages surviving of’ those chicks
ted I 0(1 cm and 2(X) cm of plastic pellets were 74,0% and
62.(l~ . respectively, which did not dift~r significantly from the
vu!uc fur chicks naturally ted tow volumes of plastic, 75.9%
(~ =0.051. P =0.821. dl’.
I: and x2 = 2.364, P=0.l24.
di. I. rc~pectively). In I 987. chicks nt both albatross species
showed no signiticant difference in the percentage surviving
due to natural ingestion of’ high or low volumes ut plastic
(Table 2).
Ingested plastic was implicated directly in the death of
only one of 174 chicks examined by necropsy (Table 3).
• Althougit the cause of death 01’ many of the chicks was not
determined. none of the carcasses had the debilitating
• proventricular ulcers or fistulas associated with the one fatal
ease of plastic ingestion. Dehydration Was the most common
cause ol’ death. In general, the dehydrated carcasses were in

excellent flesh, suggesting that food intake was adequate,
Chigger infestation (Irombidiosis), starvation, trauma,
nocardiosk. lead toSicosis. omphalitis, and bactvrcmja were
other causes of death. A diagnosis of deh~’dration was probably
• precluded for some of the carcasses, because the subtle lesions
were obscured by rapid decomposition and artifact from frozen
storage.
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For both 1986 and 1987. the mean daily maximum
temperature per week showed a slightly increasing trend from
I February to mid-May. then rose sharply until the second week
of July, and finally declined slightly by the end of July (Fig. 3).
In 1986, the weekly mean for the second week of May WitS
22.1°C and for the second week of July was 29.5°C. In 1087.
these values were 23.3°C and 30.8°C, respectively.
The number of feedings a chick received per week

decreased over the course of the chick-rearing period. Fur
Laysan Albatrosscs, the mean number of’ feedings per week was
6.5 for the first week after hatching and only 1.1 just beibre
fledging. The values for Black-footed Albatross chicks were
6.3 arid 1.2 feedings per week, respectively.
In 1987, the asymptotic weight of Laysan Albatrosses
with high volumes of proventriculur plastic was 122 g lower
(F = 0.002. d.f. = I) than that for chicks with low volunies (If
• plastic (Table 4). The growth curve asymptote is statistie~lly
associated with the inflection point and growth rate. utid these
latter two parameters were significantly different for birds with
high amounts of proventricular plastic. Plastic had no eff~el (In
• the body weight gains of Black-footed Albatrosses or on the
wing chord growth of either species (Table 4).
4.
4,1.

DiscussIon

Temporal variation in proventricular plastic volume
When analyzing the effects of plastic ingestion on
albatross chicks, it is important to consider the scasonahty of

I
I

Figure 3
Number ij dcud L~aysan Albatroes chicks pickcd
Navul Air Facility during 19116 and 19W?
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Table 2
Survival (perceilt uurviviitg/snfliple size I ol Laycan ailil hhlack -footetl albatross
chicks containing high (p22 cm) or low i<22 cmti amounts of prov~ntrictikit
phistic, 9 May—I August 19116 and 6 May—5 August 19147
Plastic volume
(1
Species
Year
I.ow
High
square
l’.valuc
Laysan Albatross
1986
751)(%4
54.3(46
~. 154
0.02
Laysan Albatross
19117
711,3/240 114.14/I 12
2.ItI()
1’. 15
itlack-footed Albatross (9147
117.3/134 111M/23
1)373
lLi4l’

Aua.

tuhIc .1
Number iif latysail and Black-fouled albatross chicks ulsimug From duilerctiL
causes on Midway Atoll during 9 May—Il July 19146 antI I luhl~itiry— 31 July
19147
l~117
19116
Laysan
Black -foowul
Laystiti
Alhilirt,ss
Albatross
Cause of death
Albatross
(mU
26
33
tlimknowii
(I
0
Plastic inipuction
23
3
I)
Ochydralion
I)
()
Starvation
2
2
S
Iromnhidiouils
(1
I)
Nimeartliotis
(1
I.eatl losleosis
I
(1
(I
()inphalilis
1)
l5ucterL~nuWperlIonIlIn
(I
l’muntu
1
4
Mut~p~cauuea
l’tmial

‘-1

:iic
Vyof

plastic occurrence in the proventrielllUs. Over the course of the
chick-rearing period, there was a distinct change in the VOIUnIC
of plastic present In the proventriculi of Laysafl Albatross
chicks. In 1987. hIgh volumes of plastic were rarely I~’und
in chicks during the flrs( six weeks following hatching- This
may be because there was a necessary Lag time required for
(he build-up of a large volume of plastic in the chick’s
proveniriculus, Alternatively meals during this time may have
bccn smaller and therefore rcduc~d the probability of plastic
being passed to the chick, assuming that the volume ot plastic
in a meal Is proportional to meal size. By the second weck ot’
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its sLrofl~(es( eth’t’(. I~ late hute. the ~ 4 I .ui~ ~,in
Albatross chicks has ing high plastic vVu\Iwr(L:% h;itl ik’~’lin~tl,
probably beeau’c of the pc.ik in holus i5 urgItuitloll that
occurrL’LI during late May and early Jun ~. (Ii wks t’i’ukl liii se
etllpthCd their proveniriculi CII )(j%~~ flhsltelIull lii titake V
rootti t~r tceding~ from their pardni% or tticd rcdiictri~t thrU
weight tis they began It’ take short lllVght’ ~w ith in the colony iii
preparation t~r hedging in mtd’JuI~ .
V
The percentage oh Black-fooleti A~htiIri’s~ ~litcks

volumes of plastic Ir1cr~n%et~ throughtitit ttw
pcritxl. Apparently. this spe~it’s ilid not
V
regtir~itUtC holuses according tO the j)>LttClfl d cribcit ulyi.ve ~,id
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boluses in colonies that consisted predominantly of Laysan
Albairosses. The increase in plastic accumulation up to the time
of fledging nieans that Black-footed Albatross chicks either
fledged with a large amourn of plastic in their proventriculi or
regurgitated boluses between their departure from the nest and
theirdeparture from the island.
Laysan Albatross chicks showed a dramatic decrease in
mean volume of plastic ingested between 1986 (46 cm3) and
l9~f7(5cm3) (Sileo et at. 1991). A significant correlation
between survival and volume of plastic ingested was found only
in the year of high plastic ingestion (1986) and emphasizes the
ticed for long-term studies of plastic ingestion. Interannual
variation has also been found in prions Pachypilla spp. (Harper
and Fowler lc87; Ryan l988a) and Red-tailed Tropicbirds
Pliac’thun ruhru’auda (Silco et al. 1991). Such differences may
be caused by interannual changes in the amount of plastic
dumped in the ocean, directions of currents, foraging urea, or
feeding habits.

Effect of plastic ingestion on the survival of albatross
chicks
Necropsies in this study and by Sileo et at. (1990)
• showed that mechanical lesions from ingested plastic rarely are
• the direct cause of death in albatross chicks at Midway Atoll.
The negative correlation between volume of ingested plastic
and survival of Laysan Albatross chicks in 1986 suggests.
however, that there k art indirect effec due to the ingestion of
plastic. A high volume ot proventricular plastic may reduce the
amount of lood, and hence water, that a chick can accept from
an adult duriii~ l~eding. Reduction of water intake may have a
significant cfl~t during hot periods when the chick is required
to evaporate water at a high rate to be able to regulate its body
temperature. From mid-May until fledging, the daily high
tcnspcratures increased while the frequency of feeding
decreased, If the large volumes of plastic that accumulate in
chicks during this time reduce water intake, the risk from
dehydration should increase. Controlled experiments are needed
to test this hypothesis, however. The negative correlation
between volume ol’ ingested plastic and survival may also be
coincidental. Perhaps some other factor, such as poor hunting
skills ol’ certain adult albatrosses, causes both low survival and
4.2.

high plastic content in their chicks,
Decreased growth of albatross chicks may reduce their
positledging survival. In 1987, Laysan Albatross chicks that
had ingested high volumes of plastic had lower asymptotic
weights than those with low volumes, although their survival to
fledging was unaffected. Ryan (I 988b) found that chickens led

polyethylene pelletsate less and grew more slowly than did
control birds. It may be that large volumes of plastic reduce the
meal size that a chick can accept and, consequently, reduce the
chick’s growth and body mass at fledging. Reduced body mass
may mean that energy stores, needed during the period of
learning to forage, are critically limited. This question can only
be addressed through long-term studies of marked birds,
however,
Feeding polyethylene pellets did not affec the survival
of Laysan Albatross chicks (this study) or the assimilation
efficiency of’ White-chinned Petrels (Ryan and Jackson 1987).
These results may be explained by the pellets’ being an
inadequate simulation of natural plastic ingestion or by plastic
ingestion’s being an innocuous phenomenon. Pellets may be an
inadequate simulation because Laysun and Black-footed
albatrosses ingest a wide variety of plastic types, with
fragments of manufactured plastic being the most prevalent
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particles (Sileo el al. 1991). In addition, the fed pellets in this
study were sometimes regurgitated following the artificial
feeding, therefore reducing the effective sample size of the
treatment. Replication of this experiment with irregular plastic
• particles, similar to commonly ingested pieces, would addrcs5
this questibn. It is possible that thesize and shape of individual
plastic particles, rather than total plastic volume, are the
characteristics having the greatest impact on the health of
seahirds.
4.3.

Conclusions
Our results indicate that ingested plastic is not a
significant direct cause of death in albatross chicks. There is
some evidence that plastic may indirectly affect survival during
the nestling period and possibly after fledging. The volume of
ingested plastic was negatively correlated with the surviv~tl of
Laysan Albatross chicks in 1986 but not in 1987 and with
fledging weight in 1987. Reduced fledging weight may reduce
survival of chicks after their departure from the nesting colony.
There was no cortelation between volume of ingested plastic
and survival or growth of Black-footed Albatross chicks.
Feeding polyethylene pellets to Laysan Albatross chicks had no
effect on survival, but these results may not be applicable to the
natural situation in which chicks ingest irregular plastic
fragments most commonly. The results demonstrate that the
effect of plastic ingestion may vary between species and years.
Experimental studies aimed at elucidating the mechanism by
which plastic ingestion indirectly affects survival are necessary
to ascertain whether these associations are results of a causal
relationship.
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ABSTRACT: The intrinsic properties and widespread presence of plastic particles in the marine
environment have profound effects on birds inhabiting the worlds oceans. Industrial and user-plastics
composed of polystyrene polypropylene, polyethylene, styrofoam, and polyvinyl chloride are the most
prevalent forms of plastic marine pollution. Their dispersal and accumulation in average densities of
1000 to 4000 pieces km2, are controlled by surface currents, wind patterns, and different geographic
inputs. Seabirds in the order Proce[lariiformes are most vulnerable to the effects of plastic ingestion due
to their smaller gizzard and their inability to regurgitate ingested plastics. Planktivores have a higher
incidence of ingested plastics than do piscivores as the former are more likely to confuse plastic pellets
with copepods, euphausiids, and cephalopods. Hence, diet may be a major factor determining the
quantity of plastic ingested. Physiological effects related to the ingestion of plastics include obstruction
of the gastrointestines and of subsequent passage of food into the intestines, blockage of gastric
enzyme secretion, diminished feeding stimulus, lowered steroid hormone levels, delayed ovulation
and reproductive failure. As plastic manufacture and use increases and subsequent disposal at sea
becomes more extensive, the impact of discarded plastic on birds inhabiting the manne environment
may also be expected to increase.

The beauty and genius of a work of aft may be
reconceived, though its first material expression be
destroyed; a vanished harmony may yet again inspire
the composer; but when the last individual of a race of
living beings breathes no more, another heaven and
another earth must pass before such a one can be
again.
William Beebe
1877-1962

INTRODUCTION
Although plastics have been produced in large
quantities since the end of World War II, it was not
until the 1970s that the existence of widespread plas
tic pollution of oceanic waters was discerned. Accord
ing to the National Academy of Sciences (1975)
approximately 4.5 x iO~ metric tons of plastic are
discarded at sea annually. Since the production of nonbiodegradable plastics and subsequent waste disposal
practices have been increasing worldwide, it is likely
that levels of contamination will continue to increase

ment, and specificaliy to marine birds. Distinct
methods of foraging, breeding and molting as well as
well-defined distribution patterns of seabirds result in

varying degrees of vulnerability to plastic pollution.
Some seabirds are more susceptible in their breeding
quarters, others where they molt, and still others in
places where they spend their term of immaturity. To
evaluate the environmental threat posed by discarded
plastics, it is crticial to understand their role in seabird
ecology. A comprehensive review of plastic ingestion
by marine birds has been provided by Day et al. (1985).
Here we expand on several points made by Day et al.,
and include several species and aspects not discussed
in detail in their review.

NATURE AND SOURCES OF PLASTIC
POLLUTION
Much has been published in the last 10 yr on the
prevalence of plastics as a pollutant in the marine

environment. A large body of evidence has been

and pose an escalating threat to the marine environ-

gathered indicating widespread marine contamination
by plastic jetsam discharged from ships (Wong et al.
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1974) and by polyethylene and polypropylene indu
strial pellets discharged in waste effluents (Carpenter
& Smith 1972, Carpenter et al. 1972, Colton et al. 1974,
Gregory 1977, Morris 1980). Plastics present a problem
in the environment because they float, are non-biode
gradable, and only slowly degrade upon exposure to
ultraviolet radiation. Extension of the service life of
some plastics has been made possible recently by
incorporation of ultraviolet light stabilizers and anti
oxidants. This has led to a corresponding increase in
the persistence of plastics and their inherent problems
in the environment (Dixon & Dixon 1981).
Plastics found at sea may be classified into 2 major
types based on their origin. ‘User-plastics are most
conspicuous and consist of plastic materials directly
used by man, such as plastic bags, cups, bottles, pack
aging materials, ropes and nets. These objects are
routinely discarded from commercial and fishing ves
sels (Dixon & Dixon 1981), although some originate
from rivers and ocean dumping of land-generated lit
ter. Larger plastic itenis often break up to form smaller
fragments that are more commonly observed in the
oceans (van Franeker 1985).
The second, less conspicuous. type of plastic
originates from industrial sources. These formulated
and compounded plastics generally take the form of
small cylindrical disks having a diameter of less than
4 mm, although spherical and rectangular granules
also occur. These small plastic particles are the indu
strial bulk material in which plastics are manufactured
and transported prior to their transformation into userplastics by remelting and employing additives (van
Franeker 1985). Colton et al. (1974) suggest that the
widespread distribution of plastic debris in rivers,
estuarine, and coastal waters of the United States is the
result of improper wastewater disposal in the plastics
industry. Polystyrene spherules from factory effluents
may be carried down rivers, with some settling out at
the mouths of the rivers and others being transported
into coastal waters (Hays & Cormons 1974). The most
probable cause of compounded plastics in the open
ocean is routine solid waste disposal at sea by indi
vidual vessels (Colton et al. 1974).
Beach observations show that the plastic composi
tion of marine Utter is more diversified nearshore and
that it includes primary and secondary packaging,
cargo-associated and engine-room wastes, and fishing
gear (Dixon & Dixon 1981). Presumably when fishing
nets were made of plant fibers they disintegrated
rapidly after being lost or discarded at sea. However,
with widespread use of more durable nylon netting,
the situation has deteriorated. Small and large frag
ments of monofiament net are now becoming an
integral part of jetsam washed up on beaches (Bourne
1977). In 1975, approximately 13172 metric tons of

fishing nets, lines, and buoys were discarded by fish
ing fleets into the world’s oceans (National Academy of
Sciences 1975). In the Bering Sea alone, about 145000
pieces of net fragments per year originate from the
fishing industry (Merrell 1984). Since Japan has been
the principal user of monofilament gill nets in the
Bering Sea and North Pacific Ocean, Merrell (1984,
1985) suggests that the majority of nets and floats
washed onto Alaskan beaches originate from Japanese
fisheries. Gifi net floats represented the greatest con
stituent of plastic litter on Alaskan beaches in
Merrells study.

DISTRIBUTION OF PLASTICS IN THE OCEAN
Plastic pellets have been reported in average
densities of 1000 to 4000 km2 on the surfaces of the
North Atlantic, South Atlantic, and Pacific Oceans
(Carpenter & Smith 1972, Carpenter et al. 1972, Colton
et al. 1974, Morris & Hamilton 1974, Wong et a]. 1974,
Gregory 1977, Shiber 1979. Day 1980). Most oceanic
areas investigated, however, have been in the vicinity
of coastal industrial sources, near major shipping
lanes, or influenced by wind and current conditions
more likely to retain and accumulate floating material
than to disperse it (Morris 1980). Hence these estimates
are likely to be higher than the oceanic average.
Areas which have shown the highest concentration
of plastics in coastal waters along the Atlantic sea
board of North America are those where most plastic
manufacturing and processing companies are located
in southern New England and the middle Atlantic
states (Carpenter et al. 1972, Colton et al. 1974). Plastic
sheets and pellets were the most abundant and most
widely dispersed particles collected in continental
shelf waters between Virginia and Rhode Island, with
polystyrene spherules present in concentrations up to
14 m3 (Carpenter et al. 1972). Sheets and peUets were
also the only forms of plastics found in appreciable
quantities in shelf waters south of Cape Hatteras, and
in most stations in the Caribbean Sea and Antilles
current area (Colton et al. 1974).
Carpenter & Smith (1972) demonstrated the presence
of small plastic particles in the surface of the Sargasso
Sea with an average concentration of 3500 pieces km2
occurring over a lateral distance of 1300 km. Lower
concentrations were detected in and directly east of the
Gulf Stream, just south of Cape Hatteras and in the
Yucatan Channel. No plastic debris was discovered at
stations in the Straits of Florida, in the southeastern
Gulf of Mexico, or in coastal and Gulf Stream waters
south of Cape Lookout, North Carolina (Colton et al.
1974).
An early account of plastic spherules collected in
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British coastal waters by Morris & Hamilton (1974)
indicated that these particles were negatively buoyant
(having a density of 1.08) and frequently contained
occluded solid phases together with vacuoles. Infrared
spectrophotometry confirmed that these plastics were
composed of a modified polystyrene containing
approximately 13 % of a styrene-butadiene copolymer.
In a later study of plastic on beaches of the United
Kingdom, Dixon & Dixon (1981) reported that frag
mented plastic was found in 77.8 % of the transects
sampled (compared with frequencies of 34.2 % for oil,
62.7 % for wood). Plastic pieces were found in 94 % of
their transects taken on French and Danish beaches.
Substantial plastic accumulation has also been noted
along the beaches of Lebanon (Shiber 1979).
Polyethylene and polypropylene pellets were found
to be principal contaminants of the sea surface in the
Cape Basin area of the South Atlantic Ocean, an area
quite remote from any obvious source of such debris
(Morris 1980). Morris described these plastic particles
as primarily hard white or colorless spherules or
pellets having a diameter of 3 to 5 mm. All had wellrounded ends suggesting extensive weathering.
In a survey of plastic particle pollution in the north
ern Pacific off central California, Baltz & Morejohn
(1976) found mostly small polyethylene cylinders,
although styrofoam, synthetic sponges, and pieces of
flexible food wrap and rigid plastic were collected as
well. Most of the plastic cylinders had rounded rather
than sharp edges, signifying substantial wear (Colton
et ai. 1974) which may have occurred either on the
beach or in the stomachs of birds (Baltz & Morejohn
1976).
Wong et al. (1974) sampled surface waters along
latitude 35~N near the California coast, then north
along 125°W to Victoria, British Columbia. Small (0.1
to 0.5 cm) round colorless plastic pellets weighing 20
to 50 mg each were found in 21 of 23 tows. The average
concentration was 0.3 mg m2 with a maximum con
centration of 3.5 mg m2, or 34000 pieces km2.
As part of an environmental assessment program of
the Alaskan continental shelf (60°00’N, 147°30’W to
59~38’N, 140°00’W), Jewett (1976) reported pollutants
recovered from several benthic trawls. Of the stations
sampled, 57 0,/0 were contaminated with refuse consist
ing primarily of plastic materials such as brown or
green refuse bags, pieces of clear plastic (bait
wrappers), and plastic straps used as cargo binding
material. Much of this plastic debris was of Japanese
and Korean origin.
A benthic trawl of the southeast Bering Sea during
1975—76 by Feder et al. (1978) brought up man-made
debris consisting primarily of metal, rope (synthetic),
plastic, and glass, with minor amounts of rubber, wood,
cloth, and paper products. The various classes of debris
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collected during both years were similar except that
plastic was much more prevalent in 1975. It is sus
pected that much of this debris was discarded from
fishing vessels because debris-containing areas corres
ponded closely to southern Bering Sea fishing zones.
In the southern Pacific, plastic pellets collected on
New Zealand beaches were primarily polyethylene
and polypropylene (Gregory 1977). Pellet abundance,
though highly variable, was greatest near important
New Zealand industrial centers, exceeding 40000
pieces m1. Even on beaches far-removed from poten
tial industrial contaminants, significant quantities of
pellets were detected.
Previous studies have demonstrated a high degree of
patchiness in plastic distribution at sea. This patchi
ness is attributable to currents, winds, and different
geographic inputs (Shaw & Mapes 1979). Wong et al.
(1974) observed that in the western Pacific, wind stress
transports surface pollutants eastward to about 170GW
where both a weakening in wind stress and a change
in the prevailing winds to a southward direction
occurs. At 143GW, in a region of zero annual wind
stress, an accumulation of plastic was observed (Wong
et al. 1974). In other areas, such as the Gulf of Alaska,
surface currents play a more dominant role in the
dispersal of plastic particles (Day 1980). Morris (1980)
has suggested that plastics are being transported glob
ally by oceanic current systems, and as a result have
now become as ubiquitous a contaminant of the
worlds oceans as tarballs.
In open ocean waters, denser plastic debris (e.g.
polystyrene-styrene copolymers) gradually sinks to the
denser, cold mid-water layers where it attains neutral
buoyancy and remains suspended in the water column.
This is likely to result in a substantial underestimate of
the amount of plastic in the oceans since most studies
report concentrations of plastic in surface waters only
(Morris 1980).

FATE OF PLASTICS
Although plastic debris is generally quite resistant to
microbial or chemical degradation, many plastics are
transformed from their original nature in the marine
environment. Based upon observations of plastic col
lected on west European beaches and in waters of
western Europe, Dixon & Dixon (1981) deduced the
fate of plastic bottles in the marine environment. They
suggest that bottles made from the major thermoplas
tics, especially high density polyethylene, are photo
degradable at the air-sea interface. Photodegradation
produces embrittlement in plastics and subsequent
fragmentation, generally within 2 to 3 yr following
their discard at sea (Dixon & Dixon 1981).
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Major thermoplastic packaging materials have
recently been developed with enhanced degradability
upon exposure to ultraviolet light. By combining exist
ing compounds with photosensitive additives or by
incorporating minor amounts of co-monomers contain
ing photosensitive groups, these treated plastics can be
made to degrade faster in the environment. Reports
confirm that a bottle subjected to this process will be
reduced to fragmentable condition within 3 mo com
pared to 3 yr for its unmodified counterpart (Dixon &
Dixon 1981). Although plastics with enhanced degrad
ability might well reduce the persistence of these
materials in the marine environment, any such advan
tages could be offset by increases in the quantities
used and therefore discarded at sea. In addition,
extending the service life of some plastics has recently
been made possible by incorporating ultraviolet light
stabilizers and anti-oxidants during the manufacturing
process (Dixon & Dixon 1981). Hence the overall
degradability of plastics currently being discharged to
the ocean is still unclear. With regard to fishing nets,
Weh.le & Coleman (1983) suggest that submerged nets
may remain in the ocean for up to 50 yr. These nets are
highly resistant to processes of degradation in the
environment due to their minimum exposure to heat,
light, and abrasion.

Table 1. Common and scientific names of marine birds refer
red to in text (after Harrison 1983)

CLASSIFICATION AND CHARACTERISTICS
OF SEABIRDS

terns and waders. Birds of the order Procellari.ifonnes

The fact that seabirds are highly diverse in their
behavior and adapt differently to the marine environ
ment makes it somewhat difficult to characterize them
as a group. Some sojourn to inland waters and open
country for at least part of the year, and retreat to the
sea only during inclement seasons, while others are
year-round marine inhabitants. Many birds are typi
cally marine and come ashore exclusively to roost and
breed (Bourne 1976). Alexanders classic compendium
The Birds of the Ocean (1928) classifies penguins,
albatrosses, 3 families of petrels, tropic birds, frigate
birds, some pelicans, the gannets and boobies, some
cormorants and shags, the pha.laropes, skuas or
jaegars, gulls, tems, skimmers and auks or alcids as
seabirds. It is also possible to include the divers,
grebes, and sea ducks all of which have a tendency to
breed inland yet winter offshore (Bourne 1976).
Of particular interest to this paper are the 2 orders
most extensively researched: Procellariiformes and
Charadriiformes (Table 1). The former includes the
following: British storm-petrels, prions, Leachs storm
petrels, white-chinned petrels, greater shearwaters,
sooty shearwaters, Manx shearwaters and fulmars. The
latter group comprise the red phalaropes, skuas, gulls,

Common name

Genus and species

Order: Procellarillormes

Black-footed albatross
Laysan albatross
Kerguelan petrel
White-chinned petrel
Soft-plumaged petrel
Atlantic petrel
Wilsons petrel
Common diving-petrel
Broad-billed prion
Greater shearwater
Sooty shearwater
Manx shearwater
Litte shearwater
North Atlantic fulmar
British storm-petrel
Leachs storm-petrel
Fork-tailed storm-petrel
Grev.backed storm petrel
White-bellied storm-petrel
White-faced storm-petrel
Order: Charadrliformes
Red phalarope
Parakeet aukiet
Horned puffin

Diomedea nigripes
Diomedea 1mm utabilis
Pterodrorna brevirostris
Procellaria a equinoctialis
Pterodroma moths
Pterodroina incerta
Oceanites oceanicus
Pelecanoides urina trix
Pachyptila vift~ta
Puffinis gravis
Puffinis griseus
Puffinis pufuinis
Puffinis assirnilis
Fuimarus glacialis
Hydroba tes polegicus
Oceanodronia leucorhoa
Oceanodrorna furca ta
Carrodia nereis
Frega tta grallaria
Pelagodroma marina
Phalaropus fuiicarius
Cyclorrh ynch us psittacula
Fratercula cornicula ta

tend to accumulate more plastic than do other species.
However, quantities in the gizzard may vary greatly
among species and individuals (Day 1980, Furness
1985a). Gulls, terns, skuas, and waders, as well as
other Charadriiformes, habitually regurgitate indigest
ible parts of their food items, such as shell and fish
bone (Hays & Cormons 1974). Procellariiformes, how
ever, have a constriction between the gizzard and
proventriculus, which makes it more difficult for
gizzard contents to be expelled (Furness 1985a).
Although some Proceflarliformes frequently regurgi
tate portions of their stomach contents, the regurgita
tion often consists only of stomach oil and there may be
a tendency for these birds to retain hard indigestible
objects such as plastics (Rothstein 1973). The low
possibility of regurgitation of plastic particles, together
with a smaller gizzard in which to accommodate them,
causes Procellariiformes to be especially susceptible to
the effects of plastic pellet ingestion (Furness 1985a).

MODES OF INGESTION
Ashmole (1971) classified seabirds on the basis of the
method by which they ingest food. These methods
include pursuit diving, surface-seizing, dipping,
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plunging and piracy. In what appears to be the mosi
comprehensive work to date on plastic ingestion by
marine birds, Day (1980) reported that 15 of 37 species
of marine birds in Alaska contained plastic particles.
The highest incidence of plastic was found in seabirds
feeding by pursuit-diving (26 %) whereas 16 % of
Alaskan birds feeding by surface-seizing, 9 % feeding
by dipping, and none of those feeding by plunging or
piracy contained plastic. The absence of plastic in
birds feeding by plunging and piracy is reasonable, as
plungers generally retrieve prey items beneath the
water’s surface, where less plastic is normally found.
Birds feeding by piracy retrieve food dropped by other
birds, food which is almost always fish (Ashmole 1971)
and apparently contains little or no plastic (Day 1980).
Several known and potential prey items naturally
inhabit the epipelagic zone, where plastics might be
mistaken for prey or ingested along with them (Day
1980). Common white, light brown, and red plastic
particles found at or near the water’s surface often
resemble the planktonic larvae of a number of crusta
ceans as well as the adults of other species (Mauchline
1980, Raymont 1983). Birds feeding predominantly on
crustaceans or cephalopods generally have signifi
cantly higher frequencies of ingested plastic than do
piscivores (Day 1980). Light brown plastic particles
found in the surface layers of the ocean may also
resemble eggs of many pelagic fishes and crustaceans.
It is interesting to note that Colton et al. (1974) origi
nally classified plastic particles caught in neustori tows
as fish eggs. Thus, birds may also be ‘mistaking’ these
particles for food (Day 1980). Plastics buried within
egg masses have been recovered from regurgitations of
Laysan albatross (Harrison & Hida 1980). Based on
these considerations, the relationship to prey type may
actually be a better predictor of expected plastic inges
tion than feeding method or foraging habitat, due to
the resemblance of plastic particles to prey items (Day
1980).
The black-footed albatross Diomedea nigripes has
been reported to scavenge trash thrown overboard
while following ships for long distances (Fisher 1973).
Plastics may be ingested by this method, but no
specific reports have confirmed this mode of ingestion
(Pettit et al. 1981). Similarly, this method of ingestion
has been proposed by Furness (1983) for white-chinned
petrels, greater shearwaters and sooty shearwaters, 3
species which feed primarily by surface-seizing and
scavenging (Ashmole 1971).
Due to their inability to dive, Leach’s storm-petrels
consume indigestible objects floating within a few
centimeters of the ocean’s surface (Palmer 1962). It is
likely that these particles were broadcast over the open
ocean near ships or garbage dumps, since Leach’s
petrels infrequently feed in inland waters or follow

ships in an effort to feed on dumped waste material,
unlike Wilson’s petrels Oceanites oceanicus, a related
species (Petersen 1947). The absence of plastic iii com
mon diving petrels deserves mention as this species is
strikingly disparate to other small Procellariiformes. Of
the 19 diving petrels examined by Furness (1985a), 5
contained euphausiids with which brown plastic
pellets could readily be confused. It is possible that
because this species feeds by underwater pursuit-div
ing. it does not select plastics floating on the surface, as
other petrel species do (Furness 1985a).

OBSERVATIONS OF SEABIRDS IMPACTED
BY PLASTICS
The fact that marine birds swallow indigestible
objects is well-documented. Kenyon & ICridler (1969)
examined the body contents of 100 Laysan albatross
Diomedea immutabilis carcasses collected along the
beaches and reefs of Hawaii. All foreign non-food
items were collected and tabulated (Table 2). Only 9
Table 2. Indigestible material in 100 Laysan albatross car
casses collected along Hawaiian beaches and reefs (from
Kenyon & Kridler 1969; reprinted with permission of the
American Ornithologists Union Publishing Co.). F: frequency
of occurence~ G: greatest no. in one bird
Buoyant items
Pumice
Plastic
Caps (bottle)
Misc. (toys)
Bag (polyethylene)
Total
Nuts

Number Weight (g)
546

1063

83
157
1
241
12

69
111
3

F
85

93

183

74

8

63

12

1

birds were void of objects. When placed in water,
99,4 % of the items recovered from the dead birds were
buoyant. Approximately 30 % of these were plastic.
Pieces of plastic scraps typifying those contained in the
albatross carcasses were scattered about the beaches.
Although at first it may seem that the beaches were the
origin of indigestible items found in young albatross,
this is unlikely since albatross rarely ingest food or
other items from the shore. It is more probable that the
plastic items were retrieved at sea by the parents and
subsequently passed on with regurgitated food to their
young (Kenyon & Kridler 1969).
In a recent study of seabirds from Gough Island
(40° 21’S, 9° 53’ W), South Atlantic Ocean, Furness
(1985a) determined that the most highly contaminated
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species included greater shearwaters and white-faced
storm-petrels (with up to 53 particles per bird). To a
lesser degree broad-billed prions, white-bellied storm
petrels, gray-backed storm-petrels, a Tristan skua, lit
tle shearwater, Kerguelan petrel, Atlantic petrel, and
soft-plumaged petrel were also found to be contami
nated with plastic. The most contaminated birds con
tained plastic equal to 96 % (white-faced storm-pet
rels) and 81 % (greater shearwater) of their relaxed
gizzard volume. Although smaller species tended to
contain smaller particles, the smaller species appear to
ingest more plastic than larger ones relative to body
size. In a similar study, Furness (1985b) detected no
particles in the intestines of any birds he examined.
Though it is possible that plastic particles may be
slowly worn down in the gizzard until small enough to
pass through the intestines, there are no reports con
firming that this actually takes place. Moreover, size
frequency distribution implies that it probably does not
occur since small particles were rarely found in the
birds’ gizzards (Furness 1985b).
Plastic particles and pellets have been reported in
several other studies of surface waters and birds off
southern Africa (Morris 1980, Ryan 1985) and in the
South Atlantic (Bourne & Imber 1982, Furness 1983).
The fact that plastic particles were found in stomachs
of Antarctic and sub-Antarctic species is of particular
concern as it indicates that pollution is now commonly
found in what has long been believed to be a relatively
pristine environment.
Stomach contents of 22 fulrnars collected in 1980 at
Bear Island (74°24’N, 19°00’E) and 29 fulmars col
lected in 1983 at Jan Mayen (71°00’ N, 09° 00’ W) were
analyzed by van Franeker (1985). Although farremoved from industrial areas or major shipping
routes, approximately 80 % of the fulmars at both
islands contained plastics. Plastic particles were also
found in 39 % of greater shearwater stomachs
examined at Brier Island (44° 15’ N, 66° 22’ W), and in
75 % of those investigated from Placentia Bay (ca
47°00’N, 54°30’W), eastern Canada (Brown et al.
1981). Similarly, 8 % of sooty shearwater stomachs
dissected at Brier Island and 5 % at Placentia Bay
contained plastic. Plastic ingestion by marine birds
appears to be very widespread in the North Atlantic.
Ingestion of plastic by seabirds has been confirmed
for a number of other species: fork-tailed storm-petrels
Oceanodroma furcata, horned puffins Fratercuia cor
niculata and parakeet auklet Cyclorrhynchus psitta
cula in the Aleutian Islands (Ohlendorf et al. 1978),
adult and nestling Leach’s storm-petrels Oceanodroma
leucorhoa in Newfoundland and New Brunswick,
Canada (Rothstein 1973) and in regurgitated gull and
tern pellets from Long Island Sound, New York (Hays
& Cormons 1974).

EFFECTS OF PLASTICS ON SEABIRDS
Most investigators strongly caution that seabirds are
likely to be injured by ingested plastic. Consumption
of plastic particles could result in blockage or internal
injury, although some seabirds may eventually regur
gitate plastic pellets with other indigestible matter,
thereby reducing harmful effects (Hays & Cormons
1974, and many others).
Post-mortem examination of 4 young albatross con
firmed that regurgitation of plastics from adult to chick
occurs in this species (Pettit et al. 1981). Plastics were
found in each chick. In one young bird, the large
quantity of indigestible matter contributed to intestinal
obstruction, while another bird with bulky plastics in
the proventriculus had ulcerations in the mucosa. The
retention of relatively small, smooth-surfaced plastics
indicate that even small, hard objects do not ordinarily
pass through the adult birds proveritriculus and
gizzard to enter the lower digestive tract. Plastic par
ticles were never observed in the excrete of this
species (Pettit et al. 1981).
Birds that do not regurgitate solid matter can
accumulate plastic which may interfere directly with
their digestion. The presence of non-food items in
birds’ gizzards may not only cause gastrointestinal
blockage (Day 1980), but may also be directly related
to feeding stimulus and activity (Sturkie 1965). Hunger
and satiety are controlled by receptors in the bird’s
hypothalamus where stimuli perceived by the central
nervous system regulate food intake. Those factors
stimulating appetite (hunger) include contraction of an
empty stomach, low temperatures, and the sight of
food; whereas those factors inhibiting appetite (satiety)
include dehydration and distention of the stomach
or intestines. Large quantities of plastic in a bird’s
stomach could therefore depress feeding activity by
sustaining stomach distention or by preventing
stomach contraction, signifying ‘satiety’ to the hypo
thalamus (Sturk.ie 19651. Birds collected from Gough
Island in which plastic pellets were found in the
gizzard invariably lacked fresh food in the proven
triculus (Furness 1985a). Moreover, the presence of a
large number of particles in the stomach may impede
the secretion of gastric enzymes or the movement of
food into the small intestine (Day 1980). Plastic inges
tion may also be detrimental to reproduction, since
DDT, DDE, PCB’s and other chlorinated hydrocarbon
pollutants associated with plastics may lower steroid
hormone levels causing delayed ovulation (Peakall
19701.
Connors & Smith (1982) report the incidence of plas
tic in a small but unique sample of migrating red
phalaropes Pha]a.ropus fulicarius, small sandpiper-like
shorebirds adapted for swimming in surface layers and
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grazing upon zooplankton. These authors classified fat
deposition in the phalaropes on a scale from 1 (no fat)
to 5 (excessive fat) without knowledge of stomach
contents. These values ranged from 1.5 to 3.5 (Table 3).
Table 3. Weight, fat condition and plastic particle occurrence
in I red phalaropes, ordered by fat class (from Connors &
Smith 1982; reprinted with permission of Pergamon Press LId)
Sex

M
M
F
F
M
M
F

Weight

39.6
39.2
40.4
46.3
43.9
45.0
50.1

Fat
class

1.5
1.8
2.0
2.2
2.5
3.0
3.5

No.

Plastic
Total

% of

of

weight

stomach

pieces

(g)

volume

6
6
2
8
14
4
0

0.048
0.025
0.005
0.044
0.047
0.031
0.000

13.0
11.3
1.4
21.2
19.2
11.9
0.0

Although only one stomach contained recognizable
food items (barnacle larvae and hvperi.id amphipods),
6 of 7 stomachs were contaminated with plastic debris.
Most of the recovered plastics were polyethylene
nibs , an intermediate stage in the plastic manufactur
ing process (Colton et al. 1974)~ although a few parti
cles were pieces of styrofoam. The results of Connors &
Smith (1982) indicated that fat class was negatively
correlated with the number of pieces of plastic. Since
fat condition plays a major role in determining flight
range capabilities and possibly breeding success in
this long-distance migrant, the potential effect carries
considerable biological significance (Connors & Smith
1982). Plastic contamination may produce physiologi
cal effects which threaten survival or reproductive
success in regions far-removed from pollution sources
(Holmes 1966, McLean 1969, McNeil & Cadieux 1972,
Ashkenazie & Safriel 1979, Connors & Smith 1982).
Wallace (1985) reports that seabirds encountering
discarded nets face possible drowning. In their obser
vations of net debris outside North Pacific fishing areas
during 1978, Jones & Ferrero (1985) reported that 99
seabirds were entangled in a 1500 m gifi net. Simi
larly, Tull et a.). (1972), Shaughnessy (1980), Fowler
(1982), Piatt & Reddin (1984) and PiatI et al. (1984)
report seabirci entrapment in abandoned fishing nets
throughout the worlds oceans.
Other adverse effects may also result from plastic
ingestion. Although industrial plastic granules are normany considered to be composed of biologically stable
plastic polymers, large amounts of additives including
softeners, colorants, and anti-oxidants are often
employed during the transformation from granules to
user-plastics. These additives can be toxic in nature
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and may be readily assimilated from the ingested plas
tics (Aldershoff 1982). Carpenter et al. (1972) found
that plastics recovered from marine surface waters
contained polychlorinated biphenyls (PCBs) in a con
centration of 5 ppm. Since PCB’s are not added during
the manufacture of polystyrenes, these authors sug
gested that the probable source was adsorption from
ambient seawater. Based upon their similar physico
chemical properties, other toxic organochiorines (such

as DDT or DDE) may also be associated with oceanic
plastic debris.
Studies concerning the effects of plastic pollution on
marine birds are relatively new. Although few defini
tive studies have been reported, we have tried to eluci
date several potential hazards associated with the
ingestion of plastics. Although many of these potential
hazards lie in the realm of conjecture, we believe that
it is important to work toward prevention or prediction
of these problems before the actual effects have been
realized. Adverse biological consequences resulting
from the present levels of plastic in the oceans appear
to be insignificant for most marine organisms com
pared to the deleterious effects of other contaminants
such as petroleum wastes, pesticides, or other chemical
residues. Marine birds may be an exception to this
rule. Escalating production of plastics, compounded by
improper waste disposal practices, will predictably
result in increases in the concentrations of these parti

cles in rivers, estuaries and the open ocean. Birds
inhabiting the marine environment might be expected
to suffer the greatest consequences from this contami
nation.
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ABSTRACT

We analyzed polybrominated diphenyl ethers (PBDE5) in abdominal adipose of oceanic seabirds (shorttailed shearwaters, Puffinus tenuirostris) collected in northern North Pacific Ocean. In 3 of 12 birds, we
detected higher-brominated congeners (viz., BDE2O9 and BDE183), which are not present in the natural
prey (pelagic fish) of the birds. The same compounds were present in plastic found in the stomachs of the
3 birds. These data suggested the transfer of plastic-derived chemicals from ingested plastics to the tis
sues of marine-based organisms.
© 2012 Elsevier Ltd. All rights reserved.

Increasing amounts of plastics are entering the oceans on ac
count of increases in production and poor waste management.
Plastic resin pellets and plastic fragments are frequently observed
in marine environments (Derraik, 2002; Arthur et al., 2009; Ogata
et al., 2009), and even in the open ocean (Moore et a!., 2001;
Yamashita and Tanimura, 2007; Moret-Ferguson et al., 2010).
Many species of marine-based organisms, such as seabirds, ingest
these plastics, mistalcing them for prey (Derrailc, 2002; Ryan
et al., 2009; van Franeker et al., 2011). The plastics cause injury
and inhibit the digestion of food. Further concerns arise from the
toxic chemicals both contained in the plastics as additives and ad
sorbed from ambient seawater (Teuten et al., 2009; Hirai et al.,
2011). Such marine plastics can transport toxic chemicals in mar
ine organisms (Mato et al., 2001).
Assessing the ecological effects associated with chemicals in
marine plastics depends on whether the chemicals are transferred
from the ingested plastics into the organisms’ tissues, but there is
no clear answer (GESAMP, 2010). Several studies have examined
the transfer of polychlorinated biphenyls (PCB5) from ingested
plastics to seabirds (Ryan et al., 1988; Teuten et al., 2009; Yamash
ita et a!., 2011). However, the evidence was weak, because seabirds
take in PCBs not only from plastics, but also from their prey which
biomagnify them through the food web.
In the present study, we focused on polybrominated diphenyl
ethers (PBDE5). which are applied to plastics and to textiles as
flame retardants. Because of their bioaccumulation, persistence,
and toxicity, some PBDE congeners are categorized as persistent
* Corresponding author.
E-mail address: shige@cc.tuat.ac.jp (H. Takada).

organic pollutants (POPs) and are regulated by the Stockholm Con
vention (UNEP, 2001). PBDE5 were detected in marine plastics
(Hirai et al., 2011). PBDEs are biomagnified less than PCB5 (Burreau
et al., 2006; Mizukawa et al., 2009) and their exposure from prey
could be smaller than PCB5. Therefore, contribution from plastic
ingestion could be more clearly seen for PBDE5. Thus, we measured
PBDE5 in the fatty tissues of short-tailed shearwater and in plastics
found in their stomachs, because these species of seabirds fre
quently ingest plastics (Yamashita et aI., 2011). Our objective
was to get more concrete evidence of the transfer of plastic-derived
chemicals to the tissues of seabirds by comparing PBDE profiles be
tween the tissues and the plastics in the seabirds.
Twelve short-tailed shearwaters (Puffinus tenuirostris) were
caught as bycatch in experimental driftnets by the research vessel
Wakatake-maru (Hokkaido Prefectural Government) in the north
ern North Pacific Ocean (4O°OO’—47°30’N, 18O°00’; 55~3O’—
58°30’N, 178°O0’E—178°0O’W) during June to July 2005 (Yamashita
et al., 2011). The carcasses were stored at —30 °C until analysis. In
the laboratory, the carcasses were thawed and blotted dry with tis
sue paper, and then dissected with a solvent-rinsed stainless steel
lcnife. The abdominal adipose tissue was removed, put in solventrinsed glass vials, and stored in the freezer at —30 ~C until analysis.
The stomachs were removed to examine the contents.
All the examined seabirds held plastics in their stomachs, at
0.04—0.59 g per bird (Fig. 1, Table Si). Plastic pieces found in the
stomach contents were removed, washed in distilled water, dried
at room temperature, and weighed on an electronic balance. The
plastics were identified and sorted by polymer type by near-infra
red spectrometry (PlaScan-W, OPT Research Inc., Tokyo, Japan).
Specimens of lanternfish (Myctophidae) and squid (Gonatidae),
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Fig. 1. Photos of plastics in the short-tailed shearwater. Birds are identified by the last 2 digits of each code number. Grid: 5mm s. 5 mm.

prey species of short-tailed shearwaters, were collected in midwater trawl nets from the training ship Oshoro-inaru (Hokkaido
University) in the northern North Pacific Ocean (NNPO) as follows.
Three individuals of Ianternfish and one squid were collected in the
eastern part of NNPO (39°30’—43°1 5’N, 1 55°00’E) in May 2012. An
other three individuals of lanternfish were collected in the western
part of NNPO (45°33’N, 159°21’W) in July 2012. The fishes and
squid were analyzed whole.
PBDE5 were measured in the abdominal adipose of the 12 birds
and in the ingested plastics, and in the whole tissues of 6 lanternf
ishes and one squid. All solvents for the chemical analyses were
distilled in glass. All glass and stainless steel equipment was rinsed
with the distilled solvents. Approximately I g (wet weight) of
abdominal adipose tissue and 10 g (wet weight) of lanternfish
were extracted in a Polytron PT2000 homogenizer with dichloro
methane (DCM) and anhydrous sodium sulfate. Ingested plastic
samples were extracted by Soxhiet extraction with DCM according
to Hirai et al. (2011). The sample extracts were spiked with surro
gate standards (13C-labeled BDE3, BDEI5, BDE28, BDE47, BDE99,
BDEI 53, BDEI 54, and BDEI 83. and 4’-fluoro-2,2’,3,3,4,5,5’,6,6’nonabromo-diphenylether) and thoroughly purified by centrifuga
tion (737 x g for 30 mm), two-step silica gel column chromatogra
phy, and gel permeation chromatography. Details of the
chromatography are described in Mizukawa et al. (2009) and
Yamashita et al. (2011). Purified fractions were analyzed by gas
chromatography—ion trap-mass spectrometry (GC—IT-MS) for low
er-brominated congeners and by GC with electron capture detector
for higher-brominated congeners. The detailed instrumental condi
tions are presented in Hirai et al. (2011). Forty-nine BDE congeners
(mono- to deca-brominated; BDE 1, 2, 3, 7, 8, 10, 11, 12/13, 15, 17/
25,30,32,22/28,35,37.47,49,66,71,75,77,85,99, 100,116,118,
119,126,138,153,154,155,166,179,181.183,184,188,190,196,
197,203,206,207.208,209) were quantified. PBDE concentrations
are expressed on lipid weight base. PBDE concentrations in the
samples were corrected against the recovery of the surrogates.
Reproducibility and recovery were confirmed in advance through
4 replicate analyses of adipose tissue extracts with and without
spiking of native PBDE standards. The relative standard deviations
of concentrations of individual congeners were <10% and the
recoveries were >87%. A procedural blank was run with every

batch (4 samples). The limit of quantification (LOQ) was set at
3 times the amount detected in the procedural blank: 0.0006 ng/
g-lipid weight for BDE47, 0.002 ng/g for BDE183, and 0.03 ng/g
for BDE2O9. All reported values are over the LOQ.
PBDE5 were detected in all birds, at 0.3—1 86 ng/g-lipid weight
(Fig. 2A, Table S2), with median concentrations of 1.5 ng/g-lipid.
These concentrations were similar to those found in pelagic seabirds (Fangstram et al., 2005; Karlsson et al., 2006). In 9 of the
12 birds, lower-brominated congeners (i.e., tetra- to hexa
brominated congeners such as BDE47, BDE99, and BDE1 54) were
dominant (Fig. 2B). These profiles, with a dominance of lower
brominated congeners, are similar to those found in pelagic fishes
(Fig. 2C, Table S3), the prey of shearwaters. These data indicate that
these lower-brominated congeners are accumulated in the body of
the seabird through the food web.
In 2 birds (IDs #18 and #22), however, BDE2O9 was dominant
over lower-brominated congeners, and in another bird (#27),
BDEI83 was dominant (Fig. 2B). These three birds had higher con
centrations of PBDE5 than the other seabirds whose PBDE5 were
dominated by lower brominated congeners. This indicates that there
is some exposure source of PBDE5 rich in these higher brominated
congeners. BDE2O9 and BDE183 are major components of deca
BDE and octa-BDE technical products, respectively. BDE2O9 and
BDEI83 were not detected in the lanternfish (Fig. 2C) and squid
(Table S3), which are the prey of the short-tailed shearwater and
which were coLlected from the same area as the seabirds. BDE2O9
and BDEI 83 were not detected in the other species of pelagic fishes
from the northern or southern hemisphere, whereas lower BDEs
such as BDE47, BDE99, and BDE154 were abundant (Ueno et al.,
2004). Thus, exposure of the short-tailed shearwaters to higher-bro
minated congeners through the food web is unlikely. However,
shearwaters are very long-lived birds that may have a varied diet
within and across years (Hunt et al., 2002), and our prey samples
were limited in terms of species, area, and year (e.g., seabirds were
collected in 2005 while the prey organisms were collected in
2012). More species of prey organisms collected in wider range of
areas should be analyzed to examine the possibility of picking up
the higher brominated congeners from other diet sources.
On the other hand, BDE2O9 and BDEI83 were detected in mar
ine plastics (Hirai et al., 2011), where their occurrence was
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sporadic, because flame retardarits are compounded in specific
commercial products. This background is consistent with our spo
radic detection of BDE2O9 and BDEI83 among the shearwaters.
Thus, plastic-mediated exposure of these congeners is likely. In
fact, we detected BDE209 and BDEI83 in the plastics found in
the stomachs of the 3 birds (#18, #22, and #27) that contained
mainly BDE2O9 or BDEI83 in the adipose, and their congener pro
files (Fig. 2E, Table S4) strongly resemble those in the adipose of
the birds (Fig. 2B), suggesting the transfer of PBDE5 from the in
gested plastic to the adipose. BDE2O9 was not detected in the adi
pose of bird #30, although it was present in the ingested plastic.
The plastic might not have been in the stomach long enough for
the congener to be absorbed. The release of chemicals from plastics
into the digestive fluids and their absorption into tissues need to be
studied.
So far BDE2O9 has been detected in some species of seabirds,
e.g., northern fulmars (Fulmarus glacialis: Fangstrom et al., 2005;
Knudsen et al.. 2007) and black-tailed gull (Larus crassirostris:
Kunisue et al., 2008). Fangstrom et al. (2005) measured PBDE5 in
muscle tissue of 14 fulmars collected from the Faroe Islands.
Although most birds had low concentrations of BDE2O9 (0.39—
3.4 ng/g-lipid), one had a much higher concentration (62 ng/g-li
pid). Among 9 fulmar egg samples from the same islands,
BDE2O9 was detected in I sample, at 7.18 ng/g-lipid (Karlsson
et al., 2006). It was also detected in I of 18 northern fulmars from
Bjørnøya, in the Norwegian Arctic (Knudsen et al., 2007). Such spo
radic detection is consistent with our observations. These studies
did not investigate the plastics in the digestive tracts or correlate
the detection of BDE2O9 with plastic ingestion. However, van

Franeker et al. (2011) found frequent ingestion of plastics by ful
mars. Our results suggest that their detection of BDE2O9 can be ex
plained by the ingestion of plastics. Thus, the transfer of plasticderived chemicals to biological tissues may occur in many species
of birds over a wide range. More observations of the relationship
between plastic ingestion and tissue PBDEs are needed.
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ABSTRACT

A significant amount of marine debris has accumulated in the North Pacific Central Gyre (NPCG). The
effects on larger marine organisms have been documented through cases of entanglement and ingestion;
however, little is known about the effects on lower trophic level marine organisms. This study is the first
to document ingestion and quantify the amount of plastic found in the gut of common planktivorous fish
in the NPCG. From February 11 to 14. 2008, 11 neuston samples were collected by manta trawl in the
NPCG. Plastic from each trawl and fish stomach was counted and weighed and categorized by type, size
class and color. Approximately 35% of the fish studied had ingested plastic, averaging 2.1 pieces per fish.
Additional studies are needed to determine the residence time of ingested plastics and their effects on
fish health and the food chain implications.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The accumulation of marine debris, the majority of which is
plastic (Derraik, 2002), has the potential to negatively impact mar
ine organisms worldwide. On a broad scale, plastic debris can af
fect larger marine organisms and impair the quality of aquatic
life. In more specific terms, large quantities of plastic pieces in
the North Pacific Central Gyre (NPCG) are cause for concern as they
mix with food sources for the area’s planktivorous organisms. The
NPCG is an ocean convergence zone that accumulates debris from
the entire North Pacific (lngraham and Ebbesmeyer, 2001). In 1999,
Algalita Marine Research Foundation (AMRF) discovered that in the
NPCG neuston plastics outweighed zooplankton by a ratio of 6:1
and averaged over 300,000 pieces per km2 (Moore et al., 2001).
In 2008, an AMRF neuston trawl survey of the same area found a
dramatic increase in the number of particles per km2 to 752,110
(unpublished data). This increase in particles per km2 may affect
the ability of fish to distinguish between plastic and their natural
food.
Plastic debris accumulating in the marine environment is
known to fragment into smaller pieces, which increases the poten
tial for ingestion by smaller marine organisms (Browne et al.,
2008). Additionally, the buoyancy of smaller pieces of plastic in
creases the likelihood for mixing with surface food sources.
Although the ingestion of plastic debris by turtles, seabirds, marine
mammals, and occasionally fish has been well documented (Balaz,
1985; Wallace, 1985; Ryan et al., 1990; Moser and Lee, 1992;
* Corresponding author. Address: 148 Marina Dr. Long Beach, CA 90803, USA.
Tel.: +1 562 598 4889; fax: ÷1 562 598 0712.
E-mail address: psari2@aol.com (C.M. Boerger).

o025-326X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi: 10.101 6/j.marpolbul.201 0.08.007

Robards, 1993; Eriksson and Burton, 2003; Phillips et al., 2007),
the amount and type of plastic ingested by lower trophic level mar
ine organisms has not been investigated as vigorously.
The present study is the first conducted in the NPCG to confirm
that small fish are ingesting accumulated plastic and to estimate
the quantity of plastic ingested. More specifically the goal of this
study is to determine if mesopelagic planktivorous fishes in the
NPCG were ingesting small plastic fragments. The majority of fish
species collected for this study are members of a family that com
prise more than half of the world oceans’ total fish biomass
(Oizumi et al., 2001), allowing this study to make a significant
contribution to wider understanding of marine debris’ effects on
ocean fish.
2. Methods
Eleven neuston samples were obtained by manta trawl from
February 11 to 14, 2008. Sampling commenced at 34° 40.24’ N,
142° 04.534’ W and continued in a northerly direction to 36°
05.322’ N, 140° 41 .118’ W, then sampling proceeded in an easterly
direction from 36° 02.447’ N, 140° 19.875’ W to 35° 45.207’ N, 138°
21.45’ W(Fig. 1). Tows varied in time and distance, with tow time
ranging from 1.5 to 5.5 h. The manta trawl had a 0.9 x 0.15 m rect
angular opening and a 3.5 m long 333-i’ net with a 30 x 10cm col
lection bag. All samples were preserved for analysis by fixing in 5%
formalin, then soaked in fresh water and transferred to 70% isopro
pyl alcohol.
Fish, plankton, and anthropogenic debris were sorted and pro
cessed at Southern California Coastal Water Research Project
(SCCWRP) in Costa Mesa, CA. For each fish, basic metrics were
recorded, including: standard length (mm), standard weight (g),
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Fig. 1. Neuston trawls locations in the North Pacific central Gyre.

and sex (male, female, or immature). Each stomach was removed
and examined under a dissecting microscope (see Fig. 2). Stomach
contents were sorted into natural (plankton) and non-natural
(plastic) food source groups, then dried at 65 °C for 24 h. Dry
weight of the plankton was recorded in grams using a Sartorius
MCI balance. Plastic pulled from each fish stomach was catego
rized by size, color and type (fragment, line, foam, pellet or film),
then weighed using a C31-Microbalance.
3. Results
Out of II neuston trawls, 6 night trawls and 5 day trawls, 7
trawls contained fish. Notably, only the 6 night trawls yielded fish

Fig. 2. Stomach under a dissecting microscope with plastic and plankton.

that had ingested plastic. A total of 670 fish, representing five
mesopelagic and one epipelagic species, were obtained from 7
trawl samples. The mesopelagic species were; Symbolophorus call
forniensis, Myctophum aurolanterriatum, Loweina interrupta and
Hygophum reinhardtii (Family Myctophidae), and Astronesthes indo
pacifica (Family Stomiidae). The epipelagic species was Cololabis
saira (Family Scomberesocidae). The most commonly caught spe
cies was M. aurolanternatum (69%), followed by S. californiensis
(11%), C. saira (8%), H. reinhardtii (7%), L. interrupta (4%) and finally
A. indopacifica (1%).
Approximately 35% of the fish examined had plastic pieces in
their guts. A total of 1375 pieces of plastic, ranging from I to 83
pieces per fish and averaging 2.1 pieces (±5.78) per fish, were col
lected from fish guts. M. aurolanternatum and S. californiensis, had
the highest average number of pieces at 6.0 pieces (±8.99) and
7.2 pieces (±8.39), respectively (Table I). The average weight of
plastic retrieved from fish followed a similar pattern, with the
average mass of total plastic 1.57 mg (±4.755) per fish. The two
most common species sampled had ingested the highest masses
of plastic; M. aurolanternatum averaged 4.66mg (±7.385) and S.
californiensis averaged 5.21 mg (±7.487) of plastic per fish.
Quantitatively, the average number of plastic pieces ingested
increased as the size of the fish increased, reaching a maximum
average of seven pieces per fish for the 7-cm size class (Fig. 3). A
dramatic drop in average pieces per fish observed for the 8-cm size
class may be attributed to the limited sample size; only two sam
ple fish were assigned to this class size. For the 9- and 10-cm size
classes, the average pieces per fish decreased only slightly from the
maximum average.
Qualitatively, ingested plastic consisted primarily of fragments
(94%), film (3%), fishing line (2%), and finally rope (woven
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Table 1
Mean count and mass of plastic retrieved from gut of fish by species.
Species

Abundance

Weight (mg)

Mean

Mean

Astronesthes indopacifica
Cololabissaira
Hygophum reinhardtii
Loweina interrupta
Myctophum aurolanternatum
Symbolophorus californiensis

1.0
3.2
1.3
1.0
6.0
7.2

Overall

2.1

.~

5)
U
0)
5)
C)
5)

Standard
deviation

8.99
8.39

0.03
1.97
1.82
0.64
4.66
5.21

5.78

1.57

—

3.05
0.71
—

Standard
deviation
—

2.245
1.830
—

7.385
7.847
4.755
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Fig. 3. Average number of plastic pieces per fish.

Table 2
Percent of plastic pieces by color.
Ingested plastic

Neuston trawl plastic

Color

Percent

Color

Percent

White
Clear
Blue
Green
Black
Yellow
Grey
Pink
Red
Orange
Tan
Peach

58.2
16.7
11.9
5.2
3.6
1.0
0.9
0.7
0.7
0.6
0.4
0.2

White
Clear
Blue/Gm
BIk/Grey
Black
Brn/Tan
Yellow
or/PnklRed

53
21
15
7
3.6

filaments), Styrofoam and rubber (all <1%). These plastics repre
sented a wide variety of colors, with white, clear, and blue (87% to
tal) being most prevalent. Similar percentages were observed in
the analysis of non-ingested plastics obtained from the 11 neuston
trawls. Analysis of non-ingested samples found that 89% of the
plastic fragments were white, clear and blue (Table 2). The most
common size class of plastic ingested by the fish was 1—2.79 mm.
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lethal to marine mammals through entanglement and ingestion,
the overall impact of smaller plastic debris on the marine environ
ment will require more extensive investigation. Similarly, while
the ingestion of smaller plastic pieces by turtles, seabirds, and
some fish has been well documented, the impacts of the ingested
plastic have not been widely analyzed.
The present study examines and confirms the ingestion of plas
tic by lower trophic level fish in the NPCG. Quantification of in
gested plastic with respect to fish species and size class offers
important insights into the characteristics of potential impacts.
More than one-third of the fish examined had ingested small plas
tic pieces, however, it is not possible to fully understand the effects
of ingestion until it can be determined if the fish are able to pass
this plastic through the gut, and whether some plastic remains in
the gut for the life span of the fish.
In the NPCG, the colors of the most commonly found plastics
were white, clear, and blue. These colors are similar to those of
the area’s plankton, a primary food source for surface feeding fish.
This similarity may explain a propensity for ingestion by fish. The
majority of the fish examined in the present study were part of the
family Myctophidae a mesopelagic fish commonly found in the
NPCG. These fish have diurnal feeding habits and come to the sur
face at night to feed on small plankton (Watanabe and Kawaguchi,
2003). Impacts of ingested plastic may increase as an increasing
amount of small plastic pieces mix with natural food sources in
the NPCG. Subsequently, if fish are not able to pass the ingested
plastic through their digestive tracts, the accumulation of nonnutritive elements may lead to malnutrition and eventual starva
tion, which could lead to significant reductions in world fish
populations. Additionally, the buoyancy of the plastic may increase
the difficulty of mesopelagic fish to return to deeper waters.
The present study’s analysis of ingestion quantities based on
fish size class across species establishes a foundation for further re
search related to long term impacts of marine debris. The larger
fish had more pieces of plastic on average in their guts than smaller
fish; however, it is unknown if the plastic had been recently con
sumed. Consequently, without knowing the residence time of the
plastic found in fish guts, it was not possible to assess differences
in ingestion rates for fish at different stages of life. Notably, this
residence time may be an important area for future research as re
cent studies indicate that plastic in the marine environment can
sorb extremely high levels of persistent organic pollutants (Rios
et al., 2007; Mato et al., 2001), which are capable of being trans
ferred to wildlife (Teuten et al., 2009). This may pose an additional
threat to planktivorous fish and their predators at higher levels of
the food chain, such as: tunas, squid, toothed whales, seabirds, and
fur seals (Eriksson and Burton, 2003; Phillips et al., 2001; Oizumi
et al., 2001, and Perrin, 1975).
The confirmation of plastic ingestion and quantification of plas
tics consumed by five mesopelagic and one epipelagic fish makes
an important contribution to understanding the problem of plastic
debris in the marine environment. Further study is needed to
understand the impacts of plastic debris on the general health
and life cycle of these fish, to investigate the potential for pollutant
transfer to higher trophic levels, and to explore possible actions to
protect aquatic life from plastic pollution.
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Environmental implications of plastic debris
in marine settings—entanglement, ingestion,
smothering, hangers-on, hitch-hiking
and alien invasions
Murray R. Gregory*
School of Geography, Geology, Environmental Science (SGGES), The University of
Auckland, Auckland, New Zealand
Over the past five or six decades, contamination and pollution of the world’s enclosed seas, coastal
waters and the wider open oceans by plastics and other synthetic, non-biodegradable materials
(generally known as ‘marine debris’) has been an ever-increasing phenomenon. The sources of
these polluting materials are both land- and marine-based, their origins may be local or distant,
and the environmental consequences are many and varied. The more widely recognized problems
are typically associated with entanglement, ingestion, suffocation and general debilitation, and
are often related to stranding events and public perception. Among the less frequently recognized
and recorded problems are global hazards to shipping, fisheries and other maritime activities.
Today, there are rapidly developing research interests in the biota attracted to freely floating (i.e.
pelagic) marine debris, commonly known as ‘hangers-on and hitch-hikers’ as well as material sink
ing to the sea floor despite being buoyant. Dispersal of aggressive alien and invasive species by these
mechanisms leads one to reflect on the possibilities that ensuing invasions could endanger sensitive,
or at-risk coastal environments (both marine and terrestrial) far from their native habitats.
Keywords: pelagic plastics; marine debris; entanglement and ingestion; hitch-hiking;
alien invasions

1. INTRODUCTION
The environmental and other problems arising from
indiscriminate disposal of plastics and other persistent
synthetic materials (marine debris) into the global
oceans and seas are chronic in nature rather than
acute, and are long-recognized international problems
(e.g. Mattlin & Cawthorn 1986; Thompson et al.
2009b). The endangering impacts of these materials on
marine environments are many and are succinctly
reviewed by Derraik (2002). These undesirable contami
nants may have either land- or marine-based sources,
although the latter is generally considered to be the
more significant. Management, and preferably preven
tion, or at least reducing the problems created by
marine debris are difficult to address. Available evidence
suggests that the quantities involved are ever increasing
and hence so is the magnitude of the resulting problems
(see Barnes at al. 2009; Ryan et al. 2009). It has recently
been estimated that the 1982 report of 8 million marine
debris items entering the world’s oceans and seas each
day now needs to be updated by being multiplied several
fold (Barnes 2005). Even the most remote of localities of
both Northern and Southern hemispheres are no longer

*m.gregory~auckIand.ac.nz
One contribution of 15 to a Theme Issue ‘Plastics, the environment
and human health’.

immune from littering by marine debris: e.g. Antarctica
and sub-Antarctic Islands of the Southern Ocean
(Gregory at al. 1984; Eriksson & Burton 2003; Barnes
& Mimer 2005); North Pacific gyre (Moore 2003;
Ebbesmeyer et al. 2007) and South Pacific Islands
(Gregory 1999a). Nevertheless, and in contrast to the
above comments, censuses at crudely 10 year intervals
(mid-1970s, 1980s, 1990s, and mid-2000s in progress)
of virgin plastic granules (pellets or nibs) suggest the
quantities are slowly and steadily, but somewhat irregu
larly, declining on the shores of New Zealand, eastern
Canada and possibly Bermuda (M. R. Gregory, unpub
lished). This may be a reflection of changes in handling
and transport procedures rather than conscientious or
focused efforts addressing the problem. Similar
decreases in the composition of plastic litter in surface
waters of the Atlantic and southwestern Indian oceans,
and reductions in amounts ingested by several seabirds,
have been reported recently (Ryan 2008; Ryan et al.
2009).
Many of the problems associated with marine
debris attract considerable media and public attention.
Foremost of these are the visual affront of unsightly
discarded plastic and aesthetic values in general
(figure 1). There are also tourist perceptions and
emotive issues arising from widely published images
of seabirds, marine mammals and fish entangled in
abandoned or lost netting; furthermore, entanglement
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Figure 1. Debris (mainly plastic) collected during an annual
beach clean at Mason Bay, South Island, New Zealand.
(figure 2) and ingestion (figure 3) may lead to death
from starvation and debilitation, with a reduced
quality of life and lowered reproductive performance
(Laist 1987). Other impacts to receive limited
attention are of no less importance, e.g. damage to sub
sistence fisheries (Nash 1992); hazards to recreational
boating and larger commercial vessels; impact of plastic
sheeting that blankets the biota of soft sediment, reef
and rocky substrata (Uneputty & Evans 1997) as well
as anoxia and hypoxia induced by inhibition of gas
exchange between pore waters and overlying sea water
(Goldberg 1997; Gregory & Andrady 2003).

2. AESTHETIC VALUES, ENTANGLEMENT,
INGESTION, SMOTHERING, GHOST FISHING,
THE WRACK AND BEACH CLEANING
(a) Aesthetic values
Many of the litter problems associated with marine
debris attract considerable media and public attention.
Foremost of these is the visual affront of unsightly,
discarded and/or accidentally lost plastic and other
manufactured materials that tend to strand and concen
trate along shorelines and sandy beaches (figure 1)—
ones often of considerable recreational importance.
There are also strongly emotive issues associated with
both local beach users and tourist perceptions.
Financial concerns over visitor numbers may also be a
significant factor. Harshly critical public responses are
common and may reflect personal observations or
widely published and often harrowing images of seabirds, marine mammals and fish entangled in
abandoned and beach-cast or lost netting (figure 2).
Terrestrial vertebrates may also be snared or trapped
in wrack debris. Where tidal range is moderate, and
particularly during periods of consecutive spring high
tides, unsightly littering material may be buried and
hidden from view. Exhumation of litter may occur
during later periods of higher wave activity (Williams &
Tudor 2001a) and may also be cyclic in character.
In addition to those factors identified previously
(above) and later (below), concerns are commonly
expressed about economic losses, health issues and
harm to local biota, and otherwise general impressions
of longer term deterioration in beach aesthetic values
(e.g. Gabrielides 1995).
Phil. Trans. R. Soc. B (2009)

(b) Entanglement and ghost fishing
Laist (1997) has compiled a comprehensive list of
marine species known to be impacted by entanglement
(E) and ingestion (I). He identifies over 250 species,
how impacted (E or I), the material involved, as well
as location and source. The identified taxa include:
turtles; penguins; albatrosses, petrels and shearwaters;
shorebirds, skuas, gulls and auks; coastal birds other
than seabirds; baleen whales, toothed whales and dol
phins; earless or true seals, sea lions and fur seals;
manatees and dugong; sea otters; fish and crustaceans.
Prior to the 1950s, rope and cordage used in all
marine activities, including fisheries, was made of
natural fibres—typically Indian or Manila hemp and
cotton, and it was often strengthened with a coating
of tar or strips of worn canvas. These materials lose
their resilience in usage and if lost or discarded at
sea tend to disintegrate quickly. For reasons summar
ized and simplified in table 1, over the past 50+
years these natural fibres have been replaced by
nylon and other synthetic materials that are generally
buoyant and far more endurable. The very properties
that humankind find so desirable in plastic materials
are also those responsible for the plethora of problems
they are creating (globally) in marine environments.
Many marine animals (sea turtles, mammals, seabirds, fish and crustaceans) are either drawn to or
accidentally entangled in netting, rope and monofila
ment lines that have their sources in discards and
losses from commercial fishing activities. Set and drift
nets are particularly hazardous. Many animals, if
not most so caught, find it difficult to escape entangle
ment and are doomed to drown or die from injury,
starvation and general debilitation. There are numer
ous reports of packing loops (cut and uncut) attracting
the interest of seals and sea lions (e.g. Hanni & Pyle
2000, Southeast Farallon Island, California; Henderson
2001, Monk seals, Northwestern Hawaiian Islands;
Page et al. 2004, Australian sea lions and New Zealand
fur seals, Kangaroo Island, Australia; Boren et al. 2006,
New Zealand fur seals, Kaikoura, NZ; Hofmeyr et al.
2006, Antarctic fur seals, Bouvetøya Island). Sharks
also are often caught by ‘debris collars’ (e.g. Sazima
et al. 2002). Recorded changing rates of entanglement
in these studies are difficult to decipher, but it is evident
that with intervention, individuals with severe wounds
have a good chance of survival (see Page et al. 2004;
Boren et aL 2006). Plastic packing loops may tighten
and cut into flesh as animals grow, creating ‘lethal neck
laces’ (figure 2b) ultimately leading to strangulation.
Carelessly discarded plastic six-pack carriers may simi
larly capture fish and other wildlife; paperboard is not
so endangering (Thompson & Côtê 1997). Other
biologically harmful factors can include suppurating
skin lesions, ulcerating body wounds, interruption of
feeding activity and failed predator avoidance (Gregory
1991).
In recent years, sightings have regularly been made
of pods of the endangered humpback whales travelling
northwards along the east coast of the South Island of
New Zealand and on their annual passage between
Antarctic waters and tropical waters to the north.
Over the last 7 or 8 years at least seven whales have
had in tow a mass of tangled rope and other debris.
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Figure 2. Examples of entanglement from New Zealand that draw immediate public sympathy and anger: (a) Karoro (southern
black-backed gull, Larus dominicanus) caught and hooked in nylon filament fishing line; (b) a New Zealand fur seal trapped in
discarded netting and (c) Ghost fishing—derelict fishing gear dredged from >100 m on the Otago shelf.

(b)

7!~

(~J

Figure 3. Examples of ingestion: (a) Laysan Albatross (Phoebastria immutabilis, at Kure Atoll, Courtesy of AMRF); (b) plastic
from the stomach of a young Minke whale (Balaenoptera acutorostrata) that had been washed ashore dead in France (Courtesy
of G. Mauger & F. Kerleau, Groupe d’Etudes de Cétacés du Cotentin GECC) and (c) stranded sea turtle disgorging an
inflated plastic bag. One infers that it has been mistaken for an edible jellyfish (medusoid).

Table 1. Summary of factors complicating and compromising analyses of marine entanglement (taken and adapted from
Laist, D.W. 1996, p. 106). (Entanglement records are biased towards shoreline surveys. They may remain unpublished and/or
be anecdotal in character: local and regional, as well as geographic and temporal comparisons will be difficult to evaluate.)
detection and discovery

sampling and reporting biases

entanglements are isolated events scattered over wide areas
entangling debris often difficult to identi~i on active
animals at sea; readily recognized when stranded
dead animals difficult to see if floating just below sea
surface and if concealed within matted debris mass
entangled dead animals may disappear from view quickly
through sinking and/or predation

limited at-sea sampling and few long-term surveys
inconsistent sampling methodologies; strandings are an
unknown portion of local and regional entanglements
shore counts of live entangled animals are biased
towards survivors sporting minor amounts of debris
some entanglements may involve interactions with active
rather than derelict fishing gear

In at least two instances the mass has included a cray
fish (i.e. lobster) pot and a buoy with marker pole and
flag. Attempts to free entanglements were successful in
at least one instance and failed in others (D. Hayes,
personal communication).
Tangled masses of relatively intact, but lost and
abandoned or derelict, trawl net, gillnet, webbing
and monofilament line can retain the ability to con
tinue to capture target fish and other species for
lengthy periods of time (Laist 1996; Carr & Harris
1997). This may lead to ghost fishing, with conspicu
ous mortality and catch losses. Comparable waste
problems were associated with ‘drift-net’ fisheries in
the South Pacific in the 1980s (Wright & Doulman
1991; Richards 1994). Ghost-net fishing is not
restricted to surface or shallow waters. Over the past
20+ years, important seamount fisheries have devel
oped around New Zealand and Tasmania and are
known from elsewhere around the region (e.g.
Koslow 1997; de Forges et al. 2000; O’Driscoll &
Phil. Trans. R. Soc. B (2009)

Clark 2005). It is widely accepted that seamounts are
fragile habitats. Trawl gear is today being deployed
across steeply irregular, and often boulder-strewn,
sea floor surfaces at depths typically lying between
500 and 1000/2000 m. Netting caught during passage
across the seabed can cause considerable damage to
seabed environments (e.g. deep water coral reefs),
and if not recovered may remain there, out of sight,
and continue ghost fishing almost indefinitely.
The potential magnitude of disturbance to seabed
environments can be likened to ‘forest clear cutting’
(Watling & Norse 1998).
(c) Ingestion
The literature on ingestion (and entanglement) of
plastic items in marine debris is voluminous and
often repetitive, and the widely reported environ
mental problems identified are global in character.
These include: wounds (internal and external),
suppurating skin lesions and ulcerating sores; blockage
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of digestive tract followed by satiation, starvation and
general debilitation often leading to death; reduction
in quality of life and reproductive capacity; drowning
and limited predator avoidance; impairment of feeding
capacity; and the possibility that plastic resin pellets
may adsorb and concentrate potentially damaging
toxic compounds from sea water (e.g. Gregory 1978,
1991; Laist 1997; Mato etal. 2001; see also the discus
sions in Oehlmann et al. 2009; Teuten et al. 2009).
Over 100 species of seabirds are known to ingest
plastic artefacts and/or become entangled with them
(Laist 1997). First local New Zealand recognition of
high virgin plastic pellet concentrations on Auckland
City beaches was made in the astral summer of
1971—1972 (Gregory 1977). Subsequent observations
on remote beaches north of Auckland over the astral
summers of 1972/1973/1974 and 1975 and examin
ation of wrack along strandlines revealed a surprising
abundance of plastic pellets and other marine debris.
Observers quickly became aware of a developing
environmental problem. Recording pellet quantities
was a diversion during coastal studies along the exten
sive sandy beaches and dune fields of northern New
Zealand. In subsequent years, ‘plastic pellet’
expeditions were made to beaches around the rest of
the country (Gregory 1978). Occasionally, one came
across beach-cast birds and attention was drawn to plas
tic pellets associated with disintegrating carcasses and
also entangling monofilament line, often with attached
fishhook. Over a 21-year period (1958—1977), obser
vations were made of five prion species (Pathyptila)
cast ashore on exposed beaches near Wellington
(southern North Island). Gizzards and proventriculi
were removed and examined. Harper & Fowler
(1987) noted that the lightest birds carried the most
pellets and concluded that the proportion of starved
beach-cast prions suggested these birds would eat any
thing resembling food before they died. They also
suggested that prions began ingesting plastic pellets by
the early 1960s, and an accompanying graphical pres
entation shows irregular but rapid increases in the
percentages of plastic carried in three prion species
which grew significantly (from <5 to 25%) between
1960 and 1977 (Harper & Fowler 1987; table 2).
Plastic materials of varying kinds had spread to all
oceans and adjacent seas by the late 1970s or early
1980s and wide concern was being expressed over the
amounts of cylindrical, virgin plastic pellets that are
industrial feedstock, together with fragmented plastic
particles of varying size and shape that were being
ingested by pelagic seabirds (e.g. Shomura & Yoshida
1985). Over the past four or five decades, there have
been numerous accounts of marine debris ingestion by
a great variety of seabirds (see Appendix 2 in Laist
1997). Some representative examples typifying the
global spread of plastic ingestion behaviour include red
phalaropes (Connors & Smith 1982); 15 species of sea
birds, Gough Island, South Atlantic Ocean (Furness
1985); Wilsons storm-petrels, Antarctica (Van
Franeker & Bell 1988); storm-petrels, etc. (Blight &
Burger 1997); short-tailed shearwaters, Bering Sea
(Vlietstra & Parga 2002); southern giant petrels,
Southern Atlantic Ocean (Copello & Quintana 2003);
northern fulmars, Nunavut, Davis Strait (Mallory
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et al. 2006). Cadee (2002) has drawn attention to con
spicuous bird pecking marks (possibly made by
Northern Fulmars) in cuttlebones cast ashore on the
Dutch coast near Texel. It was also noted that similar
peck marks were common locally on beach-cast styro
foam and spongy plastic and it was suggested that
fulmars were mistaking plastic artefacts for cuttlebone.
As well as being entangled in discarded fishing gear,
many marine vertebrate species have a record of regu
larly ingesting discarded plastic materials (see Laist
1996; Appendices 1 and 3). Several, if not most, sea
turtle species are seriously threatened by ‘feeding on’
plastic and other marine debris (e.g. Hawaiian Islands,
Balazs 1985; coastal Florida, Bjorndal et at. 1994;
Western Mediterranean, Tomás et al. 2002; Paraiba,
Brazil, Mascarenhas et at. 2004). Particular hazards
are discarded and semi-inflated, floating plastic bags
that are often mistaken for jelly fish (medusoids),
which block the oesophagus (figure 3c). Manatee also
have felt the undesirable impact of marine debris (e.g.
Florida, Beck & Barros 1991). An unusual accumu
lation of small plastic particles recovered in the scats of
fur seals from Macquarie Island has been recorded by
Eriksson & Burton (2003). These were small, often
angular in shape and buoyant, with surface striations,
and could not be related to plastic pellet feedstock. It
is suggested that the breakdown of larger, user plastic
fragments was a response to being washed ashore and
ground down by abrasion on high energy cobble bea
ches. Eriksson & Burton (2003, p. 380) furthermore
hypothesized that the plastic particles were initially
washed out to sea, before being size-selected and
consumed by pelagic fish, and that the latter were the
prey of fur seals.

(d) Smothering
Most plastic materials entering the marine environment
are buoyant and float on the sea surface. It is therefore
perhaps surprising to find that there are numerous reports
of sunken marine debris of all kinds settling to the sea
floor at all depths—from inter-tidal to abyssal environ
ments; e.g. the Skagerrak (Hollström 1975); Tokyo Bay,
Japan (Kanehiro et at. 1995); tidal flats, Ambon Bay,
Indonesia (Uneputty & Evans 1997); Bristol Channel
(Williams & Simmons 1997); European and
Mediterranean waters (Galil et at. 1995; Stefatos et at.
1999; Galgani et at. 2000); Kodiak Island, Alaska
(Hess et at. 1999); southern California Bight (Moore &
Allen 2000); Hauraki Gulf, New Zealand (Backhurst &
Cole 2000); Saronikos Gulf, Greece (Katsanevakis et at.
2007). Once these items reach the sea floor, particularly
in deeper and still waters, they are doomed to a slow
and yet permanent entombment.
Several authorities now consider that the sea floor is
the ultimate sink for much marine debris (e.g.
Williams et at. 1993; Goldberg 1997). The mechan
isms by which these materials may reach the deep
sea floor are poorly understood. Land-sourced
materials are common on canyon floors of the western
Mediterranean Sea. These can be tracked from the
coast in their progressive passage to abyssal depths
and at considerable distance offshore (Galgani et at.
2000). The pattern is strongly suggestive of rapid
Phil. Trans. R. Soc. B (2009)
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transport through near-shore zones and entrainment
in bottom hugging currents (Williams et at. 2005).
There is also evidence from the Rio de la Plata that
bottom salinity fronts in estuarine environments may
act as debris-accumulating barriers (Acha et at.
2003), similar to those associated with surface waters
along convergence zones, oceanic fronts and eddies
(e.g. Gregory 1999b). Furthermore, rapid and heavy
fouling of floating plastic (and other objects) may so
increase density that they sink to the sea floor.
However, grazing organisms may episodically clean
fouled surfaces leading to yo-yoing periods of sub
mergence and resurfacing until permanent settlement
to the sea floor occurs (Ye & Andrady 1991).
Sediment settling on pelagic plastic materials may also
take them to the sea floor. Observations made in shallow,
near-shore waters, by Backhurst & Cole (2000) and
Katsanevakis et at. (2007), have confirmed that once
there, gradual changes may occur in community structure
and that the environment can no longer be considered
pristine. Goldberg (1997) has suggested that the blanket
ing effects of plastic sheeting on the sea floor could lead to
anoxia and hypoxia induced by inhibition of gas exchange
between pore water and sea water. Furthermore, sedi
ment settling on pelagic plastic materials and taking
them to the sea floor can lead to the creation of artificial
hardgrounds (e.g. Harms 1990). Following in a some
what similar vein, Williams et at. (2005, p. 627), perhaps
with a degree of irony, have claimed that benthic marine
debris once settled on the sea floor could ‘... enhance
or enrich local biodiversity in the short term, for in the
long term it is doomed to permanent interment in a
slowly accumulating sediment cover’. An interesting and
disturbing aside that relates to settling rates of plastic
items is Oshima’s (2000, p. 73) report of numerous
white plastic shopping bags suspended upside down
and freely drifting in the ocean at water depths of
2000 m—and looking like an assembly of ghosts.

(e) The wrack and beach cleaning
Natural flotsam, of both marine and terrestrial origin
(seaweeds and plants) together with jetsam of indeter
minate sources, tends to accumulate along high-tide
strandlines, where it is commonly known as ‘the wrack’.
These areas are often ephemeral, dynamic and seasonal
environments and also tend to accumulate significant
quantities of manufactured materials, in particular
those made of plastic and other non-destructibles. As a
consequence, wrack environments are commonly
unsightly and the demands of local authorities to ‘clean
up the mess’ are frequent and can be expensive (e.g.
Ryan & Swanepoel 1996; Ballance et at. 2000). Often,
and increasingly, the demands are for mechanical and
complete removal of the strandline and any debris that
is concentrated there. Liewellyn & Shackley (1996)
demonstrated that a consequence of this may be the
destruction of ecologically significant habitats. These
habitats support rich and diverse marginal marineto-terrestrial invertebrate biota and may also be visited
by vertebrates, mostly birds—in New Zealand, and in
many oceanic islands, it may typically be birds (and rats)
but elsewhere it may include a number of scavenging
small mammals (e.g. Llewellyn & Shackley 1996).
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Many local and managing authorities appear to accept
blindly that damage from mechanical beach cleansing
is cosmetic in character and that the strandhine readily
returns to its natural state. However, a recent and lim
ited, small-scale cleaning experiment has concluded
that while the near-surface meiofauna can quickly
recover, repeated cleanings or deeper excavations
‘... may certainly result in much slower recolonization
rates’ (Gheskiere et al. 2006). Commonly held opinions
suggest beach clean-ups are short sighted, and a tempor
ary cure at best, although with some educational values
(Williams & Tudor 2001b). In part, the problems are
being addressed through local activities of the Marine
Conservation Society (a United Kingdom charity) and
the European Blue Flag Scheme of beach evaluations
and awards (e.g. Williams & Morgan 1995; Tudor &
Williams 2006). A New Zealand example of problems
with marine debris is informative (Gregory 1 999b). At
almost 47°S, Stewart Island’s Mason Bay is a spectacu
lar, remote and isolated, c.10 km sandy beach that is
open to the Southern Ocean and also faces into the
Roaring Forties. The immediately close and offshore
waters are intensely fished. The beach has been heavily
fouled with marine debris dominated by fisheries-related
items, most of which were from New Zealand sources.
A minor, but significant, component came from Korea
and Japan; rarer sources included Argentina, Australia,
Belgium, Chile, France, Norway, Poland, Russia,
Spain, South Africa and United Kingdom. Annual
clean-ups have been organized since 1989 and it has
been estimated that some 2—3 tonnes of debris was
cleared each year. Disposal of the vast quantities col
lected is difficult (figure 1). After the 1989 exercise, a
pyre was built on the beach and set alight with the aid
of diesel and driftwood—this reduced the bulk to a
quarter. Clinker and burnt remains were removed and
placed in a pit set in dunes behind the beach. Since
that time the collected marine debris has been placed
at designated sites behind the fore-dunes. Local scarfing
of fore-dunes has exposed once-buried plastic and other
marine debris at several places. Strong on-shore winds
blow shredded plastic bags and sheeting far inland to
unsightly adorn and blanket the sparse coastal veg
etation and may also be a contributor to environmental
degradation of dune fields behind the beach. While
burial may remove the unsightly debris from view in
coastal settings of this kind, it cannot be considered a
cure—in many instances it is at best a palliative.

3. HANGERS-ON AND HITCH-HIKING
ALIENS—INVASIVE SPECIES
For untold millennia, floating, terrestrial plant matter,
whether large and solitary tree trunks or smaller
shrubs and stems with soil still attached, as well as
matted masses of these materials, have freely voyaged,
traversed and dispersed across the open oceans just as
‘sea beans’ (see Gunn & Dennis 1999, p. 3); logs,
pumice and other natural flotsam continue so to do to
this day. ‘Floating Islands’ with cargoes that include
exotic plants and vertebrate animals have been recog
nized since medieval times (see Van Duzer 2004).
Through the distant past to modern times, these
materials have also attracted a diverse biota of sessile
Phil. Trans. R. Soc. B (2009)

and motile marine organisms—freedom travellers
(hitch-hikers and hangers-on if one likes). This process
has been a mechanism in the slow trans-oceanic disper
sal of marine and some terrestrial organisms; e.g.
Wheeler’s (1916) report of ants carried in a floating
log from the mainland of Brazil to offshore San
Sebastian Island. Similarly, Ingólfsson (2000) has
demonstrated that rafting on floating clumps of seaweed
around Iceland may see inter-tidal species dispersed for
considerable distances offshore. The hard surfaces of
pelagic plastics provide an attractive and alternative sub
strate for a number of opportunistic colonizers. With
the quantities of these synthetic and non-biodegradable
materials in marine debris increasing manifold over the
last five decades, dispersal will be accelerated and pro
spects for invasions by alien and possibly aggressive inva
sive species could be enhanced (e.g. Gregory 1978,
2004; Winston et al. 1997; Barnes 2002a,b) (examples
illustrating some of the possibilities are provided in
appendix A).
Pelagic plastic items are commonly colonized by a
diversity of encrusting and fouling epibionts (e.g.
figure 4). Most of these are sessile, hard-shelled or
crustose organisms and dominated by bryozoans.
Also included are barnacles, tube worms, foraminifera,
coralline algae, hydroids and bivalve molluscs.
Furthermore, they are also attractive substrates for a
varied motile biota. The pseudo-planktic community
that develops is comparable to that associated with
Sargassum and other drifting seaweed, although with
reduced species richness and diversity (Stevens et al.
1996; Winston et al. 1997). Flexible rope may also
attract hangers-on (figure 4; see appendix A(ii)).
Aggregations of marine debris can provide habitats
suiting the larval and juvenile stages of numerous
marine organisms. They may also attract free-living,
ocean-roaming predators that often gather under fish
aggregating devices, and where others simply sought
a protective haven (see Winston et al. 1997,
fig. 7.10). Aspects of floating substrata and colonizing
biota are comprehensively reviewed in Theil & Gutow
(2004).

4. NEW ZEALAND AND THE PACIFIC SECTOR
OF THE SOUTHERN OCEAN
In the Southern Hemisphere, a latitudinal gradient has
been recognized in the extent to which drifting plastics
are colonized by epibionts. Surface cover, particularly
by bryozoans, as well as species richness and diversity
is greatest at low latitudes (tropical and subtropical),
decreasing through temperate mid latitudes and least
in high (polar) latitudes (Barnes & Sanderson 2000;
Barnes et al. 2006). Across the South Pacific Ocean
and the Antarctic sector of the Southern Ocean,
there are several important oceanic fronts along
which marine debris tends to concentrate, e.g.
Humbolt Front off Valparaiso, Chile (Bourne &
Clark 1984). The southwards flowing East Australian
Current rises in the Coral Sea. Eddies from it swing
eastwards across Tasman Sea periodically bringing
exotic tropical ‘sea beans’ to the shores of Aupouri
Peninsula (northern New Zealand). These eddies
also carry significant quantities of marine debris that
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Figure 4. Example of colonization and encrustation on plastic debris from the New Zealand coastline: (a) heavy and varied
colonization of a plastic slab recovered (note the hard bodied encrustations and soft fleshy epibionts; (b) cuttings from a
tangled mass of synthetic rope, carrying a cargo of the warm-water Indo-Pacific oyster, Lopha cristagalli, a species that is
alien to New Zealand waters (appendix A(ii)); (c) plastic pellet (raw material for manufacture of plastic products) encrusted
by the bryozoan Membrartipora taberculata, see appendix A(i); (d) small bryozoan colony (Galeopsis mimicus) attached to a
frayed plastic flake (arrowed) recovered from a depth of 393 m off the east coast shelf off the South Island (appendix
A(xii)); scale bar 200 jim. Recently a tropical hermatypic coral has also been reported on a remote South Island shoreline
(J. Lindqvist, personal communication).
originates from eastern Australia. The sources may be
land-based or fisheries and other maritime activities
and the cargo carried may include taxa alien to New
Zealand.
Over 150 marine species are known from plastic
debris stranding on the shores of northern New
Zealand or as colonizers in experiments with moored
plastic bottles suspended at from the surface at varying
depths to 10 m (L. M. Stevens 1992, unpublished
data). Most of the identified biota are hard-shelled or
crustose organisms and are dominated by bryozoans
(Stevens et al. in preparation). Around northern
most New Zealand, at least 60 bryozoan species have
been identified. Of these, 28 had not been recorded
previously—at first glance this suggests recent intro
ductions. In truth it reflects lack of local research, as
most of these taxa are known from eastern Australia
and the Kermadec Ridge to the northeast of New
Zealand (Gregory 1998). The cosmopolitan, warmwater, low-latitude bryozoan, Membranipora tuberculata
(figure 4c) that now dominates beach-cast plastic items
around northern New Zealand is a relatively recent
arrival—perhaps from eastern Australia (Gregory
1978, 1998). The biota recorded from beached
marine debris are strongly biased towards those taxa
with hard and resistant parts. Recovery of freely
drifting items in open waters as well as study over a
nine-month period of moored panels has revealed the
Phil. Trans. R. Soc. B (2009)

importance of colonization by a soft fleshy biota.
This included a representative suite of well-known,
northern New Zealand marine biota (e.g. brown and
filamentous algae, hydroids, ascidians, sea anemones
and sponges as well as motile organisms including
crabs, amphipods, isopods, errant polychaetes, gastro
pods, limpets, chitons, echinoderms, sea slugs and sea
cucumbers) (Winston et al. 1997; Stevens et al. in
preparation). Soft and fleshy organisms disintegrate
rapidly once Out of water and left stranded and
exposed to the harshness of beach environments.
They are seldom recorded in beach surveys. Ye &
Andrady (1991) have also recognized the importance
of an adhering soft and fleshy biota.
Weakening eddies from the East Australian Current
pass down the east coast of northern New Zealand,
and off East Cape merge into the Subtropical
Convergence zone. Remote Chatham Island, lying
850 km to the east of mainland New Zealand, sits vir
tually astride this zone. Marine debris is abundant on
the island’s north- and west-facing shores (Gregory
1999b). Much of this comes from the local fishery and
is generally clean of any attached biota. Nevertheless,
some debris items support a varied suite of hitch
hikers and hangers-on. The degradation and weathering
state of these materials as well as labelling suggests that
these items have been afloat for some time and that they
may have come from afar. Virgin plastic nibs, and for
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Figure 5. The Subtropical Convergence and strong easterly flowing Antarctic Circumpolar Polar Current are frontal zones and
are ‘leaky barriers’ which some organisms are now traversing.
which there is no local (i.e. Chatham Island) source, are
also common on these shores. The evidence for longdistance transport is irrefutable and the possibility of
alien introductions must be acknowledged.
Following the separation of Antarctica from
Gondwanaland, initiation in the Southern Ocean of
the strong easterly-flowing Antarctic Circumpolar
Current and development of the Polar Front some
30 million years ago, the Antarctic Continent has
been effectively isolated (figure 5). As a consequence,
the biota of shallow marine environments around the
continent are highly endemic (Knox 1994). The
Polar Frontal Zone (PFZ) (Antarctic Convergence)
encircles the Antarctic Continent. Although noting
records of pumice, dunnage and tree trunks escaping
its clasp, Gregory et al. (1984), Gregory (1990) and
Gregory & Ryan (1997) suggested that oceanic
fronts, such as the Subtropical Convergence and
Polar Front, were obstructions along which marine
debris tended to collect and concentrate, and which
would be difficult for it to cross. It is now appreciated
that these obstructions are in reality somewhat ‘leaky
barriers’ (see Barnes & Fraser 2003; Barnes et al.
2006, 2009; appendix A(vii)). However, the quantities
of plastic trash and other debris here are many magni
tudes less than the concentrations recorded by Moore
(2003) in the North Pacific subtropical gyre.
For marine debris with hitch-hiking aliens aboard,
the possibilities of north—south (incursions) and
south—north (excursions) transfers are probably great
est through disturbances and eddying as waters of the
PFZ are forced through Drake Passage, as well as gyral
circulation patterns that develop off the Weddell and
Ross Seas. The recent report of 10 invertebrate species
Phil. Trans. R. Soc. B (2009)

attached to plastic strapping that stranded on the icestrewn shore of Adelaide Island (68°S) west of the
Antarctic Peninsula exemplifies a developing problem
(appendix A(viii)) (Barnes & Fraser 2003). Predicted
climate changes and surface water warming of the
Southern Ocean will only enhance the possibilities of
this two-way latitudinal traffic. This is unlikely to be
of benefit for endemic species that have been long iso
lated and are adapted and restricted to local cold-water
environments.

5. DISCUSSION
The environmental, cultural, aesthetic, commercial and
other problems arising from pelagic plastics in particu
lar and varied marine debris items in general are
manifold, widely acknowledged and often difficult to
address (see discussion in Thompson et al. 2009a,b).
For instance, in today’s world, ‘beach clean-ups’,
whether by mechanical means and managed by local
authorities, or following responses organized through
public interest groups, have become phenomena of
global proportions (see Ryan et al. 2009). The latter
often involve tedious ‘hand picking’ and in some situ
ations may endanger the health of participants. While
recovery and/or collection of marine debris through
‘herding’ and use of barriers in harbour, port, estuary
and near-shore settings is not uncommon, it is a diffi
cult, if not nigh-on impossible, task for dispersed
material afloat on the high seas. These approaches are
not a panacea, for to date they do not seem to have
led to any great reduction of marine debris materials
afloat in the global oceans and enclosed seas or being
cast ashore. I am of the opinion that attacking the
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source(s) at their varied places of origin may be the only
viable approach in the longer term (see discussion in
Thompson et al. 2009b). The possibility of long-dis
tance slow dispersal of common ‘fouling organisms’
(marine and non-marine) through hitch-hiking, hang
ing-on and/or rafting has been recognized for some
time (e.g. Wheeler 1916; WHOI 1952; Gregory 1978;
Jokiel 1990) and the environmental importance of this
process is now widely acknowledged (e.g. Barnes
2002a,b; Barnes et al. 2006). The possibility that pela
gic plastics may be potential vectors in the dispersal of
aggressive and invasive marine (and terrestrial) organ
isms that could endanger endemic biota now warrants
serious consideration. The dangers are probably great
est where endemism is significant, such as in the
remote tropical and mid-latitude islands of Oceania,
and isolated sub-Antarctic islands. In a forthcoming
era of global warming, shallow marine waters around
Antarctica could be similarly threatened. Mechanisms
for the evaluation of biosecurity and management of
aggressive alien marine bioinvasions in the Southern
Ocean are important recent developments (e.g. Lewis
et al. 2004; Hewitt & Campbell 2007).
Despite numerous informal gatherings and beach
clean-up exercises, local authority concerns, regional
and international meetings, together with more formal
conference settings, an ever-expanding volume of
research literature (often repetitive), as well as attracting
the interest of UNEP’s Regional Seas Programme since
1974, the environmental and multiple other problems
associated with plastic-dominated marine debris
appear to be ever expanding! For the present there
seem to be no satisfactory and/or practical answers to
the varied problems plastic debris creates in marine set
tings. Longer term successes of beach clean-ups and
prescribed action plans are questionable. There are
clearly needs for new approaches—foremost among
these will probably be further development of biode
gradable plastics with significantly reduced and tightly
managed disintegration times (see Song et al. 2009;
Thompson et al. 2009b).
My interest since the early 1970s in the varied problems
associated with ‘marine debris’ was funded initially through
University of Auckland’s research grants and later by the
New Zealand Ministry of Environment research agenda, as
well as the Marine Mammal Commission, Washington. I
also acknowledge technical and other support over many
years from R. Harris, K. Johnston, B. Curram and
L. Cotterall. I have valued Allan Williams’ commentaries
on the topic of marine debris for many years and also
appreciate the careful attention given to the manuscript by
two anonymous referees.

APPENDIX A: A CATALOGUE WITH EXAMPLES
OF SOME INVADING SPECIES, NOT ALL ARE
NECESSARILY AGGRESSIVE ALIENS
(EXPANDED FROM GREGORY 2004)
(i) Membranipora tuberculata: This common bryozoan
was not identified in New Zealand waters until the
early 197 Os when identifications around northern
New Zealand were made. Specimens were found on
plastic substrates including virgin plastic pellets (or
nibs) and rarely on some larger artefacts. It was
inferred that there had been eastwards dispersal from
Phil. Trans. R. Soc. B (2009)
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Australia across the northern Tasman sea by way of
eddies in the East Australian Current (Gregory 1978).
Later, L. M. Stevens (1992, unpublished data) was to
report that it was abundant on both eastern and
western shores around northernmost New Zealand.
Several specimens were later noted (M. R. Gregory,
unpublished) on occasional nibs found in concentrations
on northern shores of Chatham Island. This island lies
virtually astride the Subtropical Convergence where
marine debris tends to gather and it is probably driven
ashore by northerly winds (Gregory 1 999a).
(ii) Lopha cristagalli: Numerous specimens of this
common tropical water, Indo-Pacific oyster have been
found attached to a tangled mass of synthetic rope
stranded on a remote and isolated beach of Fiordland,
southwestern New Zealand (Winston et al. 1997).
The only previous local record of this taxon was in
1971 when a length of synthetic rope, hauled up from
shallow water off Parengarenga Harbour in the far
north, carried several recently dead specimens. It was
suggested that their presence was due to an overseas
fishing vessel (Gardner 1971). Recently, a similarly
entangled mass of rope encrusted with a hermatypic
coral has stranded at the same Fiordland locality
(J. Lindqvist, personal communication).
(iii) Plastic toy boats: West’s (1981) report of a
child’s small (<30 cm) plastic toy boat stranded on
a small island (Tiritiri matangi) lying c. 4 km offshore
in the Hauraki gulf near Auckland, New Zealand, is
most informative. It was carrying a cargo with soil
and the seeds of eight plant species. Of these, five
were native and three exotic; one was of a species not
known from the island and at least three were viable.
(iv) Thalamoporella evelinae: Bryozoans resembling
this taxon, which is known from Brazil, arrived in
significant quantities on Florida shores through attach
ment to pelagic plastic artefacts and later stranding on
beaches where it had not been previously identified
(Winston et al. 1997).
(v) Pinctata spp. A large blue fish crate with promi
nent Venezuelan markings stranding on Bermuda
beaches with several single attached valves of this
taxon suggests long-distance transport by way of the
Gulf Stream (personal observation).
(vi) Diadumene lineata: In November 2000, numer
ous individuals of this widely recognized, aggressive
and invasive inter-tidal sea anenome were discovered
on derelict trawl netting in the lagoon of Pearl and
Hermes Reef, Northwestern Hawaiian Islands. This
is a cosmopolitan taxon that is native to Japan and
had not been previously identified in Hawaiian
waters. It was suggested that the net with its hitch
hiking cargo of D. lineata could have drifted from
afar—possibly Japan (Zabin et al. 2004).
(vii) Mytilis gaioprovincialis: This exotic smoothshelled blue mussel arrived in Pearl Harbor, Hawaii
(June 1998) as a component of the fouling community
carried by USS Missouri. Apte et al. (2000) reported
that spawning took place shortly thereafter and were
later recruited to another ‘shipping vector’. They infer
that a ‘stepping stone’ model between temperate lati
tudes could lead to dispersal and/or range expansion.
(viii) Adelaide Island, Antarctic Peninsula:
Barnes & Fraser (2003) reported a plastic strapping
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band washing ashore, and on which were attached 10
species belonging to five phylla, including bryozoa,
porifera, annelida, cnidaria and mollusca. It was
suggested that this plastic artefact could have been
afloat for at least 1 year.
(ix) Harmful microalgae: Masó et al.’s (2003) obser
vations along the Catalan coast (northwestern
Mediterranean) and suggestions that pelagic plastic
debris could be a vector in the dispersal of harmful
microalgae.
(x) Elminius modestus: This barnacle is endemic to
Australasian waters. It arrived in southern England

during the Second World War—perhaps through attach
ment to convoyed vessels. Subsequently, this aggressive
and alien invasive taxon advanced northwards, coloniz
ing rocky inter-tidal shores around the British Isles and
also adjacent coasts of Europe. By 1978 it had reached
the Shetland Islands. There are suggestions that in
later years plastic substrates could have been implicated
in this dispersal (Barnes & Milner 2005).
(xi) Macrobenthos, Ligurian Sea: In these waters,
Aliani & Molcard (2003) have documented macro
benthic species colonizing plastic artefacts and
occasional pieces of wood. Of the 14 stations sampled,
the barnacle Lepas pectinata was present at 12 and the
isopod Idotea metallica at 9. Hydroids and bryozoa
were also common. They also noted that no alien
species had been identified.
(xii) Galeopsis mimicus: This bryozoan was previously
known from two sampling stations off the west coast of
the South Island of New Zealand at water depths of 297
and 520 m. It is also known from >2000 km to the
north and in water depths of 470—825 m. It has
recently been identified on a small piece of frayed plas
tic substrate recovered from the top of a core taken
c. 60 km off the Canterbury east coast at a depth of
393 m (figure 4d) (Carter & Gregory 2005).
(xiii) Giamardia trapesina: Long-distance dispersal in
the sub-Antarctic and Southern Ocean waters through
kelp rafting of brooding bivalves (Helmuth et al. 1994).
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Abstract

The deleterious effects of plastic debris on the marine environment were reviewed by bringing together most of the literature
published so far on the topic. A large number of marine species is known to be harmed and/or killed by plastic debris, which could
jeopardize their survival, especially since many are already endangered by other forms of anthropogenic activities. Marine animals
are niostly affected through entanglement in and ingestion of plastic litter. Other less known threats include the use of plastic debris
by “invader” species and the absorption of polychlorinated biphenyls from ingested plastics. Less conspicuous forms, such as plastic
pellets and “scrubbers” are also hazardous. To address the problem of plastic debris in the oceans is a difficult task, and a variety of
approaches are urgently required. Some of the ways to mitigate the problem are discussed.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Human activities are responsible for a major decline
of the world’s biological diversity, and the problem is so
critical that combined human impacts could have ac
celerated present extinction rates to 1000—10,000 times
the natural rate (Lovejoy, 1997). In the oceans, the
threat to marine life comes in various forms, such as
overexploitation and harvesting, dumping of waste,
pollution, alien species, land reclamation, dredging and
global climate change (Beatley, 1991; National Research
Council, 1995; Irish and Norse, 1996; Ormond et al.,
1997; Tickel, 1997; Snelgrove, 1999). One particular
form of human impact constitutes a major threat to
marine life: the pollution by plastic debris.
1.1. Plastic debris
Plastics are synthetic organic polymers, and though
they have only existed for just over a century (Gorman,
1993), by 1988 in the United States alone, 30 million
tons of plastic were produced annually (O’Hara et al.,
1988). The versatility of these materials has lead to a
great increase in their use over the past three decades,
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and they have rapidly moved into all aspects of everyday
life (Hansen, 1990; Laist, 1987). Plastics are lightweight,
strong, durable and cheap (Laist, 1987), characteristics
that make them suitable for the manufacture of a very
wide range of products. These same properties happen
to be the reasons why plastics are a serious hazard to the
environment (Pruter, 1987; Laist, 1987). Since they are
also buoyant, an increasing load of plastic debris is be
ing dispersed over long distances, and when they finally
settle in sediments they may persist for centuries (Han
sen, 1990; Ryan, 1987b; Goldberg, 1995, 1997).
The threat of plastics to the marine environment has
been ignored for a long time, and its seriousness has
been only recently recognised (Stefatos et al., 1999).
Fergusson (1974) for instance, then a member of the
Council of the British Plastics Federation and a Fellow
of the Plastics Institute, stated that “plastics litter is a
very small proportion of all litter and causes no harm to
the environment except as an eyesore”. His comments
not only illustrates how the deleterious environmental
effects of plastics were entirely overlooked, but also that,
apparently, even the plastics industry failed to predict
the great boom in the production and use of plastics
of the past 30 years. In the marine environment, the
perceived abundance of marine life and the vastness
of the oceans have lead to the dismissal of the prolife
ration of plastic debris as a potential hazard (Laist,
1987).
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The literature on marine debris leaves no doubt that
plastics make-up most of the marine litter worldwide
(Table 1). Though the methods were not assessed to
ensure that the results were comparable, Table 1 clearly
indicates the predominance of plastics amongst the
marine litter, and its proportion consistently varies be
tween 60% and 80% of the total marine debris (Gregory
and Ryan, 1997).
It is not possible to obtain reliable estimates of the
amount of plastic debris that reaches the marine envi
ronment, but the quantities are nevertheless quite sub
stantial. In 1975 the world’s fishing fleet alone dumped
into the sea approximately 135,400 tons of plastic fishing
gear and 23,600 tons of synthetic packaging material
(Cawthorn, 1989; DOC, 1990). Horsman (1982) esti
mated that merchant ships dump 639,000 plastic con-

tainers each day around the world, and ships are
therefore, a major source of plastic debris (Shaw, 1977;
Shaw and Mapes, 1979). Recreational fishing and boats
are also responsible for dumping a considerable amount
of marine debris, and according to the US Coast Guard
they dispose approximately 52% of all rubbish dumped
in US waters (UNESCO, 1994).
Plastic materials also end up in the marine environ
ment when accidentally lost, carelessly handled (Wilber,
1987) or left behind by beachgoers (Pruter, 1987). They
also reach the sea as litter carried by rivers and munic
ipal drainage systems (Pruter, 1987; Williams and Sim
mons, 1997). There are major inputs of plastic litter
from land-based sources in densely populated or in
dustrialized areas (Pruter, 1987; Gregory, 1991), most
in the form of packaging. A study on Halifax Harbour

Table 1
Proportion of plastics among marine debris worldwide (per number of items)
Locality

Litter type

Percentage of debris items
represented by plastics

Source

1992 International Coastal Cleanups
St. Lucia, Caribbean
Dominica, Caribbean
Curacao, Caribbean
Bay of Biscay, NE Atlantic
NW Mediterranean
French Mediterranean Coast
European coasts
Caribbean coast of Panama
Georgia, USA
5 Mediterranean beaches
50 South African beaches
88 sites in Tasmania
Argentina
9 Sub-Antarctic Islands
South Australia
Kodiak Is, Alaska
Tokyo Bay. Japan
North Pacific Ocean
Mexico
Transkei, South Africa
National Parks in USA
Mediterranean Sea
Cape Cod, USA
4 North Atlantic harbors, USA
Is. Beach State Park, New Jersey, USA
Halifax Harbour, Canada
Price Edward Is., Southern Ocean
Gough Is., Southern Ocean
Heard Is., Southern Ocean
Macquire Is.. Southern Ocean
New Zealand
Two gulfs in W. Greece
South German Bight
Bird Is., South Georgia, Southern Ocean
Fog Bay, N. Australia
South Wales, UK

Shoreline
Beach
Beach
Beach
Seabed
Seabed
Deep sea floor
Sea floor
Shoreline
Beach
Beach
Beach
Beach
Beach
Beach
Beach
Seabed
Seabed
Surface waters
Beach
Beach
Beach
Surface waters
Beachlharbour
Harbour
Beach
Beach
Beach
Beach
Beach
Beach
Beach
Seabed
Beach
Beach
Beach
Beach

59
51
36
40/64
92
77
>70
>70
82
57
60—80
>90
65
37—72
51—88
62
47—56
80—85
86
60
83
88
60—70
90
73—92
73
54
88
84
51
7!
75
79—83
75
88~
32
63

Anon (1990)
Corbin and Singh (1993)
Corbin and Singh (1993)
Debrot et al. (1999)
Galgani et al. (1995a)
Galgani et al. (l995b)
Galgani et al. (1996)
Galgani et al. (2000)
Garrity and Levings (1993)
Gilligan et al. (1992)
Golik (1997)
Gregory and Ryan (1997)
Gregory and Ryan (1997)
Gregory and Ryan (1997)
Gregory and Ryan (1997)
Gregory and Ryan (1997)
Hess et al. (1999)
Kanehiro et al. (1995)
Laist (1987)
Lara-Dominguez et al. (1994)
Madzena and Lasiak (1997)
Manski et al. (1991)
Morris (1980)
Ribic et al. (1997)
Ribic et al. (1997)
Ribic (1998)
Ross et al. (1991)
Ryan (l987b)
Ryan ( I 987b)
Slip and Burton (1991)
Slip and Burton (1991)
Smith and Tooker (1990)
Stefatos et al. (1999)
Vauk and Schrey (1987)
Walker et al. (1997)
Whiting (1998)
Williams and Tudor (2001)

Results are arranged in alphabetical order by author.
176% of total consisted of synthetic line for long-line fisheries.
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in Canada, for instance, showed that 62% of the total
litter in the harbour originated from recreation and
land-based sources (Ross et al., 1991). In contrast, in
beaches away from urban areas (e.g. Alaska) most of the
litter is made up of fishing debris.
Not only the aesthetically distasteful plastic litter, but
also less conspicuous small plastic pellets and granules
are a threat to marine biota. The latter are found in
large quantities on beaches (Gregory, 1978, 1989; Shi
ber, 1979, 1982, 1987; Redford et al., 1997), and are the
raw material for the manufacture of plastic products
that end up in the marine environment through acci
dental spillage during transport and handling, not as
litter or waste as other forms of plastics (Gregory, 1978;
Shiber, 1979; Redford et al., 1997). Their sizes usually
vary from 2—6 mm, though occasionally much larger
ones can be found (Gregory, 1977, 1978).
Plastic pellets can be found across the Southwest
Pacific in surprisingly high quantities for remote and
non-industrialised places such as Tonga, Rarotonga and
Fiji (Gregory, 1999). In New Zealand beaches they are
found in quite considerable amounts, in counts of over
100,000 raw plastic granules per meter of coast (Greg
ory, 1989), with greatest concentration near important
industrial centres (Gregory, 1977). Their durability in
the marine environment is still uncertain but they seem
to last from 3 to 10 years, and additives can probably
extend this period to 30—50 years (Gregory, 1978).
Unfortunately, the dumping of plastic debris into the
ocean is an increasing problem. For instance, surveys
carried out in South African beaches 5 years apart,
showed that the densities of all plastic debris have in
creased substantially (Ryan and Moloney, 1990). In
Panama, experimentally cleared beaches regained about
50% of their original debris load after just 3 months
(Garrity and Levings, 1993). Even subantarctic islands
are becoming increasingly affected by plastic debris, es
pecially fishing lines (Walker et al., 1997). Benton (1995)
surveyed islands in the South Pacific and got to the
alarming conclusion that beaches in remote areas had
a comparable amount of garbage to a beach in the
industrialized western world.

2. The threats from plastics pollution to marine biota
There is still relatively little information on the impact
of plastics pollution on the ocean’s ecosystems (Quayle,
1992; Wilber, 1987). There is however an increasing
knowledge about their deleterious impacts on marine
biota (Goldberg, 1995). The threats to marine life are
primarily mechanical due to ingestion of plastic debris
and entanglement in packaging bands, synthetic ropes
and lines, or drift nets (Laist, 1987, 1997; Quayle, 1992).
Since the use of plastics continues to increase, so does
the amount of plastics polluting the marine environ-

ment. Robards et al. (1995) examined the gut content of
thousands of birds in two separate studies and found
that the ingestion of plastics by seabirds had signifi
cantly increased during the 10—15 years interval between
studies. A study done in the North Pacific (Blight and
Burger, 1997) found plastic particles in the stomachs of
8 of the 11 seabird species caught as bycatch. The list of
affected species indicates that marine debris are affecting
a significant number of species (Laist, 1997). It affects at
least 267 species worldwide, including 86% of all sea
turtle species, 44% of all seabird species, and 43% of all
marine mammal species (Laist, 1997). The problem may
be highly underestimated as most victim are likely to go
undiscovered over vast ocean areas, as they either sink
or are eaten by predators (Wolfe, 1987).
There is also potential danger to marine ecosystems
from the accumulation of plastic debris on the sea
floor. According to Kanehiro et al. (1995) plastics
made up 80—85% of the seabed debris in Tokyo Bay, an
impressive figure considering that most plastic debris
are buoyant. The accumulation of such debris can in
hibit the gas exchange between the overlying waters
and the pore waters of the sediments, and the resulting
hypoxia or anoxia in the benthos can interfere with the
normal ecosystem functioning, and alter the make-up
of life on the sea floor (Goldberg, 1994). Moreover, as
for pelagic organisms, benthic biota is likewise sub
jected to entanglement and ingestion hazards (Hess
et al., 1999).
2.1. Ingestion ofplastics
A study done on 1033 birds collected off the coast of
North Carolina in the USA found that individuals from
55% of the species recorded had plastic particles in their
guts (Moser and Lee, 1992). The authors obtained evi
dence that some seabirds select specific plastic shapes
and colors, mistaking them for potential prey items.
Shaw and Day (1994) came to the same conclusions, as
they studied the presence of floating plastic particles of
different forms, colors and sizes in the North Pacific,
finding that many are significantly under-represented.
Carpenter et al. (1972) examined various species of fish
with plastic debris in their guts and found that only
white plastic spherules had been ingested, indicating that
they feed selectively. A similar pattern of selective in
gestion of white plastic debris was found for loggerhead
sea turtles (Caretta caretta) in the Central Mediterra
nean (Gramentz, 1988). Among seabirds, the ingestion
of plastics is directly correlated to foraging strategies
and technique, and diet (Azzarello and Van-Vleet, 1987;
Ryan, l987a; Moser and Lee, 1992; Laist, 1987, 1997).
For instance, planktivores are more likely to confuse
plastic pellets with their prey than do piscivores, there
fore the former have a higher incidence of ingested
plastics (Azzarello and Van-Vleet, 1987).
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Ryan (1988) performed an experiment with domestic
chickens (Gal/us domesticus) to establish the potential
effects of ingested plastic particles on seabirds. They
were fed with polyethylene pellets and the results indi
cated that ingested plastics reduce meal size by reducing
the storage volume of the stomach and the feeding
stimulus. He concluded that seabirds with large plastic
loads have reduced food consumption, which limits their
ability to lay down fat deposits, thus reducing fitness.
Connors and Smith (1982) had previously reached the
same conclusion, as their study indicated that the in
gestion of plastic particles hindered formation of fat
deposits in migrating red phalaropes (Pha/aropus fu/i
carius), adversely affecting long-distance migration and
possibly their reproductive effort on breeding grounds.
Spear et a!. (1995) however, provided probably the first
solid evidence for a negative relationship between
number of plastic particles ingested and physical con
dition (body weight) in seabirds from the tropical
Pacific.
Other harmful effects from the ingestion of plastics
include blockage of gastric enzyme secretion, diminished
feeding stimulus, lowered steroid hormone levels, de
layed ovulation and reproductive failure (Azzarello and
Van-Vleet, 1987). The ingestion of plastic debris by
small fish and seabirds for instance, can reduce food
uptake, cause internal injury and death following
blockage of intestinal tract (Carpenter et a!., 1972;
Rothstein, 1973; Ryan, 1988; Zitko and Hanlon, 1991).
The extent of the harm, however, will vary among spe
cies. Procellariiformes for example, are more vulnerable
due to their inability to regurgitate ingested plastics
(Furness, 1985; Azzarello and Van-Vleet, 1987).
Laist (1987) and Fry et al. (1987) observed that adults
that manage to regurgitate plastic particles could pass
them onto the chicks during feeding. The chicks of
Laysan albatrosses (Diomedea immutabi/is) in the Ha
waiian Islands for instance, are unable to regurgitate
such materials which accumulate in their stomachs, be
coming a significant source of mortality, as 90% of the
chicks surveyed had some sort of plastic debris in their
upper GI tract (Fry et al., 1987). Even Antarctic and
sub-Antarctic seabirds are subjected to this hazard (Slip
et al., 1990). Wilson’s storm-petrels (Oceanites oceani
cus) for instance, pick up plastic debris while wintering
in other areas (Van Franeker and Bell, 1988). A whitefaced storm-petrel (Pelagodroma marina) found dead at
the isolated Chatham Islands (New Zealand) at a
breeding site, had no food in its stomach while its giz
zard was packed with plastic pellets (Bourne and Imber,
1982).
The harm from ingestion of plastics is nevertheless
not restricted to seabirds. Polythene bags drifting in
ocean currents look much like the prey items targeted by
turtles (Mattlin and Cawthorn, 1986; Gramentz, 1988;
Bugoni et al., 2001). There is evidence that their survival
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is being hindered by plastic debris (Duguy et al., 1998),
with young sea turtles being particularly vulnerable
(Carr, 1987). Balazs (1985) listed 79 cases of turtles
whose guts were full of various sorts of plastic debris,
and O’Hara et al. (1988) cited a turtle found in New
York that had swallowed 540 rn of fishing line.
Oesophagus and stomach contents were examined from
38 specimens of the endangered green sea turtle (C’he
lonia mydas) on the south of Brazil, 23 of which (60.5%)
had ingested anthropogenic debris, mainly plastics
(Bugoni et al., 2001). Among other C. mydas washed
ashore in Florida, 56% had anthropogenic debris in
their digestive tracts (Bjorndal et al., 1994). Tomás et al.
(2002) found that 75.9% of 54 loggerhead sea turtles
(c. caretta) captured by fishermen had plastic debris in
their digestive tracts.
At least 26 species of cetaceans have been docu
mented to ingest plastic debris (Baird and Hooker,
2000). A young male pygmy sperm whale (Kogia brevi
ceps) stranded alive in Texas, USA, died in a holding
tank 11 days later (Tarpley and Marwitz, 1993). The
necropsy showed that the first two stomach compart
ments were completely occluded by plastic debris (gar
bage can liner, a bread wrapper, a corn chip bag and
two other pieces of plastic sheeting). The death of an
endangered West Indian manatee (Trichechus inanatus)
in 1985 in Florida was apparently caused by a large
piece of plastic that blocked its digestive tract (Laist,
1987). Deaths of the also endangered Florida manatee
(Trichechus manatus latirostris) have too been blamed
on plastic debris in their guts (Beck and Barros, 1991).
Secchi and Zarzur (1999) blamed the fate of a dead
Blainville’s beaked whale (Mesop/odon densirostris) wa
shed ashore in Brazil to a bundle of plastic threads
found in the animals’ stomach. Coleman and Wehle
(1984) and Baird and Hooker (2000) cited other ceta
ceans that have been reported with ingested plastics,
such as the killer whale (Orcinus orca).
Some species of fish off the British coast were found
to contain plastic cups within their guts that would
eventually lead to their death (Anon, 1975). In the
Bristol Channel in the summer of 1973, 21% of the
flounders (P!atichthyes flesus) were found to contain
polystyrene spherules (Kartar et al., 1976). The same
study found, that in some areas, 25% of sea snails
(Liparis /iparis) (a fish, despite its common name) were
heavily contaminated by such debris. In the New En
gland coast, USA, the same type of spherules were
found in 8 out of 14 fish species examined, and in some
species 33% of individuals were contaminated (Carpen
ter et al., 1972).
2.2. Plastics ingestion and po/ychlorinated bipheny/s
Over the past 20 years polychlorinated biphenyls
(PCBs) have increasingly polluted marine food webs,
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and are prevalent in seabirds (Ryan et al., 1988).
Though their adverse effects may not always be appar
ent, PCBs lead to reproductive disorders or death, they
increase risk of diseases and alter hormone levels (Ryan
et al., 1988; Lee et al., 2001). These chemicals have a
detrimental effect on marine organisms even at very low
levels and plastic pellets could be a route for PCBs into
marine food chains (Carpenter and Smith, 1972; Car
penter et a!., 1972; Rothstein, 1973; Zitko and Hanlon,
1991; Mato et al., 2001).
Ryan et al. (1988) studying great shearwaters (PuJfi
nus gravis), obtained evidence that PCBs in the birds’
tissues were derived from ingested plastic particles.
Their study presented the first indication that seabirds
can assimilate chemicals from plastic particles in their
stomachs, indicating a dangerous pathway for poten
tially harmful pollutants. Bjorndal et al. (1994) worked
with sea turtles and came to a similar conclusion, that
the absorption of toxins as sublethal effects of debris
ingestion has an unknown, but potentially great nega
tive effect on their demography.
Plastic debris can be a source of other contaminants
besides PCBs. According to Zitko (1993) low molecular
weight compounds from polystyrene particles are lea
ched by seawater, and the fate and effects of such
compounds on aquatic biota are not known.
2.3. Entanglement in plastic debris
Entanglement in plastic debris, especially in dis
carded fishing gear, is a very serious threat to marine
animals. According to Schrey and Vauk (1987) entan
glement accounts for 13—29% of the observed mortality
of gannets (Sula bassana) at Helgoland, German Bight.
Entanglement also affects the survival of the endan
gered sea turtles (Carr, 1987), but it is a particular
problem for marine mammals, such as fur seals, which
are both curious and playful (Mattlin and Cawthorn,
1986).
Young fur seals are attracted to floating debris and
dive and roll about in it (Mattlin and Cawthorn, 1986).
They will approach objects in the water and often poke
their heads into loops and holes (Fowler, 1987; Laist,
1987). Though the plastic loops can easily slip onto their
necks, the lie of the long guard hairs prevents the
strapping from slipping off (Mattlin and Cawthorn,
1986). Many seal pups grow into the plastic collars, and
in time as it tightens, the plastic severs the seal’s arteries
or strangles it (Weisskopf, 1988). Ironically, once the
entangled seal dies and decomposes, the plastic band is
free to be picked up by another victim (DOC, 1990;
Mattlin and Cawthorn, 1986), as some plastic articles
may take 500 years to decompose (Gorman, 1993;
UNESCO, 1994).
Once an animal is entangled, it may drown, have its
ability to catch food or to avoid predators impaired, or

incur wounds from abrasive or cutting action of at
tached debris (Laist, 1987, 1997; Jones, 1995). Accord
ing to Feldkamp et al. (1989) entanglement can greatly
reduce fitness, as it leads to a significant increase in
energetic costs of travel. For the northern fur seals
(Callorhinus ursinus), for instance, they stated that net
fragments over 200 g could result in 4-fold increase in
the demand of food consumption to maintain body
condition.
The decline in the populations of the northern sea
lion (Eumetopias jubatus), endangered Hawaiian monk
seal (Monachus schauinslandi~ (Henderson, 1990, 2001)
and northern fur seal (Fowler, 1987) seems at least ag
gravated by entanglement of young animals in lost or
discarded nets and packing bands. In the Pribiloff
Islands alone, in the Bering Sea west of Alaska, the
percentage of northern fur seals returning to rookeries
entangled in plastic bands rose from nil in 1969 to 38%
in 1973 (Mattlin and Cawthorn, 1986). The population
in 1976 was declining at a rate of 4—6% a year, and
scientists estimated that up to 40,000 fur seals a year
were being killed by plastic entanglement (Weisskopf,
1988). A decline due to entanglement also seems to be
occurring with Antarctic fur seals (Arctocephalus gaz
ella) (Croxall et al., 1990). Pemberton et al. (1992) and
Jones (1995) both reported similar concern for Austra
han fur seals (Arctocepha/us pusillus dor~ferus). At
South-east Farallon Island, Northern California, a sur
vey from 1976—1988 observed 914 pinnipeds entangled
in or with body constrictions from synthetic materials
(Hanni and Pyle, 2000).
Lost or abandoned fishing nets pose a particular great
risk (Jones, 1995). These “ghost nets” continue to catch
animals even if they sink or are lost on the seabed (Laist,
1987). In 1978, 99 dead seabirds and over 200 dead
salmon were counted during the retrieval of a 1500 m
ghost net south of the Aleutian Islands (DeGange and
Newby, 1980). In a survey done in 1983/84 off the coast
of Japan, it was estimated that 533 fur seals were en
tangled and drowned in nets lost in the area (Laist,
1987). Whales are also victims, as “they sometimes lunge
for schools of fish and surface with netting caught in
their mouths or wrapped around their heads and tails”
(Weisskopf, 1988).
2.4. Plastic “scrubbers”
Studies (Gregory, 1996; Zitko and Hanlon, 1991)
have drawn attention to an inconspicuous and previ
ously overlooked form of plastics pollution: small
fragments of plastic (usually up to 0.5 mm across) de
rived from hand cleaners, cosmetic preparations and
airblast cleaning media. The environmental impact of
these particles, as well as similar sized flakes from de
gradation of larger plastic litter, has not been properly
established yet.
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In New Zealand and Canada, polyethylene and
polystyrene scrubber grains respectively were identified
in the cleansing preparations available in those markets,
sometimes in substantial quantities (Gregory, 1996). In
airblasting technology, polyethylene particles are used
for stripping paint from metallic surfaces and cleaning
engine parts, and can be recycled up to 10 times before
they have to be discarded, sometimes significantly con
taminated by heavy metals (Gregory, 1996). Once dis
carded they enter into foul water or reticulate sanitary
systems, and though some may be trapped during sew
age treatment, most will be discharged into marine
waters; and as they float, they concentrate on surface
waters and are dispersed by currents (Gregory, 1996).
There are many possible impacts of these persistent
particles on the environment (Zitko and Hanlon, 1991).
For instance, heavy metals or other contaminants could
be transferred to filter feeding organisms and other in
vertebrates, ultimately reaching higher trophic levels
(Gregory, 1996).
2.5. Drift plastic debris: possible pathway for the invasion
of alien species
The introduction of alien species can have major
consequences for marine ecosystems (Grassle et al.,
1991). This biotic mixing is becoming a widespread
problem due to human activities, and it is a potential
threat to native marine biodiversity (McKinney, 1998).
According to some estimates, global marine species di
versity may decrease by as much as 58% if worldwide
biotic mixing occurs (McKinney, 1998).
Plastics floating at sea may acquire a fauna of various
encrusting organisms such as bacteria, diatoms, algae,
barnacles, hydroids and tunicates (Carpenter et al.,
1972; Carpenter and Smith, 1972; Minchin, 1996; Clark,
1997). The bryozoan Meinbranipora tuberculata, for in
stance, is believed to have crossed the Tasman Sea, from
Australia to New Zealand, encrusted on plastic pellets
(Gregory, 1978). The same species together with another
bryozoan (Electra tenella) were found on plastics wa
shed ashore on the Florida coast, USA, and they seem
to be increasing their abundance in the region by drift
ing on plastic debris from the Caribbean area (Winston,
1982; Winston et al., 1997). Minchin (1996) also de
scribes barnacles that crossed the North Atlantic Ocean
attached to plastic debris.
Drift plastics can therefore increase the range of
certain marine organisms or introduce species into an
environment where they were previously absent (Win
ston, 1982). Gregory (1991, 1999) pointed out that the
arrival of unwanted and aggressive alien taxa could be
detrimental to littoral, intertidal and shoreline ecosys
tems. He emphasised the risk to the flora and fauna of
conservation islands, for instance, as alien species could
arrive rafted on drifting plastics.

847

3. Discussion and recommendations
Though the seas cover the majority of our planet’s
surface, far less is known about the biodiversity of
marine environments then that of terrestrial systems
(Ormond et al., 1997). Irish and Norse (1996) examined
all 742 papers published in the journal Conservation
Biology and found that only 5% focused on marine
ecosystems and species, compared with 67% on terres
trial and 6% on freshwater. As a result of this dispar
ity, marine conservation biology severely lags behind
the terrestrial counterpart (Murphy and Duffus, 1996),
and this gap of knowledge poses major problems for
conservation of marine biodiversity and must be ad
dressed.
This study shows that there is overwhelming evidence
that plastic pollution is a threat to marine biodiversity,
already at risk from overfishing, climate change and
other forms of anthropogenic disturbance. So far how
ever, that evidence is basically anecdotal. There is a need
for more research (especially long term monitoring) to
assess the actual threat posed by plastic debris to marine
species. The research information would provide input
for conservation management, strengthen the basis for
educational campaigns, and also provide marine scien
tists with better evidence that could be used to demand
from the authorities more effort to mitigate the problem.
Due to the long life of plastics on marine ecosystems, it
is imperative that severe measures are taken to address
the problem at both international and national levels,
since even if the production and disposal of plastics
suddenly stopped, the existing debris would continue to
harm marine life for many decades.
3.1. Plastics pollution and legislation
There have been nevertheless some attempts to pro
mote the conservation of the world’s oceans through
international legislation, such as the establishment of the
1972 Convention on the Prevention of Marine Pollution
by Dumping Wastes and Other Matter (the London
Dumping Convention or LDC). The most important
legislation addressing the increasing problem of marine
pollution is probably the 1978 Protocol to the Interna
tional Convention for the Prevention of Pollution from
Ships (MARPOL), which recognised that vessels present
a significant and controllable source of pollution into
the marine environment (Lentz, 1987).
The Annex V of MARPOL is the key international
authority for controlling ship sources of marine debris
(Ninaber, 1997), and came into effect in 1988 (Clark,
1997). It “restricts at sea discharge of garbage and bans
at sea disposal of plastics and other synthetic materials
such as ropes, fishing nets, and plastic garbage bags with
limited exceptions” (Pearce, 1992). More importantly,
the Annex V applies to all watercraft, including small
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recreational vessels (Nee, 1990). Seventy-nine countries
have so far ratified the Annex V (CMC, 2002), and the
signatory countries are required to take steps to fully
implement it. Annex V also refers to “special areas”,
including the Mediterranean Sea, the Baltic Sea,
the Black Sea, the Red Sea and the “Gulfs” areas,
where discharge regulations are far more strict (Lentz,
1987).
Nevertheless, the legislation is still widely ignored,
and ships are estimated to discard 6.5 million tons per
year of plastics (Clark, 1997). Observers on board
foreign fishing vessels within Australian waters, for
instance, found that at least one-third of the vessels
did not comply with the MARPOL regulations on the
disposal of plastics (Jones, 1995). As Kirkley and
McConnell (1997) pointed out, the compliance of indi
viduals with laws is partly a question of economics.
They believe most people (or companies) would not
change their attitude if stopping the dumping of plastics
into the ocean were economically costly. Henderson
(2001) assessed the impact of Annex V and found re
duction neither in the accumulation of marine debris nor
in the entanglement rate of Hawaiian monk seals in the
Northwestern Hawaiian Islands. Amos (1993) and
Johnson (1994) however, found that it has been of some
effect in reducing plastic litter in the oceans.
Legislation at the national level also plays an im
portant role. Individual countries can be effective
through their own legislation, such as laws that require
degradability standards or that encourage recycling
(Bean, 1987). In the USA, for instance, the Marine
Plastics Pollution Research and Control Act of 1987 not
only adopted Annex V, but also extended its application
to US Navy vessels (Nee, 1990; Bentley, 1994). Ports
and ocean carriers have to adapt to these regulations
prohibiting the disposal of plastics at sea (Nee, 1990).
The biggest difficulty however when it comes to legis
lation, is to actually enforce it in an area as vast as the
world’s oceans. It is therefore essential that neighbour
ing countries work together in order to ensure that all
vessels comply with Annex V.
3.2. Other issues and ways to prevent marine pollution
Education is also a very powerful tool to address the
issue, especially if it is discussed in schools. Youngsters
not only can change habits with relative ease, but also be
able to take their awareness into their families and the
wider community, working as catalysts for change. Since
land-based sources provide major inputs of plastic de
bris into the oceans, if a community becomes aware of
the problem, and obviously willing to act upon it, it can
actually make a significant difference. The power of
education should not be underestimated, and it can be
more effective than strict laws, such as the Suffolk
County Plastics Law (in New York, USA) that banned

some retail food packaging and was unsuccessful in re
ducing beach and roadside litter (Ross and Swanson,
1995). There may also be a need for financial incentives
as Ray and Grassle (1991) stressed “no effort to con
serve biological diversity is realistic outside the eco
nomics and public policies that drive the modern
world”.
There are also more complicated aspects of the
problem of plastic pollution. As it could be seen as a
“side-effect” of progress, those countries undergoing
economic development will seek their share of growth,
putting an increasing pressure on the environment. It is
unlikely that such nations would take any steps to re
duce the use of plastics or their disposal into the oceans,
if that would compromise any short-term economic
gain. Especially when nations from the developed world
are being careless themselves, and still failing to comply
with the requirements of Annex V.
One possibility to mitigate the problem is the devel
opment and use of biodegradable and photodegradable
plastics (Wolf and Feldman, 1991; Gorman, 1993). The
US Navy, for instance, was working on a promising
biopolymer (regenerated cellulose) for the fabrication of
marine-disposable trash bags (Andrady et al., 1992).
Unfortunately, the effects of the final degradation prod
ucts of those materials are not yet known, and there is
the danger of substituting one problem for another
(Horsman, 1985; Wolf and Feldman, 1991; Quayle,
1992). Therefore studies were being done, for example,
to monitor the degradation of polymers in natural wa
ters under real-life conditions (Mergaert et al., 1995) and
assess the impact of degradation products on estuarine
benthos (Doering et al., 1994).
3.3. Final remarks
Ultimately, all sectors of the community should take
their individual steps. Thinking globally and acting lo
cally is a fundamental attitude to reduce such an envi
ronmental threat. A combination of legislation and the
enhancement of ecological consciousness through edu
cation is likely to be the best way to solve such envi
ronmental problems. The general public and the
scientific community have also the responsibility of en
suring that governments and businesses change their
attitudes towards the problem. It is nevertheless certain
that the environmental hazards that threaten the oceans’
biodiversity, such as the pollution by plastic debris, must
be urgently addressed.
“The last fallen mahogany would lie perceptibly on
the landscape, and the last black rhino would be
obvious in its loneliness, but a marine species may
disappear beneath the waves unobserved and the
sea would seem to roll on the same as always”
(Ray, 1988, p. 45).
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September 11, 2015
TO: Jordan Molina, Council Services staff for Infrastructure & Environmental Management Committee
FROM: Renewable Resources Advocates from Polystyrene Food Service Containers Task Force
SUBJECT: Submission of revised draft ordinance, “Restrictions of Single-Use Expanded Polystyrene
Food Service Ware”, and supporting materials
Aloha;
On November 17, 2014, Council member Michael Victorino transmitted a 16-page report to EUe Cochran,
Chair and members of the Infrastructure & Environmental Management (IEM) Committee, summarizing the
findings and recommendations of four informal meetings of a task force reviewing a draft bill proposing
reductions in polystyrene single use food containers. Since that time, several task force members have
continued to meet with the purpose of refining and improving the legislation, and clarifying misinformation
to better educate the community and our decision makers.
We believe that providing good information is essential to the decision making process, and we are therefore
submitting the following for your consideration:
•
•

Price comparison information for expanded polystyrene (EPS) food service wares versus alternatives
manufactured from renewable, non-fossil fuel based materials.
Explanations for revisions and clarifications to the draft legislation.

•

Corrections to assertions and recommendations made by the Maui Business Representatives on the
task force (Exhibit 5 in the final report).

•

A revised letter originally sent 9/15/2014 expressing concerns with the presence of industry lobbyists
at task force meetings.
Information regarding state Department of Health regulations for commercial composting of food
waste and food service wares.

•
•

Final recommendations for the next round of discussion to create meaningful legislation in guiding
Maui County’s reduction on single use, non-renewable EPS food service ware.

We thank you for the staff support you provided to the task force, and to members of the IEM Committee.
We ask you to please submit the attached matetials to Council members Cochran, Victorino, and their
colleagues.
Sincerely,
Lauren Blickley, Surfrider Foundation Maui Chapter
Robert Parsons, Environmental Coordinator, Mayor’s Office of Economic Development
Marge Bonar, Task Force member and citizen
Cheryl King, Hawaii Wildlife Fund
Stacia Ash, Maui County Recycling Specialist
Malia Cahill, Maui Huliau Foundation
Gretchen Leisenring, Styrophobia, World Centric
Danny Macias, Task Force member and citizen

I.

Price comparison information for expanded polystyrene (EPS) food service wares versus
alternatives manufactured from renewable, non-fossil fuel based materials

Three attachments are provided to illustrate the price comparisons between EPS food service wares and
various alternatives manufactured from renewable materials. First is a one-page list from VIP Food Services,
originally included in the final task force report as “Exhibit 3.” We have highlighted this copy to show that in
nearly every case, there is only a few cents difference in the cost. In a couple cases, the items are equivalent.
A second list contains the pricing for alternatives used by Pacific Whale Foundation. The third attachment is
an ExCel spread sheet compiled by students working with the Maui Huliau Foundation on their
environmental project, Foam Free Future (see: foainfreefuture.org). These students have met with food
vendors in a number of towns, sharing information to help support those who have not switched to
renewable, compostable products. They have produced two informative, entertaining videos which can be
viewed on their website, on YouTube, and could be shared with the public by viewing them in Council
chambers and on Akaku.
Other communities have helped vendors make the switch by providing extensive lists of alternatives on
informational websites. The link from the City of San Jose, California is particularly useful:
http: / /www. sanioseca.gov /DocurncntCenrer/ View/341 04
The assertion by the Maui Business Representatives (Task Force Final Report, Exhibit 5) that alternatives will
cost businesses and consumers, “3 to 5 times more for compostable products than PS containers,” is
unsupported by evidence. The statement that, “A ban on PS would negatively impact Maui food service
businesses and residents,” therefore is not based in fact.
Polystyrene bans have been successful in other areas because nominal price differences are a pass-through
cost to customers, leaving little basis for restaurant owners to claim that they are the ones being affected.
Some establishments require a 25 or 50 cent additional charge for take-out food, as compared to food eaten
on the premise, as a way to address the cost of to-go containers.

II. A revised letter originally sent 9/15/2014 expressing concerns with the presence of industry
lobbyists at task force meetings

>>> 9/15/2014 12:16 PM>>>
Aloha Council member Victorino and Jordan,

I’d like to express my feelings about the status of our collaborative work on the Polystyrene Task Force to
date.
Specifically, I believe the presence of representatives from KYD Inc. and the American Chemistry Council
has been disruptive, due to misleading and erroneous claims made by these individuals. I will address some of
those remarks to illustrate just how far off the mark they are.
I generally am willing to welcome anyone who may offer a unique perspective to the discussion, and have
served on task forces in the past where there was ample opportunity for members to “agree to disagree.” But
in this case, I do not believe either individual asked to attend, and were invited by someone other than the
two of you. The result has not helped advance the work to be done, i.e. establishing where we can find
agreement to forward recommendations to the IEM Committee. These individuals are paid lobbyists, willing
to say almost anything in order to advance their own agendas, while the rest of us are volunteering our time
to assist in drafting a fair and useful ordinance for Maui County.

Stella Yasuda of KYD stated at our first meeting that she felt that this ordinance was aimed specifically at her
business and that the result would be the loss of jobs. Yet she has done nothing to substantiate that claim. It
is clear from looking at their website the KYD is a large, diverse business. http: / /www.kvdinc.corn/ Ms.
Yasuda has not indicated what percentage of their business polystyrene represents, or what percentage of
sales Maui County represents. Using strong language like, “This is killing our business,” does not advance the
discussion, and clearly is untrue.
Similarly, when Eric Higa of Times Supermarket stated that the Maui partial ban on single-use plastic bags
was “killing us,” that type of hyperbole is unproductive. He went on to say that it was a corporate decision
not to charge for paper bags, so at best that decision is costing themselves, though again no accounting was
provided for actual costs incurred, or percentage of overall revenue the switch from plastic to paper
represents.
Tom Knox of the American Chemistry Council made a number of misleading statements, some of them
absolutely false. These quotes are taken from his chalkboard talk at the 9/8/14 meeting:
--“It’s really only 20-25 cities [in California] that have a ban.” This response was after I held up the list
of 84 California municipalities that have passed legislation. His statement is absolutely FALSE. Here is the
full list: hrtp: / /wsvw.cawrecvcles.org/issues/plastic cainpaign/po1vst~rrene/local

--“No material is beneficial in the environment.” Perhaps he was trying to compare plastics with other
toxic materials, but plant-based, renewably-sourced food containers are CLEARLY better in and for the
environment than a fossil-fuel based product which may take hundreds of years to degrade in our landfills, or
wherever it is discarded or wind-blown.

--“Compost facilities are decreasing.” First, this is unsubstantiated. Secondly, it should not be used as an
excuse for landfllling or combusting plastics. Many communities that have banned the usage of expanded
polystyrene food service products have concurrently bolstered their municipal composting programs. e.g.:
http: / /www.sanioseca.gov/index.aspx?nid~i 511

--“Waste To Energy is a straightforward way to get rid of waste.” Well, if you believe that waste is
waste, then this sort of illogical reasoning would certainly follow. But if you see “waste” as a resource, or are
pursuing Zero Waste practices and policies, then the idea of combusting polystyrene or any plastic is
frightening. “The National Bureau of Standards Center for Fire Research identified 57 chemical byproducts
released during the combustion of polystyrene foam.”
Source: htep: / /~ v.firctiirhterswith1rkinsons.ner/index.cfm?section i0&pagenun~E208
--Food compost mandates will never get anywhere.” Wrong! Massachusetts recently passed mandatory
prohibition of commercial food service waste from their landfills. New York City is considering a similar ban,
and in fact has already banned polystyrene food service products! hr:tp;//wwwrecyciingworksma.com/arricle
ncw-york-council—votes—to-ban—toarn-tood--conta.mc.rs/ San Francisco has a robust collection of commercial
and
residential
food
waste
that
goes
to
a
successful
compost
program.
http:/ /news.nauonalgeographlc.com/ne\vs/201 3/06.713061 S—fi.od—waste—composiing—nyc—san—francisco/
The EPA is supporting a big push in programs that collect and process food waste.
htip:/ /\v\v\v.epa.gov /foodrccoverv/
--“The San Francisco litter study [after polystyrene ban] was inconclusive.” The study was anything
but inconclusive. It showed a 36% reduction in expanded polystyrene after the ban.
htrps:/ /www.googie.com /?≤r’~vs rdssi#qsan± franciscoH-litte.r+studv-I-polvsrvrcne

I am well aware that any recommendations sent forth from our task force will not be the result of a show of
hands and vote. In fact, I strongly believe that we will likely send forth conflicting recommendations, given
the strong feelings expressed by industry representatives as well as the paid lobbyists.
I thank you for your consideration of my concerns, and look forward to tackling the language of an ordinance
to benefit the people of Maui County and the environment we share.

III. Corrections to the assertions and recommendations presented in Exhibit 5 of the Task Force
Final Report
As indicated in the previous section, there were a number of conflicting and misleading recommendations
and statements presented during the Task Force meeting, and included in the Task Force Final Report. We
would like to offer corrections and comments (in blue) to the statements that were provided by those who
oppose restrictions to polystyrene food service wares usage and sale in Maui County.

Maui Business Representative’s statement: Such a ban does not solve the stated problem of
marine debris and impact on marine life.
o

o

•

Marine debris is a global issue that requires local solutions. It is widely accepted that marine
debris, particularly plastics, adversely affects marine life such as turtles, seabirds, and fish.
Plastics are particularly harmful to the enviromnent in that they nener actually ,go away — they
just break down into smaller and smaller pieces of plastic. Polystyrene is no different, and is
an insidious polluter in coastal communities. It has been found in the guts of birds and fish,
and because of its light—weight, is easily transported by into the marine environment by trade
winds.
Beach litter data has been collected and collated from Lower Waihe’e Beach Park,
Po’o.lenalena Beach Park, and Pu’unoa Beach Park (“Baby Beach” in Lahaina). Data from
these beaches indicates that foam pieces ~nclucling polystyrene food ware containers) rank in
the top 5 most common debris items found at each of these sites. While we do not expect
that a ban on polystyrene will solve the entire problem of marine debris, it does represent a
vital step towards addressing a major contributor to localized marine and coastal pollti~~on.
Maui County has to look no further than the Plastic bag ban to realize the positive unpact
that directed legislation ~an have on Maui County litter. Since the plastic bag ban was
mipiemented, the number of plastic bags found litteted in Maui County’s environment has
significantly decreased. In fact, during the 15 surveys conducted at each cf the
aforementioned beach sites, not one single-use, plastic grocery hag was collected.
Proponents of restrictions on polystyrene recegnize that the marine debris issue is
complicated and will require a holistic approach, one. that combines policy actions with
community outreach, enhanced litter control, and implen.entation of Zero ‘~7aste methods.
With that in mind, a phase-out of polystyrene will directly decrease the amount of
polystyrene that is littered in Maw’s environment, and in doing so, directly address the
marine d.ebris issue on a local scale.

Maui Business Representative’s Statement: Litter of all materials is the problem that must be
managed more effectively.
o

‘I’ask Force members generally agreed that litter should lw addressed through a more
comprehensive litter management plan, hut for identthecl “litter culprits” — such as PS food
ware — directed policy action has been demonstrated to successfully decrease major sources
for localized litter. in fact, eliminating various types of litter at their source, such as Plastic
bags or polystyrene containers, has been shown to decrease the overall amount of litter that
enters the environment. General litter laws, clue to their non-specific nature and the fact that
perpetrators must be caught in the act, have not proven as successful as directed policy
measures in decreasing litter. After the San Jose plastic bag ban, however, studies showed up
to an 89% reduction of plastic bag litter in storm drains and a 59% reduction in creeks,

rivers and neighborhoods.
http://mechainatiers.org/research/20i4/10/08/californiasplasttc-bag—ban—mvths—and_facts/201 064

•

Maui Business Representative’s Statement: The Maui Waste Characterization Study finds
the amount of PS entering the landfill is less than 1% of the total tonnage received.
o

•

Maui Business Representative’s Statement: When PS is banned, litter does not decrease. It
only changes the type of material that is littered, as seen in the 2008 City of SF Streets Litter
Re-Audit.
o

•

PS food ware products are comprise >90b of air. It is therefore not surprising that, when
comparing PS to other types of waste based on tonnage, PS would rank relatively low. These
types of facts do not provide an accurate picture of IV[aui County’s waste makeup. and
instead serves to muddle and confuse both decision makers and the P~1bhc. As public beach
cleanups and marine debris surveys have shown, PS constitutes a significant and identified
source of pollution to Maw County’s environment. No one is sure how long a plastic bag or
polystyreiie foam takes to decompose, but estimates range from 500 to 1,000 years.

Apparently some internet searches have found an Orange County Register op-ed from 2012
fiat asserted litter laws are the best option if decreasing litter is the pr~~ma1~’ goal. However
directed policy measures to address specific types of identified, pervasive litter have proven
successful (e.g. plastic bag ban). Nevertheless, even if a chan~ge in tjpe of /it!er occurs, the type
of litter would not expect to be as harmful to the environment as PS litter. Compostabic
alternatives to PS are plant-based and would break clown in the environment both more
quickly as well as into naturally occurring compounds. Supporting policies that encourage
the use of reusable focd ware is suggested, as \vell as including a strong, community-based
anti-litter campaign to compliment any phase out of PS.

Maui Business Representative’s Statement: A ban on PS would negatively impact Maui food
service businesses and residents:
o This statement is false and has no basis. Prices for PS alternatives are no!, in fact, prohibitive
(see attached price sheets), and are typically considered a pair ~ cost wherein five to ten
cents are added to the price of a to—go meal. Additionally, some businesses only tack on
additional costs to the consumer if the meal is to—go, as opposed to ones that are eaten on
site. To date, a number of Maui businesses, including local “mom and pop’’ type
establishments, have voluntarily switched to PS alternatives without hardship. I ,egislation Is
necessary, though, to ensure that all Maui food providers switch to more sustainable and
environmentally friendly alternatives.
o

PS bans have been successfully instituted in over 80 counties throughout the state of
California alone. San Francisco has demonstrated that thousands of food providers, from
chain restaurants to local shops. can feasibly switch to PS alternatives. The following email
from Alex Dmitriew of San Francisco’s Ci~mnienia/ Zero JT7as!e (.oorcliiea!or with the city’s
Department of the Environment illustrates this point.

From: Dmitriew, Alex (ENV) <alex.dmitriew~ll,sfgov.org>
Date: Tue, Jul 1, 2014 at 4:41 AM
Subject: RE: Disposable Food Containers Ban in Honolulu - Can SFE help?:-)
Hi,
I work with Robert and am responsible for our lionel Service Ware Reduction Ordinance (banned
Styrofoam). Since 2007, we have visited every one of the 4,500 restaurants in our data-base to confirm
compliance (took about 4 years). Currently we’re at 99.9°/i compliance and now oni occasionally respond to
citizen complaints regarding Styrofoam usage. I personally went to over 2,000 locations and rarely heard

complaints about the cost. What I did hear was that employees anti customers welcomed the change. The
remarkable thing is that even though our ordinance provides for a waiver request due to financial hardship
(based on the cost differential of Styrofoam to alternatives) we only received 2 such requests and both were
jnventory issues, not cost. There are plenty of alternatives to Styrofoam and over the years the prices have
gotten more competitive. It’s a little disheartening to hear the your are considering dropping compostable
alternatives. A Styrofoam ban coupled with a comprehensive food scrap and food soiled paper composting
collection program would have a much more positive impact on the envtronment. Tf fact, if I could only do
one of these programs I would choose composting.
Best,

Alex Dmitriew
Commercial Zero [Var/c Coordina/or
San lirancisco Department of the Environment
1455 Market Street, Suite 1200, San Francisco, CA 94103
alex.clmitricw~sfgov.o.rg T: (415) 355-3768

•

Maui Business Representative’s Statement: FDA approved PS food service containers are
safe, economical, and effective with many of Hawaii’s foods which are often served with
gravy or are soup-based.
o

•

Maui Business Representative’s Statement: Cost to businesses and consumers are 3 to 5
times more for compostable products than PS containers.
o

•

Though the FDA has approved use of PS food service wire, it is clearly debatable whether
they may be considered. “safe.” PS products arc derived from petroleum, a non—renewable
resource that is energy intensive to produce. There is a wid.e range of enviromnentally
preferable alternatives to PS that have a demonstrated ability to contain hot foods such as
soups and gravies. These alternatives, furthermore, are not comprised of ch micals such as
styrenc, which has been identified by the National Academy of Science and the National
Research Council as, “reasonably anticipated t be a carcinogen.” A study published in the
journal Food and Chemical Toxicoio,gy found that styrene did in fact leach out of polystyrene
foam food containers and cups when the food (or coffee) inside was hot.

As detailed in the price comparison section, this statement is false. For your reference we
have included three different price lists that compare PS food ware anti PS alternative food
ware, one of which was supplied by ViP lood Service. While there are PS alternatives that
are up to nineteen cents per unit more expensive than typical PS products, these are not, as
opponents would like you to believe, the only available options. In fact, a 9” 3 compartment
compostable clamshell is cheaper than a PS product (see VIP price comparison). The VIP
price comparison clearly illustrates that PS alternatives are not cost prohibitive to business
owners. Basic economics also dictates that as demand for PS alternatives increase, suppliers
will respond by competitively reducing the p”~ of these items.

Maui Business Representative’s Statement: The marketplace, Maui businesses and
consumers, should have the choice of what type of FDA approved disposable food
containers to use and at what expense. Legislation should not ban one type of product and
mandate the use of another product.
o

There is a significant and immediate need to) eliminate single-use plastic products, including
PS, in Maui County As has been shown, it is ver much within the rights of the County to
pass anti support legislation that protects and enhances both our natural and human
envlromnents. The assertion implies that legislation should not impede personal choices. But
there arc numerous examples of when laws are established to) protect the public safety anti

the environment, such as scat belts, tobacco restrictions, and many more. It is not an
inherent right of an individual or a business to use a product that has been reasonably been
determined to be harinfril to human and environmental health. Indeed, it is the role of
decision makers to help their constituents make responsible choices.

IV.

Information regarding state Department of Health regulations for commercial compostiug
of food waste and food service wares

It was stated during Task Force discussions that food service wares made from renewably-sourced materials
are minimally better since they are still likely to wind up in the landfill, due to the difficulty of obtaining state
Department of Health (DOH) permits for compo sting them.
According to our research, it is DOH policy to allow commercial composting of food waste only when “in
vessel” (in the case of anaerobic digesters) or in an enclosed building, with a concrete slab to facilitate
drainage. As far as commercial composting of food service wares, we have learned of at least one operation
on Kauai, Heart and Soul Organics in Mo’oloa, who has been permitted to accept these materials.
It is possible to compare I-Iawaii’s composting permits, laws and regulations with other states nationwide:
http: / /compostingcoundil.org/s tate-compost-regulations-map /
We believe there is a vital need to help educate our state officials to help them amend policies and facilitate
composting these materials. Our Maui County Solid Waste Characterization Study (2012) calculated that 20%
of the material going into the Central Maui Landfill is food waste. It is this sort of organic material that is
primarily responsible for methane gas emissions as the materials decompose.
The Environmental Protection Agency (EPA) requires extensive monitoring and capture of released
methane, adding another expensive component to landfill management. EPA is actively promoting food
waste recovery. http: / /www.cpa.gov/srnm/foodrecoverv/
Several cities and states have banned commercial food waste from their landfills, e.g. Massachusetts:
http:/ /www.mass.gov/eea/agencies/xnassdcp/rccyclc/recluce/food-wastc-ban.html
A few progressive cities have gone a step further, mandating that residential refuse accounts do not discard
food and paper that is suitable to be composted: http://nationswell.com/seattle-residents-must-compost
food-scraps-paper-waste-or-face-fines /
In order to meet the sustainability goals set forth in the Aloha + Challenge, Maui County will be wise to
take the lead in establishing these sorts of visionary policies and regulations. There are numerous benefits to
be claimed by capturing and utilizing these resources rather than discarding them. As overall Zero Waste
guidelines are understood and implemented in years to come, commercial composting of our used food
service wares will soon be a widely-accepted practice, just as tossing them in the trash is now.

V. Explanations for revisions and clarifications to the draft legislation
Through extensive research we have gleaned the best elements from ordinances implemented elsewhere and
adapted them to our local circumstances and opportunities. This research process solidified our belief that
such legislation is not a hardship to retailers, food vendors, or the general public, all of whom are quickly able
to adapt.

•

We have broadened the Purpose section to reflect human health, environmental health, concurrence
with language from the Maui County General Plan, sustainability language, and relevance to the
strategies found in the Hawaii Marine Debris Action Plan.

•

We have clarified that the restrictions would apply to food vendors as well as retail establishments
and distributors selling polystyrene products in bulk. We stipulated that the ordinance would not
restrict foam blocks used as protective padding or insulation in shipping.

•

The exemptions section has been somewhat simplified, to mirror the language that has been accepted
in dozens of other communities. Specifically, as in the San Jose legislation, the draft language
stipulates that a business seeking a temporary exemption must clearly show an adverse impact to the
bottom line of their operations (e. g. a percentage of annual gross expenditures).

VI. Final recommendations for the next round of discussion to create meaningful legislation in
guiding Maui County’s reduction on single use, non-renewable EPS food service wares
•

Sufficient implementation time to phase in the ordinance should be at least twelve months, but not
more than 18 months. This will allow a Budget cycle to consider what funding may be necessary for
Maui County to provide education and outreach materials to assist with implementation of the bill.

•

Incentives, such as “Foam Free Business” window displays may serve to put a positive spin on the
switch from easily discarded disposables to compostables made from renewable materials. Partner
organizations such as Surfrider Foundation are willing to help support these types of outreach and
awareness projects.

•

Addressing the issue of marine debris and litter pollution is a global problem that requires local,
workable solutions. This will require a holistic approach, one that combines policy, education and
outreach, and progressive solutions to waste management. We therefore suggest that the County
continues down the path of Zero Waste goals and implementation of sustainability measures. We
further suggest that Maui County waste (Resource) management consider a variety of perspectives.
No longer can waste management be treated as a closed system with a single solution — a way of
thinking is myopic and outdated. Instead, we urge Maui County to explore a host of waste
management options and to ultimately develop a waste management strategy that combines elements
such as curb-side recycling, food waste collection programs, regional composting sites, and potential
for energy conversion into a long-term, sustainable system.

•

Along with the proposed bill, education and public outreach to residents and visitors is vital to
reducing the impacts of plastic litter. It is thus recommended that the County dedicate resources and
facilitate partnerships with community organizations and businesses to develop educational programs
that raise awareness to the impacts of litter on the marine environment. In addition, improved litter
control and litter prevention efforts are needed.

ATTACHMENTS: Draft ordinance; (3) price lists.

NOTE: Price lists are all attached below as Appendices

Appendix I. Polystyrene and Polystyrene Alternative Pricing (via VIP Food Service)
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Appendix II. Polystyrene and Polystyrene Alternative Pricing (compiled by Maui Huliau)
Distributor

Material

Price per Unit

AmazonPRiME

Pol~rstyrene

Champions
World Centric
VIP MAUI
Hansen Maui
Sustainable Island Products
Eco Products

Polystyrene
Plant Fiber
Plant Fiber
Plant Fiber
Wheatstraw
Sugar Cane

$0.07
$014
$0.14
$0.15
$0.16
$0.14
$0.18

8’xS” Clamshell 3~compartment
AmazonPRIME
PACT1V
World Centric
VIP MAUI
Sustainable Island Products
GenPak
Mr. Take out bags
pactivearthchoice

Polystyrene
Polystyrene
Plant Fiber
Plant Fiber
Plant FIber
Harvest Grain
Sugar Cane
Sugar Cane

$0.12
$0 14
$0.27
$0.27
$0.26

9’x 9’ Clamshell 3-compartment
AmazonPRlME
PACTIV
Be-Green
World Centric
Hansen Maui
Eco-Guardlan
GenPak
AmazonPRlME
Costco
Costco

Polystyrene
Polystyrene
Plant Fiber
Plant Fiber
Plant Fiber
Sugar Cane
Harvest Grain
Plant Fiber
Foam
Plant Fiber

$0.18
$0.32
$0.42
$0.30
$0.32

9’x 9” Clamshell 1-compartment
PACTIV
Be-Green
World Centric
VIP MAUI
Hansen Maui
Eco Products

Polystyrene
Plant Fiber
Plant Fiber
Plant Fiber
Plant Fiber
Sugar Cane

$0.30
$0.13
$0.30
$0.31
$0.29
$0.42

8’x 8” Clamshell 1-compartment
Hansen Maui
Eco Products
Sustainable Island products
tripple f

Plant Fiber
Sugar Cane
Sugar Cane
Polystyrene

$0.27
$0.31
$0.26
$0.13

6’ x 6” clamshell 1- compartment

$0.21
$0.49

$0.36
$0.16
$0.22

9 “ x 6” Clamshell 2 compartment
Online

Bowl
AmazonPRiME (bowl no lid)
AmazonPRiME (lid)
Sustainable Island Products (bowl)
Sustainable Island Products (lid)
World Centric (bowl)
World Centric (lid)

Plant Fiber
Sugar Cane

$0.22
$0.24

Polystyrene
Polystyrene
Bowl + Lid Total
Paper
Paper
Bowl + Lid Total
Paper
Paper
Bowl + Lid Total

$0.06
$0.03
$0.09
$0.18
$0.10
$0.28
$0.15
$0.12
$0.27
$0.28
$0.12
$0.40

Be-Green (bowl)
Be-Green (lid)
Bowl
Cup
Malolo
World Centric
Bowl with Lid
Online
Sustainable Island Products
World Centric

+

Lid Total

foam
Paper/ingeo

$0.06
$0.10

N/A
$0.18
$0.17

$0.10
$0.28 -$0.31
$0.27 -$0.30

Appendix Ill. Polystyrene and Polystyrene Alternatives Pricing (from Pacific Whale Foundation’s
invoiced price list as supplied by Maui Chemical)

Item
Clam Shells
6” HOT hinged container - World Centric
8” fiber hinged container - World Centric
8” fiber hinged container - Bridgegate (wood pulp - compostable)
8” Polystyrene (from VIP price list)
9” fiber hinged container - World Centric

Price Per
Unit
80.127
$0.251
80.240
$0.139
80.272

Plates
9” PAPER plate WHITE
6” plate EcoProducts (Bagasse)
9” plate EcoProducts (Bagasse)
Hot Cups
l2oz hot cup EcoProducts Compostable
l6oz hot cup EcoProducts Compostable
Cold Cups
9 oz COLD cup (EarthChoice - PLA)
l4oz cold cup (EarthChoice - PLA)
Cutlery
Fork
Knife
Spoon

$0117
$0044
$0077
$0.095
$0.094
$0.080

$o.ioo
$0043
$0.043
$0.043

(1025—326X/87 S3.fl(l+O.lIIt
C 1987 Pergamon Journals Lid.

$fadne Pollution Buikün, VnI. I K, No. 6B, pp 31 9—32~. I 9117.
Printed in Great Britain.

Overview of the Biological Effects of
Lost and Discarded Plastic Debris
in the Marine Environment
DAVID W. LAIST
Marine Mammal commission, 16251 St., N. W, Washington, D.C. 20006, USA

In the past thirty years, the use of plastics and other
synthetic materials has expanded at a rapid pace. As
new uses for these materials have been developed,
applied, and made available to more people, the
quantity of plastic debris entering the marine environ
ment has undergone a corresponding increase. Many of
these products degrade very slowly. Those that are
buoyant remain suspended at the sea surface for a long
time, and those that are not, sink and remain.on the
bottom for years or even decades. The accumulating
debris poses increasingly significant threats to marine
mammals, seabirds, turtles, fish, and crustaceans. The
threats are straightforward and primarily mechanical.
Individual animals may become entangled in loops or
openings of floating or submerged debris or they may
ingest plastic materials. Animals that become entangled
may drown, have their ability to catch food or avoid
predators impaired, or incur wounds from abrasive or
cutting action of attached debris. Ingested plastics may
block digestive tracts, damage stomach linings, or
lessen feeding drives. The deceptively simple nature of
the threat, the perceived abundance of marine life, and
the size of the oceans have, until recently, caused
resource managers to overlook or dismiss the prolifera
tion of potentially harmful plastic debris as being
insignificant. However, developing information suggests
that the mechanical effects of these materials affect
many marine species in many ocean areas, and that
these effects justify recognition of persistent plastic
debris as a major form of ocean pollution.

Until recently, the problem of plastic debris adrift in ih~’
ocean was generally considered to be minor compared
to other ocean pollution issues, such as the effects of
heavy metals, chlorinated hydrocarbons, oil, and other
contaminants. The issue of plastic debris has usually
been portrayed as an aesthetic concern or as an isolated
problem. such as localized entanglement of pelicans in
discarded monofilament fishing line.
The difficulty in recognizing persistent plastic debris
as a significant ocean pollution issue is probably due to
at least three causes: 1. the straightforward and
primarily mechanical way in which debris affects
marine life would not appear to harbour any uncer
tainties or hidden mysteries; 2. chance encounters
between lost plastic debris and marine animals in an
ocean area covering three-fourths of our planet would
appear to be a rare or unlikely occurrence at best; and
3. the lack of detection of large numbers of marine
animals that have been strangled, drowned, starved, or
choked by synthetic materials would seem to confirm the
rarity of such encounters. Developing information sug
gests, however, that this casual analysis does not reflect
the problem and that persistent plastic debris may cause
widespread mortality of many marine animals, including
seals, seabirds, turtles, fish, and crustaceans.

The Mechanism of Impact on Marine Species
Direct threats to marine life are primarily mech
anical. Marine mammals, seabirds, turtles, and fish
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become physically entangled in loops or openings of
drifting debris, and ingest small fragments of synthetic
materials. Once entangled, animals may drown, suffer
impaired ability to catch food or avoid predators, incur
wounds and infections from the abrasive or cutting
action of attached debris, or exhibit altered behaviour
patterns that place them at a survival disadvantage.
Plastic debris also is ingested by seabirds, turtles, and
fish, which may be unable to distinguish between
normal prey and small pieces of floating plastics.
Ingested debris may block the digestive tract or remain
in the stomach for extended periods, and thereby lessen
the feeding drive, cause ulcerations and injury to the
stomach lining, or perhaps even provide a source of
toxic chemicals (Day er at., 1985). Weakened animals
may then be more susceptible to predators and disease
and less fit to breed successfully or rear their young.
Although the threat posed to ocean species by
marine debris is relatively clear, the magnitude of its
effect is less apparent. Because marine animals interact
with persistent plastics over vast geographic areas that
are difficult to sample by human observation and
because disabled or dead animals are likely to be con
sumed by predators or decompose rapidly at sea, the
number of actual observations of seals, seabirds, turtles,
and fish entangled in, or having ingested, plastic mate
rials is small. In the absence of a direct measure of
plastic-related mortality, it is very difficult to distinguish
its effect on a certain population from those caused by
other sources of natural or human-related mortality.
Thus, uncertainty about the magnitude of effect is not
unexpected nor is the absence of overwhehn~ng evi
dence necessarily reassuring.
Determining the magnitude of the problem, there
fore, must be approached by analysing the likelihood of
marine animals ingesting or becoming entangled in
marine debris and by examining population trends of
potentially susceptible species. A variety of factors
dramatically increases the likelihood of interactions
between marine animals and plastic debris well above
that of chance occurrence. Among them are the type,
quantity, and distribution of lost or discarded debris
and the behaviour of affected biota.

Based on at-sea sighting surveys of floating trash,
plastic items have now become the major component of
man-made debris in the world’s oceans. During a recent
survey of debris in the North Pacific Ocean, 86% of all
observed man-made debris was plastic (D~fl~r&
Da~ 198 5). Similarly, plastics accounted for 60—70% of
debris observed during a 1979 survey in the Mediter
ranean Sea (Morris, 1980).
For marine mammals, entanglement in lost and dis
carded gill nets, trawl nets, and strapping bands
probably poses the greatest threat. Of 403 entangled
northern fur seals observed during the 1981—1984
commercial seal harvests on the Pribilof Islands, 268
animals were entangled in net fragments (mostly trawl
nets), 84 were entangled in plastic packing bands, and
51 were entangled in an assortment of other debris
including rope, string, monofilament line, rubber bands,
lawn chair material, a metal headlight ring, and a plastic
six pack holder (Kozloff, 1985; Scordino, 1985).

The entanglement problem may be particularly acute

in the North Pacific Ocean due to net and packing band
debris associated with extensive driftnet and trawl fish
eries. However, entanglement of seals has been
reported to occur throughout the world’s oceans by var
ious investigators (Coleman & Wehle, 1984). Among
the species reported to have been entangled are Steller
sea lions (Loughlin et a!., 1986), California sea lions
(Stewart & Yochem, 1987), Hawaiian monk seals (Hen
derson, 1985), New Zealand fur seals (Cç~p,
1985), South African fur seals (Shaughz~~ 1980),
and Antarctic fur seals (Bonner&McCann,19~2).
This list suggests that entanglement may be more
common in seals of the family Otariidae (fur seas and
sea lions) than the family Phocidae (the true seals).
Several species of great whales, including humpback,
fin and right whales, have been observed at sea trailing
fishing gear (Kraus, 1985; Provincetown Center for
Coastal Studies, 1984). Between 1975 and 1986 about
20 humpback whales, 15 minke whales, and 10 right
whales were seen entangled in lines from lobster pots or
gillnets off the northeast US coast, although it is likely
that these animals became entangled in active, rather
than lost, gear (Pers. Comm., P. Fiorelli, New England
Aquarium, Boston, Massachusetts).
Ingestion of debris by marine mammals appears to
Types of Dangerous Synthetic Debris
be less of a problem than entanglement, however,
At least two factors affect the relative danger posed deaths of two endangered West Indian manatees in
by synthetic debris—buoyancy and physical configura Florida in 1985 were attributed to ingestion of man
tion. In the past 30 years, plastics and related synthetic made debris—one apparently died from a large piece of
material have been used increasingly to produce all black plastic blocking its digestive tract and the other
types of everyday items. Some of the most desirable died after swallowing a piece of steel wire which perfor
properties of synthetic materials—low cost, light weight, ated the stomach lining (Florida Department of Natural
durability, great strength—also make them more likely Resources, 1985). Pygmy sperm whales, rough-toothed
to be discarded, less likely to sink, longer-lasting once dolphins, and Cuvier’s beaked whale (Coleman &
discarded or lost, harder for marine organisms to Wehle, 1984) and sperm whales (Pers. Comm., R. H.
escape from once entangled, and less likely to be Lambertson, University of Florida, Gainesville) have
digested or eliminated once ingested. The types of also been reported with ingested plastics.
Lost and discarded nets drifting at the sea surface
plastic debris most dangerous to marine life are fishing
nets and net fragments, plastic strapping bands, plastic also pose threats to seabirds, although this effect is
bags, synthetic rope and line, small plastic objects, such probably small compared to losses attributed to
as plastic cups, which degrade into small floating frag entanglement in active gear. For example, it is estimated
that 214 500—763 000 seabirds are killed annually
ments, and raw plastic pellets.
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tionalseabirds may have decomposed and dropped out
of these nets before they were retrieved.
Possibly posing a greater threat to seabirds is the
ingestion of small plastic fragments and raw plastic
pellets floating at the sea surface. At least 50 species of
seabirds are known to ingest plastic debris (Day et at.,
1985). This practice appears to be most common in
albatrosses, petrels, shearwaters, phalaropes, puffins,
and aukiets (Day et at., 1985). In a study of materials
ingested by seabirds in Alaska, the plastics found most
frequently were small, light brown fragments or pellets
measuring only a few millimetres in size (Day, 1980,
cited in Day et at, 1985). Thus, birds may confuse these
plastic fragments with normal prey items, such as fish
eggs or larvae, which are similar in both size and colour.
In nonbreeding adult parakeet auklets, investigators
have found distended stomachs containing up to 81
pieces of plastic, and suggested that the quantities
ingested could he sufficient to lessen feeding urges and
decrease reproductive performance in some cases
(Sturkie, 1965; Day 1980, cited in Day eta!., 1985).
The highest reported frequencies of ingestion have
been in two species of shearwaters. In separate studies
of short-tailed shearwaters off California and greater
shearwaters off the South African coast, means of over
20 plastic particles per bird have been reported,
although these means were based on very small sample
sizes (Furness, 1983~~ Baltz & Morejohn, 1976, cited in
Day eta!., 1985). These small plastic particles appear to
include raw polyethylene pellets, that may be coming
from the effluent of plastic synthesis plants, and small
plastic fragments, that might arise from disintegrating
objects (e.g. plastic cups) discarded from transiting
ships or land-based sources.
Once ingested, plastic objects generally do not pass
into the intestine of seabirds (as evidenced by their
absence from droppings or examined intestines), and
most adult birds are probably able to regurgitate
ingested plastics. Analysis of seasonal occurrence and
wear patterns of plastics in the stomachs of seabirds in
Alaska, however, suggests that soft polyethylene plastics
may remain in stomachs for 2—3 months and harder
plastics may remain for 10—15 months (Day 1980, cited
in Day et aL, 1985).
Ingestion of plastics, like other foreign objects, may
not present a high risk to adult birds unless large quan
tities of plastic particles or particularly large objects are
ingested and cannot be regurgitated (Fry et at, 1987).
However, plastics also are collected by the adults of
several species of seabirds and passed onto their chicks
during feeding. The occurrence of plastics in chick
stomachs has been reported for Laysan, black footed,
and wandering albatrosses and Leach’s storm petrel. In

dro;n;d turtles ~Balaz: 1985, Cawthorn 1985, Carr
1987). Like seabirds, turtles may mistake plastic items
for their natural prey species; in this case floating salps
or jellyfish. Turtles also may be caught in free-floating
fishing nets, as well as in gear that sinks to the bottom
or becomes hung-up on bottom snags (Balazs, 1985).
Lost or abandoned fishing nets also pose risks to
species of fish and crustaceans. As noted above, entire
driftnets and trawl nets have been lost or abandoned at
sea. These ‘ghost nets’ continue to take comercially
valuable fish after they are lost. During retrieval of the
lost 1500 m driftnet mentioned earlier, over 200
salmon were counted (DeGange&Newby, 1980). Left
by themselves, lost nets and net fragments tend to ball
up after a few days or weeks, thereby reducing their
capacity to catch fish. If they sink or are lost on the
bottom, however, they may continue to catch commer
cially valuable crabs and other benthic species for many
years (Carr et a!., 1985).
Thus, the most dangerous synthetic debris appears to
be lost or discarded fishing nets, strapping bands, small
plastic pellets, and larger plastic objects which might
break down over time into fragments of ingestable size.

Quantities of Marine Debris
In addition to the type of synthetic debris, the
quantity is an obviously important determinant of the
magnitude of effects on marine species. Few usefuL esti
mates are currently available for the quantities of plastic
debris already present in, or being introduced into, the
oceans. Most available estimates are based on assess
ments of the amounts of material (e.g., fishing nets) in
use; surveys of lost debris at sea or on beaches; and
broad extrapolations of observed discard rates.
In the North Pacific, where comparatively good data
are available, an estimated 170 000 km of gill net, 5500
km of trawl net, 2000 km of purse seine, and 8900 km
of miscellaneous fishing gear are available for use in the
major fisheries (Uç th,1985). Among the most exten
sive of these fisheries are the squid and salmon fisheries
(Fig. 1). The squid fishery is a high seas fishery with
about 750 participating vessels—about 500 from
Japan, 120 from Taiwan, and 100 from the Republic of
Korea (National Marine Fisheries Service, 1985). A
typical Taiwanese vessel deploys about 20 km of monofilament gillnet each night (lichida, 1985) and, if this
average is applied throughout the fishery, some 14400
km of net may be set each night during the May to
September squid fishing season.
The salmon driftnet fishery is conducted by Japanese
fishermen from about 325 land-based ships and 172
high seas catcher boats, each of which deploy 12—15 km
321
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in the North Pacific Ocean and Bering Sea (Modified from Day erah,1985 and Low el aL, 1985).

net per night (Uchida, 1985). Assuming an average
of 13.5 km per set, about 6900 km of net could be set
each night during the summer salmon driftnet fishing
season Together, the North Pacific salmon and squid
flshelies may set 21 300 km of driftnet each night—enough net to reach more than half way around the
world. Estimates of the rate at which nets are lost and!
or discarded in these fisheries are not available in the
literature. Even very low loss rates, however, would
clearly result in substantial quantities of driftnet debris.
Estimates are available for rates of net loss by US
and foreign groundfish trawlers fishing in the southeast
Bering Sea and Gulf of Alaska. For these fisheries,
observer records for 1980—83 show that all or large
portions of 35—65 nets were lost annually by 300—325
trawlers (Low eta!., 1985).
Efforts to determine the density of lost and discarded
netting have been made through shipboard sighting
surveys. Between 1978 and 1984., US biologists partici
pating
in
the
joint
US—Japanese
research
programme for the Japanese salmon driftnet fishery
.sighted and collected 14 pieces of net debris in 19 496
• l~m of sighting effort or 0.72 net fragments per 1000 km
of sighting effort. Thirty additional net fragments were
sighted and collected during ‘off effort’ periods, three of
which contained dead northern fur seals. Thus, about
5~4~ of the net fragments collected during both survey
and off effort periods contained dead für seals.
Recovered net fragments included four pieces of trawl
net and ten pieces of gillnet ranging in size <0.5—200
m (Jones & Ferrero, 1985).
In a survey carried out by Japanese researchers in
1983 and 1984, 18 sightings of net debris were
reported from waters out to 370 km off northeast Japan
of
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during 9114 km of sighting effort for a rate of 1.97
pieces per 1000 km (Yoshida & Baba, 1985). Fifteen of
the 18 pieces were collected and two trawl net frag
ments contained dead fur seals. Assuming an effective
sighting width of 50 m on either side of the research
vessel, it was estimated that about 4000 pieces of net
debris were adrift in the survey area during the survey
period. Comparable densities of net debris (1.83 pieces
per 1000 km during 4363 km of survey effort) were
also reported from surveys conducted during the high
seas squid driftnet fishery in the central North Pacific in
1985 (Ignell, 1985).
Although these densities of net debris may appear
negligible, they are sufficient to cause significant effects.
For example, the 13% incidence of dead fur seals in
nets Lost off Japan and the estimate of 4000 net frag
ments within 370 km of Japan’s northern coast, lead to
an estimated 533 fur seals entangled and drowned in
nets lost in this area. This estimate would be higher if
more than one fur seal is caught in some nets (as has
been found elsewhere), if some seals fall out of nets
after being drowned, and if the estimated number of
nets was low due to a failure to sight some nets during
the survey effort. Although available data are clearly
inadequate to make reliable assessments of the actual
number of seals being entangled, they suggest that
present densities of net debris may be at dangerous
levels, at least for fur seals.
Reliable estimates of the amount and density of other
dangerous plastic materials discharged into the ocean
are not possible. However, there are indications that the
quantities involved could be substantial (Coe, 1986).
For 1972, an estimated 2.4X i0~ t of plastic packaging
material and 1.35 X i0~ t of synthetic fishing gear were
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Islands where between 30 and 70 pieces of strapping
material per km of beach were found during surveys in
the early 1970s and in 1982 (Merrell, 1985).
Horsman (1982) estimated that 639 000 plastic con
tainers, including plastic bags, are dumped each day by
the world fleet of merchant ships. A survey of debris in
the Mediterranean southwest of Malta, led to estimates
of approxiamtely 2000 floating objects larger than 1.5
cm km2, with the majority of objects including plastic
items such as bags, cups, packing material, and bottles
(MorriI2&l). The abundance of minute plastic pellets
in the marine environment is suggested by counts of up
to 100 000 raw plastic granules m~ on a beach in New
Zealand (Gregory, 1978); by their occurrence in
neuston tows where light brown plastic pellets have
been mistaken for fish eggs (Colton, 1974); and by the
frequency of their occurrence in the gizzards of certain
pelagic seabirds (Day et a!., 1985). Speculation as to the
source of these pellets include effluent from plastic syn
thesis plants and accidental spills during transport by
ship.

Distribution of Synthetic Debris
The distribution of debris is affected by both natural
and human-related factors. Most plastic debris enters
the marine environment along populated ocean coasts
due to concentrations of vessel traffic, commercial
fishing, industrial effluent, and river-borne waste dis
charges (Dixon & Dixon, 1981). Because all species of
seals, seabirds, sea turtles and many species of whales
and dolphins spend at least a portion of their life cycles
in coastal areas, they are likely to be exposed at some
point to relatively dense concentations of man-made
debris. Debris may be most concentrated around
important fishing grounds (Merrell, 1980), along welltravelled shipping corridors (Horsman, 1982), or near
major ocean dumping sites (Dahlberg&Day, 1985). In
many cases, these areas overlap particularly important
habitats for large numbers of seals, seabirds, and turtles.
Once released into the ocean, floating debris may be
concentrated by natural processes along lines of con
vergence between discrete water masses ~
Day, 1985; Carr, 1987), at the core of major current
gyres (Carpenter & Smith, 1972), or on beaches and
submerged rocky outcrops ~Merrell, 1985; Henderson,
1~84). Many of these areas also may be important
habitat for marine species. For example, drift lines
along the margins of small temporary eddies or areas of
downwelling may. accumulate floating debris and pro
vide feeding areas for seabirds and turtles (Carr, 1986,
1987). Similarly, major upwelling areas or similar zones
of convergence, which also can concentrate debris
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marine species (Merrell, 1980, 1985). For example,
accumulation of debris and entangLement of endan
gered Hawaiian monk seals (Henderson, 1984), green
sea turtles (Balazs, 1985) and some s~abird species
have been reported in the Northwest Hawaiian Islands.
On one island, Lisianski, 10 seals were observed
entangled or playing with net fragments or other plastic
debris during a six month field season in 1982. Since
then, potentially harmful debris has been removed by
scientists during annual field visits to Lisianski and only
one additional seal has been observed entangled at that
Island (Pers. Comm., W. G. Gilmartin, Honolulu Lab
oratory, National Marine Fisheries Service, Hawaii).
Thus, synthetic debris is not distributed randomly at
sea but, instead, is often concentrated in those areas
used most extensively by large numbers of marine
species.

Attraction of Marine Species to Plastic Debris
The likelihood of interactions between marine
animals and debris may be increased by the behaviour
patterns of certain species. Debris may be mistaken as
an item of prey, it may offer cover and attract or
entangle other species that are prey items, or, in the
case of marine mammals, it may represent an item of
curiosity or an object of play. The tendency for drifting
objects to attract fish and other marine life is well
known and is even exploited commercially through
development of fish aggregating devices (Shomura &
Matsumoto, 1982). Thus, marine mammals, seabirds,
and turtles, which might not otherwise detect floating
nets or tangled snarls of rope, could be attracted to
debris by its associated complement of prey species.
Northern fur seals, for example, may not be able to
detect floating nets directly, except by sight at distances
of a few metres, but they might acoustically detect
associated schools of fish or entangled animals
struggling to free themselves at considerably greater
distances (Lenarz, 85).
Once close to a large net or tangled mass of rope or
line, animals may become entangled by trying to catch
free swimming prey, by trying to pluck already
entangled fish or invertebrates from the debris, by
attempting to haul out or rest on the debris, or by
playing with the debris itself. The latter behaviour is
limited to marine mammals and may be a particularly
common behaviour in young animals. Research con
ducted on captive northern fur seals, for example, sug
gests that seals, particularly juveniles, will approach
small plastic packing bands and net fragments to nudge,
bite, and poke their heads into them. Seals that became
entangled during these interactions were unable to free
323
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themselves in some cases, and those that did not free
themselves,
declined to eat or ate dramatically less food for up to 10
days before resuming normal feeding (Yoshida er at,
1985).
The indication that young fur seals may be especially
prone to entanglement is particularly important as it
provides additional support for the hypothesis that the
high at-sea mortality rate for young animals of this
species is attributable to entanglement in debris
(Fo~~,j982, 1987). Entanglement of Hawaiian monk
seals also appears to be more common with pups and
juveniles. On several occasions, newly weaned monk
seal pups have been seen swimming around, investi
gating, and playing with floating net fragments
(Henderson, 1984).
In some cases, ingestion of debris may be related to
feeding behaviour. For example, available information
suggests that some seabirds in Alaska actively select
plastic material rather than eating it randomly as it is
encountered (Day et a!., 1985). The frequency of plastic
ingestion was reported to be highest in species that feed
primarily by ‘pursuit-diving,’ to be somewhat lower in
‘surface-seizing’ and ‘dipping’ species, and to be nil in
species that feed by plunging and piracy (Day et a!.,
1985). However, the surprisingly high incidence of
plastic ingestion by ‘pursuit-diving’ species in Alaska
may be a misleading artifact caused by the fact that the
shearwaters classified by the authors as ‘pursuit-divers’
also feed extensively by ‘surface seizing:
The above information suggests that many marine
species are actively attracted to, and interact with, syn
thetic debris as a result of normal behaviour patterns. In
general, the species most affected appear either to be
highly migratory or to forage over wide areas. In many
cases, the species’ preferred habitat includes locations
where debris is likely to accumulate, thus, increasing
their likelihood of contacting plastic debris.

Population Trends
Developing information suggests that synthetic
debris may be a significant contributing cause for the
decline of populations of several species. Undoubtedly
the best studied example is the northern fur seal. Since
the mid to late 1970s, the population of fur seals on the
Pribilof Islands has declined at a rate of 4—8% yr’ and
its current population size, estimated to be 819 000, is
less than half of its former population level (Depart
ment of Commerce, 1985; North Pacific Fur Seal Com
mission, 1985). The decline is coincident with the rapid
growth in trawl and driftnet fisheries in the Bering Sea
and the North Pacific Ocean. Although reduced food
supplies were first suspected as the cause of the decline
(US Department of Commerce, 1980), more recent
analyses suggest food supplies are not limiting (Fo~y~,
1982) and that much, if not most of the decline, may be
due to entanglement of young animals in lost or dis
carded nets and packing bands (Fowler, 1985, 1987).
Concurrent with the decline of the northern fur seal
population in the North Pacific Ocean have been
declines in the northern or Steller sea lion populations
‘~

A

in the Eastern Aleutian Islands and the Hawaiian monk
seal population in the Northwest Hawaiian Islands.
Eastern Aleutian Island populations of northern sea
lions have declined from an estimated 50 000 to about
10 000 over the past 20 years. The rate of decline has
been about 7% yr~, which is similar to the rate of
decline for northern fur seals. Entanglement may
contribute to this decline. Although initial surveys of
rookeries have not found substantial numbers of
entangled animals, available data are still insufficient to
assess entanglement rates of pups and young animals or
to dispel concern about entanglement in these sea lion
populations (Loughlin et at., 1986). Hawaiian monk
seals have also declined in the last several decades with
counts of about 1000—1200 seals in the late 1950s
declining to between 500—625 seals in the mid to late
1970s (Kenyon, 1981). Entanglement is considered at
least a partial cause of the decline although the magni
tude of its contribution is unknown.
Many populations of sea turtles throughout the
world are in a state of decline. Although these declines
were precipitated by loss of breeding beaches to human
development, incidental take in commercial fisheries,
and harvest of eggs and adults for food, the loss of addi
tional individuals due to ingestion of plastic debris or
tar balls and entanglement in lost fishing nets may be
significant in inhibiting population recoveries or accel
erating rates of decline (Carr, 1986).

conclusion
Certain types of persistent plastic debris, particularly
fishing nets, strapping bands, and small plastic particles,
pose serious threats to marine mammals, seabirds,
turtles, fish, and crustaceans. A variety of natural and
human-related factors increase the probability of inter
actions between plastic debris and certain marine
species: 1. human activity patterns lead to the disposal
or loss of dangerous plastic materials in particular
ocean areas; 2. ocean currents concentrate or trap
floating debris around islands, foraging grounds, and
other areas of special importance to marine species;
and 3. certain species are naturally attracted to debris.
The effects of marine debris are masked because: 1.
interactions tend to be scattered over vast ocean areas;
and 2. the victims of entanglement or ingestion inci
dents are more likely to sink or be consumed by preda
tors than to be found by biologists or members of the
general public. In the absence of reliable data on the
number of animals killed by plastic debris, it is difficult
to determine the importance of this effect relative to
other mortality factors (e.g., natural, commercial
fishing, other pollutants, etc.).
Even though reliable estimates of the magnitude of
the problem are lacking, it is clearly possible that
marine debris may be the principle cause for the con
tinuing decline of some species, such as the northern fur
seal. It is plausible that the cumulative widespread
effects of debris may be no less significant for highly
migratory species, than the effects of large oil spills or
pesticide contamination, which are most readily
detected during periods, such as pupping or nesting
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ABSTRACT
This review discusses the mechanisms of generation and potential impacts of microplastics in the ocean
envitonment. Weathering degradation of plastics on the beaches results in their surface embrittlement
and microcracking. yielding microparticles that are carried into water by wind or wave action. Unlike
inorganic fines present in sea water, microplastics concentrate persistent organic pollutants (POPs) by
partition. The relevant disttibution coefficients for common POPs ate several otders of magnitude in
favour of the plastic medium. Consequently, the microparticles laden with high levels of POPs can be
ingested by marine biota. Bioavailability and the efficiency of transfer of the ingested POPs across trophic
levels ate not known and the potential damage posed by these to the matine ecosystem has yet to be
quantified and modelled. Given the increasing levels of plastic pollution of the oceans it is important
to better understand the impact of microplastics in the ocean food web.
© 2011 Elsevier Ltd. All tights reserved.
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1. Introduction
The first reports of plastics litter in the oceans in the early I 970s
(Fowler, 1987: Carpenter et al., 1972; Carpenter and Smith, 1972;
Coe and Rogers, 1996; Colton and Knapp, 1974) drew minimal
attention of the scientific community. In the following decades,
with accumulating data on ecological consequences of such debris,
the topic received increasing sustained research interest. Most
studies have focused on the entanglement of marine mammals (La
ist, 1997), cetaceans (Clapham et al., 1999) and other species (Erik
son and Burton, 2003) in net fragment litter and on ‘ghost fishing’
by derelict gear in the benthos (Bullimore et al., 2001; Tschetnij
and Larsson, 2003). Ingestion of plastics by birds (Mallory, 2008:
Cadee, 2002) and turtles (Mascarenhas et al., 2004; Bugoni and
Krause, 2001; Tomas and Guitart, 2002) is extensively documented
worldwide and at least 44% of marine bird species are known to inE-mail address: andrady@andrady.com
0025-326X/$ - see front matter 0 2011 Elsevier Ltd. All tights reserved.
doi:10.1016/j.rnarpolbul.201 1.05.030
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gest plastics (Rios and Moore, 2007) with verified accounts of spe
cies such as the black-footed albatross feeding plastics granules to
its chiclcs. With recent reports on the unexpectedly high incidence
of plastic debris in the North Pacific gyre (Moore et al., 2001,
2001 a, 2002: Moore, 2008) this interest has culminated in defining
the topic as a high-priority research area in Marine Biology (Der
raik, 2002: Page and McKenzie, 2004; Arthur et al., 2009). A partic
ular concern is the occurrence of smaller pieces of plastic debris
including those not visible to the naked eye, referred to as microplastics, in the world’s oceans. This review attempts to address
the fate of plastics in the marine environment, the mechanisms
by which microplastics are derived from marine debris and the po
tential ecological impacts of microplastics.

1.1. Plastics used in the marine environment
The annual global demand for plastics has consistently increased
over the recent years and presently stands at about 245 million
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tonnes. Being a versatile, light weight, strong and potentially trans
parent material, plastics are ideally suited for a variety of applica
tions. Their low cost, excellent oxygen/moisture barrier properties,
bio-inertness and light weight make them excellent packaging
materials. Conventional materials such as glass, metal and paper
are being replaced by cost effective plastic packaging of equivalent
or superior design. Nearly a third of the plastic resin production is
therefore converted into consumer packaging material that include
disposable single-use items commonly encountered in beach debris
(Andrady, 2003). How much of the 75—80 million tonnes of packag
ing plastics used globally each year ends up in the oceans, has not
been reliably estimated.
Several broad classes of plastics are used in packaging:
Polyethyelene (PE), Polypropylene (PP), Polystyrene (PS), Poly(eth
ylene terephthalate) (PET): and Poly(vinyl chloride) (PVC). Their
high-volume usage is reflected in their production figures given
in Table I and consequently these in particular have high likeli
hood of ending up in the ocean environment. Extensive fishing,
recreational and maritime uses of the ocean, as well as changing
demographics favoring immigration to coastal regions, will in
crease the future influx of plastics waste into the oceans
(Ribic et al., 2010). Land-based sources including beach littler
contributes about 80% of the plastic debris. The entire global
fishing fleet now uses plastic gear (Watson et al., 2006) and some
gear is invariably lost or even discarded carelessly at sea during
use. Polyolefins (PE and PP), as well as nylons are primarily used
in fishing gear applications (Timmers et al., 2005: Klust, 1982).
About 18% of the marine plastic debris found in the ocean environ
ment is attributed to the fishing industry. Aquaculture can also be
a significant contributor of plastics debris in the oceans (Hinojosa
and Thiel, 2009). The rest is derived largely from land-based
sources including beach litter. Virgin resin pellets, a common
component of debris, enter the oceans routinely via incidental
losses during ocean transport or through run-off from processing
facilities (Gregory. 1996: Doyle et al., 2011: Ogata et al., 2009).
Quantifying floating plastic debris (generally using surfacewater collection of debris with neuston nets) seriously underesti
mates the amounts of plastics in the ocean as those in the sediment
and mid-water are excluded by the technique. The visibility of debris
as flotsam requires plastics to be positively buoyant in sea water
(specific gravity of sea water is .-.~1.025). However, as seen from
Table I only a few of the plastics typically used in the marine envi
ronment has a specific gravity lower than that of seawater. (The spe
cific gravities given are for the virgin resins: plastics in products are
often mixed with fillers and other additives that may alter their spe
cific gravity.) Denser varieties of plastics such as nylons tend to sub
merge in the water column and even reach the coastal sediment.
1.2. Microplastics in the oceans
A recent significant finding is that minute fragments of plastic
debris, termed microplastics, occur in oceans worldwide

(Barnes et al., 2009) including even in Antarctica (Zarfi and
Matthies, 2010). Microplastics, a form of man-made litter, have
been accumulating in the oceans for at least over the last four
decades (Thompson et al., 2004, 2005). Sampled from surface
waters or from beach sand this fraction of litter includes virgin
resin pellets, compounded masterbatch pellets and smaller
fragments of plastics derived from the larger plastic debris (Moore,
2008).
The term microplastcs’ and ‘microlitter’ has been defined
differently by various researchers. Gregory and Andrady (2003)
defined microlitter as the barely visible particles that pass through
a 500 urn sieve but retained by a 67 iim sieve (-‘M.06—0.5 mm in
diameter) while particles larger than this were called mesolitter.
Others (Fendall and Sewell, 2009: Betts, 2008: Moore, 2008),
including a recent workshop on the topic (Arthur et al., 2009)
defined the microparticles as being in the size range <5 mm
(recognising 333 ~.tm as a practical lower limit when neuston nets
are used for sampling.) Particles of plastics that have dimensions
ranging from a few ~tm to 500 im (5 mm) are commonly present
in sea water (Ng and Obbard, 2006; Barnes et al., 2009). For clarity,
this size range alone is referred to as ‘microplastics’ here: the larger
particles such as virgin resin pellets are referred to as ‘mesoplas
tics’ after Gregory and Andrady (2003). Persistent organic
pollutants (POPs) that occur universally in sea water at very low
concentrations are picked up by meso-/microplastics via partition
ing. It is the hydrophobicity of POPs that facilitate their concentra
tion in the meso-/microplastic litter at a level that is several orders
of magnitude higher than that in sea water. These contaminated
plastics when ingested by marine species presents a credible route
by which the POPs can enter the marine food web. The extent of
bioavallability of POPs dissolved in the microplastics to the biota
(Moore, 2008) and their potential bio-magnification in the food
web (Teuten et al., 2007) has not been studied in detail.
Unlike larger fragments microplastics are not readily visible to
the naked eye: even resin-pellets (mesoplastics) mixed with sand
are not easily discernible. Net sampling does not of course collect
the smaller microplastics and no acceptable standard procedure
is presently available for their enumeration in water or sand. The
following is only a suggested procedure derived from published
reports as well as personal experience of the author.
Water samples are filtered through a coarse filter to remove
mesolitter. Sediment or sand samples are slurried in saline water
to allow microplastics to float to the surface. A mineral salt may
be dissolved in the collected sea water or slurry sample to increase
the water density sufficiently to float plastic fragments. Samples of
surface water with floating microparticles are carefully removed
for study. Concentrating samples of sea water samples by evapora
tion can also concentrate the microplastic litter at the surface.
Microplastics in surface water samples can be visualised under a
microscope using a lipophilic dye (such as Nile Red) to stain them
(Andrady, 2010). The water samples will also contain microbiota
such as plankton of the same size range but these will not be

Table I
Classes of plastics that are commonly encountered in the marine environment.
Plastic Class
Low-density polyethylene
High-density polyethylene
Polypropylene
Polystyrene
Foamed Polystyrene
Nylon
Thermoplastic Polyester
Poly(vinyl chloride)
Cellulose Acetate

Specific Gravity

Percentage production’s

Products and typical origin

LOPE LLDPE
HDPE
PP
PS

0.91—0.93
0.94
0.85—0.83
1.05

21%
17%
24%
6%

PA
PET
PVC
CA

1.37
1.38

<3%
7%
19%

Plastic bags, six-pack rings, bottles, netting, drinking straws
Milk and juice jugs
Rope, bottle caps, netting
Plastic utensils, food containers
Floats, bait boxes, foam cups
Netting and traps
Plastic beverage bottles
Plastic film, bottles, cups
Cigarette filters

~ Fraction of the global plastics production in 2007 after (Brien, 2007).
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stained by lipophilic dyes. Digestion of the sample with hot dilute
mineral acid can be used to remove the biomass impurities as the
treatment will not have any impact on the microplastics fraction.
Microplastics suspensions might be identified using optical
microscopy, electron microscopy, Raman spectroscopy and FuR
spectroscopy. The Fig. I below shows a schematic of this suggested
sampling approach designed to isolate microplastics.
As a prelude to discussing the mechanisms responsible for
generation of microplastics, understanding the light-induced
degradation and biodegradation of plastics in the marine
environment is important.
1.3. Plastics degradation under marine conditions
Degradation is a chemical change that drastically reduces the
average molecular weight of the polymer. Since the mechanical
integrity of plastics invariably depends on their high average
molecular-weight, any significant extent of degradation inevitably
weakens the material. Extensively degraded plastics become brittle
enough to fall apart into powdery fragments on handling. Even
these fragments, often not visible to the naked eye, can undergo

Sea Water

.1~

further degradation (generally via microbial-mediated biodegrada
tion) with the carbon in polymer being converted into CO2
(and incorporated into marine biomass). When this process goes
onto completion and all the organic carbon in the polymer is
converted, it is referred to as complete mineralisation (Andrady,
1994, 1998; Eubeler et al., 2009).
Degradation is generally classified according to the agency
causing it.
(a) Biodegradation — action of living organisms usually
microbes.
(b) Photodegradation — action of light (usually sunlight in
outdoor exposure).
(c) Thermooxidative degradation — slow oxidative breakdown
at moderate temperatures.
(d) Thermal degradation* — action of high temperatures.
(e) Hydrolysis .- reaction with water.
*Not an environmental degradation mechanism.
With common polymers such as LDPE, HDPE, PP and nylons
exposed to the marine environment it is primarily the UV-B
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radiation in sunlight that initiates photo-oxidative degradation.
Once initiated, the degradation can also proceed thermooxidatively
for some time without the need for further exposure to UV radia
tion. The autocatalytic degradation reaction sequence can progress
as long as oxygen is available to the system. On degradation the
molecular weight of the polymer is decreased and oxygen-rich
functional groups are generated in the polymer. Other types of
degradation processes are orders of magnitude slower compared
to light-induced oxidation. Hydrolysis is usually not a significant
mechanism in seawater. While all biomaterials, including plastics,
will invariably biodegrade in the marine environment, the rate of
this process, even in the benthic sediment, is several orders of
magnitude slower compared to light-induced oxidative degrada
tion of plastics.
Degradation initiated by solar UV radiation is a very efficient
mechanism in plastics exposed in air or lying on a beach surface.
But when the same plastic material is exposed to sunlight at the
same location but while floating in seawater, degradation is
severely retarded. Andrady and Pegram (1990, 1989a,b) and
Andrady et al. (1993) compared the loss of mechanical integrity
of several common packaging and gear-related plastics exposed
while floating in sea water with those exposed in air at the same
sites (in Biscayne Bay, FL and Pugeot Sound, WA.) The dramatic
reduction in the degradation rate obtained is illustrated in Fig. 2
(left) with the data for polypropylene tape. Tensile extensibility
(%) was used as the measure of degradation in the study and
near-embrittlement was the end-point of interest as degradation
to this extent precluded entanglement of marine mammals on
the debris. Other varieties of plastics exposed on beach or in water
also undergo similar degradation. For instance, the degradation of
fishing gear by sunlight has been studied by Al-Oufi et al. (2004)
and Meenakumari and Radhalakshrni (1995, 1988). The weather
ing of specific gear-related plastics such as polyethylene netting
(Meenakumari and Ravindran, 1985a,b), nylon monofilament
exposed in air at marine sites (Meenakumari and Radhalakshmi,
1988; Thomas and Hridayanathana, 2006) and twine (Meenakumari
and Ravindran, 1985a,b, 1988) has been reported.
The retardation of degradation in plastics exposed to the ele
ments while floating in sea water is primarily the result of the rel
atively lower temperatures and the lower oxygen concentration in
water environments. Unlilce samples exposed in air, the sample
temperatures are maintained at the lower water temperature,
retarding the reaction. The discrepancy in the degradation rates
(between air and floating exposures) is further exacerbated by
fouling effects. Floating plastics will readily develop extensive sur
face fouling, rapidly covering the debris surface first with a biofllm
followed by an algal mat and then a colony of invertebrates (Muth
ukumar et al., 2011). Initial rate of biofouling depends on the sur
face energy S of the plastic; materials with S between 5 and 25 mN/
m are minimally fouled (Kerr and Cowling, 2003). The succession
of epibionts that develop on the surface colony was reported for
exposures in Biscayne Bay, FL (Andrady and Song, 1991); the
sequence
was
bacteria —* diatoms —~ hydroids — ectocar
pales —~ barnacles —* bryozoans. The sequence as well as the
kinetics of fouling, however, strongly depend on water conditions
as well as the season of exposure. The plastic debris gets encrusted
with foulants, increasing in density as fouling progresses. Once the
density exceeds that of sea water it can sink well below the water
surface (Costerton and Cheng, 1987; Andrady and Song, 1991;
Railkin, 2003). Subsequent de-fouling in the water column due to
foraging of foulants by other organisms or other mechanisms,
can decrease its density causing the debris to return baclc to the
surface. A slow cyclic ‘bobbing’ motion of floating plastic debris
attributed to this cyclic change in density on submersion below a
certain depth of water, was proposed by Andrady and Song
(1991) and later confirmed (Stevens and Gregory, 1996; Stevens,
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1992). Fouled debris may increase in density enough to ultimately
reach benthic regions; plastics do occur commonly in the benthos
(Stefatos and Charalampalcis, 1999; Katsanevakis et al., 2007;
Backhurst and Cole, 2000).
Even an extensively weathered, embrittled plastic material
(that falls apart on handling) still has an average molecular weight
in the tens of thousands g/mol. The logarithmic plot of the tensile
extensibility (%) versus the number-average molecular weight for
LDPE that had undergone weathering shown in Fig. 3 illustrates
this. Even for the data points at the very left of the plot (corre
sponding to extensively degraded or embrittled plastic) the values
of M15 I 03—i o~ g/mol. Even at these lower molecular weights
plastics do not undergo ready biodegradation. Ready microbial
biodegradability has been observed in oligomers of about
Mn 500 g/mol polyethylenes. Reduction in particle size by
light-induced oxidation does is no guarantee of subsequent
biodegradability of the meso- or microplastic fragments.
High molecular weight plastics used in common applications do
not biodegrade at an appreciable rate as microbial species that can
metabololize polymers are rare in nature. This is particularly true
of the marine environment, with the exception of biopolymers
such as cellulose and chitin. Recent work, however, has identified
several strains of microbes capable of biodegrading polyethylene
(Sivan, 2011) and PVC (Shah et al., 2008). In concentrated liquid
culture in the laboratory, Actinomycetes Rhodococcus ruber (strain
C208) resulted in a reduction of ca. 8% in the dry weight of the
polyolefin within 30 days of incubation (Gilan et al., 2004). Lac
cases secreted by the species reduced the average molecular
weight of polymer as demonstrated by GPC indicating degradation
via scission of main chains. However, this process does not occur in
soil or marine environments as the candidate microbes are not
available in high enough native concentration and competing
easily-assimilable nutrient sources are always present.
There is virtually no data on kinetics of mineralisation of
plastics in the marine environment. However, biopolymers such
as chitins (Poulicek and Jeuniaux, 1991; Seki and Taga, 1963),
chitosan (Andrady et al., 1992), and a few synthetic polymers such
as aliphatic polyesters do biodegrade rapidly at sea (Mayer and
Kaplan, 1996; Doi et al., 1992; Leathers et al., 2004). Starch-filled
polyolefins (Gonsalves and Patel, 2003; Breslin and Boen, 1993)
are sometimes erroneously referred to as ‘biodegradable’, but only
the starch fraction undergoes ready mineralisation in the marine
environment, Ideally, the polymer material disposed in the
environment should biodegrade completely releasing the carbon
into the carbon cycle. Mineralisation is the complete conversion
of carbon that constitutes the plastics into CO2, water and biomass.
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For a polymer such as a nylon that contains C, H, 0, N the chemical
conversions is as follows:
/

CaHbOcNd+(\2a+
=

aCO2

3d

—

2

/

b

CaHb0cNd+(~2a+
=

aCO2

1.4. Origins of microplastics

3d—b
2
_c)0

H20 + dNH3

b—3d
2

for

(3d

>

b)

(3d

>

b)

‘s

_c)0

b—3d
2 H20 + dNl-13

for

weight loss was in LDPE (1.5—2.5%), followed by that in HDPE
(0.5—0.8%) and PP (0.5—0.6%) (Sudhakar and Doble, 2008).

The rate of carbon conversion under simulated marine exposure
is measured in the laboratory using respirometry (Eubeler et al.,
2009; Shah et al., 2008; Allen and Mayer, 1994). Finely-divided
polymer is incubated in a biotic medium such as coastal marine sed
iment and the carbon dioxide gas evolved during biodegradation is
quantified. To accelerate mineralisation, the medium is typically
enriched with urea (N)/ Phosphates (P), and seeded with an active
microbial culture. The carbon dioxide is estimated titrimetrically
and the percent conversion of carbon from polymer to gas-phase
is calculated. This forms the basis of the Sturm test widely used with
organic compounds. Assessment of Biodegradation of polymers was
reviewed (Andrady, 1994; Eubeler et al., 2009; Shah et al., 2008).
Even under optimum laboratory conditions, in soil seeded with
activated sewage sludge consortia, the rate of CO2 evolution from
biodegradation of polyolefins is so slow that 14C-labelled polymer
was used to monitor the process (Albertsson, 1978; Albertsson
and Karlsson, 1988). Recent data show <1.2% carbon conversion
over a 3-month period (Abrusci et al., 2011) in agreement with pre
vious rate determinations. Pre-oxidised (extensively degraded)
polymers will biodegrade at a faster rate. Rates of 0.2% and 5.7%
carbon conversion per 10 years for low-density polyethylene
ILDPEI without and with pre-photodegradation were reported,
respectively. Guillet et al. reported biodegradation of pre-photoox
idized polystyrene in soil with growing plants to proceed at a rate
of ~5% over 6 months (Guillet et al., 1988). However, these results
are likely to be overestimates as the lower molecular-weight poly
mer fraction and hydrophilic oxygenated degradation products
from extensive pre-degradation (Andrady and Pegram, 1993) are
likely to initially biodegrade rapidly. In any event the finding is
of little practical consequence. Embrittlement in beach weathering
increases the specific surface area of the plastics by several orders
of magnitude and this might be expected to increase its rate of bio
degradation (Kawai et al., 2004). But, this small increase in the rate
of an already very slow process to effect its complete mineralisa
tion in a reasonable timescale of a few years. The laboratory results
are generally consistent with the findings from field exposures;
HDPE, LDPE and PP coupons immersed in Bay of Bengal (India)
observed over a 6-month periods in a recent study. Maximum

How are microplastics in the oceans generated? The origins of
the microplastics might be attributed to two main sources: (a)
direct introduction with runoff and (b) weathering breakdown of
meso- and macroplastics debris. Some microplastics, especially
the manufactured micro- and nanoparticles of plastics used in
consumer products (Maynard, 2006), are introduced directly into
the oceans via runoff. These include the micron-sized plastic parti
cles are typically used as exfoliants in cosmetic formulations
(Gregory, 1996; Fendall and Sewell, 2009), those generated in
ship-breaking industry (Reddy and Shaik, 2006) and industrial
abrasives in synthetic ‘sandblasting’ media (beads of acrylic plas
tics and polyester). These can easily reach the oceans via runoff.
The likely mechanism for generation of a majority of microplas
tics, however, is the in situ weathering of mesoplastics and larger
fragments of plastic litter in the beach environment (Gregory and
Andrady, 2003). Plastic litter occurs on beaches, surface water
and deep water environments but as already pointed out the rates
of weathering in these three sites will be very different. Unlike
those floating in water, plastics litter lying on beaches is subjected
to very high temperatures. Given the relatively low specific heat of
sand (6641/kg-C), sandy beach surfaces and the plastic litter on it
can heat up to temperatures of =40 °C in Summer. Where the plas
tic debris is pigmented darlc, the heat build-up due to solar infra
red absorption can raise its temperature even higher (Shaw and
Day, 1 994).The light-initiated oxidative degradation is accelerated
at higher temperatures by a factor depending on the activation
energy Ea of the process. Where the Ea 50 kJ/mole for instance,
the rate of degradation doubles when the temperature rises by
only 10°C.
Especially with opaque plastics, nearly all the initial oxidative
breakdown occurs at the surface layers. This localised degradation
is because of the high extinction coefficient of UV-B radiation in plas
tics, the diffusion-controlled nature of oxidation reaction
(Cunliffe and Davis, 1982) and the presence of fillers that impede
oxygen diffusion in the material. Degradation occurs faster in
virgin pellets that contain no UV stabilizers compared to that in plas
tics products. Net result of this mode of oxidative degradation is a
weak, brittle surface layer that develops numerous microcracks
and pits as shown in the micrographs in Fig. 4 (Qayyum and White,
1993; Blaga and Yamasaki, 1976; Blaga, 1980). This degraded fragile
surface is susceptible to fracture by stress induced by humidity or
temperature changes as well abrasion against sand (George, 1995).
Microparticles of plastics are derived from this brittle surface layer.
Surface microcracking is commonly observed in UV-exposed plas
tics including HOPE (Akay et al., 1980), LOPE (KUpper et al., 2004;
Tavares et al., 2003), polycarbonate (Blaga and Yamasaki, 1976)
and polypropylene (Qayyum and White, 1993; Yakimets et al.,

Fig. 4. Right: PP exposed to a 600 watt xenon source for 6 weeks (Yakirnets et al. 2004): Middle: PP exposed tori week under desert exposure conditions (Qayyum and White,
1993); Left: LOPE weathered in a weatherorneter for 800k (Kupper, et al., 2004).

AL Andrady/Marine Pollution Bulletin 62 (2011) 1596—1605

2004). Consistent with these findings, extensive microcracking and
pitting is reported on mesoplastic debris collected from beaches as
well (Cooper and Corcoran, 2010; Gregory, 1983; Ogata et al.,
2009). Polypropylene rope sample that had weathered on a pier
for several years (provided courtesy of Capt. Charles Moore, Algalita
Marine Foundation) when extracted with distiled water yielded
large amounts of plastic microplastics that were visualised by stain
ing with Nile Red (Andrady, 2010).
The same degradation does not occur in plastics exposed while
floating in water. As pointed out already, the low water temperature
and foulant effects retard the process dramatically. Plastics that are
directly discarded into the water (from vessels) or litter washed into
the water prior to any significant weathering degradation are also
unlikely to yield microplastics via this mechanism. The same is true
of plastics debris that sink in the water column. The lack of UV-B
(rapidly attenuated in sea water) to initiate the process, the low tem
peratures and the lower oxygen concentration relative to that in air,
makes extensive degradation far less likely than for the floating plas
tics debris. Thus the most likely site for generation of microplastics
in the marine environment is the beach.
Recognition that microparticles (and therefore also nanoplas
tics) are most likely generated on beaches underlines the impor
tance of beach cleaning as an effective mitigation strategy. The
removal of larger pieces of plastic debris from beaches before these
are weathered enough to be surface embrittled can have consider
able value in reducing the microplastics that end up in the ocean.
Beach cleanup therefore can have an ecological benefit far beyond
the aesthetic improvements of the beaches, and by reducing microplastics, contributes towards the health of the marine food web.
1.5. Toxicity of ingested microplastics
Sea water already contains numerous natural micro- and nano
particles (,~.~106_1O7 particles per ml or 10—500 jig/I) most of them
<100 nm in size (Rosse and Loizeau, 2003). Filter feeders in the
ocean ranging from the nano-zooplanktons to Balleen Whales, rou
tinely interact with these without any apparent ill effect. As no
enzymatic pathways available to break down the synthetic poly
mers in any of these organisms, ingested of microplastics are also
never digested or absorbed and should therefore be bio-inert.
Ingestion of microplastics by microbiota. however, presents a very
different problem. The concern is their potential for delivery of
concentrated POPS, mainly those picked up from sea water, to
the organisms (Bowmer and Kershaw, 2010). It is this dissolved
POPs that yield the toxic outcomes.
Any toxicity associated with plastics in general, including meso
or microplastics, can be attributed to one or more of the following
factors:
(a) Residual monomers from manufacture present in the plastic
or toxic additives used in compounding of plastic may leach
out of the ingested plastic. (An example of residual mono
mer is illustrated by the recent issue on residual bis-phenol
A (BPA) in polycarbonates products (Vandenberg et al.,
2007). The potential toxicity of phthalate plasticizers used
in PVC has been widely discussed in the literature (Latini
et al., 2004).)
(b) Toxicity of some intermediates from partial degradation of
plastics. For instance, burning polystyrene can yield styrene
and other aromatics and a partially burnt plastic may con
tain significant levels of styrene and other aromatics.
(c) The POPs present in sea water are slowly absorbed and con
centrated in the microplastic fragments. Plastics debris does
‘clean’ the sea water of the dissolved pollutant chemicals. On
being ingested, however, these can become bioavailable to
the organisms (Endo et al., 2005).
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The rislc posed by the high concentrations of POPs picked up
from the sea water is particularly significant. Sea water typically
contains low levels of a host of chemical species such as insecti
cides, pesticides and industrial chemicals that enter the ocean via
waste water and runoff (Wurl and Obbard, 2004). POPs such as
polychlorinated biphenyls (PCB5), polybrominated diphenyl ethers
(PBDE5), and periluorooctanoic acid (PFOA) have a very large
water-polymer distribution coefficient, I(p~w [L/kgl, in favour of
the plastic. A linear isotherm model relates the mass of the chem
ical sorbed per unit mass of solid polymer (qe) Ejig/kg] to the equi
librium solute concentration (Ce) [jig/LI by the following equation:
Kp/W Ce

(1)

where ~ (L/kg) is the equilibrium distribution coefficient for the
system. This coefficient is approximated sometimes by the lipid—
water distribution coefficient. However, this may underestimate
the polymer—water distribution coefficient seriously for some POPs
(Friedman et al., 2009).
The distribution of organic micropollutants in hydrophobic
plastics has been studied in polypropylene pellets (Rice and Gold,
1984) and polyethylene strips (tested as potential passive sam
pling devices) (Fernandez et al., 2009; Muller et al., 2001; Adams
et al., 2007). l<arapanagioti and Klontza (2008) estimated the dis
tribution coefficient I(~w for phenanthrene, a model POP, in virgin
plastic/sea water system; values of lCd (L/kg) of 13,000 for PE and
380 for PP was reported. A second study by Teuten et al., 2007 re
ported the uptake of phenanthrene by three types of plastics, con
cluding the distribution coefficients to be ranked as follows:
Polyethylene = Polypropylene> PVC. Values of Kp,w [L/kg] of ~i 0”
for polyethylene and ~—10’ for polypropylene were reported.
Importantly, they established that desorption of the contaminant
(back into water) was a very slow process and that even the sedi
ment tended to desorb the phenanthrene faster than plastics frag
ments. Others reported similar high values for lC~w IL/kg] in
common polymers; these include Lohmann et al. (2005) who re
ported 27,000 L/kg for polyethylene, and Mato et al. (2001) who re
ported even higher values for PCBs in polypropylene. The reported
high variability of the experimental Kp,w values in literature can be
attributed to differences in water temperature, the degree of crys
tallinity of the plastic and non-equilibrium effects. These values
imply that plastic meso- and microparticles in the ocean will at
equilibrium yield a highly concentrated source of POPs.
A recent study by Rios and Moore (2007) on plastic mesoopar
tides on four Hawaiian, one Mexican and five California beaches
showed very significant levels of pollutants in the particles. The
ranges of values reported were: ~ PAH=39—l200ng/g: ~
PCB = 27—980 ng/g: ~ DOT = 22—7100 ng/g. These are cumulative
values for 13 PCB congeners and 15 PAHs.The cumulative levels
found in plastic pellets collected from locations near industrial
sites were understandably much higher. Highest values reported
were > PAH = 12,000 ng/g and DDT = 7100 ng/g. A 2009 study re
ported data for 8 US beaches (of which 6 were in CA) as follows
(Ogata et al., 2009): ~ PCB=32—605ng/g; ~ DDT=2—lO6ng/g;
and ~ HCH(4 isomers) = 0—0.94 ng/g. The levels of pollutants in
plastic pellets floating in surface layers are comparable to the
range observed for sediment concentration of the same com
pounds. Recent work has suggested that micro- and mesoplastic
debris may also concentrate metals (Ashton et al., 2010) in addi
tion to the POPs. This is an unexpected finding as the plastics are
hydrophobic but the oxidised surface could carry functionalities
that can bind metals.
The situation is reversed in the case of residual monomer and
additives compounded into plastics as well as partially degraded
plastics carrying degradation products. These plastics debris will
slowly leach out a small fraction of the POPs (additives, monomer
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or products) into the sea water until the appropriate I(p~w [L/kg] Va
lue is reached. The equilibrium is a dynamic one and the POPs are
never irreversibly bound to the polymer but diffuse in an out of the
plastic fragment depending on changes in the concentration of the
POP in sea water. In contrast to ‘cleaning’ of sea water by virgin
plastics these tend to leach a small amount of the POPs into seawa
ter However, while no good estimates or models are available for
the process, the total plastics debris-mediated pollutant load intro
duced into seawater is likely to be at least several orders of magni
tude smaller than that introduced from air and waste water influx
into oceans. The critical ecological risk is not due to low-levels of
POPs in water but from the bioavailability of highly concentrated
pools of POPs in microplastics that can potentially enter the food
web via ingestion by marine biota.
Microparticles and nanoparticles fall well within the size range
of the staple phytoplankton diet of zooplanktons such as the Pacific
Ki-ill. There is little doubt that these can be ingested. Plastic microbeads have been commonly used in zooplankton feeding research.
There are numerous references in the literature (Berk et al., 1991;
Leys and Eerkes-Medrano, 2006; Powell and Berry, 1990) as well as
anecdotal accounts of zooplanktons ingesting plastic particles. The
Pacific KriIl (Euphasea Pacifica). for instance, was observed to ingest
its staple algae as well as polyethylene beads ground to about the
same size range with no evident foraging bias (Andrady, 2009).
However, no studies have been conducted with plastic beads
loaded with POPS; also, it is not known if any chemotactic or other
warning signals that discourage their ingestion (as opposed to that
of ‘clean’ plastic beads) by at least some of the species at risk, oper
ate in nature. Table 2 Is a selection of some of the marine species
shown to be able to ingest plastic beads in laboratory studies.
Information on the bioavailability of sorbed POPS to the organ
ism subsequent to ingestion of tainted microplastics by different
species is particularly sparse. In marine lug worms, a deposit fee
der, Voparil et al. (2004) demonstrated the bioavailability of PAH5
in anthropogenic particles such as tire tread, diesel soot placed in
gut fluid. Gut surfactants in benthic deposit feeders possibly en
hances the bioavailability of POPs in these species (Voparil and
Mayer, 2000; Teuten et al., 2007). Especially with plankton species
with a very small body mass, the quantity of POPs delivered via
saturated microparticles could have a significant toxicological
impact. The dose delivered will depend not only on the volume
of microparticle ingested but also on its residence time in the
organism and the kinetics of repartition of the POPs between the
plastic and tissue medium of zooplanktons. In larger marine
species such as the Great Shearwater (Puffinus gravis) the amounts
of ingested contaminated plastics and polychlorinated biphenyls
(PCB5), DDE, DDT, and dieldrin) in adult fat tissue were positively
correlated (Ryan et al., 1988). No data is available on the transfer
coefficients across marine trophic levels for POPS introduced via
ingested microplastics.

Table 2
Some marine species reported to ingest plastic microparticles.
Phylum

Species

Size of
plastic

Reference

Echinodermata

Mesoplastic

Graham and
Thompson (2009)

Mollusca

Holothurio fieldana,
H. griseo, Cucumaria
frondosa and
Thyonella geinmata
Mytilus edulis

Microplastics

Lug Worms

Arenicola marina

Browne et al.
(2008)
Thompson Ct al.
(2004), Voparil
Ct al. 2004 and
Teuten et al., 2007

oceans. Recent studies based on quantifying the photosynthetic
pigments indicate the nano- and picoplankton are not only the
predominant group of plankton biomass but are also the predom
inant contributors to primary production (Uitz et al., 2010). As
plastic nanoparticles in the water are of a comparable size scale,
understanding their mechanisms of interaction with the nano- or
picofauna is particularly important. While some limited data on
the interaction of nanoparticles with biota is available, the studies
have been for the most part on non-organic, engineered nanopar
tides such as oxides, metals, carbon nanotubes and quantum dots
(Templeton et al., 2006). Though these have shown different levels
of toxicity to algae (Hund-Rinke and Simon, 2006), zooplankton
(Lovern and Klaper, 2006: Templeton et al., 2006), Daphnea sp.
(Roberts et al., 2007), zebra fish embryo (Usenko et al., 2008; Zhu
et al., 2007), bivalves (Gagne et al., 2008) fat-head minnow
(Zhu et al., 2006), rainbow trout (Smith et al., 2007; Federici
et al., 2007), Zebra fish (Griffitt et al., 2008; Asharani et al.,
2008). the data cannot be reliably extrapolated to polymer nano
particles. Inorganic nanoparticles may carry some POPs via surface
absorption but plastic particles are expected to have much higher
levels of matrix-solubilised POPs. Data on the effects of plastic
nanoparticles on marine flora and fauna (Bhattacharya et al.,
2010; Brown et al., 2001) are limited.
Pico- and nanoparticles are within the size range where these
can enter cells by endocytosis. This route of interaction is effective
and the potential of using nanoparticles to deliver drugs intra
cellularlly is being actively explored. Physiological impacts of
endocytosed polymer nanoparticles carrying POPS in planktons
have not been studied. Interaction of nanoplastic debris with biota
can result in their internalisation affecting marine animals system
ically. For instance, nanoparticles of Fullerene that deposit on gill
epithelium of Bass can be internalised and be directed to the brain
via axonic pathway of the olfactory nerve (Oberdorster, 2004), a
route also available for biological particles such as virusus. A
polymer nanoparticle laden with POPs can also follow the same
pathway likely deposit its load into lipophilic neural tissue.

1.6. Nanoplastics in the oceans
Engineered plastic nanoparticles derived from post-consumer
waste as well as from meso-/microplastics via degradation pose a
specific challenge to the ecosystem. Though as yet not quantified,
there is little doubt that nanoscale particles are produced during
weathering of plastics debris. If these are able to persist as free
nanoparticles once introduced into water medium is an important
consideration. Nanoparticles in air and water readily agglomerate
into larger clusters or lose aggregates with other material.
Nanoparticles incorporated in these can still be ingested by filter
feeders (Ward and Kach, 2009) but if they will have the same
physiological impact of the primary nanoparticles is not lcnown.
Small Eukaryotic protists, Diatoms and Flagellates that measure
in the range of 200 nm to a couple of microns are abundant in the

2. Conclusions
Production trends, usage patterns and changing demographics
will result in an increase in the incidence of plastics debris and
microplastics, in the ocean environment. A primary mechanism
for rnicroplastics generation appears to be the weathering-related
fracturing and surface embrittlement of plastics in beach
environments. Micro- and nanoplastics are recalcitrant materials
under marine exposure conditions. While they constitute only a
very small fraction of the micro- and nanoparticulates present in
sea water, the proven propensity of plastics to absorb and concen
trate POPs is a serious concern. As POPs — laden particles are poten
tially ingestible by marine organisms including micro- and
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nanoplankton species, the delivery of toxins across trophic levels
via this mechanism is very likely. The efficiency of such transfer
will depend on the bioavailablity of POPs and the residence time
of meso- or microplastics in the organisms. Endocytosis of plastic
nanoparticles by micro- or nanofauna can also result in adverse
toxic endpoints. As plankton species constitute the very foundation
of the marine food web, any threat to these can have serious and
far-reaching effects in the world oceans. There is an urgent need
to quantify the magnitude of these potential outcomes and assess
the future impact of increasing microplastics levels on the world’s
oceans.
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raw materials and minimizing negative externalities. Such a transition
requires a systemic approach, which entails moving beyond incremental
improvements to the existing model as well as developing new
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10 1 The Case for Rethinking
Plastics, Starting with
Packaging

The report explores the intersection of these two themes, for plastics and plastic
packaging in particular: how can collaboration along the extended global plastic
packaging production and after-use value chain, as well as with governments
and NGOs, achieve systemic change to overcome stalemates in today’s plastics
economy in order to move to a more circular model?
The New Plastics Economy aims to set an initial direction and contribute to the
evidence base by synthesizing information from across many dispersed sources.
It assesses the benefits and drawbacks of plastic packaging today, and makes
the case for rethinking the current plastics economy. It lays out the ambitions and
benefits of the New Plastics Economy a system aiming to achieve drastically
better economic and environmental outcomes. It proposes a new approach and
action plan to get there.
—
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Demands a New Approach

he reports objective is not to provide final answers or recommendations. Rather,
it aims to bring together for the first time a comprehensive global perspective of
the broader plastic packaging economy, present a vision and propose a roadmap
as vvell as a vehicle for progressing this roadmap, and providing a much-needed
global focal point to carry this agenda forward. This report also identifies a
number of significant knowledge gaps and open questions that need to be
further explored.
This report is the product of Project MainStream, an initiative that leverages the
convening power of the World Economic Forum, the circular economy innovation
capabilities of the Ellen MacArthur Foundation, and the analytical capabilities of
McKinsey & Company. We are grateful to our numerous partners and advisors
for their insights and support throughout this project, and the Project MainStream
Steering Board for their continued collaboration on the transition towards a
circular economy.
For the three institutions that have launched the MainStream initiative, this report
is an encouragement to continue to foster cross-industry collaboration as a major
avenue to accelerate the transition to the much-needed circular economy. We
hope you find this report informative and use ul. We invite you to engage with us
on this timely opportunity.
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Foreword
We live in a defining moment in history a moment where
the international community has come together to agree on
an ambitious framework to resolve some of the world’s most
daunting challenges.
—

Anchored in a set of universally applicable Sustainable
Development Goals, the 2030 Agenda for Sustainable
Development, adopted by all 193 members of the United
Nations in September 2015, underlined a common
determination to take bold and transformative steps towards
a better future for all.
Now is the time for implementation. We must now begin to
practice what we have preached changing our production
and consumption patterns in order to create virtuous
cycles rather than depietive ones and harnessing the global
interconnectedness, communications technology and
breakthroughs in materials science.
—

All sectors of the economy must respond to these global
agreements, and due to their sheer pervasiveness and
scale, some sectors are facing questions as to the direction
they should take. This is particularly the case for plastics,
which have tangible and substantial benefits. but whose
drawbacks are significant, long-term and too obvious to
ignore. It is therefore encouraging to see an initiative like the
New Plastics Economy take shape, supported by a diverse
group of participants from the industry striving for innovative
solutions grounded in systems thinking.
Concrete and game-changing steps have to be taken for
us to achieve the future we want anchored in the SDGs. I
therefore welcome wholeheartedly the bold ideas, ambitious
objectives and comprehensive action plan presented in
this report. If implemented, it could make an important
contribution to transforming this important sector of the
global economy.

Mogens Lykketoft
President of the UN General
Assembly for the 70th session
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Economy

of a broader rethink ar’o’ new approach to captu,’e value in the New
Plastics Economriv. The economic arid environmental case is now
clear - I thorefore call on governments and businesses alike to take
urgei it acrion to capture the opportunity.”

‘As the Consumer Goods Forum, vie vveicorne’this pro ndbreak~ncr
report on the New Plastics Ebonoirry. Packaging s integral to the
delivery of sate, high-quality consumer products, but we ~scognlse
the need to rethink radically how we use plastics, creatng new
circular systems that conserve resources, reduce pollution
and promote efficiency. [his report improves substantially our
understanding of the solutions we need.”

Trevor Manuel, Co-chair, Global Ocean Commission

Mike Barry and Jeff Seabright, co-chairs of the Consumer
Goods Forum Sustainability Pillar
“The Global Ocean Commission has been workfriç~ with the Pd ice of
Wales’ International Sustainabhity Unit to raise pol~ticai and business
awareness of the urgent need to address plastic waste entering the
ocean, and tionsition to a more circular model for plastics. 1 am very
pleased to see that The Ellen MacArthur Foundation and its partners
have responded to This call to action, through the New Plastics
Economy report, and have developed an orribitious yet realistic plan
to address the issue at its ioot. I stronoiy encourage nations and
business leaders to consider the contents of this report and develop
corresponding strategies.”

David Miliband. Co-chair, Global Ocean Commission
“It rr high time to implement the circular econonre pnncio!es in the
plastic sector Increasing plastic reryclimy; would capture siynficant
material value and help reduce greenhouse gas emissions. As pointed
out in this repon’, plastic production has increased from 15 trillion
tonnes in the sixties to 311 million tonries in 2014 and is expected
to tnpie by 2050, when it rvoulci account for 20% of global annual
oil consumption. These are exactly the reasons why i/boll’s, which is
already actively engaged in promot1ng circular solutions, welcomes
and supports the New Plastics Economy.”

“SUEZ was pleases to coritnbute to the New Plastics Econo,rly
report, a collaborative case for rethinking the current plastics
economy. As This report shows, a radical and joint rethink of both
design and after-use processes will be required, in addition to
other measures such as stimulating demand for secondary raw
materials. VVe look torward to continued collaboration to enable
better economic and onvil’onl77ental results in the plastic packagimig
value chain and to accelerate the transition towards the circular
ecorlolriy.”

Jean-LoLlis ChaLissade, Chief Executive Officer, SUEZ
“Systerrs thinking arid integi’ated approaches are needed if we
are to sustainably use and manage our global resources in a
mr~anner that enables tile achieverrient of the Pan’s dllmate change
agreement while advancing a circular economy. In my work with
the 67 /lliilrnce on liosoirrc’e LZticiency there’s ongoing discussion
about the riced to dihrupt ‘fuLisiness as usual”. “The Nevv Plastics
Economy —Rethinking the future’ of plastics’ continues in that vein.
coi’itinues in tint veil,”

Mathy Stanislaus, USEPA Assistant Administrator for the
Office of Land and Emergency Management
“This is an im~oortam1t report highlighting some of the ke,y issues related
to plastics and their leakage into the marine environment, It is also
an exciting report that pioposes new approaches within a circular
econorr1y framework that could re-orientate society’s use of plastics
and start to address the problems that our current use is creating.”

Professor Stephen de Mora, Chief ExecLitive, Plymouth
Marine Laboratory

Antoine Frérot, CEO, Veolia
“The New Plastics Edonoi’ny takes’ a detailed look into one of the
world’s most pervasive modern materials. The reporT lays out a foun
dation fora more sustainable systerri of rriaking and using plastics
and plastic packaging, taking into account tlie unique challc’ngc’s and
opportunities on the use, re-use, and collection of the matErnal. Ills a
call to action for an amnhitiotis redesign with a longer term yew ot the
value at stake and intensive collaboration among various players.”

Dominic Barton. Global Managing Director, McKinsey &
Company
“London is already actively taking steps towards’ a l7lore circular
model for plastics and plastic packaging. However irroro carl and
needs to he done, and I therefore welcome, support arid thank
the Ellen MacArthur Foundation, the World Economic Forum and
McKinsey for their effort in identifying arid prornotrng the global
innovations required if we ale going to contini.~e to enjoy the
benefits that plastics bring to our llves.”

Matthew Pencharz, Deputy Mayor for Environment and
Energy, Greater London Authority
“The Nevv Plastics Economy is an exciting opportunity to irlspii’e a
generation of designers to prulbundlly rethink plastic pacliagimig arid
its role in a system that works.”

Tim Brown, CEO, IDEO
“In the Global Ocean Commission C I’epoIi ‘From Decline to Recov
ery.’ A Rescue Package for the Global Ocean’, we identified keeping
plastics out of the ocean as one of our key p~’oposaIs for action to
advance ocean recovery, This report is an excellent next step, offer
ing a root-cause solution to the problem of ocean piastrcs as part

Project MainStream
This report was written under the umbrella of Project
MainStream, a multi-industry, global initiative launched in
2014 by the World Economic Forum and the Ellen MacArthur
Foundation, with McKinsey & Company as knowledge partner,
MainSti’eamn is led by tl’ie chief executive officers of rune global
companies: Averda, BT Desso BV (a Tarkeft company), Royal
DSM, Ecolab, lndorama, Philips, SUEZ and Veolia.
MainStream aims to accelerate business-driven innovations
and help scale the circular economy, It focuses on systemic
stalemates in global material flows that are too big or too
complex for an individual business, city or government
to overcome alone, as well as on enablers of the circular
econonruy such as digital technologies,

Disclaimer
This report has been produced by a team from the Ellen
MacArthur Foundation, which takes ft/b responsibility for the
report’s contents arid conclusions. McKinsey & Company
provided analytical support. While the project participants,
members of the advisory panel and experts consulted
acknowledged on the following pages have provided
significant input to the development of this report. their
participation does not necessarily imply endorsement of the
report’s contents or conclusions.
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Executive Summary
Plastics have become the ubiquitous workhorse materia]
of the modern economy combining unrivalled functional
properties with low cost. Their use has increased twenty
fold in the past half-century and is expected to double
again in the next 20 years. Today nearly everyone,
everywhere, every day comes into contact with plastics
especially plastic packaging, the focus of this report. While
delivering many benefits, the current plastics economy
has drawbacks that are becoming more apparent by the
day. After a short first-use cycle. 95% of plastic packaging
material value, or $80—i 20 billion annually, is lost to the
economy. A staggering 32% of plastic packaging escapes
collection systems, generating significant economic costs
by reducing the productivity of vital natural systems such
as the ocean and clogging urban infrastructure. The cost
of such after-use externalities for plastic packaging, plus
the cost associated with greenhouse gas emissions from
its production, is conservatively estimated at $40 billion
annually exceeding the plastic packaging industry’s
f)rofit pool. In future, these costs will have to be covered.
In overcoming these drawbacks, an opportunity beckons:
enhancing system effectiveness to achieve better economic
and environmental outcomes while continuing to harness
the many benefits of plastic packaging. The “New Plastics
Economy” offers a new vision, aligned with the principles
of the circular economy, to capture these opportunities.
With an explicitly systemic and coitaboralive approach, the
New Plastics Economy aires to overcome the limitations
of today’s incremental improvements and fragmented
initiatives, to create a shared sense of direction, to spark
a wave of innovation and to move the plastics value chain
into a positive spiral of value capture, stronger economics.
and better environmental outcomes. This rei:ort outlines
a fundamental rethink for plastic packaging and plastics
in general; it offers a new approach with the potential to
transform global plastic packaging material flows and
thereby usher in the New Plastics Economy.
—

-

—

Background to this work
This report presents a compelling opportunity to increase
the system effectiveness of the plastics economy, illustrated
by examples from the plastic packaging value chain. The
vision of a New Plastics Economy offers a new way of
thinking about plastics as an effective global material flow,
aligned with the principles of the circular economy.
The New Plastics Economy initiative is, to our knowledge,
the first to have developed a comprehensive overview of
global plastic packaging material flows, assessed the value
and benefits of shifting this archetypally linear sector to a
circular economic model, and identified a practical approach
to enabling this shift. This report bases its findings on
interviews with over i 80 experts and on analysis of over 200
reports.
This report is the result of a three-year effort led by the
Ellen MacArthur Foundation, in partnership with the World
Economic Forum and supported by McKinsey & Company.
Initial interest in the topic of packaging was stimulated by
the second Towards the Circular Economy report developed
by the Ellen MacArthur Foundation and published in 20i3.
That report quantified the economic value of shifting to
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a circular economic approach in the global, fast-moving
consumer goods sector, highlighting the linear consumption
pattern of that sector, which sends goods worth over $2.6
trillion annually to the world’s landfills arid incineration plants.
The report showed that shifting to a circular model could
generate a $706 billion economic opportunity, of which a
significant proportion attributable to packaging.
The subsequent Towards the Circular Economy volume 3,
published by the Ellen MacArthur Foundation and the World
Economic Forum in 2014, also supported by McKinsey,
explored the opportunities and challenges for the circular
economy across global supply chains, focusing on several
sectors including plastic packaging. This study triggered
the creation of Project MainStream, which formed materialspecific working groups, including a plastics working
group; this group in turn quickly narrowed its scope of
investigation to plastic packaging due to its omnipresence
in daily life all over the globe. The resulting initiative was
the first of its type and included participants from across
the global plastic packaging value chain. It sought to
develop a deep understanding of global plastic packaging
material flows and to identify specific ways of promoting the
emergence of a new, circular economic model. It was led
by a steering board of nine CEOs and included among its
participants polymer manufacturers; packaging producers:
global brands: representatives of major cities focused on
after-use collection; collection, sorting and reprocessing!
recycling companies: and a variety of industry experts and
academics.
—

In the course of the MainStream work, an additional key
theme presented itself: plastics “leaking” (escaping) from
after-use collection systems and the resulting degradation
of natural systems, particularly the ocean. Although not the
focal point initially, evidence of the looming degradation of
marine ecosystems by plastics waste, particularly plastic
packaging, has made plastics leakage a priority topic for
MainStream. The economic impact of marine ecosystem
degradation is only just being established through scientific
and socio-economic research and analysis. However, initial
findings indicate that the presence of hundreds of millions
of tonnes of plastics (of which estimates suggest that
packaging represents the majority) in the ocean, whether as
microscopic particles or surviving in a recognizable form for
hundreds of years, will have profoundly negative effects on
marine ecosystems and the economic activities that depend
on them.
This report is designed to initiate not conclude a
deeper exploration of the New Plastics Economy. It
provides an initial fact base, shared language, a sense of
the opportunities derived from the application of circular
principles, and a plan for concerted action ‘for the next three
years and beyond. It also identifies critical questions that
could not be answered sufficiently within the scope of this
work, but need to be in order to trigger aligned action.
—

—

The case for rethinking plastics, starting with
packaging
Plastics and plastic packaging are an integral and
important part of the global economy. Plastics production
has surged over the past 50 years, from 15 million tonnes
in 1964 to 311 million tonnes in 2014, and is expected to
double again over the next 20 years, as plastics come to
serve increasingly many applications. Plastic packaging,
the focus of this report, is and will remain the largest
application; currently, packaging represents 26% of the
total volume of plastics used. Plastic packaging not only
delivers direct economic benefits, hut can also contribute
to increased levels of resource productivity for instance,
plastic packaging can reduce food waste by extending shelf
life and can reduce fuel consumption for transportation by
bringing packaging weight down.
—

While delivering many benefits, the current plastics
economy also has important drawbacks that are
becoming more apparent by the day.
Today, 95% of plastic packaging material value, or $80—
120 billion annually, is lost to the economy after a short
first use. More than 40 years after the launch of the first
universal recycling symbol, only 14% of plastic packaging
is collected for recycling. When additional value losses in
sorting and reprocessing are factored in, only 5% of material
value is retained for a subsequent use. Plastics that do get
recycled are mostly recycled into lower-value applications
that are not again recyclable after use. The recycling rate for
plastics in general is even lower than for plastic packaging,
and both are far below the global recycling rates for paper
(58%) and iron and steel (70—90%). In addition, plastic
packaging is almost exclusively single-use, especially in
business-to-consumer applications.
Plastic packaging generates significant negative
externalities, conservatively valued by UNEP at $40
billion and expected to increase with strong volume
growth in a business-as-usual scenario. Each year, at
least 8 million tonnes of plastics leak into the ocean which
is equivalent to dumping the contents of one garbage
truck into the ocean every minute. If no action is taken, this
is expected to increase to two per minute by 2030 and
four per minute by 2050. Estimates suggest that plastic
packaging represents the major share of this leakage, The
best research currently available estimates that there are
over 150 million tonnes of plastics in the ocean today. In
a business-as-usual scenario, the ocean is expected to
contain 1 tonne of plastic for every 3 tonnes of fish by 2025,
and by 2050, more plastics than fish (by weight).
—

The production of plastics draws on fossil feedstocks,
with a significant carbon impact that will become even
more significant with the projected surge in consumption.
Over 90% of plastics produced are derived from virgin
fossil feedstocks. This represents, for all plastics (not just
packaging), about 6% of global oil consumption, which
is equivalent to the oil consumption of the global aviation
sector. If the current strong growth of plastics usage
continues as expected. the plastics sector will account for
20% of total oil consumption and 15% of the global annual
carbon budget by 2050 (this is the budget that must be
adhered to in order to achieve the internationally accepted
goal to remain below a 2°C increase in global warming).

Even though plastics can bring resource efficiency gains
during use, these figures show that it is crucial to address
the greenhouse gas impact of plastics production and afteruse treatment.
Plastics often contain a complex blend of chemical
substances, of which some raise concerns about potential
adverse effects on human health and the environment. While
scientific evidence on the exact implications is not always
conclusive, especially due to the difficulty of assessing
complex long-term exposure and compounding effects,
there are sufficient indications that warrant further research
and accelerated action.
Many innovations and improvement efforts show
potential, but to date these have proved to be too
fragmented and uncoordinated to have impact at
scale. Today~ plastics economy is highly fragmented. The
lack of standards and coordination across the value chain
has allowed a proliferation of materials, formats, labelling,
collection schemes and sorting and reprocessing systems,
which collectively hamper the development of effective
markets. Innovation is also fragmented. The development
and introduction of new packaging materials and formats
across global supply and distribution chains is happening
far faster than and is largely disconnected from the
development and deployment of corresponding after-use
systems and infrastrLlcture. At the same time, hundreds, if
not thousands, of small-scale local initiatives are launched
each year, focused on areas such as improving collection
schemes and installing new sorting and reprocessing
technologies. Other issues, such as the fragmented
development and adoption of labelling standards, hinder
public understanding and create confusion.
In overcoming these drawbacks, an opportunity
beckons: using the plastics innovation engine to move
the industry into a positive spiral of value capture,
stronger economics and better environmental
outcomes.

The new plastics economy: capturing the
opportunity
The overarching vision of the New Plastics Economy is
that plastics never become waste; rather, they re-enter
the economy as valuable technical or biological nutrients.
The New Plastics Economy is underpinned by and aligns
with principles of the circular economy. Its ambition is to
deliver better system-wide economic and environmental
outcomes by creating an effective after-use plastics
economy, drastically reducing the leakage of plastics into
natural systems (in particular the ocean) and other negative
externalities; and decoupling from fossil feedstocks.
Even with today’s designs, technologies and systems, these
ambitions can already be at least partially realized. One
recent study found, for example, that in Europe today 53%
of plastic packaging could be recycled economically and
environmentally effectively. While the exact figure can be
debated and depends on, amongst others, the oil price, the
message is clear: there are pockets of opportunities to be
captured today and even where not entirely feasible today,
the New Plastics Economy offers an attractive target state
for the global value chain and governments to collaboratively
innovate towards.
—
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Given plastic packaging’s many benefits, both the likelihood
and desirability of an across-the-board drastic reduction
in the volume of plastic packaging used is clearly low.
Nevertheless, reduction should be pursued where possible
and beneficial, by dernaterializing. moving away from singleuse as the default, and substituting by other materials.

—

Create an effective after-use plastics economy.
Creating an effective after-use plastics economy is the
cornerstone of the New Plastics Economy and its~’~first
priority. Not only is it crucial to capture more material value
and increase resource productivity, it also provides a direct
economic incentive to avoid leakage into natural systems
and will help enable the transition to renewably sourced
feedstock by reducing the scale of the transition.
—

—

—

Radically increase the economics, quality and up
take of recycling. Establish a cross-value chain dialogue
mechanism and develop a Global Plastics Protocol to set
direction on the re-design and convergence of materials,
formats, and after-use systems to substantially improve
collection, sorting and reprocessing yields, quality and
economics, while allowing for regional differences and
continued innovation. Enable secondary markets for re
cycled materials through the introduction and scale-up of
matchmaking mechanisms, industry commitments and/
or policy interventions. Focus on key innovation oppoi-tu
nities that have the potential to scale up, such as invest
ments in new or improved materials and reprocessing
technologies. Explore the overall enabling role of policy.
Scale up the adoption of reusable packaging within
business-to-business applications as a priority, but also
in targeted business-to-consumer applications such as
plastic bags.
Scale up the adoption of industrially compostable
plastic packaging for targeted applications such as
garbage bags for organic waste and food packaging
for events, fast food enterprises. canteens and other
closed systems, where there is low risk of mixing with the
recycling stream and where the pairing of a compostable
package with organic contents helps return nutrients in
the contents to the soil.

Drastically reduce the leakage of plastics into natural
systems and other negative externalities.
Achieving a drastic reduction in leakage would require joint
efforts along three axes: improving after-use infrastructure
in high-leakage countries, increasing the economic
attractiveness of keeping materials in the system and
reducing the negative impact of plastic packaging when
it does escape collection and reprocessing systems. In
addition, efforts related to substances of concern could be
scaled up and accelerated.
Improve after-use collection, storage and
reprocessing infrastructure in high-leakage
countries. This is a critical first step, but likely not
sufficient in isolation. As discussed in the Ocean
Conservancy’s 2015 report Stemming the Tide, even
under the very best current scenarios for improving
infrastructure, leakage would only he stabilized, not
eliminated, implying that the cumulative total volume
of plastics in the ocean would continue to increase
strongly. Therefore, the current report focuses not on the
urgently needed short-term improvements in after-use
infrastructure in high-leakage countries but rather on the
complementary actions required.
—
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Increase the economic attractiveness of keeping
materials in the system. Creating an effective after
use plastics economy as described above contributes
to a root-cause solution to leakage. Improved
economics make the build-up of after-use collection and
reprocessing infrastructure more attractive. Increasing
the value of after-use plastic packaging reduces the
likelihood that it escapes the collection system, especially
in countries with an informal waste sector.
Steer innovation investment towards creating
materials and formats that reduce the negative
environmental impact of plastic packaging leakage.
Current plastic packaging offers great functional benefits,
hut it has an inherent design failure: its intended useful
life is typically less than one year; however, the material
persists for centuries, which is particularly damaging if
it leaks outside collection systems, as happens today
with 32% of plastic packaging. The efforts described
above will reduce leakage, but it is doubtful that leakage
can ever be fully eliminated and even at a leakage rate
of just 1 %, about 1 million tonnes of plastic packaging
would escape collection systems and accumulate in
natural systems each year. The ambitious objective
would he to develop ‘bio-benign’ plastic packaging that
would reduce the negative impacts on natural systems
when leaked, while also being recyclable and competitive
in terms of functionality and costs. Today’s biodegradable
plastics rarely measure upto that ambition, as they are
typically compostable only under controlled conditions
(e.g. in industmial compostems). Further research and
game-changing innovation are needed.
Scale up existing efforts to understand the potential
impact of substances raising concerns and
accelerate development and application of safe
alternatives.
—

—

Decouple plastics from fossil feedstocks.
Decoupling plastics from fossil feedstocks would allow the
plastic packaging industry to complement its contributions
to resource productivity during use with a low-carbon
production process, enabling it to effectively participate
in the low-carbon world that is inevitably drawing closer.
Creating an effective after-use economy is key to decoupling
because it would, along with dematerialization levers,
reduce the need for virgin feedstock. Another central part of
this effort would be the development of renewably sourced
materials to provide the virgin feedlstock that would still be
required to compensate for remaining cycle losses, despite
the increased recycling and reuse.

The new plastics economy demands a new
approach
To move beyond small-scale and incremental improvements
and achieve a systemic shift towards the New Plastics
Economy, existing improvement initiatives would need to he
complemented and guided by a concerted. global, systemic
and collaborative initiative that matches the scale of the
challenge and the opportunity. An independent coordinating
vehicle would be needed to drive this initiative. It would need
to be set up in a way that recognizes that the innovations
required for the transition to the New Plastics Economy are
driven collaboratively across industry, cities, governments
and NGOs. In this initiative, consumer goods companies,
plastic packaging producers and plastics manufacturers
would play a critical role, because they determine what
products and materials are put on the market. Cities control
the after-use infrastructure in many places and are often
hubs for innovation. Businesses involved in collection,
sorting and reprocessing are an equally critical part of
the puzzle. Policymakers can play an important role in
enabling the transition by realigning incentives, facilitating
secondary markets, defining standards and stimulating
innovation. NGOs can help ensure that broader social
and environmental considerations are taken into account.
Collaboration would be required to overcome fragmentation,
the chronic lack of alignment between innovation in design
and after-use, and lack of standards, all challenges that
must be resolved in order to unlock the New Plastics
Economy.
The coordinating vehicle would need to bring together the
different actors in a cross-value chain dialogue mechanism
and drive change by focLising on efforts with compounding
effects that together would have the potential to shift the
global market. Analysis to date indicates that the initial areas
of focus could he:
—

Establish a Global Plastics Protocol and coordinate
large-scale pilots and demonstration projects. Re
design and converge materials, formats and after-use
systems, starting by investigating questions such as: To
what extent could plastic packaging be designed with a
significantly smaller set of material/additive combinations,
and what would be the economic benefits if this were
done? What would be the potential to design out smallformat/low-value plastic packaging such as tear-offs,
with challenging after-use economics and especially
likely to leak? What would be the economic benefits if all
plastic packaging had common labelling and chemical
marking, and these were well aligned with standardized
separation and sorting systems? What if after-use
systems, currently shaped by fragmented decisions
at municipal or regional level, were rethought and
redesigned to achieve optimal scale and economics?
What would be the best levers to stimulate the market for
recycled plastics? Set global direction by answering such
questions, demonstrate solutions at scale with largescale pilots and demonstration projects, and drive global
convergence (allowing for continued innovation and
regional variations) towards the identified designs and
systems with proven economics in order to overcome
the existing fragmentation and to fundamentally shift
after-use collection and reprocessing economics and
market effectiveness.

—

—

—

—

Mobilize large-scale “moon shot” innovations. The
world’s leading businesses, academics and innovators
would be invited to come together and define “moon
shot’ innovations: focused, practical initiatives with
a high potential for significant impact at scale. Areas
to look at for such innovations could include the
development of bio-benign materials; the development
of materials designed to facilitate multilayer reprocessing,
such as the use of reversible adhesives based on
biomimicry principles; the search for a “super-polymer”
with the functionality of today’s polymers and with
superior recyclability; chemical marking technologies;
and chemical recycling technologies that would
overcome some of the environmental and economic
issues facing current technologies.
Develop insights and build an economic and
scientific evidence base. Many of the core aspects
of plastic material flows and their economics are still
poorly understood. While this report, together with a
number of other recent efforts, aims to provide initial
answers, more research is required. Initial studies could
include: investigating in further detail the economic
and environmental benefits of solutions discussed in
this report; conducting meta-analyses and research
targeted to assess the socio-economic impact of ocean
plastics waste and substances of concern (including
risks and externalities); determining the scale-up
potential for greenhouse gas-based plastics (renewably
sourced plastics produced using greenhouse gases
as feedlstock); investigating the potential role of (and
boundary conditions for) energy recovery in a transition
period; and managing and disseminating a repository of
global data and best practices.
Engage policy-makers in the development of a
common vision of a more effective system, and provide
them with relevant tools, data and insights related to
plastics and plastic packaging. One specific deliverable
could he a plastics toolkit for policy-makers, giving them
a structured methodology for assessing opportunities,
barriers and policy options to overcome these barriers in
transitioriing towards the New Plastics Economy.
coordinate and drive communication of the nature
of today’s situation, the vision of the New Plastics
Economy, best practices and insights, as well as specific
opportunities and recommendations, to stakeholders
acting along the global plastic packaging value chain.
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1 The Case for Rethrnk~ng
Plastics, Starting with
Packaging
Owing to their combination of u[lrivaiied properties and ow
cost, plastics are the workhorse material of the modern
economy. Their use has increased twenty-fold in the past
half-century, and is expected to double again in the next 20
years. Today nearly everyone, everywhere, every day comes
into contact with plastics especially plastic packaging, on
which the report focuses. While delivering many benefits,
the current plastics economy has drawbacks that are
becoming more apparent by Ihe day. After a first short use
cycle, 95% of plastic packaging rnalerial value, or $80—1 20
billion annually, is lost to the economy. A staggering 32% of
plastic packaging escapes collection systems, generating
significant economic costs by reducing the productivity of
vital natural systems such as the ocean and clogging urban
infrastructure, The cost of such after-use externalities for
plastic packaging, plus the cost associated with greenhouse
gas emissions from its production, has been estimated
conservatively by UNEP at $40 billion exceeding the
plastic packaging industry’s profit pool. In future, these costs
will have to be covered. In overcoming these drawbaci’s,
an opportunity beckons: enhancing system effectiveness to
achieve better economic and environmental outcomes while
continuing to reap the many benefits of plastic packaging.
--

--

11 Plastics and Plastic
Packaging Are an Integral and
Important Part of the Global
Economy
Today, imagining a world without plastics’ is nearly
impossible. Plastics are increasingly used across the
economy, serving as a key enabler for sectors as diverse
as packaging, construction, transportation, healthcare and
electronics. Plastics now make up roughly 15% of a car2 by
weight and about 50% of the Boeing Dreamliner.3
Plastics have brought massive economic benefits to these
sectors, thanks to their combination of low cost, versatility,
durability and high strength-to-weight ratio.” The success
of plastics is reflected in the exponential growth in their
production over the past half-century (Figure 1). Since 1964,
plastics production has increased twenty-fold, reaching
311 million tonnes in 2014, the equivalent of more than 900
Empire State Buildings.6 Plastics production is expected to
double again in 20 years and almost quadruple by 2050.
Plastic packaging the focus of this report is plastics’
largest application, representing 26% of the total volume.6
As packaging materials, plastics are especially inexpensive,
lightweight and high performing. Plastic packaging can
also benefit the environment: its low weight reduces fuel
consumption in transportation, and its barrier properties
keep food fresh longer, reducing food waste. As a result
of these characteristics, plastics are increasingly replacing
other packaging materials. Between 2000 and 2015, the
share of plastic packaging as a share of global packaging
volumes has increased from 17% to 25°/b7 driven by a
strong growth in the global plastic packaging market6 of
5%9 annually. In 2013. the industry put 78 million tonnes
of plastic packaging on the market, with a total value of
~260 billion~° Plastic packaging volumes are expected
to continue their strong growth, doubling within 15 years
and more than quadrupling by 2050, to 318 million tonnes
annually more than the entire plastics industry today.1’ The
main plastic resin types and their packaging applications are
shown in Figure 2.
—

—
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Figure 1: Growth in Global Plastics Production 1950—2014
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Figure 2: Main Plastic Resin Types and Their Applications in Packaging
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Squeeze bottles, cling wrap, shrink wrap,
rubbish bags
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Microwave dishes, ice cream tubs, potato chip
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CD cases, water station cups, plastic cutlery,
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1 ~2 Today’s P~asUcs Economy
Has ~mportant Drawbacks
1 ~2.1 Plastic packaging is an iconic linear
application with $80—i 20 billion annual
material value loss
Today, 95% of plastic packaging material value or $80—i 20
billion annually is lost to the economy after a short first
use. More than 40 years after the launch of the wellknown recycling symbol, only 14% of plastic packaging
is collected for recycling. When additional value losses
in sorting and reprocessing are factored in, only 5% of
material value is retained for a subsequent use (see Figure
3). Plastics that do get recycled are mostly recycled into
lower-value applications that are not again recyclable after
use. The recycling rate for plastics in general is even lower
than for plastic packaging, and both are far below the
global recycling rates for paper (58%)°~ and iron and steel
(70—90%).’° PET,tm used in beverage bottles, has a higher
recycling rate than any other type of plastic, but even this
success story is only a modest one: globally, close to halt of
PET is not collected for recycling, and only 7% is recycled
bottle-to-bottle.’° In addition, plastic packaging is almost
exclusively single-use, especially in business-to-consumer
applications.
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source: Expert interviews; Plastic News; Deloitte, Increased EU Plastics
Recycling Targets: Environmental, Economic and Socirrl Impact Assessment
Final Report (20151: The Plastics Exchange; plasticker; ELIWIO: Eurostat
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Furthermore, an overwhelming 72% of plastic packaging is
not recc:vered at all: 40% is Iandfilled, and 32% leaks out of
the collection system that is, either it is not collected at all,
or it is collected but then illegally dumped or mismanaged.
This analysis of the global flows of plastic packaging
materials is based on an aggregation of fragmented
datasets. oftcn with varying definitions and scope. The
analysis riot only reveals a sigrtificant opportunity to increase
circularity and capture material value, but also highlights
the need for better alignment of reporting standards and
consolidation on a global level. Specific efforts could be
dedicated to improving the data from developing markets
with infol’mal waste sectors.

Figure 3: Plastic Packaging Material Value Loss after
One Use Cycle
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A comprehertsive overview of global flows of plastic
packaging materials can he found in Figure 4. Irt addition
to the 14% of plastic packaging collected for recycling,
another 14% is sent to an incineration and/or energy
recovery process, mostly through incineration in mixed solid
waste incinerators, but also through the combustion of
refuse-derived fuel in industrial processes such as cement
kilns, and (at a limited scale) pyrolysis or gasification. While
recovering energy is a good thing in itself, this process
still loses the embedded effort and labour that went into
creating the material. For energy recovery in mixed solid
waste incinerators, in particular, there are also concerns
that over-deployment of such incineration infrastructure can
create a lock-in” effect that, because of the large capital
investments but relatively low operating costs involved in
building up and running such infrastructure, can effectively
push higher-value mechanisms such as recycling oLit of
the market. Many organizations have also raised concerns
about the pollutants that are generated during energy
recovery processes, which can have direct negative health
effects if adequate pollution controls are not in place, as
is often the case in the developing world. Also, even if
appropriate pollution controls are in place, the resulting by
products need to be disposed of,

Figure 4: Global Flows of Plastic Packaging Materials in 2013
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1 ~2.2 Production relies on finite stocks of fossil
feedstocks

1 ~2.3 Plastics and packaging generates
significant negative externalities

The plastics industry as a whole is highly reliant on finite
stocks of oil and gas, which make up more than 90% of its
feedstock. For plastic packaging, this number is even higher,
as the recycling of plastics into packaging applications is
limited. Sources vary on the share of oil production used
to make plastics, but a combination of extensive literature
research and modelling indicates that 4—8% of the worlds
oil production is used to make plastics (not just packaging),
with 6% as the best estimate; roughly half of this is used
as material feedstock and half as fuel for the production
process.’5 This is equivalent to the oil consumption of the
global aviation sector’7 and is in addition to the natural
gas used as material feedstock and fuel. lithe current
strong growth of plastics usage continues as expected, the
consumption of oil by the entire plastics sector will account
for 20% of the total consumption by 2050.~ The use of oil
by the plastics industry is expected to increase in line with
plastics production (growing by 3.5—3.8% annually); this is
much faster than the growth in overall demand for oil, which
is expected to increase by only 0.5% annually.~~

The externalities related to the use of plastics and plastic
packaging are concentrated in three areas: degradation
of natural systems as a result of leakage, especially in the
ocean; greenhouse gas emissions resulting from production
and after~use incineration; and health and environmental
impacts from substances of concern. Valuing Plastic, a
report by the UN Environment Programme and the Plastics
Disclosure Project (PDP) based on research by Trucost
estimated the total natural capital cost of plastics in the
consumer goods industry at $75 billion, of which $40 billion
was related to plastic packaging, exceeding the profit pool
of the plastic packaging industry.sc
The continued strong growth expected in the production
and use of both plastics in general and plastic packaging
irt particular will spread the benefits of plastics to ever more
people and in ever more useful applications; however,
if production and use continue within the current linear
framework, these negative externalities will be exacerbated,
as laid out in Figure 5 and detailed below.
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Figure 5: Forecast of Plastics Volume Growth, Externalities and Oil Consumption in a Business-As-Usual Scenario
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Degradation of natural systems as a result of leakage,
especially in the ocean. At least B million tonnes of plastics
leak into the ocean each year21 which is equivalent to
dumping the Contents of one garbage truck into the ocean
per minute. If no action is taken, this will increase to two per
minute by 2030 and four per minute by 2050.22 Estimates
and expert interviews Suggest that packaging represents the
major share of the leakage. Not only is packaging tho largest
application of plastics with 26% of volumes, its small size and
low residual value also makes it especially prone to leakage.
One indicative data point is that plastic packaging comprises
more tharl 62% of all items (including non-plastics) collected
in international coastal clean-up operations/s
—

the ocean, the volume of plastic waste going into the ocean
would stabilize rather than decline, implying a continued
increase in total ocean plastics volumes, unless those
abatement efforts would be coupled with a longer-term
systemic solution, including the adoption of principles of the
circular economy.

Ocean plastics significantly impact maritime natural capital.
While the total economic impact is still unclear, initial studies
suggest that it is at least in the billions of dollars. According
to Valuing Plastic the annual damage of plastics to marine
ecosystems is at least 313 billion per year and Asia-Pacific
Economic Cooperation (APEC) estimates that the cost of
ocean plastics to the tourism, fishing and shipping industries
was $1 .3 billion in that region alone.2~ Even in Europe, where
Plastics can remain in the ocean for hundreds of years in
their original form and even longer in small particles, which
leakage is relatively limited, potential costs for coastal and
beach cleaning could reach €630 milliort ($695 million) per
means that the amount of plastic n the ocean cumulates
over time. The best research currently available estimates
year/” In addition to the direct economic costs, there are
that there are over (50 million tonnes of plastic waste in the potential adverse impacts on human livelihoods and health,
ocean today.21 Without significant action, there nay be more food chains and other essenttal economic and societal
plastic than fish in the ocean, by weight, by 2050.25 Even by systems.
2025. the ratio of plastic to fish irt the oceart is expected to
be one to three. as plastic stocks in the ocean are forecast
Leaked plastics can also degrade other natural systems,
to grow to 250 million tonnes in 2o25,~e As pointed out in
such as forests and waterways. and induce direct economic
the report Stemming the Tide, even if concerted abatement
costs by clogging sewers and other urban infrastructure. The
efforts would be made to reduce the flow of plastics into
economic costs of these impacts need further assessment.
13
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Greenhouse gas emissions. As pointed out above,
plastic packaging can in many cases reduce the emission
of greenhouse gases during its use phase. Yet, with 6%
of global oil production devoted to the production of
plastics (of which packaging represents a good quarter),
considerable greenhouse gas emissions are associated
with the production and sometimes the after-use pathway
of plastics. In 2012, these emissions amounted to
approximately 390 million tonnes of 002 for all plastics
(not just packaging).~ According to Valuing Plastic, the
manufacturing of plastic feedstock, including the extraction
of the raw materials, gives rise to greenhouse gas emissions
with natural capital costs of $23 billion.30 The production
phase, which consumes around half of the fossil feedstocks
flowing into the plastics sector, leads to most of these
emissions,~ The remaining carbon is captured in the
plastic products themselves, and its release in the form
of greenhouse gas emissions strongly depends on the
products’ after-use pathway.~ Incineration and energy
recovery result in a direct release of the carbon (not taking
into account potential carbon savings by replacing another
energy source). If the plastics are landfilled, this feedstock
carbon could be considered sequestered. If it is leaked,
carbon might be released into the atmosphere over many
(potentially, hundreds of) years.~
This greenhouse gas footprint will become even more
significant with the projected surge in consumption. If
the current strong growth of plastics usage continues as
expected, the emission of greenhouse gases by the global
plastics sector will account for 15% of the global annual
carbon budget by 2050, up from 1 % today.34 The carbon
budget for the global economy is based on restricting global
warming to a maximum increase of 2~C by 21 00.~ Even
though plastics can bring real resource efficiency gains and
help reduce carbon emissions during use, these figures
show that it is crucial to address the greenhouse gas impact
of plastics production and after-use treatment.

1 ~2.4 Current innovation and improvement
efforts fail to have impact at scale
Many innovation and improvement efforts show
potential, but to date these have proven to be too
fragmented and uncoordinated to have impact at
scale. Today’s plastics economy is highly fragmented.
The lack of standards and coordination across the value
chain has allowed the proliferation of materials, formats,
labelling, collection schemes, and sorting and reprocessing
systems. which collectively hamper the development of
effective markets, Innovation is also fragmented. The
development and introduction of new packaging materials
and formats across global supply and distribution chains
is happening far faster than and is largely disconnected
from the development and deployment of corresponding
after-use systems and infrastructure. At the same time,
hundreds, if not thousands, of small-scale local initiatives
are being launched each year, focused on areas such as
improving collection schemes and installing new sorting
and reprocessing technologies. Other issues, such as
the fragmented development and adoption of labelling
standards, hinder public understanding and create
confusion.
Through overcoming these drawbacks, an opportunity
beckons: moving the plastics industry into a positive
spiral of value capture, stronger economics, and better
environmental outcomes. Actors across the plastic
packaging value chain have proven time and again their
capacity to innovate. Now, harnessing this capability
to improve the circularity of plastic packaging while
continuing to expand its functionality and reduce its cost
could create a new engine to move towards a system that
works: a New Plastics Economy.
—

—

Substances of concern. Plastics are made from a
polymer mixed with a complex blend of additives such as
stabilizers, plasticizers and pigments, and might contain
unintended substances in the form of impurities and
contaminants. Substances such as bisphenol A (EPA)
and certain phthalates, which are used as plasticizers in
polyvinyl chloride (PVC), have already raised concerns
about the risk of adverse effects on human health and the
environment, concerns that have motivated some regulators
and businesses to act.30 In addition, there are uncertainties
about the potential consequences of long-term exposure
to other substances found in today’s plastics, about their
combined effects and about the consequences of leakage
into the biosphere. The 150 million tonnes of plastics
currently in the ocean include roughly 23 million tonnes of
additives, of which some raise concern.27 While the speed
at which these additives leach out of the plastic into the
environment is still subject to debate, estimates suggest that
about 225.000 tonnes of such additives could be released
into the ocean annually. This number could increase to 1 .2
million tonnes per year by 2050.~ In addition, substances
of concern might enter the environment when plastics and
plastic packaging are combusted without proper controls,
a common practice in many developing economies.
This suggests the need for additional research and more
transparency.
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2 The New Pbasfics
Economy: Capturing the
Opportunfty
The overarching v:sion of the Now Plastics EconomY iS
that plastics never become waste: rather, they re-enter the
economy as valuable technical or biological nutrients, The
New Plastics Economy is underpinned by and aligns with
circular economy principles. It sets the ambition to deliver
better system-wide economic and environmental outcomes
by creating an effective after-use plastics economy (the
cornerstone and priority): by drastically reducing the leakage
of plastics into natural systems (in particular the ocean); and
by decoupling plastics from fossil teedstocks.

1. Create an effective after~use plastics economy by
improving the economics and uptake of recycling, reuse
and controlled biodegradation for targeted applications.
This is the cornerstone of the New Plastics Economy
and its first priority, and helps realize the two following
ambitions.
2. Drastically reduce leakage of plastics into natural
systems (in particular the ocean) and other negative
externalities,
3. Decouple plastics from fossil feedstocks by in
addition to reducing cycle losses and dematerializing
exploring and adopting renewably sourced feedstocks.
—

21 The New Rastics Economy
Proposes a New Way of
Thinking

—

The New Plastics Economy builds on and aligns with the
principles of the circular economy, an industrial system that is
restorative and regenerative by design (see Box 1). The New
Plastics Economy has three main ambitions (see Figure 6):
Figure 6: Ambitions of the New Plastics Economy
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1 closed-loop recycling; Recycling of
plastics into tIte same or similar-quality
application
2 cascaded recycling: Recycling
of plastics into other, lower-value
applications
Source: Prolect Mainstream analysis —
for dail— please refer to the extended
version of the report available on
the website of the Ellen MacArthur
Foundation:
www.ellenmacartliurtoundation.org
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Even with today’s designs, technologies and systems, these Given plastic packaging’s many benefits, it has become
clear that the likelihood of a drastic reduction in the volume
ambitions can already be at least partially realized. One
of plastic packaging is low although reduction should be
recent study found, for example, that in Europe already
pursued where possible and beneficial, by moving away
today 53% of plastic packaging could be recycled “eco
from single-use as the default (especially in businessefficiently”.39 While the exact figure can be and depends on,
amongst others, the oil price, the message is clear: there are to-business applications, but also in targeted businessto-consumer applications such as plastic bags), by
pockets of opportunities to he captured today and even
where not entirely feasible today, the New Plastics Economy dematerializing and by substituting other materials.
offers an attractive target state for the global value chain and
governments to collaboratively innovate towards. This will
not happen overnight. Redesigning materials, formats and
systems, developing new technologies and evolving globai
value chains may take many years. But this should not
discourage stakeholders or lead to delays on the contrary,
the time to act is now.
—

—

—

Box 1: The Circular Economy: Principles and Benefits
The circular economy is an industrial system that is restorative and regenerative by design. It rests on three man principles:
preserving and enhancing natural capital, optimizing resource yields and fostering system effectiveness.
OUTLINE OP A CIRCULAR ECONOMY
PRINCIPLE

1

Renewables

Preserve and enhance
natural capital by controlling
finite stocks and balancing
renewable resource flows
ReSOLVE lovers: regenerate,
virtualise, exchange

Regenerate

© II~J.

Substitute materials

Finite materials
Virtualise

Restore

Renewables flow management

Stock management

PRINCIPLE

2

Regeneration

Optirnise resource yields
by circulating products.
cornpoueuts ned materials
in use at the highest utility
at all times iv both technical
and biological cycles
ReSOLVE levers: rvgvvuratv.
share, optirnise, loop

‘

Recycle

.

Biogas

PRINCIPLE

3

Foster system effectiveness
by revealing aud designing
oat negative externalities
All ReSOLVE lpvvrs

1. Hunting and fishing
can take both post-harvest and post-consumer waste as an put
Source: Ellen MacArthur Foundation, SUN, and McKinsey center for Business and Environment: Drawing from Braungart A Mcoonough. cradle to cradle (mct.

2.

Multiple research efforts and the identification of best-practice examples have shown that a transition towards the circular
economy can bring about the lasting benefits of a more innovative, resilient, and productive economy. For example, the
201 5 study Growth V½thin: A Circular Economy Vision for a Competitive Europe estimated that a shift to the circular
economy development path in just three core areas mobility. food and built environment would generate annual total
benefits for ELtrope of around €1 .8 trillion ($2.0 trilliort).4°
—

—
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211 Create an effective after~use plastics
economy

promising applications are the ones that meet the following
two criteria: First, packaging is likely to be mixed with
organic contents such as food after use making packaging
in such applications comnpostable can help to bring back
nutrients from the packaged contents (e.g. food) to the soil.
Second packaging does not typically end up in a plastics
recycling stream compostable packaging in its current
form can interfere with recycling processes. Examples of
applications fLilfilling both criteria are bags for organic waste,
packaging used in closed-loop systems such as events,
fast food restaurants and canteens, and packaging items
such as tea bags and coffee capsules. The city of Milan,
for example, more than tripled its collection of food waste
from 28kg to 95kg per inhabitant per year after the
introduction of compostable bags for organic waste.~3
—

Creating an effective after-use plastics economy is the
cornerstone of the New Plastics Economy and its first
priority. Not only is it critical to capture more material value
and increase resource productivity, it also provides a direct
economic incentive to avoid leakage into natural systems
and helps enable the transition to renewably sourced
feedstock by reducing its scale.
As evidenced by todays capture of just 5% of after-Lisa
plastic packaging material value, there is significant potential
to capture more material value by radically improving
recycling economics, quality and uptake. Coordinated
and compounding action and innovation across the global
value chain are needed to capture the potential. These
actions could include: establishment of a cross-value chain
dialogue mechanism; development of a Global Plastics
Protocol to set direction on the re-design and convergence
of materials, formats and after-use systems to substantially
improve collection, sorting and reprocessing yields, quality
and economics, while allowing for regional differences and
continued innovation; enablement of secondary markets for
recycled materials through the introduction and scale-up
of matchmaking mechanisms, industry commitments and/
or policy interventions; pursuit of innovation opportunities
that have the potential to scale up, such as investments in
new or improved materials and reprocessing technologies;
and exploration of the enabling role of policy. Segments
within the plastic packaging market with the most attractive
recycling cost-benefit balance are likely commercial
(business-to-business) films, beverage bottles and other
rigid plastic packaging.’~
Reuse could play an important role as well, especially in
the business-to-business (B2B) segment. Reusable B2B
packaging can create substantial cost savings, and if
used in pooled systems across companies and industries,
significant value beyond packaging. In its most advanced
form, it could help enable the Physical Internet’ a logistics
system based on standardised, modularised, shared
assets. Transitioning to the ‘Physical Internet’ could unlock
significant economic value estimated to be USD 100 billion
in the United States alone,’~2 In the business-to-consumer
segment, reuse is more challenging for many applications,
but could however be pursued for targeted applications
such as plastic bags, and could be increasingly enabled by
new business models.
—

Industrially compostable plastic packaging could be a good
solution and scaled up for certain targeted applications,
if coupled with the appropriate collection and recovery
infrastructure (anaerobic digestion and/or industrial
composting) to return the nutrients of the packaged
contents (e.g. food) to the soil. Today, plastics are designed
to be either recyclable or compostable (or neither of the
two) keeping both options open by design is usually
not possible with current materials technology and afteruse infrastructure. For most applications, the recycling
pathway is preferable, as this keeps the material in the
economy, whereas biodegradability allows plastic to break
down into harmless, but essentially low-value elements
such as water and C02. In certain targeted applications,
however, industrially compostable packaging could be a
valuable mechanism for returning nutrients to the soil. Most
—
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21 2 Drastically reduce the leakage of plastics
into natural systems and other negative
externalities
Plastics should not end up in the ocean or other parts of
the environment. Ensuring this doesn’t happen requires
a coordinated effort to improve collection systems and
recovery infrastructure especially where the latter lags
behind economic development, as is the case for many
rapidly developing middle-income countries in Asia, which
account for an estimated 80% of leakage. Various local
and global initiatives address the critical development of
infrastructure and work with the formal and informal waste
management sector to stop plastics from leaking into the
ocean. Local initiatives include, for example. the Mother
Earth Foundation and Coastal Cleanup in the Philippines,
while the Trash Free Seas Alliance, initiated by the Ocean
Conservancy, is an example of an effort aimed at effecting
change on a global scale.
—

But even a concerted effort to improve collection and
recovery infrastructure in high-leakage countries would likely
only stabilize the flow of plastics into the ocean not stop it
which means that the total volume of plastics in the ocean
would continue to increase, given the cumulative nature
of ocean plastics.’ As argued by the Ocean Conservancy
in Stemming file Tide and by many others, a long-term
root-cause solution would include the incorporation of
circular economy principles into the plastics sector. Creating
a working economy for after-use plastics would offer a
direct economic incentive to build collection and recovery
infrastructure. Furthermore, because plastics with high afteruse value are less likely to leak, especially in countries with
an informal waste sector, improving the design of products
and materials to enhance after-use value would reduce
leakage. Finally, levers such as reuse and dematerialization
can be a means of reducing the amount of plastic put on
the market and, hence, reducing leakage proportionally.
—

—

Even with all these efforts, leakage is likely to remain
significant. Even in the United States and Europe. with
advanced collection systems, 1 70,000 tonnes of plastics
leak into the ocean each year.~ Therefore, efforts to avoid
leakage into the ocean would require complementary
innovation efforts to make plastic packaging “bio-benign”
when it does (unintentionally) leak into the environment.
Today’s biodegradable plastics do not measure up against
such an ambition, as they are typically compostable only
under controlled conditions, as in industrial composters.
Nor has additive-mediated fragmentation (for example,

oxo-fragmentation) led to a breakthrough such plastics
have not been proven truly benign, but rather mostly led to
fragmentation, hence increasing the amount of microplastics
in the ocean.
---

Hence, game-changing innovation is needed to make
plastics truly bio-benign in case they leak outside collection
systems. Different avenues might help to reduce the harm of
(unintentionally) leaked plastics: advanced bio-degradability
in freshwater and/or marine environments, a material
palette without substances of concern, avoidance of
colours and shapes that are typically ingested or otherwise
harmful to marine life for applications with high risks of
leakage, and radically new smart/triggered processes
that imitate metabolizing processes in nature could all
contribute to making materials benign to natural systems.
Paper offers inspiration a widely used and recyclable
packaging material that is relatively benign if leaked into the
environment (unless it contains substances of concern, such
as certain inks). Developing such bio-henign materiais that
are still recyclable and competitive in terms of functionality
and costs demands further research of what constitutes bio
benign and represents a significant innovation challenge that
will take time to overcome.
—

While scientific evidence on the exact implications
of substances of concern is not always conclusive.
especially due to the difficulty of assessing complex
long-term exposure and compounding effects, there are
sufficient indications that warrant further research into
and accelerated development and application of safe
alternatives. These research and innovation efforts would
need to be complemented with enhanced transparency
on material content of plastics and, where relevant, the
application of the precautionary principle to possibly phase
out specific (sets of) substances raising concerns of acute
negative effects.

Box 2: The Role of Life Cycle Assessment
(LCA)
Life Cycle Assessment (LCA) is a tool for the systematic
evaluation of the environmental aspects of a product or
service system through all stages of its life cycle.48 As such,
if implemented well, it can provide a valuable tool to evaluate
different options at any given point in time. Like any tool,
however, it has its limitations. Most fundamentally. while it
is well suited to evaluate individual choices today, it is less
suitable for determining the target state towards which
a system as a whole could innovate, Also, similar to the
prisoner’s dilemma, the classic example from game theory
in which the individual maximization of benefits by rational
actors leads to a suboptimal overall outcome, an LCA
optimization by each individual actor does not necessarily
lead to better system outcomes.
Take the case of electric vehicles. Most people would agree
that a mobility system supported by electric, grid-integrated
vehicles and renewable electricity is a more attractive target
state than one reliant on combustion engines and fossil
fuels. However, an LCA study published in 2011 found
that the carbon advantage of an electric vehicle over a
similar conventional petrol car could be as small as 4%,
and that ‘drivers wanting to minimize emissions could be
better off buying a small. efficient petrol or diesel car”.’9
The right conclusion is clearly not to write off the concept
of electric vehicles. Rather, a good conclusion might be to
acknowledge both the inherent attractiveness of the electric
vehicle target state while also acknowledging the innovation
opportunity and need to develop better-performing electric
vehicles, improve effectiveness and efficiency of production
processes and alter-use management, and increase the
uptake of renewable sources of electricity.

Similar reasoning can he applied to many of the
mechanisms described in the vision for the New Plastics
Economy. An economy in which the value of products and
2i ~3 Decouple plastics from fossil feedstocks • materials is maximized through multiple loops could be
considered inherently more attractive than an economy with
Recycling and reuse are critical to decoupling plastic
one-way linear material flows where 95% of material value
packaging use from the consumption of fossil-based
is lost after one use cycle. Similarly, an economy in which
plastics are sourced renewably from greenhouse gases
feedstock. However by themselves they are probably
insufficient. Even if global recycling rates rose from today’s
or biomass coupled with the application of regenerative
14% to more than 55% which vvould be higher than the
agricultural principles, could be considered inherently
more attractive than an economy in which plastics are
rate achieved today by even the best-performing countries
annual requirements for virgin feedstock would still double sourced from finite stocks of greenhouse gas-emitting fossil
feedstocks. That preference does not necessarily imply
by 2050.
that every piece of plastic packaging should be recycled or
renewably sourced today, hut it does offer a target state for
The likely remaining, albeit diminishing, cycle losses from
the plastic packaging value chain to innovate towards.
reuse and recycling loops and the attendant need for virgin
feedstock to compensate for those losses call for exploring
Finally, the life cycle assessments in recent publications on
the role of renewable sources either directly converting
plastic packaging tend to focus on single measures. such as
greenhouse gases like methane and carbon dioxide (GHG
carbon. While such measures are of the utmost importance,
based sources) or using biomass (bio-based sources).
a sir:gie-measure focus inevitably fails to consider the entire
Innovators claim that production of GHG-based plastics
is already cost competitive to current fossil-based plastics
I impact of plastic across the life cycle, including the effects of
leakage into the natural environment.
for certain applications and qualify as carbon negative
materials.~7 Using bio-based sources without creating
significant externalities in other domains requires applying
regenerative agricultural principles and taking the impacts
of the agricultural processes, including land use and hio
diversity, into account.
—

—
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2.2 The New Rastics Economy
Cou’d Bring Substantia~
Benefits
The New Plastics Economy aims to create long-term
systemic value by fostering a working after-use economy,
drastically reducing leakage and decoupling plastics from
fossil feedstocks.
A business-as-usual scenario for plastics will also bring
growth. innovation arid benefits, but if circular economy
principles guide and inspire this growth and innovation,
the sum of the benefits will be larger. In particular, the New
Plastics Economy provides several expected additional
benefits, the most significant of which are capturing material
valLie and de-risking the value chain by reducing negative
externalities. The ambitions described in this report, such
as increasing the economics and uptake of recycling and
developing renewably sourced plastics, will help in the
seizing of those opportunities.
The New Plastics Economy could help capture plastic
packaging material value. Currently just 5% of material
value of plastics packaging is captured after one use
cycle, corresponding to $4—6 hillion*~ While it is unlikely
that the industry could seize the full potential of material
value, concerted action on redesigning and converging on
materials, formats and after-use systems through a global
plastics protocol, enablement of secondary markets and
innovating on technology and materials could allow to
capture a significant share (see Figure 7).

Working towards the New Plastics Economy would sig
nificantly reduce the negative externalities associated
with plastics and plastic packaging. As explained above,
the benefits of plastic packaging are accompanied by sub
stantial and accumulative degradation of natural systems due,
in particular, to leakage into the ocean and to greenhouse gas
emissions. Through creating effective after-use markets, the
New Plastics Economy provides a direct incentive to build up
collection and reprocessing infrastructure, and hence reduce
leakage. Through increased reuse and recycling and by de
veloping renewably sourced plastic materials, the New Plas
tics Economy actively mitigates the risk related to greenhouse
gas emissions. Recycling one additional tonne of plastics,
for example, reduces emissions by 1.1—3.0 tonnes of C02e
compared to producing the same tonne of plastics from
virgin fossil feedstock.m Some bio-based plastics also have
been shown to have a negative global warming potential with
-2.2 kilogram C02e per kilogram of bin-based PE produced
compared to 1 .8 kilogram C02e per kilogram of fossil-based
PE produced.~ By promoting more research on potential
adverse effects, increasing transparency on material content
and developing plastics without substances of concern, the
New Plastics Economy helps mitigate risks posed by sub
stances of concern.
Reducing these negative externalities would result
in real risk-reduction benefits for businesses. While
externalities by definition do not represent a direct cost
to businesses, they expose businesses to regulatory
risks, including the internalization of negative externalities
and even banning the use of specific types of plastic
packaging, with potentially large impacts on the plastic
packaging industry. The carbon tax a tax levied on the
carbon content of fuels, aimed at reducing greenhouse gas
emissions provides an example of risk internalization. The
possibility of an outright ban arose in India in 2015 when
the National Green Tribunal considered imposing a ban on
the use of plastics for packaging of all non-essential items,
including muitilayer packaging and PET bottles.53 In addition,
risks can also manifest themselves through customers for
example. bottle company SIGG USA went bankrupt in 2011
following a scandal about some of its products allegedly
leaching the controversial substance bisphenol A.54
—

—

Figure 7: Theoretical Potential to Capture Material Value
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The New Plastics Economy can help reduce exposure
to volatility of (fossil-based) virgin feedstock. Since the
turn of the century, oil prices have been subject to highly
significant volatility. Although prices have dropped from
the historical high seen in 2008 and are expected by some
observers not to rise again soon, historically observed volatility
could remain. The magazine The Economist predicted in
March 1999 that oil prices, then at 510 per barrel, would likely
drop to $5.~ By the end of that year they were at $25. Less
than 10 years later they were at $145. Most major forecasters
at the end of the 1990s agreed that oil prices would likely stay
below 530 for the next two clecades~ again proven wrong
by the events of the next decade. The unpredictable cost of
supply for fossil feedstock-based plastics is a risk, and one
option for businesses wanting to address their exposure to
that risk could be diversification into recycled and renewably
sourced alternatives. Of course, these renewably sourced
plastics are also derived from commodity feedstocks with
market prices subject to local market pressures, so price
volatility is still a concern, but diversification spreads the risks.
Investments aimed at broadening the array of options for
recycled materials and renewably sourced feedstocks would
further help to build in system resilience in the New Plastics
Economy.
—

COLLECTED FOR RECYCLiNG (%)

Source: Project MainStream analysis
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2~3 Now Is an Opportune
Moment to Act
A favourable alignment of factors makes now an
opportune moment to act. New technologies are unlocking
new opportunities, while the building up of after-use
infrastructure in developing countries has made this a critical
crossroads moment for getting systems right the first time.
Concurrently, increasing regulatory action and growing
societal concerns are morphing from a marginal to an
increasingly central issue, potentially affecting companies
licence to operate.
New technologies are unlocking new opportunities
in areas such as material design, separation technology,
reprocessing technology and renewably sourced and
biodegradable plastics. Dow Chemical recently developed,
together with Printpack and Tyson Foods and for a specific
set of applications, a mono-material stand-up pouch with
improved recyclability versus the existing multi-material
alternatives.57 Chemical marker systems are advancing:
the European Union’s Polymark project, for example, is
developing a system to reliably detect and sort foodcontact PET*~ WRAP is working on machine-readable
fluorescent inks and sorting technologies to improve
polymer identification.~ The adoption of reprocessing
technologies such as depolymerization has been limited due
to economics, but in the Netherlands loniqa Technologies
has developed a cost-competitive process for PET that
takes place at relatively low operating temperatures.~ The
production of plastics from captured greenhouse gases
has been piloted and is claimed to be cost competitive.
For example, Newlight’s AirCarbon technology can convert
methane to PHA, or carbon dioxide to polyurethane and
thermoplastics.
Many developing countries are building up after-use
infrastructure, making this a critical crossroads moment.
Investments made now will determine the infrastructure
for the coming decades. Coordinating action and agendas
across the value chain could catalyse impact.

Other countr!es have acted to restrict the use of plastic bags
and other plastic packaging formats because of their impact
on the local environment: In 2002, Bangladesh became the
first country to ban plastic bags, after they were found to
have cI~oked drainage systems during devastating floods.65
Rwanda followed suit in 2008~; and so did China, also in
2008, reducing the number of plastic bags in circulation
by an estimated 40 billion in just one year.El All in all, more
than 25 countries around the globe either ban or tax singleuse plastic bags and restrictions on the use of other highly
littered packaging formats are being discussed. Guyana has
announced plans to ban the import and use of expanded
polystyrene (EPS, commonly known under one of its brand
names, Styrofoam) from January 2016; EPS has been
widely adopted as single-use food service packaging and
makes up 2—5% of Guyana’s waste stream.65
The United States has seen activity at city, state and federal
levels. lIn 2014, Washington D.C. banned the use of food
service products made of expanded polystyrene, joining the
ranks of tens of other US cities.69 In 2015, San Francisco
took a step towards its 2020 goal of zero waste by banning
the sale of plastic bottles in all public places.7° At state level,
70 laws were enacted between 1991 and 2011 to establish
extended producer responsibility (EPR) programmes: 40
of these came in the three years up to 2011. These laws
currently cover products like batteries, carpets and cell
phones, not packaging, but they show state governments
taking action to internalize the costs of dealing with negative
externalitiesI~ State activity can also be a precursor to
federal action; in December 2015, after legislation had been
passed in nine states, the House of Representatives voted
to ban the use of synthetic microplastics in personal care
products. If enacted into federal law, the legislation would
supersede all state bans.~ While this is not a packaging
example, it is indicative of broader policy action in the
plastics industry.
Society’s perception of plastics is deteriorating and
perhaps threatening the plastics industry’s licence
to operate. According to Plastics Europe, an industry
organization, ‘There is an increasingly negative perception
of plastics in relation to health, environment and other
issues” Issues such as ocean plastics are increasingly
capturing the attention of individuals and policy-makers.
.~

A growing number of governments have implemented
or are considering implementing policies related to
plastic packaging. In Europe, the European Commission’s
recently adopted Circular Economy package includes
the action to develop a strategy on plastics in the circular
economy, a target to increase plastic packaging recycling
to 55%, a binding target to reduce landfill to 10% of all
waste by 2030, and a total ban on Iandfilling of all separately
collected waste.61 With the exception of Iceland, all of the
Nordic countries operate container deposit schemes. Such
schemes have also been deployed in the United States.
where the overall recycling rate is 34%~2 while states with
container deposit laws have an average rate of 70%:
Michigan’s $0.10 deposit is the highest in the nation, as is its
recycling rate of 95% in 2013.~ In 2015, a European Union
directive came into force that required member states to
reduce the use of plastic carrier hags.~1 France, for example,
will outlaw single-use plastic bags as of January 2015.
—

—

ne fut,jre of p9~st~es

21

2A Where to Start

including the key global decision-makers at the start of the
plastic packaging value chain those who determine design
(see Figure 8). Many of the opportunities around product
and material redesign and around innovation in advanced
technologies in separation and reprocessing can be found in
these regions.
—

The United States, Europe and Asia jointly account for 85%
of plastics production, roughly split equally between the
United States and Europe on the one hand and Asia on
the other (see Figure 8). Both regions are critical in the shift
towards the New Plastics Economy and would be good
places to start.
Given that Asia accounts for more than 80% oF the total
leakage of plastic into the ocean at least according to
the best available data75 this region has been the focus
for a variety of crucial leakage mitigation efforts aimed at
improving basic collection infrastructure.
—

—

Europe and the United States are home not only to
significant shares of the production of plastic packaging,
but also to the overwhelming majority of the top global
companies relevant to the global plastic packaging industry.

This report intends to pay special attention to innovation
and redesign. a topic less explored in other work. As
a consequence the focus is mainly on Europe and the
United States. The report aims nevertheless to be relevant
globally, at the same time acknowledging that other regions.
especially in the developing world, will have different
challenges, including putting basic collection and recovery
infrastructure in place, leapfrogging to higher-performing
after-use systems (i.e. first time right) based on expected
evolutions, and working with the informal waste collection
sector, including a focus on workers’ health and safety.

Figure 8: Distribution of Plastics Headquarters, Production and Leakage
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3 The New P~asfics
Economy Demands a New
Approach
To move beyond small-scale and incremental improvements
and achieve a systemic shift towards the New Plastics
Economy, existing improvement initiatives would need
to be complemented and guided by a concerted, global
collaboration initiative that matches the scale of the
challenge and the opportunity. Such an nitiati\Je does not
exist today, and therefore would need to be set up, driven
by an independent coordinating vehicle.
The aim of such a vehicle would he to stimulate development
of a circular economy approach to plastics and plastic packag
ing as an integral part of the future economy. It would also aim
for positive broader economic impacts and directly or mdirectly to the protection and restoration of natural systems.
—

—

At the heart of the vehicle’s design and set-up would be the
recognition that innovation for and transition to the New Plas
tics Economy mLlst be driven by joint, urgent, collaborative
initiatives across industries, governments and NGOs. This
would make it possible to address the chronic fragmentation
and the lack of global standards, to benefit the development
of effective markets. In such an initiative, consumer goods
companies, plastic packaging producers and plastics manu
facturers would play a critical role as they define the products
and materials that are put on the market. Cities control the
after-use infrastructure in many places, and are often hubs
for innovation. Businesses involved in collection, sorting and
reprocessing are an equally critical part of the puzzle. Policymakers can play an important role in enabling the transition
by realigning incentives, facilitating secondary markets, de
fining standards and stimulating innovation. NGOs can help
ensure that broader social and environmental considerations
are taken into account. Collaboration would be required to
overcome fragmentation, the chronic lack of alignment be
tween innovation in the design and after-use stages, and the
lack of standards challenges that must he resolved in order
to unlock the opportunities of the New Plastics Economy.
This vehicle would need to bring together the different actors
in a cross-value chain dialogue mechanism and drive change
by focusing on efforts with compounding effects that together
would have the potential to shift the global market. Analysis to
date suggests that the initial areas of focus could be:
1.
2.
3.
4.
5.

Establish the Global Plastics Protocol and coordinate
large-scale pilots and demonstration projects
Flying around the world without international air traffic
control standards and surfing the web without global IP
standards would be impossible. While globally adopted
standards and protocols can be found in other complex
industries, today’s plastic packaging value chain lacks such
alignment. A global plastics protocol would be needed to
provide a core set of standards as the basis on which to
innovate. It could provide guidance on design, labelling,
marking, infrastructure and secondary markets, allowing for
regional differences and innovation, in order to overcome
the existing fragmentation and to fundamentally shift after
use collection and reprocessing economics and market
effectiveness.
The Global Plastics Protocol would aim to redesign and
converge materials, formats and after-use systems It would
investigate questions such as: To what extent could plastic
packaging he designed with a significantly smaller set of
material/additive combinations, and what would be the
resulting economic benefits? What would be the potential of
designing out small-format/low-value plastic packaging such
as tear-oifs with challenging after-use economics and a high
likelihood of leakage? What would be the economic benefits
of harmonizing label/mg and chemical marking across plastic
packaging and aligning it with after-use separation and
sorting systems? What if after-use systems, currently largely
fragmented across municipalities due to uncoordinated
historic developments, were rethought and redesigned to
achieve optimal scale and economics? What would be the
best levers to stimulate the market for recycled plastics?
The Global Plastics Protocol woLild set global direction by
answering such questions, demonstrate solutions at scale
with large-scale pilots and demonstration projects, and
drive global convergence (allowing for continued innovation
and regional variations) towards the identified designs and
systems with proven economics.

Establish the Global Plastics Protocol and coordinate
large-scale pilots and demonstration projects.
Mobilize large-scale, targeted “moon shot” innovations.
Develop insights and build a base of economic and
scientific evidence.
Engage policy-makers.
Coordinate and drive communication.
rue New Plestics Eccnonv: rue irIewu use Wture of plestics
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Involving players from across the global value chain in a
dialogue mechanism, the protocol woLild, for example, build
on the following elements:
—

Set up a global, industry-wide, ongoing effort
to develop and facilitate adoption of globally
recognized plastic packaging design standards. This
effort could leverage existing work on design guidelines
from organizations such as RECOUP, WRAP, ARP, EPBP
and EUPR, and The Consumer Goods Forum,7~ but also
go beyond to investigate and promote fundamental re
design and convergence of materials and formats. By
aligning actors along the value chain such as plastics
and packaging producers, brand owners, retailers and
after-use collection and reprocessing companies such
standards could fundamentally improve the circularity of
material flows.
Converge towards clearly defined global labelling
and material marking standards that are aligned with
sorting and separation systems and that facilitate the
sorting of plastics after use into high-value resource
streams.
Redesign and converge towards a set of clearly
defined collection and sorting archetypes, allowing
for continued innovation and regional variation.
The fragmentation of current collection and sorting
systems comes with several disadvantages: fragmented
after-use systems cannot be aligned with the design
stage (most packaging is designed and produced at
international scale and cannot be tailored to individual
municipalities); citizens are confused about how plastics
should be disposed of; and system-wide optimisation
and economies of scale are lacking. V\/hile socio
economic differences need to he accounted for to some
extent, there is ample room for systems redesign and
convergence towards a set of archetypes. Redesigning
systems and converging towards such well-defined
archetypes within the Global Plastics Protocol would
allow alignment across the value chain. Material and
packaging design, for example, could be optimized
for clearly specified sorting facilities and consistent
labelling harmonized across regions. This effort would
be complementary to multiple local and global efforts
that are focused on building up collection and sorting
infrastructure. It would inform those efforts at a critical
point in their development and avoid getting locked into
suboptimal infrastructure.
Establish a global framework for the implementation
of modular and reusable business-to-business
(B2B) packaging, building on the Physical Internet
a new logistics paradigm enabhng a new era of
modular, reusable B2B packaging. The convergence of
fragmented activities towards such a framework on a
global scale could significantly improve asset utilization
and global material flows.
Scale up the use of industrially compostable
plastics for targeted applications, returning nutrients
from the organic contents (such as food) of the
packaging to the soil. This needs to be coupled with
adequate infrastructure, as demonstrated successfully,
for example, in the city of Milan and at the London
Olympics.

—

—

—

—

—

-

—

—

—
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Transform and strengthen markets for recycled
plastics, for example, by introducing and scaling
up matchmaking mechanisms, for example using
aggregator software or platforms to inclLide companies
not yet participating on both sides of the recycled
plastics market that is, smaller reprocessing companies
and companies that source recycled content at the
small- to medium scale; by allowing for more granular
and standardised material specifications and better
matching of supply and demand; and by strengthening
demand for recycled content through industry
commitments and/or policy.
Demonstrate the viability of high-value cascaded
recycling by establishing cascaded flows of recycled
plastics with a selected group of companies using the
same material. This could include both packaging and
non-packaging companies using the same polymer
type and activities such as aligning on design choices,
material specification and logistic chains to make the
cascade work,

—

Mobilize large-scale, targeted r~moon shot” innovations
The world’s leading businesses, academics and innovators
would be invited to come together and define “moon
shot” innovations: focused, practical initiatives with a high
potential for significant impact at scale. Areas to look at for
such innovations could include the development of blo
benign materials; the development of materials designed
to facilitate multilayer reprocessing, such as the use of
reversible adhesives based on hiomimicry principles; the
search for a ‘super-polymer” with the functionality of today’s
polymers and with superior recyclability; chemical marking
technologies: and chemical recycling technologies that
would overcome some of the environmental and economic
issues facing current technologies. Figure 9 provides an
overview of example technologies involved in such ‘moon
shots” and their maturity to date.
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DESCRIPTION

CURRENT STATE

Removing
additives

Separating additives from
recovered polymers to increase
recyclate purity

Lab stage: Some technologies exist
but with limited application

Reversible
adhesives

Recycling multi—material
packaging by designing
“reversible’ adhesives that allow
for triggered separation of
different material layers

Conceptual stage: Innovation
needed to develop cost-competitive
adhesive

Super-polymer

Finding a super-polymer that
combines functionality and cost
with superior after-use properties

Conceptual stage: Innovation
needed to develop cost-competitive
polymer with desired functional and
after-use properties

Depolymerisation

Recycling plastics to monomer
feedstock (building blocks) for
virgin-quality polymers

Lab stage: Proven technically
possible for polyolefins
Limited adoption: Large-scale
adoption of depolymerisation for
PET hindered by processing costs

Chemical markers

Sorting plastics by using dye,
ink or other additive markers
detectable by automated sorting
technology

Pilot stage: Food-grade markers
available but unproven under
commercial operating conditions

Near infrared

Sorting plastics by using
automated optical sorting
technology to distinguish polymer
types

Benign in marine
environments

Design plastics that are less
harmful to marine environments in
case of leakage

Lab stage: First grades of marine
degradable plastics (one avenue
towards benign materials) already
certified as marine degradable —
impact of large scale adoption to be
proven

Benign in fresh
water

Design plastics that are
less harmful to fresh water
environments in case of leakage

Lab stage: Marine degradable
plastics theoretically fresh water
degradable. One certified product
— impact of large-scale adoption to
be proven

GHG-based

Sourcing plastics from carbon in
greenhouse gases released by
industrial or waste management
processes

Pilot stage: C02-based proven
cost competitive in pilots;
methane-based being scaled up to
commercial volumes

Bio-based

Sourcing plastics from carbon in
hio mass

Limited adoption: Largescale adoption hindered by
limited economies of scale and
sophistication of global supply
c ha ins

Source: Proiect MainStream analysis
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Fragmented adoption: Large-scale
adoption limited by capex demands
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Develop insights and build an economic and scientific
evidence base. Many of the core aspects of plastics material
flows and their economics are still poorly understood. VVhile
this report. together with a number of other recent efforts,
aims to provide initial answers, more research is required.
Initial studies could include:
—

—

—

—

Quantify the socio-economic impact of ocean
plastics. Establish measurement tools and a clear fact
base. Develop a socio-economic value impact model for
ocean plastics. This would enable both the private and
public sectors to factor these costs into their decision
making.
Explore the scale-up potential of GHG-based
plastics. Plastics produced directly from greenhouse
gases such as methane, 002 and CO are appealing
because they could help decouple plastics from
the consumption of fossil feedstocks, without using
additional land for agriculture. Multiple companies are
using GHG-based sources and scaling up quickly.
However, the total scale-up potential is unclear at the
moment. Therefore, a study aimed at assessing the total
scale-up potential (including the economics, availability
of feedstocks, polymer types, and applications) and
identifying specific ways to scale up production would be
helpful.
Explore the potential role of, and boundary
conditions for, energy recovery in a transition period.
While recovering energy from plastics that cannot (yet)
be effectively recycled is in principle a good thing, today’s
energy recovery solutions have certain drawbacks and
risks, as explained above. However, since 100% reuse
and recycling rates are unlikely to materialize in the near
term, and landfilling is in general not a preferred option.
a deep-dive study to assess the potential role of energy
recovery in a transition period, as well as the essential
boundary conditions, could be useful.
Assess the economic impact of substances of
concern (including risks and externalities) and
potentially, as a next step, prioritize substances of
concern to be designed out.

Engage policy-makers, in a common vision towards a
more effective system, and provide them with relevant
tools, data and insights related to plastics and plastic
packaging.
One specific deliverable could be a plastics toolkit for policymakers, following a structured methodology for assessing
opportunities, barriers and policy options to overcome these
barriers in transitioning towards the New Plastics Economy.
Inspiration could he found in the Ellen MacArthur Foundation
report Delivering the Circular Economy A Too/kit for
Policymakers.
--

Coordinate and drive communication of the nature
of today’s situation, the vision of the New Plastics
Economy, best practices and insights, as well as
specific opportunities and recommendations, to
stakeholders acting along the global plastic packaging
value chain.
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Preface

We are exposed continually to a wide range of chemical substances- Some
are known to be toxic at common exposure levels, and others might be toxic.
We have special concern about man-made chemicals, which often move readi
ly from place to place—for example, from factory smokestack to air to rain to
groundwater to household water supply—and can enter our food supply, air,
and soiL Data on the movement and present location of specific chemicals
are remarkably sparse, but even extensive monitoring of the concentrations of
chemicals in various exposure media often can fail to detect or define human
health risks. There are too many chemicals, too many sources, and too many
routes of exposure to rely solely on environmental monitoring. Additional
problems arise when a chemical is newly recognized as important but was not
included in past programs to monitor human exposure, and still other prob
lems arise when the relationships between exposure levels and concentrations
in the human body are unknown.
Those concerns make it important to determine the concentrations of
specific chemicals in human tissues. The National Human Monitoring Pro
gram (NHMP) was established in 1967 by the U.S. Public Health Service and
since 1970 has been housed in the Environmental Protection Agency. In
response to a request from EPA, this report of the National Research Coun
cil’s Committee on National Monitoring of Human Tissues evaluates the cur
rent program; identifies, important scientific, technical, and programmatic
issues; and makes recommendations regarding the design of the program and
use of its products. The program had not been reviewed in this way at any
earlier time, and we believe that it had become a textbook example of a pro
gram that was well intentioned, was focused on a critical issue, was managed
by staff competent in their disciplines, but was in need of a hard look by
external peer review. The program was not large in the overall scheme of
—---“
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things, and peer review would not have been difficult; but by the time our
committee was asked to undertake this review, the accumulated problems in
the program had reached a stage of crisis, even to the point of doubt about
whether the NHMP should be continued. One is moved to wonder how many
other small, critically important scientific programs might profit front peer
review, and not just at EPA.
The members of our committee were expert, in various combinations, in
biostatistics, toxicology, exposure assessment and epidemiology, chemistry,
pharmacokinetics, risk assessment, public policy, survey statistics, data base
management and tissue archiving, and biologic markers. Before writing this
report, the committee convened a workshop in January 1989 to obtain the
opinions of program officials and experts in fields relevant to tissue monitor
ing, environmental monitoring, and risk assessment. These officials and ex
perts helped our committee identify the potential goals and uses of a national
program and study in detail the operations and technical methods of the
NHMP. Users and potential users of tissue monitoring data also made impor
tant contributions to the workshop.
During our work, the committee was repeatedly surprised by the gaps
between the needs for data from human tissue monitoring and the limited
scope of current activities to fill those needs. Other countries, most notably
Germany, have far more extensive human tissue monitoring activities, and the
data are used widely for many purposes. In the United States, the right kind
of program could generate data of great value to numerous and diverse users.
Thus, our main conclusion is that a substantially new program, designed with
an appreciation of the strengths and weaknesses of the old, should be imple
mented forthwith.
The typical committee process often is criticized, but in this case, things
worked very well indeed. The members of our committee, all strong and
independent professionals, rolled up their sleeves and settled down to work
together at our very first meeting. The National Research Council staff were
fully effective members of the team. We could not have produced this report
without the support of L.ee Paulson and Carolyn Fulco; our efforts and delib
erations were greatly aided by Jim Reisa, director of the Board on Environ
mental Studies and Toxicology; and others, especially Karen Hulebak and
Shelley Nurse, helped in critical ways. We also profited from the continuing
interest and cooperation of present NHMP staff at EPA, its contractors, and
many potential users of the data.
John C. Bailar, Ill
Chairman
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Executive Summary
Many toxic substances in the environment, including man-made pollutants,
can pose hazards to human health. Monitoring human exposures to these
substances can be difficult. Many substances move readily from one environ
mental medium to another, and reliabLe monitoring data are sparse for most
routes of human exposure. Furthermore, as discussed in the National Re
search Council’s 1991 report, Human ExposureAssessmentforAirborne Pollut
ants, monitoring the environment by identifying and measuring concentrations
of chemicals in environmental media (e.g., air, water, and soil) is not by itself
an adequate basis for assessing human exposures.
Improved understanding of potential health risks has led to a search for
indicators of biologic responses to exposure that reveal the progression of
events within the body that lead to disease before disease occurs. Determining
the concentrations of specific chemicals in human tissues—such as blood and
adipose tissue—can serve in effect to integrate many kinds of human exposures
across media and time. A well-designed national program to monitor toxic
chemicals in human tissues is a necessary component of an anticipatory strate
gy aimed at early identification of and response to health and environmental
problems concerning xenobiotic toxicants in the environment.
Used as one component of an effort to manage environmental quality and
protect public health, tissue monitoring has valuable attributes:
• Tissue samples can reflect exposures accumulated over time.
• Tissue samples can reflect exposures by all environmental pathways and
routes of entry into the body, including some that are difficult or impossible
to assess by environmental measurement.
• Pollutants in tissue samples have undergone the modifying effects of
physiology, metabolism, and biologic availability, and thus can be used to help
describe important exposure-response relationships.
I
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• Some agents are more concentrated and are, therefore, more readily
detectable, in tissue sampLes than in the environment.
• Tissue samples can offer the opportunity to correlate the tissue concen
tration of toxicants with other tissue-based biologic markers or indicators of
effect that might be predictive of injury or disease within a given person.
Taken together, these characteristics make tissue monitoring a potentially
important adjunct to conventional environmental monitoring and one that is
uniquely valuable in indicating exposures and doses that may lead to harmful
effects.
THE NATIONAL HUMAN MONITORING PROGRAM
The National Human Monitoring Program (NHMP) was established in
1967 within the U.S. Public Health Service to study changes in pesticide resi
dues in the U.S. population. The primary activities of the NHMP are the
National Human Adipose Tissue Survey (NHATS) and special studies that
support other programs requiring data relevant to chemical exposures. The
NHMP, including NHATS, was transferred to the Environmental Protection
Agency (EPA) in 1970. Since 1981, the NHMP has been the responsibility of
EPA’s Office of Toxic Substances (OTS).
The NHATS was redesigned by OTS specifically to identify chemicals to
which a representative sample of the U.S. population was being exposed, to
establish baselines and trend data on chemicals for toxicologic testing, to
identify populations at risk and to set priorities for risk reduction, and to help
assess the effects of regulation. To accomplish these goals, theNHATS mea
sures residues of chemicals in human adipose tissue. Since 1967, the NHATS
has collected approximately 12,000 samples of adipose tissue—85-90% from
autopsied cadavers and the remainder from surgical patients. Tissues are
obtained through a national network of pathologists and medical examiners
from 47 urban or metropolitan statistical areas (MSAs); no rural areas or
small towns outside MSAs are included. In recent years, the number of speci
mens collected has dropped from an annual quota of 1,370 in the early 1970s
to 500-800 samples in the 1980s.
The NHATS has successfully documented widespread and significant preva
lence of pesticide exposures in the general population. It also has shown that
reduced use of polychlorinated biphenyls (PCBs), DDT, and dieldrin resulted
in lower tissue concentrations of these compounds. A trend analysis for 19701981 showed a dramatic decline in PCB concentrations after the regulation of
PCBs in 1976.
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The NHATS program has important and worthwhile goals. When it began
some 20 years ago, the NHATS represented the state of the art in pesticide
analysis in human tissues. However, while the objectives of the program have
grown, program design and support have not kept pace. The NHATS is now
out of date and only partially fulfills its objectives. Design and management
problems have been compounded by insufficient financial support for the
changing and expanding objectives, and the overall quality of the NHATS has
deteriorated.
In 1987, EPA proposed to introduce the National Blood Network (NBN)
to monitor residues of industrial chemicals in the blood of volunteer donors
from three US. blood-collection agencies. The NBN was intended to estab
lish baselines and time trends for the nation and for various population
groups. It was conceived as a way to complement the NHATS data by per
mitting less invasive collection of a tissue that reflected more recent exposures
compared with the long-past exposures shown by adipose tissue collection. It
also would have complemented the NHATS by focusing on volatile organic
chemicals (e.g., benzene and trichloroethylcne) and elements (e.g., lead, cad
mium, and arsenic), as well as semivolatile organics. However, the NBN has
not been implemented.
The NHMP has carried out several special studies, alone and with the
collaboration of other agencies. Such studies include an archive stability
study; a study with the World Health Organization that measured lead and
cadmium in blood; a clinical study of PCBs in transformer workers; develop
ment of a national body-burden database; and, with the Veterans’ Administra
tion, a dioxin-furan study of Vietnam veterans exposed to Agent Orange.
Because of budgetary limitations, the NHATS is the only operating compo
nent of the N}IMP, and in late 1987, EPA announced its intention to elimi
nate the NHMP. Congress instructed EPA to retain the program, pending a
review of its usefulness, and funds were made available through fiscal year
1990.
CHARGE TO THE COMM1T~EE
In response to the congressional request, EPA asked the National Research
Council (NRC) to review and evaluate the effectiveness and potential applica
tions of the NHMP. The NRC’s Commission on Life Sciences formed the
Committee on National Monitoring of Human Tissues within the Board on
Environmental Studies and Toxicology. The committee’s tasks were as follows:

4
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Organize a public workshop to identify relevant data and advise EPA on
the scientific, technical, and database management issues relevant to the cur
rent conduct and’ future use and development of the monitoring program.
• Review the past applications and future uses of these databases, consid
ering them in the context of the federal government’s overall strategy for
monitoring the general population For exposures to various toxicanis.
• Evaluate these programs in terms of their design, current and potential
applicability, and relative priority, to assist the federal government in deter
mining whether or how to continue such networks.
• Evaluate and provide recommendations for current and future resources
for the NI-IMP and assess the validity of various potential uses for which such
monitoring data have been proposed, whether from the NHMP or other
sources.
• Assess the utility and cost effectiveness of the program and identify
major scientific, technical, and ethical issues that should receive priority atten
tion.
• Address the larger issue of developing consensus on biologic markers of
environmental hazards in the context of overall federal efforts to monitor
markers of human exposure to environmental toxicants.
The first of those tasks was completed January 24-25, 1989, with a workshop
held at the National Academy of Sciences in Washington, D.C. Committee
members heard from NHATS users, potential users, and persons involved in
the operation of specimen and tissue banks. The current report addresses the
other five tasks.
RELATIONSHIP OF TISSUE MONITORING
TO EPA PROGRAM PRIORITIES
The goals of the NI-IMP correspond broadly to EPA’s mission in recogni
tion, evaluation, and control of environmental chemical hazards to human
health. However, no detailed plan tying the NI-IMP to specific EPA regulato
ry programs or research objectives appears to have been developed. Some
NHMP results have been used and cited by several EPA programs; e.g., the
1988 Envfronrnenlal Progress and Challenges: EPA ~s’ Update cites NI-IMP
results in monitoring markers or indicators of exposures to PCBs, pesticides,
and other agents of concern, such as dioxins, in human biologic samples.
Recent EPA planning documents indicate that the NHMP or a successor
program could be integrated readily into new research and program objec~
tives. Measurement of exposures in a manner that leads to realistic projec
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tions of dose is explicitly recognized in the EPA planning document Protecting
the Environment: A Research Strategy for the 1990s.” In this document, EPA
described new initiatives aimed at broadening the research base for agency
planning and developing new programs that transcend the previous “end-of-the
pipe” approach to environmental management. The emphasis on human health
risk as a focus in regulatory programs specifically indicates the ongoing need
and value of a national human monitoring program. Of the top five priorities
for new research programs identified by EPA, the third is “development of a
national data base on the extent of human exposure to pollution in the U.S.”
Many of the individual subjects for research identified in the report are relat
ed directly to aspects of the present NHMP or to proposed enhancements.
GOALS AND POTENTIAL USES OF A NATIONAL
PROGRAM TO MONITOR HUMAN TISSUES
The committee determined that an ideal national human monitoring pro
gram should do the following
• Measure concentrations of known chemical contaminants in human
tissues and help identify new or previously unrecognized hazards related to
chemical substances found in the environment, especially those resulting from
human activities.
• Establish trends in body burdens of toxicants that result from changes
in manufacture, use, and disposal patterns, and thus monitor the results of
programs intended to control specific chemical hazards.
• Provide biologic samples and data to aid in the evaluation of relation
ships between environmental exposure. and toxic effects for purposes of risk
assessment.
• Identify population groups (by age, geographic location, etc.) that might
be at risk because of high body burdens.
• Provide data for comparison with results of complementary environmen
tal monitoring programs.
• Provide human tissues essential for research on related matters, such as
determination of body burdens; distribution of chemicals among body com
partments; identification of biologic markers; and procurement, storage and
analysis of human tissues.
• Allow assessment of past exposure to newly identified toxicants.
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MONITORING HUMAN TISSUES
CONCLUSIONS AND RECOMMENDATIONS

The committee strongly supports a U.S. population tissue monitoring
program.
Given the central role of chemicals in modern society, people will be exposed
to chemicals. It is prudent that the general population be monitored to aid
in assessing magnitudes of exposure and to determine the need for and effec
tiveness of regulations and other measures to limit risk,
After a thorough review, the committee found that the cwrent
NIIMP progiwn it fundamentally flawed in concept and execution
and should be replaced completely.
The original goals of NHMP (and the N}IATS as redesigned) are still valid.
The committee luther recommends that a new program of human
tissue monitoring be developed with dispatch, that the NHMP be
continued only until a successorprogram is establishe4 and that the
change be completed as soon as is consistent with an orderly transi
Certain aspects of the NHATS should be preserved and evaluated for contin
ued support: the network for collection of adipose tissue specimens (though
it will need modification), the tissue archive, and the record of past analyses.
Toxicologic Issues
Although tissue-monitoring data alone can signal the need to conduct
studies on specific environmental chemicals, tissue monitoring to indicate past
exposures to chemicals in the environment is best viewed as one component
of a comprehensive environmental monitoring program. Information on
chemical toxicity typically is inadequate; even if it were adequate, planned and
unplanned releases of toxic substances and the resulting human exposures still
would occur.
The quantities of chemicals present in various media can be used to deter
mine whether the media are potential routes of exposure; however, such
measurements are not necessarily reflected in tissue concentrations. Tissue
chemical measurements must be supplemented with knowledge of contaminant
sources, environmental pathways, environmental concentrations, time patterns
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and locations of exposure, routes of entry into the body, material toxicity, and
latency.
Relevance of Human Tissue Monitoring
to Risk Assessment

V

Risk assessment includes identification of a potential health risk due to
exposure to a hazardous. agent, determination of sources and magnitudes of
exposure to the agent, estimation of the relationship between the potential risk
or severity of disease and the dose of the agent, and the integration of this
information into estimates of potential risk associated with various exposure
conditions. Most risk assessment today is based on estimates of external
exposure, which can be used to calculate dose. However, exposurc data gen
erally are imprecise and contribute considerably to uncertainty in the risk
estunate. Bloavailabiity—the completeness of absorption of a substance from
environmental media—differs according to many factors, including route of
exposure and the chemical and physical properties of the substance. Interpre
tation of tissue concentrations must depend on inherent potency and a broad
range of other factors, including exposure to other chemicals. can provide
quantitative data on internal dose or biologically effective dose of a chemical
or the resulting biologic effects and can theoretically provide greater precision
in the risk-assessment process than can the use of crude exposure data.
Choice of Tissues to Monitor

V

It is not feasible to study a broad range of tissues in a general population
sample. Instead, attempts must be made to identify tissues that most nearly
account for the body burden of most of the chemicals of concern. When the
NHATS was designed, pesticides were of greatest concern, especially haloge
nated hydrocarbons (particularly halogenated aromatic hydrocarbons), which
tend to accumulate in adipose tissues. New trends of environmental expo
sures, advances in analytic chemistry, increased sensitivity of equipment, and
the discontinuation of the use of most halogenated aromatic pesticides and
many halogenated aromatic industrial chemicals make the study of other
tissues important as well as feasible. The committee considered the collection
of blood as well as other tissues and specimens, including lean tissue, hair,
urine, and some other biologic fluids.
The present evidence kads the committee to conclude that the basis
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of a hwnan tissue monito~ing program should be broa4 ,wjdotn
a,ilection of blood sampks~ supplemented by the continued colkc
non of adipose tissue
This recommendation includes probability sampling; the needs cannot be
satisfied by existing EPA plans regarding the proposed NBN.
Blood collection should be supplemented by the continued càllection
ofathpose tissue, in pwi to maintain historical continuity while new
long-teim serres of blood measwes w~ established and in past be
couse some important residues we most concentrated in fat.
Measurements of nonrandom samples of adipose tissue will continue to be
important for several years, although they might be replaced later with studies
of the lipid fraction of blood.
While blood wzd adipose tissue we being colkcte4 the prog~wn
should undertake research on how the chemical measure of a wio
biotic taricant in one tissue is correlated with that in another, so that
the effects of nonrandomness in the adipose samples will be better
understood, and the continued contribution of the adipose samples
(including stored swnples) can be evaluated pn,perly.
RegardJess ofthe tissues collected, samples should be accompanied
by standardized infomiation on demographics, illness (especially
terminal illness), and known occupational or other major exposures
to chemicaLs.
High priority should be given to the collection of matched adipose
and blood specimens for future parallel analyses. Matched spedmens offat from different anatomic regions aLso might beusefid!
Sampling Methods
One of the primary deficiencies in the NHATS is that donors of adipose
tissues collected are not a representative sample of the U.S. population (see
Chapter 4). Most population surveys compromise somewhat on ideal stan
dards; however, departures from probability sampling in the NHATS exceed
what most statisticians would consider acceptable. The main deficiencies are
these:
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• Although the target population is the living U.S. population, the subjecis
on whom measurements are taken are an uncontrolled mix of recently de
ceased persons and surgical patients.
• The sample size has been driven by the budget1 rather than by needs to
satisfy important goals of the program.
• Some important segments of the population are omitted from the sam
ple. The exclusion of the rural population is the most serious omission.
• Although probability sampling was used in the selection of the metropol
itan areas that are the first stage of sampling, problems of cooperation forced
substitutions for 20% of the areas. Consequently, the extent to which the
sample of areas now represents all metropolitan areas is uncertain.
• No sampling method has been designated for choosing the persons from
whom specimens are taken. Each medical examiner or pathologist is given a
quota by age, sex, and race, but the quotas are poorly adhered to; even if the
quotas were met, the quota procedure would be inherently biased.
• There are no specific instructions for pathologists on the body part to
be used for specimens. It is implicitly assumed that contaminant concentra
tions are the same in all adipose tissue in the body.
• Recent uses of composite measurements have made it impossible to
provide prevalence estimates and seriously weakened the estimates of mean
contamination concentrations for the sex, race, and age subdomains.
• Sampling errors have not been calculated, so users are not informed
about the precision of the data.
• There is no plan for regular release of findings to the public.
The basic structure of the NHATS is such that, even with major improve
ments, its ability to reflect the accumulations of.toxic substances for the U.S.
population would be seriously limited.
If theNHA~TS~~were replaced, ax the committee reconzmends with a
bloo4 monitoringprogram as the primwy method ofmeasuring toxic
substances in human tissue, the samplingplan should be patterned
after the one used in National Health and Nutrition Eramination
Sur~ whicii includes a close approximation to a probability rainpie of the U.S. population.
Such a system also would permit interview with the sample persons to obtain
data on covariates.
Blood specimens should be collected in strict accord with the meth
od ofprobability sampling at all stages. The metho~’Lc used should
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be efficient for giving virtually all peisons in the United States a
known probability of seleclio,i.
During the time in which the N}IATS is continued, selection methods should
be revised to reduce subjective elements in the choices of counties, hospitals,
and specimens.
Collection, Short-Term Storage,
and Archiving of ‘lissucs
Many authorities in environmental monitoring believe that a prospectively
designed tissue bank should accompany environmental monitoring programs,
although retrospective analysis is still an important function for an archive.
Banked specimens and separately obtained specimens can reveal trends in
environmental chemical exposure and identify agents responsible for patho
physioLogic changes in humans, plants, and animals.
The goals of a human-tissut bank operated in parallel with an environmen
tal monitoring program should be cLear and supported—with a long-term
commitment—by the organization sponsoring the program. A specimen bank
organized in conjunction with environmental monitoring will have many pur
poses and must support those purposes. The utility of a tissue bank depends
on its correct operation; its resources; and the proper selection, collection,
handling, and storage of specimens.
Given the state of the NHATh’ aurent air.hive of tissue, the corn
mittee believes that the existing fi~zen samples of adipose tissue
likely have little or no vab.ie to a successor program or to other parHowever, the committee recommends that a successor program give the use
of the current archive early consideration, specifically asking whether the
archive should be saved indefinitely or discarded, and if it is to be saved, how
it should be preserved and used.
The committee advises the aichiving of newly collected specimens
according to state-of-the-art protocoLc.
Samples should be collected and stored in a manner that preserves the possi
bility of basing measurements on individual samples, and a substantial part of
the new program should be based on individual analyses. When it can be
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shown explicitly that values based on individual samples are not needed, some
degree of compositing might be appropriate.
Chemical Assay of Specimens
“Monitoring implies routine measurement that is inherently closed-ended
and based on established methods and practices. Requirements and ap
proaches for monitoring programs vary, but usually proceed from a list of
analytes (target chemicals) and assay methods that have been validated for the
sample type and concentration range of interest. A successful monitoring
program maintains results over time for comparison and must, therefore, be
technically adequate at the outset (Chapter 6). Comparability is most easily
achieved if assay methods are constant. The NHMP includes aspects that are
not compatible with monitoring, such as recognition of new agents of concern
and detection of chemicals not previously included in monitoring methods.
These are appropriate to a population-based biologic surveillance program,
but they require an approach to chemical analysis different from that for
monitoring.
The committee considered the following aspects of a monitoring program
in its deliberations:
• Present knowledge does not permit designation of all substances that
might be detectable in tissues or that would be important if detected.
• Present analytictechnology is inadequate for surveillance of some chemi
cals, because of limitations in sensitivity, applicability, and cost.
• The importance of individual target chemicals will increase or decrease
over time, but slowly. ~Emergency” exposure assessments that might be re
quired when a serious health~hazard is discovered would be addressed best by
focused special studies.
• Monitoring efforts will provide opportunities for exploration of tissue
composition beyond a list of target chemicals. Those opportunities and other
efforts parallel to the monitoring tasks should support continuing development
of the monitoring program itself.
Overall costs associated with a monitoring program can be reduced in
several ways. Some reduce development costs and lead time, some reduce the
number of assays needed for monitoring, and some reduce the cost per assay.
ReducLions in development costs can be achieved by targeting analytes with
similar chemical properties to minimize the number or complexity of analytic
protocols or by combining method development with actual sample analysis.
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Both approaches have some merit, although they also have disadvantages.
Once the ,dative impo~’tance of vasiouspossible uses ofthe data has
been establislze4 rationales for selecting tasget chenzicats should be
incorporated into a systemic wei~’Uing scheme and applied as corn
prthei,sivel~y as feasible.
Criteria for determining the relative importance of a candidate target chemical
should be separated from issues of analytic feasibility until late in the planning
effort. Identification of one or more analytes that might require a new assay
protocol would be important in planning future method development.
Design of an adaptable monitoring program with mechanisms for selection
of new analytes, development and validation of collection, storage, and assay
will permit a monitoring program to remain responsive to current needs and
to take advantage of progress in analytic technology in an organized fashion.
Many NHATS program decisions appear to have been arbitrary.
The lVHATh~ would benefit from ~lor strategic planning by EPA,
frequent ageiuy consultation with progrwn contractors, scientific peer
review, and solicitation of advice from interested federal agencies.
These efforts would help maintain a clear decision-making process that is well
documented and understood.
Evaluation of data should be a continuingpart ofprogrwn reporting.
One feature common to all NHATS project reports produced in the 1980s is
the nearly complete limitation of analysis of final results to analytic validity.
Interpretation of fmdings in relation to larger program goals (such as time
trends, efficacy of interventions, relative importance of different environmental
contaminants, and regional or demographic differences in exposures) is an
important part of understanding and meeting additional data needs. The
committee believes that only N}IMP has broad responsibility for making
certain that the program is productive in relation to the larger goals.
Analytic methods research is conducted within EPA, at other government
programs, and in acadcnie.
The NIL4TS must be able to articulate an4 within EPA, influence
research priorities for development of new ana4i~ic applications of
emerging tecimology and to benefit from new developments.
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The committee doubts that leadership in analysis can be delegated effectively
to contracting organizations, and it believes that EPA must maintain substan
tially more activity and expertise in this regard.
Since 1981, the analytic effort has been modified from year to year and
developmental activities have supplanted monitoring to some degree. Includ
ing current efforts, data are available from only 2 collection years.
Prio,ity rhould begiven to seuingand maintaining a irgularsthethde
Jot wudysis of ,asulLc of each assay type.
Program Design and Management Issues
Administrative and Agency Issues
Organizational and administrative location of a human-tissue monitoring
program in EPA is critical. The selection of an agency to lead national sur
veillance of chemical exposures is not simple; the multiagency history of the
NHMP and the current ambivalence regarding the future of the NHMP are
clear indications that the match between program goals, potentiaL benefits, and
EPA mandates is not perfect. Although a successful monitoring program
must be relevant to regulatory needs, it could and should serve a wide range
of client programs, without being dominated by any one.
Unlike many other EPA programs, the NI-IMP has a purpose and rationale
that transcends any individual EPA regulatory objective. The multiple aspects
of a national human-tissue monitoring program has meant that, to some ex
tent, the NHMP is not an integrated part of any specific EPA regulatory
program and, therefore, is not at the top of any major agenda.
The committee has specific concerns about the untoward effects of placing
a monitoring program in any subunit with direct, major regulatory responsibil
ities.

The conzmittee fimily ircommendr that monitoring be kept strictly
independent of regulation itself.
The committee concludes that considerations of input to policy~
impact, ir1bili~y, and independence wgue for a Location at the high
ert feasible oi~gwiizationa1 leveL
After considering the most tik4, goveinment units to house a ha
man-tissue nwnitonng program, and after hewing testimony at the
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Jwzuwy 1989 woikshop~ the committee reconvneiuLc that a national
program to monitor human tissue ,emain within EPA. However, the
location within EPA should be reconsidere4 and the committee
recommends that it be moved to an o.guniz.ation unit with EPA-wide
respo~des.
A location that is geographically close to other programs and laboratories
active in relevant technical disciplines would facilitate important exchanges
about methods, as well as followup of findings.
Funding
The critical resources in a program of monitoring human tissues include
funding and expertise in appropriate scientific fields. Sufficient funding, with
assurance that it will remain adequate over the next few years, is essential.
However, the final budget for a program should be determined after the
program specifications have been formulated. The major factors involved in
determining funding are the annual sample size, the set of chemical assays to
be performed, the type of tissue to be collected, the size of the staff needed
to monitor the program and analyze results, and requirements for research
and development. Funding is flexible to a certain point. However, there is
a minimum level of funding below which the program would not be. worth
while, and obviously, the greater the funding, the more detailed the analyses
that can be conducted. EPA needs.to make a commitment to request at least
the minimal funding through the indefinite future.
The committee flnnly concludes that support should either be in
creased enough to support a useful progranl~ or the program should
be eliminate€L
A clear decision to end the program would discourage present and potential
users from expecting data that cannot be produced; would be a clear state
ment that EPA does not accord human-tissue monitoring a high priority; and
would transfer institutional responsibility out of EPA, perhaps to another
federal agency.
Serious drawbacks to a decision to eliminate the monitoring program in
clude the likelihood that no comprehensive, coordinated program would be
developed elsewhere, loss of skilled staff and institutional memory, and per
haps destruction of specimens that have been banked and saved. The com
mittee urges that EPA consider termination of human-tissue monitoring only
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under the most compelling circumstances, and even then only after exploration
of ways to ensure orderly transfer to another appropriate agency in less-strait
ened circumstances.
The committee considered possible levels of funding. Funding of $3 million
per year appears to be barely adequate to sustain the minimal activity needed
to keep a program in long-term existence. The committee does not recom
mend support at this funding level.
The next support level considered by the committee was $5 million per
year, exclusive of staff salaries and overhead. Although the committee did not
undertake detailed cost analyses, it believes that EPA’s history as well as the
operation of other tissue-monitoring programs suggest (hat $5 million per year
could support a substantial flow of high-quality, policy-relevant information.
This level still is not munificent support, but it might be sufficient to serve
EPA’s policy needs and bring some critical distinction to the program. Fur
thermore, it could be used to develop a solid base of competence, experience,
and usefulness to support possible expansion in the future.
Greater financial support—even up to the $25-SO million per year suggested
by heads of other agencies—could be put to good use, given appropriate plan
ning and the organizational setting and mission described in this report.
However, such allocations do not appear feasible now, so their implications
were not explored.
The. convni#ee ,~commends that a fiJi-lime program manager and
other staff be allocated fwuis adequate for the plawthig and full
design of a newprogram concwrent with preparationsfor the absoip
lion of the NHA7~.
At least $3 million per year will be needed to continue current activities and
planning. This phase might take 12 months or more.
The committee fwther recommends that, after the Dwzsition period,
additionalfidi-time sWff be assigned and suppolt be increased to at
least $4 million per year for at least 2 yew~v of consolidation.
Science Review
The committee recommends strong and continuing ovei~ight of the
new human-tissue monitoring progrwn.
Expert advice can be obtained in sevend ways, but the mmwmu.s
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aiteria iequircd to establish and maintain a human—tissue monitor
ingpro~um point strongly to a standing outside scientific advisory
body to advise program and EPA managemenL
The body should be outside EPA; nearly all members should be knowledge
able about one or more scientific and technical disciplines important to the
program. Advice provided by this group would include oversight of program
content, program management, program planning, resource needs, technical
operations, timeliness, and appropriate dissemination of results. The advisory
body should have no other major responsibilities related to the program. The
committee envisions quarterly meetings that would taper rapidly to annual
meetings.
Other Administrative Issues
Details of program structure and organization depend heavily on a host of
management decisions that the committee cannot foresee. Some of the issues
that must be considered, however, include in-house scientific and managerial
competence; professional staff members fully dedicated to human-tissue moni
toring; and program design.
Some profess-lanai staff membe,r should be filly dedicated to the
progrwn, without competing duties.
The committee speciflca1~ recommends that the program be de
signed in a moth4ar fashion as much as possibLe to permit critical
core activities to be maintained even if other activities must be cur
taile4 su~pende4 or ended at some fiawe time.

Analysis and Reporting of Data
A structured approach to basic and more-exploratory data analysis is need
ed. The plan for each yea?s monitoring effort should include a data-analysis
plan, with analytic subprojects. Well-defined analyses should result in early
reporting of findings; analyses that require method development or input that
are not in the chemical analysis set might be reported less rapidly or less
often. At a minimum, however, descriptive summary analyses of the data
should appear with the same frequency as the chemical analyses.
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Data from human..tissue monitoring cannot, in general, be fully interpreted
without other information regarding tissue concentrations, patterns of expo
sures, and the metabolism and toxicology of individual chemicals. Reporting
of those should be systematized, but this will require close collaboration of
statistical analysts with persons providing other information. Comparison
data, especially reports of tissue concentrations of chemical agents, should be
sought, continuously. Strong interagency and intra-agency collaborations in
planning and exchange of data will be required to address measurement objec
tions, facilitate the analysis of monitoring-program results, and result in a
program that is most useful to cooperating agencies.
The program must produce timely reports regularly.

The commiuee recommends that at a minImwn, wi annual report
of basic analyses shouLd be produced within a year of completion of
the swnpk collection.
Reports almost certainly will undergo internal review. Extra-agency review of
draft reports is desirable, especially peer review by persons on the scientific
advisory panel and perhaps other persons with specific expertise.
A human-tissue monitoring program should be designed as a multiple-user
service activity. That creates substantial obligations for assisting users to
understand what the program does and does not provide, for timely analysis
and publication of results, for specific and helpful guidance in access to ar
chived specimens, and for active marketing of products.
A weU-defined process for producing a range of outputs is an important
part of the planning effort. A schedule should be widely and continually
publicized and should be relaxed only under the most compelling circumstanc
es. Scientific staff, who bear most of the responsibility for meeting a schedule,
should recognize that timely, high-quality reports on important matters are a
sine qua non.
A specific person or persons must be responsible for outreach efforts,
which are warranted by the multiuse nature of the program, the wide-ranging
interest in the resulting data, and the clear indications that more passive
approaches to publicizing program reports have failed to reach some critical
target groups.
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Cooperation and Information Transfer
with Other Organizations
A tissue-nwnitoiing and aithiwzlprognun must cooperate and corn
.munkate with other branches of EPA, other go~emment agencies~
academic and private sectors, and foreign envirrmmentol programs.
No~ only w~e such cooperation and infomuition erchwige impoitwzt
in the operation ofhuman-tissue monitoring but continuing infomia
don exchange will be ciftical to the efficient operation of the new
pmgran~
The committee thinks that special value might be found in the joint devel
opment of a small set of measurements to be made in simiLar ways across a
broad range of programs or a means of establishing comparability among
programs that could lead to a worldwide data base for environmental toxicants
that persist over long times or migrate across long distances and across na
tional boundaries.

Monitoring Human
Tissues for Toxic
Substances

Introduction

BACKGROUND
Contamination of the environment with chemical substances, including
man-made chemicals and pollutants, can pose a threat to public health (Buf
fler et al., 1985; Upton et al., 1989). The concern can be justified by several
examples: In 1984, the National Research Council (NRC) reported that more
than 60,000 chemicals1 were in commercial use in the United States (NRC,
1984a), and the number was growing by an estimated 1,000 per year. About
3,400 pesticide ingredients (active or relatively inert), such as solvents, are
registered for commercial use, but data adequate for a complete health hazard
assessment are available on only an estimated 10%, and toxicity information
was lacking (as of 1984) on almost 40% (NRC, 1984a). Comprehensive moni
toring data on industrial chemicals other than pesticides are even less abun
dant. More than 700 organic chemicals, including 40 carcinogens, have been
identified in the U.S. drinking water supply (Harris et al., 1987). Numerous
industrial chemicals (including trace metals, polycyclic aromatic hydrocarbons,
and volatile organic chemicals) have been detected in ambient air (Hunt et al.,
1986). Food can also be a source of exposure to industrial chemicals (NRC,
1987; Gunderson, 1988).
Toxic substances in ambient and workplace air, water, and soil, and in the
food supply move readily from one medium to another, and data on the pres
ence of individual industries’ chemicals in specific media are sparse. Reliable

1The environmenL includes several kinds of toxicants, many of which are single
chemicals. Throughout this report, the committee uses the word “chemical’ generi
cally; it does not refer solely to industrial chemicals.

rPreceding page bIank~
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monitoring data that include most routes of human exposures are available on
only a few chemicals, and as noted in Human Exposure Assessment for Air
borne Pollutants (NRC, 1991), monitoring the environment by identifying and
measuring concentrations of chemicaI~ in various media rarely can character
ize human exposures. However, determination of concentrations of specific
chemicals in human tissues (such as blood and adipose tissue) is a major tool
for integrating human exposures across media and time.
The Public Health Service established the National Human Monitoring
Program (NHMP) in 1967 and transferred it to the Environmental Protection
Agency (EPA) when that agency was formcd in 1970. The NHMP consists
of the National Human Adipose Tissue Survey (NHATS), and various special
studies that support other programs that require data on chemical exposures.
EPA would also like to introduce the National Blood Network (NBN). Be
cause many chemicals that may be harmful to humans are pesticides or other
persistent hydrocarbons, EPA’s Office of Pesticides Programs operated the
NHATS to monitor pesticide concentrations in adipose tissue, where they are
likely to concentrate. In 1981, EPA’s Office of Toxic Substances (OTS) was
given responsibility for the NHATS program and redesigned NHATS to iden
tify chemicals in human tissues, estabLish baseline data and trends, and identify
population groups with unusually high concentrations of toxic chemicals, thus
making NHATS more responsive to the needs of OTS. Details of the pro
gram’s history are in Chapter 2.
CHARGE TO THE COMMITI’EE
The National Human Monitoring Program, as developed by EPA, has
been funded at decreasing levels, and the NHATS is now the only operating
component of the NHMP. In late 1987, EPA announced its intention to
delete the NHMP from its budget, although funds were committed through
fiscal 1990. Congress, however, instructed EPA to retain the program until
its utility could be reviewed. OTS therefore asked the National Research
Council to review and evaluate the effectiveness and potential applications of
the data collected in the NHMP. The NRC Board on Environmental Studies
and Toxicology formed the Committee on National Monitoring of Human
Tissues to evaluate the NHMP, to provide recommendations regarding its
design and utility, and to identify scientific and technical issues that should
receive priority attention. The committee, in keeping with its charge, held a
workshop at the National Academy of Sëiences in Washington, D.C., on Janu
ary 24-25, 1989. The workshop was organized to enable committee members
to hear from persons who had used NHATS data or tissues, were considered
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likely to use NHATS data, and who were involved in the operation of speci
men and tissue banks. See Appendixes A, B, and C, respectively, for the
workshop agenda, participant list, and summary.
ENVIRONMENTAL AND PUBLIC hEALTH RATIONALE
FOR MONITORING CHEMICALS IN HUMAN TISSUES
There is general agreement about the need to reduce the release of toxic
substances into the environment to protect public health and the environment
itself. A corollary is the need to anticipate toxic hazards before they cause
disease. A recent National Academy of Sciences report concluded that con
trolling toxic substances in the environment warrants high priority and chal
lenges both the legal and public health systems of the nation (NRC, 1988).
To anticipate and control environmental toxicity, new ways to identify and as
sess human health hazards in the environment in a timely fashion are needed.
The EPA Science Advisory Board (SAB) has recommended a research
strategy for preventing or reducing environmental risks, including those result
ing from chemical pollution (EPA, 1988). The strategy includes a long-range
research program aimed at characterizing the sources, transport, and fate of
environmental pollutants; assessment of total environmental exposure with
personal monitoring, models, and biologic markers of exposure; and assess
nient of human health effects of pollutants with biologic markers of disease,
extrapolation of animal effects to humans, and epidemiology. The SAB tin
dèrscorcd the need for EPA to improve its capability to anticipate environ
mental problems, and it cited several instances in which chemical contamina
tion problems (including Kepone in the James River, polybrominated bi
phenyls in feed, and tributyltin in harbors) were not discovered until after
substantial health or economic costs were incurred. The SAB stated (p. 12):
Clearly, great benefit can be derived from the identification of trends in
environmental quality before they begin to cause serious ecological or
human health problems.
EPA needs to begin monitoring a far
broader range of environmental characteristics and contaminants than
it has in the past. Although we understand a lot about the handful of
chemicals that already are known to cause environmental problems, we
know relatively little about the thousands of chemicals used in modern
society, and that possibly could cause adverse affects on human health
and ecosystems over the long term. Thus EPA should expand its use of
monitoring activities that can foretell health and ecological risks. Past
analysis of the muscles and adipose tissue have provided invaluable
.
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information on a wide range of contaminants actually accumulating in
living creatures. Those kinds of studies should be increased in the fu
ture.
A related recommendation of the SAB was that EPA “expand its efforts to
understand how and to what extent humans are exposed to pollutants in the
real world” (p. 14). Heightened recognition of potential health risks, which has
resulted from ever more sensitive chemical measurement coupled with toxico
logic characterization of delayed effects of chronic exposures, has led to a
search for indicators of biologic responses to exposure that reveal, before
disease occurs, the progression of events [hat lead to disease. Tissue monitor
ing constitutes a natural link between conventional environmental surveillance
and emerging methods of assessing biologic injury that results from exposure
to toxic chemicals. For example, detection and measurement of a pollutant
chemical in tissue samples would indicate that exposure to it has taken place.
A well-designed national program to monitor toxic chemicals in human tissues
is directly relevant to identified research needs and is a necessary component
of an anticipatory strategy aimed at early identification of and response to
health and environmental problems.
Tissue monitoring has valuable attributes if used as one component of an
effort to manage environmental quality and to protect public health:
• Tissue samples reflect exposures accumulated over time.
• Tissue samples reflect exposures by all routes, including some that are
difficult or impossible to assess by environmental measurement (such as handto-mouth ingestion in young children).
• Pollutants in tissue samples have undergone the modifying effects of
physiology (rates of uptake, distribution, bioconversion, elimination, and stor
age) and biologic availability.
• Some agents are more concentrated, and so more readily detectable, in
tissue samples than in the environment.
• Tissue samples offer the opportunity to correlate, within a given person,
the tissue concentration of toxicants with other tissue-based biologic markers
or indicators of effect that might be predictive of injury or disease.
All those characteristics, taken together, make tissue monitoring as an
assessment tool an important adjunct to environmental monitoring that is
uniquely valuable in indicating both exposures and doses that lead to poten
tially harmful effects.

INTRODUCTION

C

25

RELATIONSHIP OF TISSUE MONITORING
TO EPA PROGRAM PRIORITIES
During the early years of the NHATS, few planning documents explicitly
stated EPA’s view of the relationship between national human tissue monitor
ing and the agency’s responsibilities under various legislative mandates. In its
1976 report to Congress (Environmental Research Outlook for FY 1976
Through 1980), the Office of Research and Development did not explicitly
refer to human exposure and assessment or to monitoring of biologic samples,
although the need for a national plan for monitoring pesticides was identified
under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA).
EPA~s mission in recognition, evaluation, and control of environmental chemi
cal hazards to human health corresponds broadly to the goals of NI-IMP in
surveillance of trends in human exposures to chemical hazards in the United
States, but no detailed plan for tying the NI-IMP to specific EPA regulatory
programs or research objectives appears to have been developed. Some spe
cific NHMP results have been widely used and cited by several EPA pro
grams. Environmental Progress and Challenges: EPA’S Update (EPA, 1988)
cites NHMP results in monitoring exposures to polychlorinated biphenyls,
pesticides, and agents of more recent concern, such as dioxins, in human
biologic samples.
More recent planning documents indicate that the NI-IMP or a successor
program could be readily integrated into new research and program objec
tives. The role of population-based human tissue monitoring in the overall
context of EPA’s mission and current goals lies in providing a link between
environmental concentrations of pollutants in the various exposure media and
biologic consequences that might be predicted or observed. The necessity for
measurement of exposures in a manner that leads to realistic projections of
dose is explicitly recognized in the EPA planning document Protecting the
Environment: A Research Strategy for the 1990s (EPA, 1990). In citing emerg
ing environmental management issues including the need for multimedia
management of toxic chemicals and the apparent disparity between relative
health risk and regulatory priorities, EPA has announced new initiatives aimed
at broadening the research base for agency planning and developing new
programs and at transcending the previous compartmentalized “end-of-the-pipe~
approach to environmental management. The new emphasis on human health
risk as a unifying focus in regulatory programs for air quality, drinking water,
waste management, toxic chemicals, pesticides, ecologic protection, etc., would
specifically indicate the ongoing need and value of a national human monitor
ing program. Of the top five priorities identified by EPA for new research
programs, third in importance is development of a national data base on the
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extent of human exposure to pollution in the U.S.” (p. 2). Many of the individ
ual subjects for research identified in the report are related directly to aspects
of the present NHMP program or to proposed enhancements: development
of biologic markers of exposure, devdopmcnt of techniques for the assesSment
of human exposure, and reliance on indicators of internal concentrations or
quantities of pollutants (doses) rather than external quantities (environmental
concentrations), for risk assessment purposes.
In summary, the relevance of national human tissue monitoring to EPA’S
mission has always been identifiable. Recent strategic planning to identify
EPA’s priorities for the next decade give human tissue monitoring a more
central role than it had in the past and would require that some aspects of the
N}IMP be created, if they did not already exist.

GOALS AND POTENTIAL USES OF A NATIONAL
PROGRAM TO MONITOR HUMAN TISSUES
An ideal national human monitoring program should:
• Measure concentrations of known chemical contaminants in human
tissues and identify new or previously unrecognized hazards related to chemi
cal substances, especially those attributable to human activities.
• Establish trends in body burdens of toxicants that result from changes
in manufacture, use, and disposal patterns, and thus monitor the results of
programs intended to control specific chemical hazards.
• Provide biologic samples and data for the evaluation of relationships
between environmental exposure and toxic effects for purposes of risk assess
ment.
• Identify population groups (by age, geographic location, etc.) that might
be at risk because of high body burdens.
• Provide data for comparison with results of complementary environmen
tal monitoring programs (e.g., NOAA’s Mussel Watch Program and National
Institute of Standards and Technology (NIST)’s Environmental Specimen
Banking Program).
• Provide human tissues essential for research on related matters, such as
determination of body burdens; distribution of chemicals among body com
partments; identification of biologic markers; and procurement, storage and
analysis of human tissues.
• Allow assessment of past exposure to newly identified toxicants.
The products of such a monitoring program—reports of tissue concentra

INTRODUCTION

C

27

Lions of contaminants representing groups of the U.S. population—will stiznu
late the formulation of questions regarding patterns of exposure and other
exposure-related issues. Those questions might not be answerable with exist
ing information, but they can focus regulatory or scientific attention on new
problems. Estimates of exposures based on tissue concentrations of contami
nants (discussed in Chapter 3) can contribute to quantitative risk assessment
of detected agents or of nondetected agents with known analytic detection
limits.
The committee findi that a program of human tissue monitoiing is
critically necessary to continuing improvement of undei~itanding of
exposw~ to toxic chemicaLc wzd recomme,zdr that such a program
be given him priority for funds and ocher i~sowres.
Most of this report expands on that recommendation.

Review of the National Human
Adipose Tissue Survey and
Selected Program Alternatives

DEVELOPMENT OF THE PROGRAM
The National Human Monitoring Program (NHMP) was established in
1967 to determine arid assess changes in detectability and concentrations of
pesticide residues in the national general population. The program was initial
ly an activity of the U.S. Public Health Service, but was transferred to the new
Environmental Protection Agency (EPA) in 1970. The NHMP now consists
of the National Human Adipose Tissue Survey (NHATS); EPA planned to
introduce a National Blood Network (NBN), but it has not been implemented.
It is difficult or impossible to remove persistent xenobiotics effectively from
the tissues of living animals or people, so precautions must be taken against
unnecessary and excessive exposures. Precautions against exposure are, how
ever, greatly complicated by the dependence of modern society on synthetic
chemicals; even the cleanest-looking environments now contain toxic contami
nants. Therefore, it is prudent to assess and try to reduce their effects. An
essential part of the management of toxic chemicals is regular sampling of the
population to determine magnitudes of exposure and contamination.
Neither detection nor determination of concentration of a chemical in
tissues of individuals or the general population provides a quantitative esti
mate of risks to human health. For example, people living downstream from
a defunct DDT plant in Triana, Alabama, were chronically exposed to DDT
in their diets for many years and have several times the national geometric
mean for DDT and related chemicals (e.g., DDD and DDE) in their serum.
However, a survey of the health status of 499 of them, out of approximately
600, indicated that total DDT body burdens were not associated with specific
illness or ill health (Kreiss et al., 1981). But some chemicals can be degraded
so rapidly that they cannot be detected in tissues even a few hours after expo
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sure (Lynn et al., 1984). Such chemicals include benzidine (a known human
carcinogen), aflatoxin, vinyl chloride, formaldehyde, and many other toxic or
carcinogenic chemicals. Therefore, failure to detect a chemical in human
tissues does not mean that potentially toxic exposure to it has not occurred.
The NI-IATS was intended to provide data on the existence and concentra-.
Lions of chemical substances in human adipose tissue of a representative
sample of the U.S. population. Its specific objectives were to identify chemi
cals to which the population was being exposed, to establish baseline and
trend data on detected chemicaLs, to identify populations at risk and set priori
ties for risk reduction, and to determine the impact of regulation. The
NHATS has always measured residues of chemicals in human adipose tissue.
Adipose samples are submitted for chemical analysis through the cooperation
of selected pathologists. Those samples are collected from postmortem exam
inations and from remnant specimens removed during surgery. Age, sex, race,
and clinical pathologic diagnosis are requested for each patient sampled.
Geographic area of residence is inferred from the location of the contributing
hospital.
The N}IATS originally targeted polychiorinated biphenyls (PCBs) and
several organochiorine pesticides for study. Those compounds are highly
lipophilic and stable in biologic systems and therefore accumulate in adipose
tissue; in fact, human adipose tissue contains the highest concentrations of
some of the most persistent chemicals to which humans have been exposed.
The NHATS therefore selected adipose tissue as best for its purpose of esti
mating past human exposure. Although the emphases of the program and the
chemical classes targeted by the NHATS have changed substantially, adipose
tissue continues to be the basis for study.
Since 1967, the NHATS has collected approximately 12,000 samples of
adipose tissue—some 85-90% from autopsied cadavers and the remainder from
surgical patients. Tissues are collected through a national network of patholo
gists and medical examiners from 4? urban or metropolitan statistical areas
(MSAs); no rural areas or small towns outside MSAs are included. In recent
years, collection of specimens has dropped from an annual quota of 1,370 to
500-800 samples.
The NHATS specimens collected during fiscal year 1982 were designated
for ~broad scan anaLysis” to determine volatile and seniivolatile organic com
pounds (EPA, 1986a). Since 1982, the prcgram has been modified to imple
ment newer methods of detecting chemicals on the original target list and to
expand the list of chemicals that can be detected. New methods have come
into use to measure PCB homologs, chlorinated benzenes, aromatic hydrocar
bons, phthalates, and phosphate esters. Those changes signaled a shift in
emphasis from monitoring to exploration and the replacement of some routine
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assay techniques with newer methods. Initially, individual samples were as
sayed; however, because of the high cost of assays, EPA later switched to the
use of composite samples. Forty-six composite samples were prepared from
more than 750 NHATS specimens collected during fiscal year 1982 according
to a study design prepared by the EPA Office of Toxic Substances (OTS)
design and development contractor, Battelle Columbus Laboratories.
The NHATS data, reported in a series of publications, have documented
a widespread and significant prevalence of pesticide residues in the general
population (Kulz et at, 1979; Strassman and Kutz, 1981). The program has
also identified a high-risk population exposed to the pesticide Mirex (Kutz et
at., 1985). NHATS data have shown that reductions in use of PCBs, DDT,
and dieldrin have been followed by a decline in measured concentrations of
these compounds. A specific high point for the NHATS came in 1982 with
thc release of a 1970-1981 trend analysis showing a dramatic decline in PCB
concentrations after the 1976 PCB regulation. With this as an impetus, EPA
moved to develop state-of-the-art analytic protocols.
In fiscal.year 1987, EPA proposed a National Blood Network that would
use three U.S. blood-collection agencies as a surveillance system to monitor
residues of industrial chemicals in the blood of volunteer donors. The pur
pose was to establish baselines and time trends for the nation as a whole and
for various population groups. It was intended to complement the NHATS
data by permitting less invasive collection of specimens from some subjects
(blood rather than fat) and to reflect more recent, rather than only long-past,
exposures. It would also complement the N~HATS by focusing on volatile
organic chemicals (e.g., benzene and tricliloroethylene) and elements (e.g.,
lead, cadmium, and arsenic), as well as semivolatile organics.
The NI-IMP has also carried out several special studies, alone or in collabo
ration with other agencies. They included an archive stability study, participa
tion in a World Health Organization study of lead and cadmium in blood, a
clinical study of PCBs in transformer workers, development of a national
body-burden database, and (with the Veterans~ Administration) a dioxin-furan
study of Vietnam veterans exposed to Agent Orange.
The NHMP has suffered in recent years because of budget cuts. The NBN
has never been initiated, and analysis of NHATS specimens has lagged. The
NI-IMP is now funded only through fiscal year 1990.
Program Deflciencies
The NHATS program is the only comprehensive human tissue monitoring
program in this country. In the face of the data needs generated by the vast
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use of chemicals in the United States, it is expected to provide a national
assessment of chemical exposures on an annual budget of less than a million
dollars. In spite of its small present budget, it has collected approximately
12,000 samples of human adipose tissue over some 20 years through a national
network of pathologist and medical examiners. EPA and its dedicated staff
deserve recognition for that effort.
However, the program has a number of serious problems. A basic statisti
cal problem is that the original design was very weak; it used probability
sampling for only one stage of sample selection, and even that use has been
diluted over the years. Thus, the ability to generalize results is seriously
limited. Another weakness is that the original design of the program did not
include rural areas in the samples. The annual quota for sample collection
has been 1,370; however, the average has been much lower since 1970, and
only 500-800 samples have been collected in part because of a decrease in
funding. Another concession to decreased funding has been a move to assay
composite, rather than individual, samples. Budget reductions have also
caused proposed modification and expansion of the program to be delayed,
with indefinite postponement of such key steps in the program as chemical
analysis of tissues, data analysis, methods development, and reporting of sur
vey results. And the blood network has yet to be implemented.
The NHATS program is now more than 20 years old. It has not aged or
developed gracefully. Collection and analysis of samples have not been nearly
as effective or as representative of the population as planned. Storage of
samples has been inappropriate, and there is a question of whether samples
collected more than a year or two ago can be used for adequate quantitative
estimation of donor exposure; such specimens might be only minimally ade
quate even for qualitative analysis of some exposures. Data obtained from the
samples have been the basis for several publications and reports, but they have
not been used as effectively as they could have been. Relative to the time and
money invested in the program, the publications and reports are few and
cursory; and publication of reports describing survey results is usually several
years behind data collection. All those factors have combined to damage the
prestige and credibility of the program. The NE-EATS has rarely enjoyed the
support that such a program deserves, and, because of its waning reputation,
it currently appears to be a program that higher EPA management wishes to
avoid rather than support.
In summary, the NHATS program was well intended and has many impor
tant and worthwhile goals. At its inception, approximately 20 years ago, the
program was at the state of the art of pesticide analysis in human tissues.
However, NNATS management has expanded the objectives of the program
to encompass more than was originally intended while failing to improve and
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expand its design and support appropriateLy. The lack of innovation and
leadership over the years has resulted in a program that is out of date and
only partially fulfills its objectives. Design and management problems have
been compounded by the failure of the program to receive financial and man
agerial support in proportion to its expanding objectives. As a result, the
program has promised more than it can deliver, and both the quality and the
quantity of data obtained from the NHATS have failed to meet reasonable
expectations. Without the necessary managerial and financial support, the
overall quality of the NHATS has deteriorated to the point where questions
have been raised as to whether it is still worth while or cven salvageable.
A short summary of the major weaknesses of the current N}{ATS program
follows. More detailed discussion of these~ weaknesses is presented in later
chapters.
Toxicologic Issues (see Chapter 3)
A blood collection system has been proposed, but all prior tissue collection
has been limited to adipose tissue. Variation of adipose storage of chemicals
with body site (e.g., subcutaneous vs. perirenal) has not been reviewed careful~
ly. And analysis of chemicals with lower lipid partition coefficients (e.g., heavy
metals) has not been emphasized.
Storage of specimens under suboptimal conditions might prevent the analy
sis of specific biologic markers; for example, some may be unstable at the
storage temperatures now used.
The current program has failed to correlate and evaluate tissue concentra
tions of chemicals with other variables important to interpretation of the
concentrations (e.g., data on exposure and toxicity).
Sampling Strategy (See Chapter 4)
There are serious problems with the NNATS sample design. Some of
them are inevitable when adipose tissue is used as the unit of analysis, and
others follow from decisions made in planning the study. The most severe
problems areas follow:
• The population of interest is presumably the entire live U.S. population,
but the measurements are made on a combination of adipose tissue from
recently deceased persons and surgical patients (as collection of adipose tissue
is necessarily a invasive procedure); tissues from these sources may be sub-
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stantially affected by serious illness, treatment, and/or cachexia with concen
tration of fat-soluble substances. There has been no evaluation of whether
contaminant concentrations in tissue from these sources are similar to concen
trations in the population as a whole.
• Most of the rural population is excluded from the sampling frame; there
is no information on urban-rural differences that would permit inferences
about the U.S. population.
• Probability sampling was used for only one of four stages of sampling—
the selections of metropolitan sample areas. There is no information on
potential biases of the sample selection. in the one stage that was selected
with probability methods, there has been a deterioration in the quality of the
sample.
• There has not been adequate consideration of the precision needed for
data analysis or of the sample sizes appropriate for thc NI-fATS.
insufficient attention has been paid to the implementation of the sample
selection procedures. As a result, the sample sizes specified for the NHATS
have not been attained in recent years. Furthermore, the contractor’s latitude
in choosing counties and medical examiners or pathologists and the medical
examiners’ and pathologists’ latitude in choosing tissue specimens are so wide
that it is not clear how well the specimens represent the population that was
intended by the sampling protocol.
Starting with samples collected in 1982, the NHATS stopped separate
analyses of each tissue specimen and introduced analyses of composites; that
led to a substantial loss of ability to analyze and interpret N}JATS results.
There is no direct way to derive prevalence estimates. Statistical modeling is
used to estimate mean concentrations by age, sex, and race, but the adequacy
of the models has not been tested sufficiently.
Little or no effort has been made to establish confidence levels around the
NIIATS estimates; As a result, analysts have difficulty in knowing whether
changes over time or differences among population groups reflect reat differ
ences or are only random fluctuations.
Collection, Storage, and Archiving
of Tissues (see Chapter 5)
Tissue samples now stored have been transferred among several reposito
ries, and some have been thawed (both accidentally and deliberately to per
mit partial analysis). There is a lack of storage history, including freeze-thaw
history, of many earlier specimens.
-
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Inadequate numbers of specimens are being collected, and storage condi
lions at collection sites are not uniformly controlled. Specimen storage con
tainers are not suitable for some analytes.
Collection sites have no organized quality control system. Training pro
grams for collectors are lacking, site visits are not made to collectors, and
exclusion criteria on samples are not enforced. Many tissue specimens appear
to be seriously compromised, and there is evidence of sample contamination.
Sample holding times of several years have been accepted, without studies
validating the storage stability of target compounds over those times.
Specimens in the archive are stored in an unorganized manner. There is
evidence that sample containers have been inappropriate.
Chemical Assay Issues (see Chapter 6)
The list of compounds selected for monitoring has not been regularly re
viewed and modified, and it has been expanded without sufficient systematic
pLanning.
Analytical methods introduced in 1981-1985 were implemented without
sufficient validation, and analytic goals are not clearly defined or defended.
Routine monitoring functions have been allowed to lapse, because of spo
radic analyses, compositieg of samples, and Lack of continuity of results.
Programmatic Issues (see Chapter 7)
A critical aspect of a successful monitoring program is the reporting of
fmdings in a format and with a timeliness that match the needs of data users.
For example, tracking of a rapidly changing environmental contaminant may
require regular reporting to a regulatory or enforcement office, with a delay
of no more than 6 months after the close of each reporting year. Reporting
of monitoring data from the NHATS was first delayed, was then at a reduced
frequency, and finally broke down altogether in the late 1980s. Part of the
problem was excessive EPA delay in that part of EPA that was reviewing
contractor-prepared reports.
Large programs can be contracted out successfully, but the export of func
tions must be closely matched to both the export of responsibilities and con
tinuing technical oversight. It is the committee~s impression that contract work
in support of the NHATS has been performed in a technically acceptable
manner, but that critical decisions about the general thrust of the contract
work have not had adequate attention from either EPA or the contractors.
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Examples (cited above) include conditions of collection and storage of sam
ples, choice of substances to be examined, and laboratory methods. In short,
the contractors appear to have done an acceptable job, but sometimes the
wrong things were measured.
Little evidence can be found of long-range strategic planning by the staff.
Program staff were concerned with such matters as maintaining the projected
magnitude of specimen collection, but failed to attend to long-range planning
that would enhance the value of the collected specimens. For example, there
were apparent failures to build strong links with the community of potential
users, to examine and deal with the implications of the program’s organization
al location, to plan for adequate continuing input from a range of technical
specialties, to monitor programs in other countries and to develop close com
munication and even working relationships with other programs in EPA, other
federal agencies, and the private and nonprofit sectors.
The present program has suffered, at first indirectly and later directly, from
a failure to give substantial and explicit attention to promoting the use of its
products (i.e., the adipose tissue archive and data from the analysis of the
samples). As a result, the products have been underused or even unused. A
symptom is the recurring reference to a few striking figures of the decline in
DDT, PCBs, and dieldrin after regulation of use (GAO, 1988). The commit
tee acknowledges both the importance of and the public interest in those
examples, but there should be by now a large number of additional examples
of the importance of NHATS data.
The N}IATS as a program has suffered severely from a lack of full-time,
concerted attention from persons who are technically competent in the specific
relevant disciplines and who have substantial leadership roles in EPA. The
committee is pleased to acknowledge the individual abilities of NHATS staff,
but their commitment is far short of full-time because of other, competing
responsibilities. Furthermore, the program has not been supported by suffi
cient leadership or full-time managerial personnel.
EXISTING PROGRAMS AS POSSIBLE ALTERNATIVES
TO THE NATIONAL HUMAN ADIPOSE TISSUE SURVEY
The committee made a deliberate effort to consider alternatives to the
present or a related successor program. This section briefly describes several
programs that have some points of similarity to the National Human Monitor
ing Program and considers whether the NHMP objectives might be met with
data from these programs. The major criteria for evaluating the suitability of
each of these programs to assume NHMP tasks are shown in Table 2-i. The

TABLE 2-1 Extent to Which Existing Programs Meet Criteria for a National Human Tissue Monitoring Program
Criteria

NHATS

NHANES

ATSDR

NIST

TEAM

FDA

NOAA

Population-based
sample (can describe
the U.S. population
and major_groups)

No

Yes

No

Nc

No

No

No

Long-term commitment
to monitoring (regu
larly repeated obser
vations with sufficient
frequency to detect
changes)

Yes

No

No

No

No

Yes

Yes

Focus on toxic xenobiotics (can respond to
chemicals in com
merce)

No

No

Yes

No

No

Yes

Yes

Relevance to emerging
research in toxico
kinetics, exposure
assessment, and risk
assessment

No

Yes

Yes

Yes

Yes

No

Yes
C
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committee, therefore, considered substituting existing programs as alternatives
to NHMP if the present program is terminated.
National Center for Health Statistics:
National Health and Nutrition
Examination Surveys (NIIANES)
The committee has given special thought to whether the National Health
and Nutrition Examination Surveys (NHANES) of the National Center for
Health Statistics (NCHS) could be adapted (e.g., by collecting additional blood
samples) to serve national needs for human tissue monitoring of contaminants.
Because the NHANES already takes blood samples, NHANES analysis of
blood might seem to be a plausible alternative to a separate program. Our
review of the NI-lANES indicates that it is not an adequate substitute. The
NHANES has some attractive features: a national probability sample, the
continuing collection of blood, the availability of other health and personal
information on each subject, and a strong, broad staff that is already skilled
in many relevant disciplines and techniques. Other strengths include the
probability estimates of various features of the U.S. population that might
have health significance or be useful in looking at health risk factors, and a
priority toxicant reference-range study being conducted as part of N[IANES
III in collaboration with the Agency for Toxic Substances and Disease Regis
try. The study is to determine background concentrations of 50 priority toxi
cants, primarily volatile chemicals and phenols, in 1,000 people with no known
excessive exposures. Subjects are being selected by age, sex, and geographic
region. Urban-rural status will be considered. (See Appendix D for a more
complete discussion of the NHANES.)
A combination of four other features, however, seems fatal to the use of
the NI-lANES for the present purpose:
• The national need is for regular, continuing sampling of human tissues,
whereas the NHANES is periodic (recently at intervals of 5-10 years). That
is not often enough to identify new trends rapidly.
• The NHANES has in the past been slow in providing results to sponsor
ing agencies (personal communications and workshop presentations), whereas
a properly functioning monitoring program should provide results quite
promptly—indeed, substantially more promptly than the present NI-IMP.
• Blood taken for the çurpose of human monitoring must be in substantial
volume (probably 200 cm or more), and such a volume could not be added
to the 150 cm3 NHANES already collects.
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• The NHANES has, properly, a range of competing goals, and those
goals might change from time to time in response to changing perceptions of
national needs in ways that would not support tissue monitoring. Thus, the
NHANES cannot have a primary commitment to NHMP goals and is not
suitable vehicle for human tissue monitoring.
Agency for Toxic Substances
and Disease Registry: National
Exposure and Disease Registries
The Agency for Toxic Substances and Disease Registry (ATSDR) was
created and directed by Congress to implement the health-related provisions
of three laws that are designed to protect the public from adverse health
effects of hazardous substances: the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, amendments to the Resource Con
servation and Recovery Act of 1984, and the Superfund Amendments and Re
authorization Act of 1986. The agency has developed 10 programs to aid in
the implementation of its congressional mandates. Three of the programs (in
health assessments and health studies, toxicologic profiles, and exposure and
disease registries) are to evaluate the adverse human health effects and dimin
ished quality of life resulting from exposure to hazardous substances in the
environment. Although ATSDR has been considered as a possible parent
agency for a new human tissue monitoring program (Chapter 7), it does not
have in-house capability to collect and assay human tissues. Therefore, trans
ferring the NHMP to ATSDR would be equivalent to, rather than an alterna
tive to, planning a new program.
National Institute of Standards
and Technology: Environmental
Specimen Banking Program
The National Institute of Standards and Technology (NIST) carries out
environmental-specimen banking and archiving. The specimen-banking activi
ties include continuing cooperative efforts with the National Oceanic and
Atmospheric Administration (NOAA). Approximately 10 years ago, NTST
(then known as the National Bureau of Standards) began collaboration with
EPA to determine the feasibility of long-term storage of environmental speci
mens. The EPA Office of Research and Development and Office of Health
Effects Research funded a pilot environmental-specimen banking program.
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NISTs approach was to gain experience in the various aspects of specimen
banking, including collection, storage, and analysis. Although the program was
initially intended to focus on four kinds of samples—human, marine, food, and
air samples—funds have been available only for the study of human tissues
and, to a smaller extent, marine samples (e.g., in cooperation with NOAA).
Collection and banking of human liver specimens began in late 1979. More
than 550 specimens have been collected for trace elements and organic pesti
cides, and PCB measurements are available for about 100 of these samples.
NIST clearly is capable of directing the development of human tissue moni
toring programs and could contribute substantially to improving the technolo
gy of sample collection, storage, and assay. However, routine monitoring
programs do not appear compatible with NIST institutional goals. The cost
constraints and requirements for maximal numbers of samples to be assayed
would, in the opinion of this committee, present an insoluble conflict with
other NIST priorities and functions.
Environmental Protection Agency
Total Exposure Assessment Methodology Study
EPA has carried out the Total Exposure Assessment Methodology
(TEAM) study to measure the personal exposures of 600 people to particular
chemicals that were selected on the basis- of their toxicity, carcinogenicity,
mutagenicity, production volume, presence in preliminary sampling and pilot
studies, and amenability to collection on Tenax. The subjects were selected
to represent a total population of 700,000 residents of cities in New Jersey,
North Carolina, North Dakota, and California. Each participant carried a
personal air sampler throughout a normal 24-hour day and collected 12-hour
daytime and 12-hour overnight urine samples. Identical samplers were set up
near some participants’ homes to measure ambient air. Each participant also
collected two drinking-water samples. At the end of the 24 hours, each partic
ipant contributed a sample of exhaled breath. The air, water, and breath
samples were analyzed for 20 target chemicals.
The products of a rejuvenated national tissue monitoring program would
be highly complementary to such studies of exposure dynamics. The EPA
personnel and organizational units that have been associated with TEAM
studies might well be candidates for involvement in a successor NHMP.
However, TEAM studies themselves are not an alternative to national human
tissue monitoring. The series of detailed portraits of exposure (principally to
organic vapors) represented by TEAM studies are distinct from LEe long-term
tissue monitoring snapshots that would be provided by an updated National
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Human Monitoring Program. Some of the key differences are the populations
represented, the chemical agents addressed, and the exposure time scale
represented by biologic samples.
Food and Drug Administration:
Total-Diet Study
The Food and Drug Administration (FDA) monitors the U.S. food supply
for pesticide residues, toxic elements (including heavy metals), and industriaL
contaminants. The objectives of the program have varied over time, but
enforcement of the pesticide tolerances established by EPA and determination
of the incidence and concentrations of chemical residues in food are of prima
ry concern. Continuing studies are directed toward those objectives. For
example, FDA has carried out a large-scale monitoring program for pesticide
residues since the early 1960s. The program has two principal approaches:
a commodity monitoring program to measure residues in specific domestic
and imported foods and to enforce tolerances and other regulatory limits and
a total-diet study to measure the intake of pesticides in foods prepared for
consumption.
The Total-Diet Study (also called the Market Basket Study) would not
serve as a substitute for tissue monitoring, given other important sources of
exposures and the incompleteness of present information regarding the biolog
ic fate and diversity of chemicals that might be found in the diet. The totaldiet study, like the TEAM study, would complement a national program for
tissue monitoring, but it is not a substitute.
National Oceanographic and Atmospheric
Administration: National Status and
Trends Mussel Watch Program
The National Status and Trends program has specific, well-defined goals
to quantify the spatial distribution and long-term temporal trends of contami
nants in the marine environment. The goals are accomplished by an annual
collection of bivaLves, livers of bottom-feeding fish, and surface sediments in
coastal and estuarine areas of the United States. NOAA’s NS&T Mussel
Watch collects specimens from 150 sites around the United States, and the
NS&T Benthic Surveillance Program collects specimens from 50 other sites.
NIST is responsible for the quality assurance of organic analyses; quality
assurance for measurements of trace elements is handled by the National
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Research Council of Canada. There is also a specimen banking component
of the National Status and Trends program, which is carried out with the
cooperation of NIST.
Environmental monitoring programs in general and marine tissue monitor
ing data specifically do not address the full scope of objectives of a National
Human Tissue Monitoring Program.
Foreign Progiams
The committee reviewed several foreign monitoring programs. A compre
hensive program of environmental monitoring that uses hvman tissues has
been developed in Germany. That program and other foreign programs are
described in Appendix E.
Conclusions
The committee concluded that the approach of each of the programs just
described plays an important role in the identification and control of hazards
to human health. Coordination and cooperation among those programs would
benefit researchers, health professionals, and the public; such an effort also
would enhance the federal approach to monitoring public and environmental
health. However, none of the programs meets all the criteria in Table 2-1.
Not all can incorporate new research findings in toxicokinetics, exposure
assessment, and risk assessment. Not all can take the place of human tissue
monitoring, which should offer over the long-term, unique insights into sub
stances that actually enter human tissues and in what amounts. For example,
only some of the other approaches could measure average concentrations of
lipid-soluble toxins (such as PCBs and dioxin) or heavy metals (such as lead
and mercury) to determine whether any demographic group might have expo
sures of concern.
SUMMARY AND RECOMMENDATIONS
After a thorough renew of the present NI1MPprogram~ the commit
tee flndr that NIIMP Lr ftuzdanWnLally flawed in concept and &ecu
tion, and should be replaced in lob.
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In discussions within this committee, in comments from experts during the
workshop and in separate discussions, and in the technical materials we re
viewed, the need for a US. population tissue monitoring program is supported
without reservation.
The original goals of ~HMP are still valid, especially as the widespread use
of chemicals in modern society continues to increase. Every reasonable effort
should be made to protect the population from the untoward effects of chemi
cal exposures. A vital part of the protection is au assessment of past and
present exposures to pesticides and other potentially toxic chemicals with a
new program that takes advantage of the latest developments in analytic
chemistry, statistical design, and human health risk assessment and is ade
quately supported, both financially and managerially. Although the committee
is aware that the rapid metabolism of some pesticides and compounds (e.g.,
dichiorvos, which is difficult to detect in tissues even after high therapeutic
doses are given) will prevent exposure determination for all compounds, the
program still will provide valuable data on chemical exposures.
In summa~ the committee recomniends that a new prowwn of
human tissue monitoring be developed~
The committee fiuther recommendr that such development be com
pleted with dispatch, that NHMP be continued only until the’~ Li a
succe.rsor program, and that the change be completed as soon as Li
consistent with an orden’y Dwisition.
Aspects of NHMP that should be preserved and evaluated for continued
support include the network for collection of adipose specimens, the tissue
archive, and the record of past analyses. Later chapters offer suggestions as
to how a new program could be designed to meet the objectives of providing
data suitable for the accurate assessment of exposure of both the general
population and selected groups to a variety of chemicals likely to be encoun
tered in the workplace, through environmental exposure, or in the food supply.

Toxicologic Issues

INTRODUCTION
Tissue monitoring for chemicals iii the environment is best viewed as a
component of a comprehensive environmental monitoring program. This
chapter focuses on the relation of analytic measurements of chemicals in
tissues to broad toxicologic issues. Tissue-monitoring data alone can alert
those concerned with public health to the need to conduct studies on specific
environmental chemicals. Three examples that illustrate the importance of
tissue monitoring are monitoring of blood to determine the extent of lead
toxicity in the United States, monitoring of fish and wildlife to determine
concentrations of pesticides in tissues, and monitoring of acute tissue damage
to identify conditions common to such damage.
Such examples show that tissue monitoring can be described as a compo
nent of an environmental-health and public-health program. Tissue monitor
ing can reveal some of the associations between the entry of a chemical into
the environment and an adverse effect on human health.
RELATION BETWEEN ENVIRONMENTAL MONITORING
AND TISSUE MONITORING
Knowing the concentrations of a chemical in exposure media is helpful in
determining the potential risk associated with exposure to it, but such informa
tion must be supplemented by information on exposure itself. For example,
assume that the concentration of a chemical in some medium of interest is 1
ppm. Obviously, [be appropriate magnitude of concern will depend on wheth
er consumption of the medium is, say 5 mi/day (about 1 teaspoon/day) or 2
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L/day (about 2 qt/day). Estimates of exposure typically include a concentra
tion component and a consumption component, or equivalent.
For many chemicals of interest, exposure is not limited to one medium.
Pesticides can be sprayed directly on crops, but runoff water enters the water
supply and spray can travel by air to enter the food supply remote from the
point of application. Routes of exposure to chemicals with diverse commercial
applications (e.g., lead) can include air, water, food, cosmetics, and drugs,
both prescription and over-the-counter. Measurement of exposure through
one of many media cannot always provide a full picture of human exposure.
Tissue monitoring, however, yields a measurement of the amount of a chemi
caL transferred into an organism, whatever the source and medium. To be
transferred into tissues, the chemical must be absorbed, i.e., it must pass
through various membranes, such as intestinal membranes, the alveolar mem
brane of the lung, the conjunctival membrane, and the skin.
The completeness of absorption of a substance from environmental media
is referred to as bioavailability. Bioavailability differs according to route of
exposure, chemical and physical properties of the substance, and physiologic
and nutritional status of the organism. Furthermore, many chemicals that are
rather benign in the form in which they exist in the environment might be
converted to a more toxic form when they are absorbed.
Clearly, tissue monitoring can be of great value for associating adverse
health effects with exposure to environmental chemicals, bUt several problems
arise in attempts to understand the association. Most toxicologic concerns are
related to chronià diseases that can take decades to develop (e.g., dementias,
neurologic disorders, cancer, osteoporosis, and arthritis). The environmental
conditions that may have been significant in the development of a disease and
the mechanisms of most of those diseases are not cOmpLetely understood (e.g.,
those diseases might be produced by infections or injury).
Given the complexity of chronic disease processes, it is sometimes difficult
to associate the onset and development of a case of a disease with a specific
chemical. The association of some chemicals with a disease process is well
accepted (e.g., appearance of specific proteins in familial Alzheimer’s disease);
where the association of others is not definite (e.g., DNA adducts)~ Exposure
to some chemicals that do not definitely prOduce disease (or do not produce
it through an understood mechanism) might nevertheless lead to the appear
ance of some effect. Such an effect is commonly referred to as a biologic
marker.
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RELEVANCE OF HUMAN TISSUE MONITORING
TO RISK ASSESSMENT
The process of predicting the likelihood of disease in association with
exposure to a.foreign substance is referred to as risk assessment. The process
is now generally considered to include the identification of a pot&itial disease
risk due to exposure to a hazard, determination of sources and magnitudes of
exposure to the agent, estimation of the relationship between the potentialrisk
or severity of disease and the dose of the agent, and the integration of this
information into estimates of potential risk associated with various exposure
conditions (NRC, 1984a). The quantitative estimation of potential human
health risk associated with exposure to a chemical generally involves an assess
ment of biomedical data to determine the likelihood that the chemical can
produce human disease and an assessment of the dose of the chemical. Most
human risk assessment today is based on estimates of external exposure (in
parts per million or mg/m3), which can be used to estimate dose (commonly
expressed in mg of chemical inhaled, ingested, or absorbed per day per kg of
body weight or per unit of surface area) (Anderson, 1982). A dose can be
multiplied by the estimated potency of the chemical to estimate the risk per
unit dose. A major limitation of that approach is that exposure data are
generally imprecise and contribute considerably to uncertainty in the risk
estimate. Tissue concentration, which can provide quantitative data on inter
nal dose or biologically effective dose of a chemical or on the resulting biolog
ic effects, can in theory introduce much greater precision into the risk-assess
ment process than the use of crude exposure data. Concentrations of environ
mental chemicals in human tissues can be used to assess the likelihood that
disease will result from chemical exposures. The monitoring of human tissues
for toxic substances is concerned primarily with measurement of exposure,
although some information is relevant to biologic effects.
For some diseases and exposure conditions, threshold doses have tradition
ally been assumed—i.e., doses below which discernible effects are not elicited.
For example, thresholds may be produced by reserve biologic capacity or by
repair mechanisms that are fully effective at low doses. In such situations, the
doses of concern are the threshold dose and larger doses. However, the
occurrence of effects might not be a linear function of dose. For example, a
threshold may vary from person to person. Carcinogens and some chemicais
that augment existing disease processes are commonly assumed to carry some
risk (perhaps very small) at even the smallest exposure (Peto, 1978). Even
if a chemical is present below a threshold dose when acting in isolation, the
combination of endogenous and exogenous factors already present may sur
pass a threshold dose.
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A change or difference in the concentration of a toxic chemical in a panicWar tissue is generally assumed to reflect a difference in risk. For example,
if tissue concentrations of DDT decrease, the potential risk of an adverse
health outcome of DDT exposure is assumed to decrease. Tissue concentra
dons of a substance can provide an integrated assessment of the exposure to
the substance by all routes, such as dcrmal exposure, inhalation, and ingestion.
In analysis of tissues for concentrations of chemicals, compositing of speci
mens (i.e., pooling of tissue specimens and analysis of the pooled sample) is
a satisfactory technique if one needs only the average potential risk for the
population represented by the composite. Compositing usually is not a good
choice, except under the most extreme pressure. When n equaled-sized speci
mens are composited and found to have mean concentration every one of
the original specimens must have concentrations ≤ n x~ If the distribution
of potential risk among individuals is of interest, as is often the case, individu
al specimens are required.
Where no trends in average tissue concentration arc noted for a population,
then data over that period of time can be cumulated to improve estimates of
potential risk. (Estimates might also be derived when there is a trend, but the
statistical procedures are more complex). Establishment of baseline concen
trations of chemicals in tissues can be useful in determining whether tissue
concentrations, and hence potential risks for various populations, are abnor
mal.
Description of dose gives information on the intensity of exposure. Dose
has been defined in many different ways, but fundamentally refers to an inte
grated assessment of environmental exposure (frequently termed “external
dose”) or of the quantity of the chemical in the body (termed “internal dose”).
Relevant information includes the amount (e.g., mg/kg body weight), duration,
time pattern (e.g., continuous or intermittent), and route of exposure. For
environmental chemicals, such information rarely is well established. Conse
quently, many studies of environmental chemicals use biologic monitoring of
human tissues.
It is important to distinguish between the current use of human-tissue
monitoring data and their potential use in risk assessment. Data on tissue
concentrations of xenobiotics constitute measures of internal dose and so can
help to identil~y a hazard (i.e., a qualitative risk) for further surveillance or
foliowup studies. Tissue conccntrations of environmental agents in different
populations can be compared (e.g., urban vs. rural and children vs. adults).
Tissue concentrations can also reveal exposure trends. However, those meas
ures of internal dose generally are not themselves directly usable for predict
ing potential health effects. Estimates of potency of toxic agents are generally
expressed as risk per unit of whole-body dose, so the supporting estimates of
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exposure currently used to calculate absolute risk in risk assessment are based
on external (usually environmental) concentrations. This may change as data
and experience accumulate for the estimation of health effects from internal
doses.
Mechanistic models relating tissue concentrations and environmental con
centrations would require information on variations of contamination over
time, routes of exposure, biologic factors (bloavailability and rates of uptake,
distribution, metabolism, and elimination). Those kinds of information are
rarely available, and estimates of exposure based on tissue concentrations
typically use simplified models that incorporate limiting assumptions. The
implication regarding the utility of tissue monitoring data is that their applica.
tions depend heavily on input from other fields, such as toxicology and expo
sure assessment, and that precise estimates of exposure based on tissue con
centrations (or vice versa), are ordinarily beyond the reach of present models.
For example, it is not possible to “back-calculate the history of exposure from
a single blood sample. Thus, the use of tissue monitoring data to estimate
potential risks with the conventional approach is not always accurate. Howev
er, it is often possible to estimate past exposures, given limiting assumptions
(i.e., a steady state) and groups of samples (in which some random effects can
be averaged out). This approach is useful in comparing exposures and poten
tial risks among population groups.
Viewed another way, tissue concentrations can sometimes be used as a
direct measure of internal dose, and internal dose can sometimes replace
estimated exposure as the dose variable in risk assessment. But, relating risk
directly to internal dose requires more data. These relationships hold the
promise of an exposure or dose measure that will yield a prediction of effect
(i.e., potential risk) that is physiologically relevant. For reasons discussed
above, the promise cannot yet berealized.
Biologic Markers
Sophisticated laboratory techniques developed during the last decade can
now detect exposures to pollutants at very low concentrations, and can assess
their behavior, fate, and effect at the cellular or molecular level. The methods
have stimulated interest in the use of biologic markers in environmental re
search,particularly in the study of the somatic effects of exposure to environ
mental carcinogens and mutagens.
A biologic marker is an alteration that occurs at the biochemical, cellular,
or molecular level on the continuum between exposure and disease and that
can be measured with assays of body fluids, cells, or tissues. BioLogic markers
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are discussed in depth by Perera and’ Weinstein, 1982; Harris et al., 1987;
Perera, 1987; Schulte, 1987; Hulka and Wilcosky, 1988; and NRC, 1989. For
an exposure to result in an adverse health effect, it must generate a chain of
events, each of which theoretically can be reflected iii a biologic marker.
Conventionally, three broad categories of markers have been distinguisheth
markers of exposure or dose, markers of effect, and markers of susceptibility.
A distinction can be drawn between a marker of exposure (which gives quali
tative information as to whether an organism has been exposed) and a marker
of dose (which provides a. quantitative measure.) Markers of internal dose
directly reflect the parent substance, its metabolites, or its derivatives in cells,
tissues, or body fluids. Sensitive physicochemical and immunologic methods
can detect and measure very low concentrations of foreign substances in the
body. Exhaled air, blood, and urine are ordinarily used, but other body
fluids—such as breast milk, semen, and adipose tissue—have also been used.
Each biologic material has its own relevance to both exposure and health
outcome, and the differences affect interpretation of results.
Markers of Exposure or Dose
Monitoring for these markers is based on direct measurement of concentra
tions of the parent compound in cells, tissues or body fluids. Physical, chenii
cal, and immunologic methods can now detect and quantify very low concen
trations -of xenobiotic substances in the body. Biologic markers of internal
dose can be characterized according to their chemical-specificity/selectivity,
with selective markers representing measures of pollutants or their metabolites
detected in biologic media. Examples of internal dosimeters include blood
levels of styrene, pesticides, and metals; exhaled volatile organic chemicals
(VOCs); concentrations of polychlorinated biphenyls (PCBs), DDE (a metab
olite of DDT), and TCDD (dioxin) in adipose tissue; and urinary mandelic
acid resulting from styrene exposure. Various nonselective markers such as
urinary excretion of thioethers and the mutagenicity of urine and other body
fluids have also been assessed in humans, the latter fairly widely. Disadvan
tages of internal dosimeters are that, while the laboratory methods may be
highly sensitive, in the absence of bioaccumulation, markers can reflect only
recent exposure. This can be a limitation if exposure has been interrupted or
if past exposures must be estimated. In addition, internal dosimeters do not
reflect critical interactions with macromolecules in target cells (Lucier and
Thompson, 1987). Biologic monitoring of dose may also be based on meas
urement of, a metabolite of the environmental chemical or of a compound
produced by cells as a result of interference of the environmental chemical in
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the normal metabolic process. For example, biologic monitoring for the
effects of lead exposure have frequently been based on measurement of the
concentration of various intermediates of heme metabolism, which is disrupted
by lead. Because estimates of the amount of the chemical present in the
entire body are rarely possible, and may not be as useful, a particular tissue
is typically chosen as an indicator of body burdens or stores of the chemical.
The specific tissue chosen in biologic monitoring may be selected because this
tissue accumulates the chemical (e.g., adipose tissue for some pesticides; bone
for lead or strontium) or is affected by the chemical. Measurements can also
be made on exhaled air, blood, and urine, and other body fluids such as breast
milk or semen have sometimes been used. Each of those biologic media has
a different relationship (e.g., temporal) to both past exposure and future
health outcomes. Those differences can markedly affect interpretation of
results.
Markers of Effect
Biologic monitoring for the effect of an environmental chemical may be
based on a change at the tissue, cellular, or molecular level in response to
exposure to the chemical. Such changes may be biologic indicators that do
not impair function, but serve as indicators of exposure. Generally, the effect
is the biologic response (i.e., the reaction or the response of the person)
following exposure to the chemical. This reaction may vary, with respect to
the quality, strength, onset, and duration of exposure to the chemical. A large
number of factors influence this reaction. Biologic monitoring that is based
on the effect produced by the chemical frequently has far greater implications
than does direct monitoring of tissues for the chemical of interest. In some
cases, the biologic indicator may be useful as a surrogate for measurement of
the chemical or physical agent per Se. The biologic indicator may be of par
ticular value if data are available to determine the relationship between exter
nal exposure, the biologic indicator, and the toxic effect(s) of the chemical
(Mahaffey, 1987).
Effect monitoring for chemical exposures can be based on assessment of
a variety of biochemical indicators, including enzyme activities that can be
measured either in target organs or in body fluids such as blood and urine.
Examples include the inhibition of pseudocholinesterase in plasma, elevation
of glutaryltranspeptidase in serum or urine, increased excretion of urinary or
fecal porphyrins, D-glutaryltranspeptidase in serum or urine, and DNA adducts in urine. Other effect indicators include ëhanges in genetic material, as
identified by chromosomal aberrations, effects on the immune system (e.g.,
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surface markers and induction of lymphocyte subpopulations), and the endo
crine system. Markers in this category also include DNA and hemoglobin
adducts in peripheral blood and other cells and tissues (e.g., lung macro
pliages, buccal niucosa, bone marrow, placental tissue, lung tissue).
To estimate risk of disease from human tissue concentrations requires
knowing the relationship between concentration and the risk or extent of the
development of the disease process—that is, the association of internal dose
and response. This information generally does not exist and often requires
extensive biokinetic research. However, relative risks (e.g., male vs. female,
urban vs. rural, current vs. past) can be estimated if the incidence of disease
is proportional to internal dose as measured by tissue and/or blood levels. If
risk is proportional to blood or tissue levels of a chemical, then relative risks
can be estimated. Uncertainties exist in relating tissue concentrations to dose
and large uncertainties exist in relating risk to dose (Allen et al., 1988). Un
certainties in interspecies extrapolation of risk estimates among rodents are
up to a factor of 10 to 100 for carcinogens (Gaylor and Chen, 1986). Hence,
smaller uncertainties in the estimates of tissue concentrations or dose may not
negate their usefulness for risk assessment.
Markers of Biologically Effective Dose
Markers of biologically effective dose measure the amount of a pollutant
or its metabolites that has interacted with cellular macromolecules at a target
site or an established surrogate. Measures of biologically effective dose in
clude DNA adducts and hemoglobin adducEs in a range of cells and tissues,
including peripheral blood, bone marrow, lung macrophages, buccal mucosa,
placental tissue, and lung tissue. Many carcinogens are metabolically activated
to electrophilic metabolites that covalently bind to DNA. Adducts on critical
sites of DNA, if unrepaircd, can cause gene mutation, which is a critical initial
step in the multistage carcinogenic process. Several methods to detect DNAchemical adducts in lymphocytes and target tissues are currently available,
including radio- and enzyme-linked immunoassays utilizing polyclonal or
monoclonal antibodies, 32P post-labeling, and synchronous fluorescence spec
trophotometry (Santella, 1988).
For example, antibodies were used to detect the presence of polycyclic
aromatic hydrocarbon-DNA (PAH-DNA) adducts in lung tissue and peripher
aL white blood cells (WBC) from lung cancer patients and controls. Antibody
methods have also been used to analyze white blood cells and other tissues of
individuals exposed to polycyclic aromatic hydrocarbons (PAHs) in cigarette
smoke and in occupational settings (Shamsuddin et aL, 1985; Haugen et aL,
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1986; Harris et al., 1987; Perera et al., 1988b; Hemminki et al., 1990). Exam
ples of antibodies availabLe to assess formation of DNA adducts in humans
include those to aflatoxin B1, alkylating agents, 4-aminobiphenyl, benzo[aJ
pyrene (BP) and PAils, cisplatinum, and 8-methoxypsoralen. Immunoassays
can detect adduct concentration as low as one adduct per 108 nucleotides.
The 32P post-labeling technique is even more sensitive, as it can measure
one adduct per 1O~-10’° nucleotides (Randerath et a).., 1988). It has been
applied to the measurement of adducts formed by various alkylating and
inethylating agents, aromatic compounds (e.g., BP/PAH) and cigarette smoke
constituents (Dunn and Stich, 1986; Everson et al., 1986; Phillips at a, 1988;
Hemminki et al., 1990). The method produces images that are considered
idiosyncratic ‘~fingerprint? of exposure.
A third approach, synchronous fluorescence spectrophotometry, has recent
ly been applied to human samples with a reported sensitivity of one BP adduct
per i07 nucleotides (Vahakangas Ct al., 1985). High pressure liquid chroma
tography (HPLC) and fluorescence spectroscopy have been used to detect
excised carcinogen-DNA adducts in urine (Autrup et aL, 1983).
Assays that measure carcinogen-protein adducts, especially the binding of
metabolites with hemoglobin, are in some cases a good surrogate for DNA
adduct measurements. Methods available for measuring these adducts include
immunoassays, gas chromatography-mass specironietry (GC-MS), ion-ex
change amino acid analysis, and negative chemical ionization mass spectrome
try (NCIMS). This last method has been successfully applied to the quantita
tion of hemoglobin adducts formed by ethylene oxide (Osterman-Golkar et al.,
1984) and 4-aminobiphenyl-hemoglobin (4-AB?) (Bryant et al., 1987). Be
cause of the 3-month lifespan of hemoglobin, these assays reflect relatively
recent exposures, while DNA adducts can assess exposure integrated over a
much longer period.
Markers of Early Biologic Effect
Whereas markers of biologically effective dose indicate an interaction with
critical macromolecules that might potentially result in disease, these markers
may also be repaired, or otherwise “lost.~ In contrast, markers of early biologic
effect indicate the occurrence of irreversible toxic interactions either at the
target or an analogous site.
Markers of early biologic effect indicate an event resulting from a toxic
interaction of a xenobiotic substance, at either the target or an analogous site,
which is known or believed to be a step in the pathogenesis of disease or to
be qualitatively or quantitatively correlated with the disease process. Like

54

Cl

MONITORING HUMAN TISSUES

markers of biologically effective dose, markers of early biological effect pro
vide integrated “black box” measurements of the net result of all the biological
processes that occur when the body is exposed to a particular pollutant or
pollutants (Heel et al., 1983). As understanding of the range and complexity
of the mechanisms of action of chemicals expands, such concepts may require
revision in response to more fundamental mechanistic information on how
toxicity occurs at a subcellular level. These include pharmacokinctic events
occurring on the cellular or systemic level such as absorption, metabolism,
detoxification and elimination, as well as macroinolecular processes such as
binding, repair, and immune response. An irreversible effect can be due to
direct attack by the chemical (e.g., genotoxic effect, allergic effect, cytotoxic
effect), to an indirect reaction of an organ which is not directly attacked (e.g.,
central nervous system damage following carbon monoxide intoxication), or
to inappropriate tissue repair (Mahaffey, 1987).
Cytogenetic techniques provide a direct, though nonspecific, method of
assessing changes at the chromosomal level. These changes include alter
ations in chromosome number, structural changes such as breakage and rear
rangement, and exchanges between reciprocal portions of a single chromo
some (sister chromatid exchanges or SCE). Elevated frequencies of chromo
sonial aberrations and/or SCEs have been observed in persons exposed to
ionizing radiation or to a variety of chemicals including vinyl chloride, styrene,
ethylene oxide, and organophosphates (Evans, 1982; Vainio et al., 1984).
Although SCEs are a biologic effect, the significance of this increase in rela
tion to disease outcome in unclear. Micronuclei (MN)—fragnients of nuclear
material left in the cytoplasm following replication—are generally considered
to indicate prior chromosoznal aberrations.
Another approach to assessing genetic effects involves measurement of
single-strand breaks in lymphocyte DNA (Walles et al., 1988). In addition,
DNA hyperploidy measured in exfoliated bladder and lung cells has been
shown to be a biologic marker of response to carcinogens (Hemstreet et al.,
1988).
An important new marker is the activated oncogene and its protein prod
ucts. During oncogenesis, a normal segment of DNA (termed a proto-onco
gene) is activated to a form that causes cells to become malignant. Activation
can occur through several mechanisms including gene mutation, chromosome
breaks, and rearrangements. Activation of oncogenes or their protein prod
ucts can be measured by complex immunoblotting techniques or by the pot>’
merase chain reaction (PCR) technique. More studics are needed to under
stand the precise role of oncogenes and their protein products in tumorigene
sis and, in particular, the nature of barriers to malignant transformation
(Weinberg, 1989).
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Markers of Susceptibility
Generally, the effect of interest is the biological response following expo
sure to the chemical. This response may vary with respect to the quality,
strength, time of onset, and duration of exposure to the chemical. A large
number of factors influence this reaction, including age, genetic makeup,
gender, developmental stage, physical activity, and normal physiological states
such as pregnancy and lactation. Susceptibility to the effects of a chemical
results from differences in transfer of the toxic chemical from the external
dose to the internal dose, the biokinetics of distribution among and within
tissues, and the responsiveness of the target tissue. Not all tissues are equally
responsive to the potential effects of exposure to chemical contaminants. For
example, the severe neurological effects of exposure to methylmercury during
gestation are highly dependent on the developmental stage of the nervous
system when exposures occur.
Markers of susceptibility reflect inherent or acquired differences affecting
an individual’s response to exposure. These differences can serve as effect
modifiers and thereby increase or decrease risk at any point on the continuum
between exposure and the emergence of symptomatic disease. Markers of
susceptibility may indicate the presence of inherited genetic factors that affect
the individual or a population of which he/she is a part. They may also re
flect certain host factors, such as lifestyle, activity patterns, prior exposures to
environmental toxicants, or nutritional status.
For example, nutritional status and individual variability affect the cyto
chrome P.450 system for metabolism of xenobiotics, and individual variability
in cytochrome P-450 metabolism may explain differences in lung cancer risk,
although results of various studies have been conflicting (Karki et aL, 1987).
Enzyme activity as measured by metabolism on indicator drugs such as debri
soquin and antipyrine may be useful in identifying genetic polymorphisms that
modulate the effects of exposure (Conney, 1982; Harris et aL, 1987). Nutri
ents influence the rate of cellular metabolism that may increase or decrease
toxicity of an environmental chemical. For example, cytochrome P-450 con
centration in liver microsomes can be lowered by protein deficient diets (Mar
shall and McLean, 1969). Concentrations of various cytochromes, including P.
450, are decreased in the liver, kidney and adrenals of guinea pigs following
ascorbic acid deprivation (Degkwitz et al., 1975).
Nutritional status may also influence the percent and rate of absorption of
the toxicant, and nutrients can influence the quantity of the toxicant that
reaches a critical target tissue by sequestering the toxic compound into body
depots. In such depots as adipose tissue or bone mineral, the intensity of
exposure to the compound in organs such as brain, liver, or kidney is relatively
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less than would occur if the compound were more evenly deposited. On the
other hand, exposure to target organs may be greatly improved and/or pro
longed by storage in tissue depots, if these depots are mobilized.
Nutrients and toxicants may affect the same biological markers. For exam
ple, both lead toxicity and iron deficiency result in impairment of hematopoie
sis, and increases in the concentration of erythrocyte protoporphyrin has been
widely used as a marker for both iron deficiency and lead toxicity (Mahaffey
and Annest, 1982). A potentially serious complication is that the effect of
both conditions produces a greater than additive increase in impaired heme
biosynthesis (Mahaffey and Annest, 1982).
Age of the subject can have a marked effect on a biologic marker. An
important example is exposure during gestation. The toxicity of methylmercury and lead differ greatly when exposures occur during gestation and the
first few years of life when contrasted to their effects among adults. A pa.rticu
lar concentration of lead in bone must be considered relative to age. Adults
store approximately 90 to 95% of their total body burden of lead in bone.
Young children, by contrast, have only about 70% of their total body burden
of lead in bone, with a far greater fraction of the total body burden present
in brain and other tissues.
Markers of susceptibility may also indicate a pre-existing disease condition
that could increase an individual’s risk. The presence of certain rare heredi
tal-y diseases (e.g., ataxia telangiectasia, Fanconi’s anemia, and Bloom’s syn
drome) may indicate heightened susceptibility to potentially genotoxic ambient
exposures (Carrano and Natarajan, 1988). Pre-existing conditions may either
affect an individual’s metabolic status or establish sites within the DNA where
initiating events such as point mutations or [ranslocations are more likely to
occur. Restriction enzyme DNA fragment-length analysis of genetic polymor
phism (RFLP) is a new approach using recombinant techniques to detect
DNA conformations associated with genetic predisposition to cancers such as
retinoblastoma (Francomano and Kazazian, 1986).

Summary
Althoug~z many biologic markers are in the validation stage, they have
considerable potential in risk assessment and environmental epidemiology
(reviewed in Perera, 1987; Hulka and Wilcosky, 1989). For example, as the
above discussion has demonstrated, use of markers can improve exposure
assessments and can provide timely identification of groups and individuals at
potentially elevated risk of disease. Biologic markers can improve understand
ing of the mechanisms of disease causation and, in addition, serve as a bridge
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between studies of experimental animals and humans experiencing the same
exposure to chemicals. Thus, biologic markers can improve risk extrapolation
between species and can provide a valuable tool for health risk assessments
through human tissue monitoring.
Priorities for research, testing, and regulation are based on complex consid
erations that include estimates of risk attached to environmental contami
nants—i.e., the likelihood that human disease will arise from exposure. If a
precise relationship between risk of disease associated with chemicals and
tissue concentrations of the chemicals can be established, the tissue concentra
tions corresponding to an allowable magnitude of risk can be estimated. The
selection of tissues and chemicals for monitoring in the NHATS has so far
been based on persistent chemicals, such as chlorinated hydrocarbons, that
accumulate in adipose tissue. ma future national monitoring network, sam
ples might also be analyzed for selected markers of biologically effective dose
and effect to provide information on possible previous exposures.
CHOICE OF TISSUES TO MONITOR
Background
A monitoring program to survey xenobiotic chemicals in human tissues
should provide an estimate of chemical concentrations in the tissues selected,
identify the tissues and toxic effects relevant to each chemical, and identify
potential risks. Those objectives are seldom achieved in the laboratory, and
they are even less likely to be achieved in a survey of tissues from the general
population. It is not feasible to study a broad range of tissues in a general
population sample. One must instead try to identify tissues that most nearly
account for the body burden of most of the chemicals of concern.
The concentration of any xenobiotic in tissues of humans or other animals
depends on several factors. The most obvious and important are the niagni
tude of the exposure that led to the presence of the substance in tissue and
the degree of persistence of the substance in tissue. Presence indicates some
exposure, but that exposure might have occurred in the workplace, in the
home, or in any of several other environments, and it might have occurred at
any earlier time. Persistence is a property of both substance and the specific
tissue. Most compounds to which humans are exposed, including environmen
tal contaminants, are rapidly cleared through the conventional routes of me
tabolism and elimination. Some notable exceptions are 2,2,-bis(p-chlorophenyl)-1,l,1-trichloroethane (DDT), other halogenated insecticides, and
certain industrial chemicals such as polychiorinated biphenyls (PCBs), which
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are not readily cleared but accumulate in tissues in proportion to overall
exposure. Those chemicals also accumulate and concentrate in the food chain
and may reach toxic levels. This fact is of great concern to those responsible
for the protection of the health of our population and has been a driving force
behind the NHATS program.
When it was initiated, the NHATS was designed to survey concentrations
of pesticides in tissues of the general population. The pesticides of greatest
concern were halogenated hydrocarbons, primarily halogenated aromatic
hydrocarbons. Those compounds are generally highly lipophilic and slowly
metabolized—both properties that result in their accumulation in the environ
ment and in the tissues of higher animals, including humans. The lipophilicity
results in their moving from blood into tissues with a high fat content, particu
larly adipose tissue, where they concentrate with continued exposure. There
fore, the choice of adipose tissue to monitor for pesticides addressed the
original purpose of the survey. However, the goals and objectives of the
program have expanded greatly since its inception, and no tissue can be best
for all purposes. Given the advances in analytic chemistry, the increased
sensitivity of equipment, and the discontinuation of use of most halogenated
aromatic pesticides and many halogenated aromatic industrial chemicals,
including PCBs, it seems reasonable to reconsider which tissues to monitor.
One critical element in the choice is tissue-to-blood ratios of chemicals of
concern. Blood is the common intermediary among all tissues. As it trans
ports nutrients, oxygen, and wastes to and from tissues, blood maintains inti
mate contact with each other tissue and thereby in effect keeps all tissues in
contact with one another. That contact is critical to the maintenance of ho
meostasis by hormones and the other mechanisms that regulate biologic pro
cesses. Most xenobiotic chemicals in the body cross cell membranes by pas
sive diffusion, so they readily partition, up to the tissue-to-blood ratios, from
exposed tissues to blood and from blood to other tissues. The result of the
various tissue-to-blood ratios is a dynamic equilibrium of xenobiotic concentra
tions between tissues, as is shown schematically for a pharmacokinetic model
in Figure 3-1. At equilibrium, or steady state, the proportions of a chemical
stored in the various tissue compartments depends on the affinities of the
chemical for the tissues in question and the tissue volumes. Tissue-tn-blood
ratios for more polar compounds often are near unity (Table 3-1); the choice
of a tissue to sample depends heavily on the properties of the chemical of
interest, including lipophilicity, solubility, and ease of metabolic degradation.
Tissues reach equilibrium at rates that depend in large part on the concentra
tion of the chemical in blood, the rate of blood flow to the major tissue de
pots, and the tissue volumes. Final tissue-to-blood ratios reflect the affinities
of the chemical for the individual tissues; the ratio for lipid-rich tissues is very
high for highly lipophilic chemicals.
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FIGURE 3-1 Schematic diagram for a typicaL whole-body physiological
pharmacokinetic model. Source: Bungay et al., 1~979.
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TABLE 3-1 Examples of Tissue-to-Blood Ratios for Various Classes of Chemicalsa
Chemical

Adipose
Tissue

Liver

Kidney

Halogenated aromatic compounds
DDT
DDE
TCDD
4-Chiorobiphenyl
4,4’-Dichlorobiphenyl
2,4,5,2’,4’,5’-Hexachlorobiphenyl

184-792
52-412
89-135
30
70
400

2.4-4.4
1.1-5.6
121-280
1
3
12

2.7-3.9
1.1-2.3

Halogenated aliphatic compounds
1,2,3-Trichloropropane
1,1,1-Trichloroetharie
Bromodichloromethane

15.0
16.0
1.0

Aromatic amine compounds
p-Nitroaniline
Benzidine
p-Phenylenediamine

Muscle

References

—

1
2
4

Wooley and Talens, 1971
Wooley and Talens, 1971
Binibaum, 1986
Lutz et al,, 1977
Lutz et al,, 1977
Lutz et al., 1977

3.8
2.7
14.3

2.0
3.2
6.5

0.6
1.0
0.6

VoIp et al., 1984
Matthews, 1988
Matthews et al., 1990

7.0

0.9

0.4

0~8

t

t

t

t

0.1

3.0

—

0.7

Chopade and Matthews, 1984
Lynn et al., 1984
Ioannou and Matthews, 1985

—
—
—

—
—
—

Miscellaneous compounds
2-Butoxyethanol
Chiorendic acid
Methyl carbonate
Ethyl carbonate
Benzene
Theophyuine
Tris(1,3-dicholoro-2-propyl)
phosphate

0.1

5.7
0.9
0.9
1.1
12

1.2

1.7

—

0.17
0.02
—

0.8

1.0
0.6

—

—

1.2

1.1

Ghanayem et al., 1989
Decad and Fields, 1982
Ioannou et al., 1988
Nomeir et al., 1989
Sabourin et a!., 1989
Shum and Jusko, 1987

1.4

0.4

Nomeir et al., 1981

1.4
—

—

aTi~Ue~t~blOOd ratios for parent compounds in rats or mice determined with radiolabeled chemicals and various analytic
procedures.
tNot present in quantifiable amounts 2 h after dosing.
lNot detectable in blood 1 h after dosing.
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The passive diffusion of chemicals across cell membranes accounts for the
fact that, if a chemical can be eliminated from any tissue, the constant equili
bration between blood and all tissues will result in its elimination from the
body. Conversely, if a chemical cannot be readily eliminated, a decrease in
its concentration in one tissue will increase its concentrations in other tissues.
That relationship accounts for the observation that rats exposed tà DDT at
nontoxic concentrations for 3 months died of DDT intoxication when placed
on a restricted diet that reduced their total body fat and consequently in
creased concentrations (Kimbrough, 1982).
Blood
If blood-to-tissue ratios are known, determination of the blood concentra
tion of a chemical can provide accurate estimates of other tissue concentra
tions. The characteristics that determine chemical partitions between tissues
are the same in humans and animals, so blood-to-tissue ratios in rats and
mice, such as those in Table 3-1, yield good approximations for humans.
Furthermore, they are available for many compounds and so could be easily
developed to support surveys of human exposure and tissue concentrations.
Thus, assay of blood samples should permit accurate estimation of tissue
burdens of many chemicals of interest.
Detection of a chemical in blood or another tissue does not, however,
provide insight into the time or magnitude of exposure. Analysis of tissues for
chemical content can confirm exposure or lack of exposure, but only serial
samples from a single person or many samples from a population over a long
period can yield an accurate estimate of exposure or persistence. Blood con
centrations of many chemicals change greatly within hours or days of expo
sure. Some chemicals, such as benzidine and the glycol ether 2-butoxy-ethanol
(Table 3.1), are no longer detectable in blood within a few hours of exposure
and some (e.g., formaldehyde) disappear even faster; they are completely and
rapidly cleared from other tissues as well, so no tissue has evidence of earlier
exposure.
A disadvantage of sampling blood is that it often contains lower concentra
tions of the most persistent xenobiotic chemicals than any other available
tissue, so assay sensitivity is low. In contrast, although blood and adipose
tissue can differ considerably in their concentrations of some highly lipophilic
chemicals (Table 3-1), the difference is relatively minor for most other classes
of chemicals. With improving analytic methods, this disadvantage is not as
great as it was when the NHATS program was initiated, and it should become
even less important as methods continue to improve. Another important issue
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that must be addressed for blood collection is the safe and proper handling
and storage of samples. The potential health consequences of careless or
improper handling of blood can expose laboratory workers to viruses, such as
hepatitis B and AIDS. Individuals involved in collection, analysis, and storage
of blood must be given careful direction and supervision.
Numerous chemicals can be detected in the breath of humans (Wallace et
al., 1986; Gordon et al., 1988). The chemicals so detected are most often
volatile chemicals encountered in the home or workplace. Breath analysis is
in effect a blood analysis, because there is a constant passive equilibration of
chemicals between blood and air in the Lungs, just as there is between blood
and other tissues. The concentration of a chemical in exhaled air will be
proportional to its volatility and its concentration in blood and inversely pro
portional to its solubility in blood. However, most chemicals are insufficiently
volatile to permit detection in breath, and the ones that are sufficiently volatile
are usually so depleted as to be undetectable within hours, or at most a day
or so, of exposure. But breath analysis can yield estimates of relatively con
stant exposure, as sometimes occurs in the home or workplace.
An important advantage for blood collection, in contrast to collection of
adipose samples from cadavers, is that samples to be obtained from living
persons, so that interviews can be conducted With sample donors to obtain
demographic and environmental information, which permits examination of
causal relationships and risk factors. For example, interviews can yield data
on the following:
• Geographic location, including current residence and length of stay in
previous residences. This information could be used for analysis by region,
for urban-rural comparison, for separate analyses of persons living near heavy
industry or chemical or petrochemical refineries, etc.
• Demographic information, such as sex, age, race, and ethnicity. Separate
analyses of such groups are of interest.
• Information on occupation and industry, particularly whether employ
nient is in a chemical plant or refinery, on a farm using chemical pesticides,
etc.
• Other environmental data, such as type of drinking water used (private
well water or community system).
The number of samples in a single year might not be large enough to
support detailed analysis of the relationship between the information obtained
during interviews and contaminant concentrations in blood, but data from 2
years or more can be combined. With the larger number of samples, relation-
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ships among tissue concentrations, demographic data, and occupational and
environmental exposures can be studied with more precision.
In developing a monitoring system that relies on large samples of blood,
multiple factors must be evaluated, including the need for special storage
methods and containers. Many such issues may have been studied previously
by other groups (e.g., the Red Cross); however, it is unlikely that all storage
methods and containers have been evaluated to identify factors that might
influence the measurements of environmentally important chemicals. Included
in the questions that should be studied with great care are to what extent
freezing/thawing will change concentrations of volatile contaminants; whether
and how cells should be separated from plasma or serum to minimize analyti
cal effects; and how samples should be stored before analysis, including tem
poral effects on volatile chemical concentrations.
Adipose Tissue
Adipose tissue contains the highest concentrations of some of the most
persistent chemicals in the environment, including halogenated aromatic hy
drtjcarbons. Those concentrations can be 100 or even 1,000 times greater than
concentrations in blood or other lean tissues. Assay of adipose tissue can thus
greatly enhance sensitivity. However, tissue-to-blood ratios of adipose tissue
other tissues are much smaller for most chemicals (Table 3-1). The use of
adipose tissue is also complicated by the difficulty of obtaining samples of fat.
It is because of that difficulty that the NHATS program obtains approximately
80% of its samples from autopsies. Satisfactory samples can be obtained from
autopsy, but reliance on this source limits both the representativeness and the
numbers of samples available.
Whenever possible, samples of adipose tissue should be taken from persons
who were known not to have died from long-term illnesses or wasting diseases
(e.g., cancer or AIDS). Furthermore, samples should be taken from the same
anatomic site in each individual from the sampled population, in order to
minimize the inherent variability among sampled sites and individuals.

Lean Tissues
Of the lean tissues, liver and kidney usually contain the highest concentra
tions of organic chemicals. Muscle has the largest tissue volume and might
contain a major portion of the body burden of a chemical, but concentrations
in muscle are usually similar to those in blood (Table 3-1).
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The kidneys are major excretory organs and can contain transient high
concentrations of some chemicals. Other chemicals can be concentrated and
retained by the kidneys as they recover water, minerals, and other essential
substances from the glomerular filtrate.
The liver plays a dual role of xenobiotic degradation and excretion in bile.
Most of the metabolism of foreign chemicals occurs in the liver, and some can
be concentrated in the liver during metabolic degradation. Some. chemicals,
such as the tetrachlorodibenzo-p-dioxins (TCDDs), seem to have an affinity
for the liver, even though they are not readily degraded (Birnbaum, 1986).
Others, such as chiordecone (Kepone), are concentrated in the liver as a
result of hepatic excretion in bile, reabsorption from the intestine, and return
to the liver in enterohepatic recirculation (Bungay et al., 1979).
Lean tissues are primary depots for heavy metals (Comar and Bronner,
1964). Cadmium and mercury are concentrated in the kidneys, and cadmium
in the liver. Lead is concentrated in the liver, but more concentrated in bone.
Each lean tissue can be the preferred tissue to assay for one or more chemi
cals. Lean tissues are generally available for assay only from autopsies; how
ever, once a coLlection system is established for collecting adipose tissues at
autopsy, then other solid (lean) tissues, such as liver and kidney, can be col
lected without much additional expense or effort.
Biologic Fluids
Just as the equilibration of chemicals between blood and other tissues
results in a dynamic equilibrium among all tissues, there is an equilibration
between tissues and the fluids that they secrete or excrete. Almost all biologic
fluids (urine, sweat, saliva, milk, etc.) contain chemicals at concentrations
proportional to those in the tissues in which they originated. But most (milk
is an exception) are rather polar media and contain low concentrations of the
persistent lipophilic chemicals that have been of most concern.
Milk contains lipid, as well as protein and water, and has been an impor
tant indicator of exposure in several incidents of environmental contamination
with lipophilic compounds (Matthews, 1979). However, milk samples can be
provided only by postpartum women, a highly limited and atypical segment of
the population useful mostly for studies directly relevant to the fetus or nurs
ing infant.
In studies of metabolism, urine is routinely assayed for parent substances
and metabolites. Because it is polar, urine contains only low concentrations
of lipid-soluble parent chemicals and has been used only sparingly to deter
mine environmental exposures. Increased use of high-performance Liquid

66

D

MONITORING HUMAN TISSUES

chromatography (HPLC) and characterization of major metabolites of chemi
cals of interest would increase the utility of urine as an assay medium.
Other biologic fluids are equally polar, but are used less than urine, be
cause they are harder to collect, are present in smaller volumes, and generally
offer no important advantages over urine. Sweat might have the greatest
potential for development of a noninvasive assay for xenobiotic chemicals in
humans, because it contains substantial amounts of skin oil, as well as water
and minerals. If methods for standardization could be developed, sweat might
be useful for assays for many xenobiotic chemicals.
Hair
Xenobiotics have been detected in hair, feathers, and nails of numerous
species. Hair is the most easily obtained human growing tissue for monitoring
and has received the most attention. Several toxic elements—including seleni
um, mercury, and arsenic—have an affinity for hair, probably as a result of
their reaction with sulfur-containing amino acids, which are more highly con
centrated in hair than in other tissues. Those elements are chemically bound
and thus not easily removed by washing, so their presence in hair is propor
tional to the magnitude of exposure to them. Hair contains mercury at ap
proximately 300 times the concentration found in blood and is considered a
good indicator of the body burden of this element. But the probability of
contamination from the external environment, such as selenium-containing
shampoos, makes hair a less accurate indicator of exposure to other elements
(EPA, 1976).
Organic compounds are generally not chemically bound to hair, but are
more commonly found in oil produced by the body and associated with hair.
That is particularly true of highly lipophilic substances, such as halogenated
aromatic compounds. Halogenated insecticides and other halogenated organic
compounds are easily detected in human hair by simple extraction and analysis
with gas chromatography (Matthews et al., 1976). Because the quantities of
oil arid hair, the rate of hair growth, and personal hygiene aLl vary greatly
among individuals, analysis of hair for organic compounds in hair oil can
rarely be used to derive quantitative estimates of exposure; but given its ready
availability, and ease of assay, hair should not be overlooked as a qualitative
indicator of human exposure to a wide variety of xenobiotics.
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SUMMARY AND RECOMMENDATIONS
Given the central role of chemicals in modern society, peopLe will be ex
posed to chemicals. It is prudent that the general population be monitored
to document magnitudes of exposure and to determine the need for and
effectiveness of regulations and other measures to limit risk. An essential part
of monitoring exposure of the general population is a survey of chemical
concentrations in human tissues. The original NT{MP program was required
to concentrate on chemicals in human adipose tissue. However, the objectives
of the NHMP have broadened with time, the classes of chemicals currently
surveyed or proposed for survey are much more varied than those originally
targeted, and analytic instruments are much more sensitive than they were 20
years ago. Therefore, a survey of adipose tissue might no longer be the best
way to obtain accurate estimates of concentrations of chemicals of current
interest in the tissues of the general population.
After extensive discussion of the advantages and disadvantages of the major
tissue groups and biologic fluids, the committee draws the following general
conclusions regarding the choice of tissues on which to base a survey of chem
ical residues in human tissues.
. Blood is the common intermediary among alL tissues, and chemical
concentrations in blood accurately reflect those in all other tissues. Blood also
offers the advantages of availability by a widely accepted, relatively noninvasive
technique and of being the most accessible tissue for assay. An assay of
chemical concentrations in blood would permit sampling of a wider sector of
the population, better comparison of exposed populations with national aver
ages, repeat sampling of persons who have high tissue concentrations, and
opportunities to follow chemical clearance with time. We recommend that
any new program to assay chemical concentrations in tissues of the U.S. popu
lation be based primarily on analysis of blood.
• Adipose tissue contains the highest concentrations of some of the most
persistent chemicals to which humans are exposed, primarily balogenated
hydrocarbons. Analysis of adipose tissue would provide the most sensitive
assay of tissue concentrations of those chemicals and should be continued
where feasible. Continued analysis of adipose tissue would also provide conti
nuity with the present program, as well as confirmation that a survey based on
blood also detects important tissue residues of persistent chemicals.
• Analysis of lean tissues (although not specifically recommended by the
committee) and fat taken at autopsy would yield data on chemical concentra
tions in specific tissues that could be used to calculate tissue-to-blood ratios
for estimating tissue concentrations where only blood is available.
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• With additional development, analysis of hair, urine, and some other
biologic tissues and fluids might provide noninvasive methods to estimate
human tissue concentrations. However, for most organic compounds, those
methods need additional refinement and supporting data before they can be
used in general assays.
The question of which tissues to samp’e requires very careful consideration.
The present evidence leads the committee to conclude that the bans
ofa human tis~rue monito~ingprogrwn should be the broa4 random
collection of samples of blood.
Inipiementation of this recommendation includes probability sampling; data
needs cannot be satisfied by existing EPA plans regarding the proposed Na
tional Blood Network to sample blood donors.
Blood collection should be supplemented by the continued collection
ofadipose tissue, in pwt to maintain histo,ical continuity while new
long-teim series of blood meatwes we established and in part be
cause some important residues we most concentrated in fat.
As discussed elsewhere, fat samples are necessarily nonrandoni and nonrepre
sentative, so careful study of the relation between blood concentrations and
fat concentrations is needed to validate the latter.
Measurements of nonrandom adipose tissue (as in the present NHATS)
will continue to be important for at least several years, although they might
be replaced later with studies of the lipid fraction of blood.
While blood and adipose tissue we being coilecte4 the pragiwn
should dewWe some resources to study of the correlations between
chemical measures of xenobiotics in these tx~ 1issues~, so that the
effects of nonrandonmess in the adipose samples will be better wi
derstood and the continued contribution ofthe adipose swnpks can
be properly evaluated.
Kqwtever tissues are collecte4 samples should be accompanied by
standardized infomwlion on demographks~, illness (especially termi
nal illness), and known occupational or other major esposura to
chernka&
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High p~iod1y should be giwn to the coikction of matched adipose
and blood specimens for future parallel ~ma~ses. Matched sped
mens offat from tliffer~u wzatomk regions might aLso be useful for
m
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INTRODUCTION
As is both common and appropriate in large, continuing statistical studies,
the NHATS is intended to serve many purposes. EPA has described its major
objectives as the detection of toxic substances in human tissue, the establish
ment of baselines and trend data on chemical exposures, the identification and
ranking of chemicals for toxicologic testing, the identification of populations
at risk and their ranking for risk reduction, and the assessment of the effects
of regulatory actions. The generally accepted method of developing a data
base to satisfy such objectives is to define the target population and measure
ment method, select a probability sample of the population, and apply the
measurement methods to this sample. To move from a set of measurements
to desired statistics, it is necessary to decide on the kinds of statistics that best
summarize the data, to carry out computations, and to present the resulting
data for a representative sample in a useful form. Sampling errors are usually
calculated to give analysts and other users of the data some understanding of
the effects of random variation in the data. Nonrandom variation (bias)
sometimes is also discussed and assessed by such means as sensitivity analysis
and (when several sources exist) reviews, including meta-anafysis.
When human populations are studied, many of those steps can be carried
out only imperfectly. Problems in developing a true probability sample are
common, serious measurement errors might be unavoidable, and compromises
in the defmition of the target population are sometimes necessary. Most
statisticians recognize that such problems are inevitable and accept some small
or moderate departures from an ideal survey. However, when the methods
deviate in important ways from accepted standards and practice, the validity
of results is questionable, and the extent to which the statistics accurately
71
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reflect what is going on is uncertain. As a minimum, a statistician would like
to see an analysis of departures from norms to determine whether those
departures affect the quality of data produced in ways and degrees that com
promise their utility.
This chapter examines the degree to which the sampling methods used in
the NHATS permit inferences to be made about the total U.S. population.
It deals only with sampling; measurement methods are discussed elsewhere.
We describe ideal sampling practices, the compromises that are often neces
sary because some parts of the population are inaccessible or because of
budgetary restrictions, the sampling methods used in the NNATS, and impli
cations for drawing conclusions about the U.S. population. We also describe
possible actions to improve this aspect of the NHATS without revising its
general structure and consider the long-term goals of the NHATS and meth
ods of accomplishing them.
This chapter is intended not to provide detailed guidance on designing and
selecting a sample, but rather to highlight important issues. Sample design
and selection are, in general, complex activities that require special expertise
in sampling, not just in statistics generally. The sponsor of a new program for
monitoring human tissues should engage such expertise early in the process
of program development. The greatest demand for special competence will
extend through the whole period of development and through the first round
or two of implementation, but some need for access to sound statistical advice
on sampling will continue indefinitely and might well be part of the expertise
of the permanent staff. Competence in sampling should also be represented
on the advisory committee that we recommend in Chapter 7.
SOME FEATURES FOR SAMPLING
IN A CONTINUING POPULATION SURVEY
An early step in the planning of any survey is to establish its primary goals
in considerable detail. That should include description of the target popula
tion and, if necessary, subpopulations to be studied separately. The goals
should indicate the precision desired for key statistics. For example, the
survey might be required to detect whether a year-to-year change in a particu
lar statistic had occurred and have at least an 80% probability that a 10%
change over 1 year will show up as statistically significant. Or it might be
desired to measure the current prevalence of some condition with an error of
no more than 5%, also at the 95% confidence level. Other possibilities are
that both requirements must be met simultaneously, or that one of them must
apply to particular subpopulations. Precision requirements must be specified
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to establish the minimum sample sizes for each population group to be ana
lyzed separately. Any subpopulations for which the population sampling
fraction does not produce the sample size required for adequate precision will
need to be oversampled.
In national surveys based on personal observations or interviews, the sam
pling is almost always based on a multistage design (Hansen et al., 1953;
Cochran, 1977). Simple random sampling and other forms of single-stage
sampling are generally too expensive and impractical for other reasons. The
sample design in a national survey is thus usually fairly complex, and the
statisticians responsible for the sample-selection methods normally go through
a series of steps:
• Consider the reasons for and effects of foreseeable failures in various
possible sampling schemes, such as incomplete information on some sampled
persons.
• Determine what the sampling stages should be; cost, logistics, and infor
mation that is or could be made available for sample selection at each stage
should be considered.
• Decide on the sources for the sampling frame at each stage. The sam
pling frame is the list of units from which the sample will be selected.
• Establish the modes of stratification at each stage.
• Plan for the method of sample selection at each stage. We strongly
advise that probability sampling be used, but several approaches are feasible
within the rubric of probability sampling, e.g., simple random sampling, sys
tematic selection, and sampling with probability proportionate to size.
• Determine targets for sample sizes that will satisfy the precision goals
of the study, including the effects of probable departures from the plan.
Sample sizes at the various stages are usually calculated to provide an approxi
mately “optimar sample design, i.e., one that produces the lowest sampling
variances for the available budget.
• Consider whether oversampling of some subpopulations is desirable. If
so, efficient methods of oversamplirig should be developed and included in the
sampling plan.
• Develop the best method of estimating the characteristics of the target
total population and subpopulations from the sample. Also plan for the calcu
lation of reasonabic estimates of uncertainty in results.
Methods to carry out the various operations necessary to implement the
sample design also need to be planned. Which sampling operations should be
carried out by field or contract personnel, and which should be done in or
from the central office under the direct supervision of agency statisticians?
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How will the process. of sampling be monitored, and what kinds of quality
control will be imposed on sample selection? Some kinds of quality control
can be effected by checking the work, and others only by comparing selected
statistics that are estimated from the sample with known population data.
Statisticians generally consider that the development of a sample design
should include procedures for estimating sampling errors. Most national
surveys of human populations use complex sample designs, with multistage
sample selection, stratification, and probabilities of selection that differ among
subpopulations. The variances that are available in most of the multipurpose
statistical software packages do not apply to such designs, and separate com
putations are needed for appropriate estimation of sampling errors. Several
special software packages are available for that purpose (Flyer et at., 1989).
Jt is rare for statisticians to have all the data they need to design the most
efficient sample. Population parameters are often only approximate. Even
less is known about other factors that are normally taken into consideration,
including unit costs at each stage, nonresponse rates, such logistical features
as transportation, and quality control. Thus, it is advisable to conduct re
search on the sample design to see whether important improvements can be
made. That might be a major task in initial design, but periodic review of
continuing experience is usually sufficient to keep a basically sound design up
to date.
Another reason for periodic review of the sample is that modifications in
the objectives of the study often occur after initial survey data become avail
able. For a continuing survey, it is sensible to see whether revisions in the
sample design would support revised objectives better than the design initially
chosen.

COMMONLY REQUIRED COMPROMISES
IN SAMPLING METHODS
As indicated earlier, most population surveys require some compromises
from the practices discussed above. We describe here the departures from
strict probability sampling that occur in many national studies and are usually
accepted as having only a modest effect on the validity of resulting data. This
description will serve as a crude yardstick for review of the NHATS.
Shrinking of Target Population
it is fairly common to exclude small portions of the target population from
the sampling frame. They might be omitted because it would be extraordi
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narily expensive to include them or because they are not accessible with the
data-collection methods planned. Study conclusions must, of course, be ap
propriately qualified or modified. Some common examples follow.
• Omission of institutional populations front the sampling frame, even
though one would prefer to consider them as part of the target population.
This is done in the National Health and Nutritional Examination Survey
(NHANES), the National Health Interview Survey, and many other major
federal surveys (Chu and Waksberg, 1988; NCHS, 1989).
• Inclusion only of persons in households that have telephones, so that
data can be collected by telephone. This has become common practice for
one-time surveys for both federal agencies and other sponsors and for political
polls and market research.
• Restriction of the survey to the 48 states and the District of Columbia
to avoid high costs of operating in Alaska and Hawaii.
• In studies of minority-group populations, restriction of the sampling
frame to geographic areas that contain high concentrations of the group mem
bers. This reduces costs of screening households to identify the minority and
members reduces travel costs if personal interviewing is used. The practice
was folLowed in the Hispanic Health and Nutritional Examination Survey
(Gonzalez et al., 1985).
Another type of shrinkage occurs because particular segments of the popu
lation cannot be contacted with usual survey methods. For example, in the
Census Bureau’s major population sample surveys, there is evidence of sub
stantial undercoverage of homeless persons, young black males, and other
minority groups. The same shortage is found in almost all population surveys.
The target popuLation thus excludes them, though not by design.

Revision of Goals to Fit Sample
of Affordable Size
Standards of precision that are stated as desired in early planning stages of
a survey often require sample sizes that are seriously inconsistent with the
available budget. Adjustments can be made in the goals, the budget, or both.
For example, one can combine data for several years, instead of analyzing
each year separately, or one can broaden the demographic groups to be stud
ied.
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Acceptance of Nonresponse
Most population surveys cannot contact all sample units or get 100% coop
eration from persons contacted. Nonresponse reduces the integrity of the
sample, because the sampling process is not being strictly foLlowed. Survey
practitioners are resigned to the inevitability of some nonresponse, and most
statisticians feel that a small amount of attrition in the sample will usually
have only a minor effect on the quality of the resulting data. However, some
exceptions are important and the effect of nonresponse must be considered
separately for each survey. When refusal to cooperate is especially common
among a particular segment of the population that differs in important ways
from the population at large, even a small nonresponse rate can produce
serious biases in the statistics.
Responsible survey organizations put considerable effort into attaining as
high a response rate as feasible. Furthermore, statistical methods are used to
adjust the resulting data to reduce, to the greatest extent possible, the poten
tial biases introduced by nonresponse, and analytic reports explore the possi
ble effects of nonresponse.
When knowledgeable statisticians judge the nonresponse rate to be so high
as to compromise the most critical findings, the survey might have to be aban
doned.
Substitution for Sample Units
In most national surveys, the samples are selected in stages. Usually, all
stages except the last consist of grouping of sample units that are the subjects
of the survey. For example, school children can be sampled by first selecting
a sample of school districts, their subsampling schools within the sample
districts, and finally choosing children within the schools. The school districts
and schools, which containing groups of children, are stages in sample selec
tion. Nonresponse sometimes occurs in the stages of the sample that consist
of groups of the units of interest. In the example above, this would happen
if a school district or school failed to cooperate.
Many statisticians will substitute a willing unit (e.g., school district or hospi
tal) not initially picked for a sample for an uncooperative sample unit. An
effort is made to choose the substitute within the substratum containing the
uncooperative unit, on the assumption that there is reasonable homogeneity
within substrata, so that the units are largely interchangeable.
Substitution is a form of adjustment for nonresponse. There is some dis
agreement among statisticians on whether substitution is preferable to statisti
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cal adjustment. However, all agree that stringent efforts should be made to
keep nonresponse as low as practical before either substitution or some other
adjustment procedure is used and that serious nonresponse at any stage
should lead to reexamination of procedures used, adequacy of the data collec
tion staffs, or other features of the survey operations that may contribute to
nonresponse.

Analyses of Effects of Compromises
It is desirable for statistical agencies to expend considerable effort and
resources in trying to control and understand the effects of necessary conipro
mises on the statistics generated in their surveys. Three kinds of actions are
taken:
• A substantial share of survey resources is applied to keeping nonresponse and undercoverage low. This usually requires numerous calibacks
to sample units that are difficult to contact, as well as attempts to convert
refusals through experienced staff members special appeals, the efforts of
survey sponsors, or in some cases peer pressure.
• Statistical adjustments are made to reduce the effects of nonresponse,
undercoverage, and exclusions (by design or otherwise) from the target popu
lation. This is frequently done through poststratification and other forms of
weighting the resulting data.
• Research is carried out on how a missed part of a population is likely
to differ from the observed part and on how much the differences are taken
into account in the statistical adjustments. Research also investigates whether
better methods of adjustment exist and sometimes whether techniques are
available to reduce the size of the missing portion of the desired target popu
lation.
THE NATIONAL HUMAN ADIPOSE TISSUE SURVEY SAMPLE
Goals of Study and Target Population
NHATS goals are expressed in very general terms. The committee could
find no clear articulation either of its primary objectives and priorities or of
the precision needed in detecting magnitudes of pollution or year-to-year
changes. As a result, there is no way to determine the minimal sample sizes
needed. Similarly, there is no guide to follow when choices have to be made,
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e.g., whether to use adipose tissue or blood, whether to choose broad-scan
analysis of tissue samples, and whether to rely on composites (which make
prevalence estimates impossible).
The target population is presumably the entire living U.S. population, but
the subjects on whom measurements are made are an uncontrolled combina
tion of recently deceased persons and surgical patients. There is no attempt
Co keep the mix of deceased and surgical patients constant from year to year.
It is implicitly assumed that the distribution of pollutants is the same for
deceased persons and surgical patients within the race, sex, and broad age
groups for which sample quotas are designated. More important, it is as
sumed that substances in deceased persons and surgical patients reflect what
is present in tissues of living Americans generally. The underlying assumption
that long-lived contaminants in human tissue are spread fairly uniformly
among recently deceased and living persons appears plausible (except perhaps
for the effects of recent weight loss), but this has not been evaluated either
empirically or theoretically.
The exclusion of most of the rural population from the sample frame is a
serious deficiency, particularly because the detection of pesticide residues was,
at least at its onset, an objective of this survey, and exposure to pesticides in
rural (farm) areas can be very different from that in urban areas. It is likely
that underrepresentation of the rural population leads to understatement of
contamination. There is no information on urban-rural differences that would
permit inferences about the effect of the rural exclusion on the statistics.
Alaska and Hawaii were also excluded from the sampling frame. Those
two states currently account for only 0.7% of the U.S. population. Their
exclusion should, thus, have only a trivial effect on nation-wide statistics—far
less than the exclusion of the approximately 25% of the population that is
outside the metropolitan sampling areas (MSAs)—but could be serious if there
is a need for data specific to these areas (e.g., certain farm workers in Hawaii,
or regular consumers of meat from wild animals in Alaska).

First Stage:
Metropolitan Sampling Area
Probability sampling methods were used to select the initial sample of
MSAs. They were selected with probability proportionate to size, and detailed
geographic stratification was used.
Unfortunately, the integrity of the sample of SMSAs has been eroded, in
that 10 of the 47 sample MSAs have been replaced. For example, one SMSA
was replaced when the medical examiner failed to cooperate and no large
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cooperating hospital in the area could be found. The nonrandom replacement
of more that 20% of the MSAs could have a substantial effect on the statistics.
The substitutes for noncooperative MSAs were chosen from the same strata
as the initially selected areas; they are presumably as much like the dropouts
as possible. If replacements have to be made, the procedure followed in the
NHATS appears to be sensible, but it should be recognized that it is the best
among a set of unpleasant alternatives. There is no way to know whether
refusals to cooperate are somehow related to magnitudes of contamination.
In the absence of such knowledge, it is prudent to attempt to avoid substitu
tions.

Second Stage:
Medical Examiner or Pathologist
NHATs does not use probability sampling at the second or following stages
of sampling In MSAs containing more than one county (virtuaLly all the large
MSAs and many of the smaller ones), a single county is first selected. Specific
rules for county selection are not prescribed, and the choices are left to the
contractor for the project. There seems to be a preference for the first choice
to be the largest county or the one with the largest city, perhaps because it
will contain more hospitals and thus make finding a cooperative one easier.
However, the contractor can move to other counties, if there is difficulty in
getting cooperation in the initially selected counties. It is likely that there is
a bias in overrepresentation of city residents, compared with suburban resi
dents. The extent of the bias is uncertain, because many of the large hospitals
draw their patients from a wider area than a specific county. That does not
hold for cases brought to the county medical examiner’s attention or to cityor county-operated hospitals, where the cases are much more likely to be
restricted to city or county residents. it is plausible that city and suburban
residents are exposed to different magnitude of pesticides and other contami
nants. Sample selection methods are thus likely to influence the statistics to
an unknown extent.
Within each selected county, an attempt is first made to procure the county
medical examiner’s agreement to cooperate. There seem to be no strong
efforts to persuade reluctant examiners to change their minds: no contacts
are made by high-level EPA officials, state officials, or local medical society
representatives emphasizing the importance of the study; and the Midwest
Research Institute (MRI) operations manual on procedures to be followed in
data collection does not provide any motivation for a contractor’s field repre
sentatives to attempt Co convert refusals. it is implied that all potential re
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spondents are equally acceptable. For example, the manual describes the
contact with medical examiners and pathologists as aimed at determining
whether “an interest exists in participating in the survey,” and there is no sense
of importance in having those individuals cooperate. Similarly, the letters in
the recruitment package use the phrases “invitation to participate” and “we hope
that you will assist.” The attitude seems to be that it is not important who
provides the specimens.
According to MRI, within each SMSA one or more hospitals and associat
ed pathologists or medical examiners are selected and asked to supply adipose
tissue specimens. If a medical examiner or pathologist cannot be recruited,
a hospital pathologist in the same county is designated. Guidelines for choos
ing hospitals are more specific than those for counties. The choices are re
stricted to the ones that have the largest number of beds and that are fullservice institutions (neonatal to geriatrics). If more than one hospital satisfies
the requirements, the contractor picks one. There are no clear directions on
how to do so; the manual states that “the decision is. then made as to which
hospital would be the best choice....” If the first hospital contacted does not
wish to cooperate, another hospital is picked, etc. If the list of available hos
pitals and medical examiners is exhausted, a replacement SMSA is selected.
There is no requirement for serious efforts to motivate reluctant hospital
pathologists to cooperate. The operations manual states that “the pathologist
is contacted to determine if an interest exists in participating in the survey.
If the answer is ‘no’,
a notation and date of nonacceptance are made
so the hospital is not contacted again in the near future.”
With the county medical examiners and hospital pathologists chosen subjec
tively, it is not obvious why it makes a difference which ones agree to cooper
ate. However, the current system is dose to self-selection. Unknown and
unexpected biases are plausible under such conditions. For example, if large
city hospitals are overrepresented, there is also overrepresentation of the kinds
of persons who attend such hospitals, including those who are alcoholic, are
homeless, are in chronic poor health, or have other characteristics that might
be correlated with particular environmental exposures.
. .

. .

.

Third Stage: Specimen Donor
Each medical examiner is given a quota—by age, sex, and race—for the
number of specimens to be provided in the course of a year. However, no
sampling method is designated for choosing the persons or even for avoiding
possible seasonal effects.
Attempts are made to attain the desired quotas for each cooperator. Field
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personnel are instructed to call the sample medical examiners and pathologists
periodically to stimulate them to meet the quotas. Those calls appear to be
ineffective: in the last few years, only abou half the quotas were achieved.
The quota sizes are intended to be representative the SMSA and to provide
an approximately equal probability sample within the sex-age-race categories
designated by the quotas. Weighting is used to adjust for departures from the
quotas.
With probability sampling, the selection of first-stage units with probability
proportionate to size and the use of properly calculated fixed quotas of per
Sons within the first-stage units provide close to equal probability samples for
each of the designated sex-age-race categories. The quotas have to be revised
periodically to reflect changes in the distribution of the population among the
first-stage units. Weighting to adjust for failures to meet quotas retains the
representativeness of the sample (although it increases the sampling variance),
provided that the persons on whom measurements are taken are random
samples of the population within the first-stage units. However, when shortag
es in the quotas appear with no indication of why they occur, it becomes
uncertain how well the sample cases represent the population. Because there
is no describable sampling system for choosing the specimens, it is not clear
whether failing to meet quotas has an appreciable effect on the representativeness of the sample.
Fourth Stage: Body Source o~ Specimen
In developing a monitoring system, one can choose to monitor the adipose
tissue in particular parts of the body if that tissue is considered to yield an
effective measure of a contaminant concentration that affects health, or one
can take specimens from random regions of the body to determine the body
burden. If a contaminant is uniformly distributed through the bod~s adipose
tissue, it does not matter where the specimens are taken from. For blood
samples, the assumption of uniformity seems appropriate and blood samples
from any part of the peripheral circulation are reasonable.
Pathologists are given no specific instruction on the body part for speci
mens. It is implicitly assumed that, as is true for blood, the contaminant in
question is uniformly distributed through the body.
Sampling Errors
Sampling errors have not been calculated in the NHATS. Without proba
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bility sampling, sampling errors do not have the precise mathematical proper
ties that permit one to use the survey results to establish confidence intervals
around the calculated statistics. But, sampling errors would yield a rough
indication of whether apparent annual changes could be real or are likely to
reflect the small size of the sample. Similarly, comparisons among demo
graphic groups or regions produce uncertain results if there are no measures
of sampling error.
IMPROVEMENTS THAT ARE POSSIBLE WITHOUT
CHANGING BASIC DATA COLLECTION METHODS
The committee’s review of NHATS operations led it to conclude that, al
though no broad sample of any human population is perfect, and compromises
in sampling plans are almost always necessary, the sampling scheme used by
the NHATS is far out of line with current concepts of what is acceptable.
This section discusses improvements that are possible, at a modest cost,
within the present framework of the NHATS. Although the committee rec
ommends that adipose tissue be replaced by blood as the primary human
tissue monitoring program, it should be retained, with improvements, during
a transition, and possibly longer. The changes described here are intended
mainly to ensure that the NHATS sample adheres closely to the intended
selection method, and they would increase the usefulness of the NHATS as
part of a future, continuing program.
Sample Size
We have found no description of the rationale for choosing the sample
sizes used in the NHATS. They might have been based on the budgets that
were considered to be available for the NHATS, rather than on an analysis of
the precision necessary to help EPA reach policy decisions. That is a natural
approach for organizations (government agencies as well as others planning
statistical studies) to take—established budgets do determine the size and
scope of programs. However, when a program is as important as the
NHATS, and when it is a continuing program that can be redirected and
improved, decisions should be reviewed from time to time to see whether they
are still applicable.
We believe that EPA should consider de novo the minimal sample size
needed to satis1~’ reasonable goals for the NHATS. Budgets should then be
estimated for that sample size (and other changes in the survey methods). We
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expect the budgets to exceed the annual costs of the last few years, and re
quests for future years’ appropriations should reflect the cost of implementing
the necessary changes in sample sizes. Clearly, an analysis of the needs for
particular levels of precision and the sample sizes necessary to meet them will
be an important justification for a new budget request.
The committee is not in a position to recommend a specific sampLe size,
but we do suggest an approach that might help EPA to determine a sample
size. EPA first must consider, more specifically than in the past, the kinds of
policy-relevant questions on which NIIATS data will be expected to provide
guidance and, more broadly, what its responsibilities are to inform other
analysts and the U.S. public on the existence of contaminants in human tissue.
The questions need to be expressed in more quantitative terms than the gen
eral goals that have been stated in the past (and stated elsewhere here). The
following are examples.
• For some contaminants, there should be reasonable assurance that the
proportion of the U.S. population with detectable concentrations is estimated
with an error rate no greater than x%.
• For other contaminants, the proportions of persons with concentrations
above some specified threshold, y, should be estimated with a specified preci
sion.
• The national mean concentrations (for example, expressed in parts per
million) should be estimated with an error rate no greater than x%. In addi
tion, the mean concentration for various population groups (e.g., regions, ages,
rural, etc.) should be estimated with an error rate less than y%.
• When the percentage of persons with concentrations of a particular
substance above some threshold is compared at two times (e.g., this year and
last year, or this year and 5 years ago), any change over y% should be recog
nized as signaling a real change over time and not a possible artifact of sam
pling error, and it should be measured with an error rate no greater than x%.
Other examples could be given, but these questions may the most critical
kinds of data analysis. It is necessary for EPA to consider such issues before
statistical theory can be applied to calculate the sample sizes appropriate for
the N}IATS.
The questions above focus on describing realistic goals for the study. They
are intended to permit calculations of sample sizes that are sufficient for the
analytic needs of NHATS and simultaneously to avoid using sample sizes that
are larger than required for sensible analysis. For example, in comparing
changes over time, it is necessary only to detect differences that are of practi
cal importance—not all differences, but practical importance has to be defined.
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In the context of the changes over time in N}IATS data, that means deciding
the changes in contamination that would be large enough to take to the atten
tion of EPA policy-makers and others concerned with environmental quality.
Once the questions have been formulated and answered, it is fairly straight
forward to calculate the necessary sample sizes. For example, in regard to the
first two questions, an approximation to the standard error, a, of a proportion
can be stated this way:

a

-

~/(dpq)/n

where
a

standard error desired (in terms of the total population, i.e., p
± a; not in erms of the relative error of p);

p

=

an estimate of the proportion of persons with detectable con
taminant, or of the proportion with concentrations above some
threshold;

q

=

l-p;

n

=

sample size; and

d

=

design effect arising from complexities in the sample design.

The value of a should be based on a realistic assessment of the precision
necessary for the study. p can be estimated from past data or other previous
studies. The design effects will not be known in advance of introducing a
probability sample. On the basis of evidence from other health studies, we
think that d = 2 would be a reasonable, although rough, approximation. The
sample size can then be calculated by inverting the above formula to

-

dpq/o2
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The formula is simple to apply. The formula for calculating sample sizes
when two periods are compared, however, is somewhat more complicated, but
tables are available (Fleiss, 1981). A more general formula can be used for
mean concentration rates:

—

d(s2In),

where

is the standard error desired, and
s is the standard deviation of concentration rates of the population.
We present two examples of how the formulas and tables can be used to
determine the sample sizes necessary for expected analyses of the data.
(These examples are meant to be illustrative and might not reflect actual
NHATS requirements.)
• Analysts might believe that about 10% of the total U.S. population have
detectable concentrations of a particular class of substances, although the
exact amount is not known. They want to make sure with a high leveL of
confidence that, if the proportion is really 10%, the survey result will be within
two pçrcentage points of 10%. The high level of confidence is defined as
having a 95% chance that the survey is within 2% of the true value. The 95%
chance implies that two standard errors is equal to 0.02, or o = 0.01. The
formula n = dpq/o2 with d = 2, results in a sample size of 1800. The same
results can be obtained by reference to table 1. If one examines the column
for p = .1 to find the value of .01, it appears on the line for n = 900. The
table assumes that d = 1, so 900 needs to be multiplied by 2.
• Analysts might want to be sure that they can detect any major trends in
the proportion of persons with detectable concentrations of some substance.
They plan to carry out a simple test to see whether a change is occurring:
comparing the average value of the proportion in the last 2 years with the
average in the preceding 2 years. In the earlier period, the proportion was
20%. They want an 80% level of confidence that, if the proportion has gone
up to 25% or down to 15%, the survey will reveal that a statistically significant
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change has occurred. Furthermore, they want to make sure, at the 95% level
of confidence, that, if there has not been a change, the survey will not mislead
them into believing that a statistically significant change has occurred. Statisti
cians refer to the 80% level of confidence as the power of the test. The 95%
is denoted by 1 ~, so ~ 0.05. Table A-3 (Fleiss, 1981) indicates that, to
distinguish between values of p = 0.20 and 025 with a = 0.05 and a power
of 80%, a sample size of 1,134 for each of the two periods is necessary. The
table (like most published tables of the type) assumes that d = 1. When d =
2, the necessary sample size is 2,268. The same table shows that, to distin
guish between values of p of 0.20 and 0.15, a sample size of 945 is needed.
Again, that has to multiplied by 2, so the sample size is 1,890. Obviously, the
first condition is more stringent, and 2,268 are needed to satisfy both require
ments. Because that is the sample size for a combined 2-year period, a sampie of 1,134 per year is necessary. If the study is to have the specified power
to detect either an increase to 25% or a decrease to 15%, one must use the
larger sample size, 2,268.
-

Standard errors and sample sizes in the above formulas do not depend on
population sizes. Although more exact formulas for estimating sample sizes
do involve populations sizes (the ones above are close approximations), their
effects are very small when the sample is a small part of the population, such
as that of the United States, regions of the country, or large metropolitan
areas. The practical effect of ignoring population size is trivial. That implies
that, if one wishes to achieve a particular level of precision, the necessary
sample size is independent of whether the population is that of the total Unit
ed States, a region, or a subdomain defined in another way, such as males,
rural residents, or persons at least 45 years old. As a result, the total sample
size depends on the number of subdornains for which prespecified precision
is needed (as well as the standard error desired). For example, as indicated
earlier, for a standard error of 0.01 on a proportion that is expected to be
0.10, a sample size of 1,800 is necessary (with d = 2). If one wishes that
precision in each of the four census regions, 1,800 are needed in each region,
or 7,200 in the total United States. If the same precision is needed separately
for males and females in each region, the sample size doubles to 14,400.
Obviously, the sample sizes can go up rapidly with requirements for detailed
analysis of subgroups, and data needs must be established carefully to keep
study size and costs under control.
In the examples just given, the total sample size goes from 1,800 to 7,200
to 14,400. The sampling variances of national data will be reduced according
ly, so that when regional data are needed the U.S. variance will be one-fourth
as large as when only national figures are required; when regional data by sex
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are needed, the U.S. sampling variances will be one-eighth as large. This
direct arithmetic relationship holds only when the subdomains are approxi
mately equal. When the subdomains vary greatly in size, there will be a much
smaller reduction in the sampling variances of the U.S. totals. For example,
if one wanted the same precision used earlier (a standard error of 0.01 on an
estimated proportion of 0.10) separately for blacks and nonbiacks, one would
need 1,800 blacks and 1,800 nonbiacks in the sample. However, the sampling
variance on the U.S. statistics would not be reduced by a factor of 2. Became
blacks constitute 12% of the U.S. population, having their sample size as great
as for the nonblack 88% of the population does not provide as efficient a
sample for the total population as having a sample of 3,600 distributed in
accordance with the proportions in the population. In fact, the sampling
variances on statistics for the total population Will be reduced by only 21%.
Thus, sampling subdomains at different sample rates is better than sam
pling all subdomains at the same rate when one is interested in subgroups, but
not as efficient for statistics on the total population. An approximation to the
increase in variance arising from the variable sampling rates is £ (W.k~) E
(W1/k1) where i is an index denoting the subdomains, W~ is the proportion of
the population in the ~th subdomain, and k. is the sampling rate (or a factor
proportionate to the sampling rate) in the ~th subdomain (Kish, 1965). The
increase in variance for totals should not necessarily deter one from oversampling to permit analyses of particular subgroups. For example, the current
cycle of NHANES uses a wide variety of sampling rates for subdoniains to be
studied separately. However, decisions on oversampling should be reached
only after careful, expert consideration of priorities and with recognition of the
effect on costs and on national statistics.
Cooperation of Medical Examiners
and Hospital Pathologists
We have not found data on the proportion of contacted medical examiners
or hospital pathologists who refuse to cooperate or who drop out after initially
agreeing, but the fact that no cooperators were available in 10 of the 47 MSAs
indicates that the cooperation rate is quite low. In effect, volunteer medical
examiners and pathologists, rather than EPA or its contractor, determine the
sample. There is no way to know whether cadavers or patients in cooperating
institutions are similar to those in noncooperating institutions. Most responsi
ble survey organizations put considerable effort into attaining as high a re
sponse rate as feasible, and EPA, in its operation of the NIIATS should have
the same goal.
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We believe that several steps could improve participation rates. First, the
field personnel responsible for recruitment should be instructed on the impor
tance of persuading reluctant prospects to cooperate. The N}IATS should
revise the manual currently used, which gives the impression that it does not
make any difference who cooperates, as long as someone is found. Second,
recruiters need tools to help to persuade reluctant prospects. One of the
participants in the workshop (Appendix B) suggested that support from local
medical societies might improve response rates. Another possibility is to try
to get local health officials to help. Other health surveys, such as NHANES,
generally enlist the support of such peer groups. Similar attempts for NHATS
might be helpful. Finally, letters or telephone calls from high-level EPA
officials could be effective. Invited respondents should know that the highest
administrators at EPA recognize the NHATS as an important program.
Adherence to Quotas
We see no reason why medical examiners and hospital pathologists should
regularly fall so far short of their assigned and accepted quotas. The MRI
Operations Manual instructs field personnel to make calls to remind cooperat
ing pathologists to check on progress, but does not emphasize the importance
of meeting the quotas. Perhaps the field staff itself does not recognize that
this is a major requirement or is too diffident in its dealings with medical
examiners and pathologists.
EPA and MIII should examine their procedures to see what might be done
to attain the desired quotas.
Replacement of MSAs
If the procedures described above increase response rates substantially, it
would be useful to go back to pathologists in the discarded MSAs to see
whether they can be persuaded to reverse their original refusal to cooperate.
Those who agree should be included in the sample, and the replacements
dropped.
In addition, EPA should evaluate the impact of the replacements on the
statistics. One way is to examine differences in average contamination con
centrations among SMSAs that are selected from similar strata (e.g., drawn
from neighboring geographic divisions). Small differences would support the
hypothesis that the SMSAs are fairly homogeneous within broad geographic
areas; replacements then might not seriously affect the statistics. Larger
differences could indicate a major effect of replacements on statistics.
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Such comparisons can best be made by calculating components of variance,
i.e., estimating what part of the total sampling variance comes from sampling
MSAs and what part from sampling hospitals and persons within the SMSAs.
To estimate variance components, one must measure the variability of con
taminants among persons within the same MSAs. That cannot be done when
composite samples are used, because the composites merge the data on indi
viduals. It will be necessary to use historical data—from years when individual
specimens were individually analyzed.
Nonrandom Selection of Counties,
Medical Examiners, and Hospitals
In data collection, one does not need an uncontrolled system of choosing
counties and institutions within counties. We believe that acceptable sampling
methods could have been developed for those stages of sample.. The current
method turns over the selection to the subjective choices of field personnel.
Reasons for that approach should be reviewed. If it was for some minor
conveniences of the contractor and field personnel, plans for the basic samples
within the SMSAs should be revised. It would also be useful to evaluate
possible effects of the lack of specificity in the sampling. Some light might be
shed on the. subject by examining differences in contamination concentrations
among hospitals in the same SMSA, or by comparing data on SMSAs before
and after some hospitals were changed.
Composite Specimens
Starting with tissues collected in 1982, the EPA stopped analyzing adipose
tissue specimens from separate individuals and started analyzing ‘~composites.”
Individual specimens for immediate analysis (but not archived specimens)
were combined within each of the nine U.S. Census divisions for three age
groups. Some combinations were kept separate by sex or race, depending on
the sample size in the census division. The combined tissues were mixed to
form 46 ~composites,u which were the units subjected to chemical analysis. A
linear model was fitted to the results of chemical analyses of the composite
samples to derive estimates of average residue concentrations by geographic
region, age, sex, and race in the broad scan work.
Two reasons were given for compositing:
1. To accumulate sufficient tissue in a sample to be analyzed to ensure a
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high probability of detecting of toxic residues of interest. EPA indicated that
that was necessary because the probability of detection is a function of the
amount of analyte injected into the analytic instrument, in addition to the
concentration.
2. To reduce costs of analysis by reducing the number of analyses. That
was considered desirable because the cost per analysis is high. (For example,
current dioxin analyses cost $1,500-2,000 per analysis.)
We discuss the amount of adipose tissue that can be extracted from a
person in Chapter 5. EPA, through the NHATS, does not appear to be hin
dered in collecting sufficient tissue for chemical analyses of individuals. If
amounts of (issue were not sufficient in the past, amounts can probably be
increased in the future. Compositing will still help to reduce costs, however.
Although individual specimens must still be selected and prepared, it obviously
costs less to analyze a small number of composites than the much larger
number of individual specimens.
The NHATS staff recognizes that costs are rcduced at the expense of a
substantial loss in ability to analyze and interpret NHATS results. Because
individual specimens are not chemically analyzed, there is no direct way to
derive prevalence estimates (e.g., the proportion of the population with delect
able concentrations of some specific substance above a specified level). Statis
tical models from which prevalence can be computed have been discussed
(Nisselson, 1987) but we are not sanguine about the prospects. However, if
such models are attempted, their validity should be tested empiricaUy. Per
haps it could be done by examining the data for the years in which individual
specimens were analyzed separately.
Statistical modeling is currently used to estimate mean concentrations by
geographic regions, three age groups, sex, and race. Direct estimates are not
possible, because the specimens included in each composite cut across the
suhpopulations. The statistical model assumes that the mean log concentra
tion for any combination of the four variables—region, age, race, and sex—is
the simple sum of individual concentration factors for each variable and that
there are no ~interactions,” or factors for combinations of the variable. For
example, a model without interaction implies that the difference in the con
centration of residues between males and females (although not the concen
trations themselv~s) is the sathe for Caucasians and non-Caucasians and that
the difference between Caucasians and non-Caucasians is the same in males
and females. Similarly, lack of interaction implies that the sex difference and
the race difference are the same in all regions. Nisselson (1987) has described
the models and the mathematical expressions for the effects of interaction, but
the adequacy of the models has not been tested sufficiently. As pointed out
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by Nisselson, the presence of interactions can drastically affect both subpopu
lation estimates and their standard errors. For the model evaluation, we
suggest applying the model to a period in which individual specimens were
analyzed and comparing the model results with estimates made from the
individual observations.
COMPUTATION OF SAMPLING ERRORS
There has been little or no effort to establish statistical confidence levels
around the estimates that have been prepared from NHATS data. It is there
fore uncertain whether differences observed among subpopulations or changes
over time are more likely to reflect real changes in exposure than random
fluctuations among the sample specimens, Similar uncertainties arise when
NHATS data are compared with data from othcr populations.
When essentially nonprobabiity samples are used (as in the NHATS),
confidence intervals computed by standard statistical techniques do not ade
quately reflect the probability that the true values are within specified neigh
borhoods of the sample estimates. However, they are the best approximations
that are possible and generally provide lower bounds on uncertainty. We
suggest that the necessary computations be carried out for at least some of the
substances analyzed and that the resulting information be made available both
to the users of the data and to EPA personnel for consideration of the ade
quacy of NHATS sample sizes. Techniques can be used to estimate standard
errors (EPA, 1987a). The Computation of standard errors in most statistical
software packages is not appropriate for a multistage sample design that uses
variable weights.

CRITICISMS OF NHATS STATISTICAL SAMPLING METHODS
The EPA staff involved in the planning of the NHATS are well aware of
the limitations of and problems with the NHATS sample. However, they
believe that the NHATS nevertheless meets EPA’s goals for the National
Human Monitoring Program (see Chapter 2) as stated in their preliminary
response to NRC inquiries; we would agree if those goals are considered in
limited manner. The dramatic changes that the NHATS showed in the preva
lence of PCB’s in human tissue over a few years seem to reflect real changes
in our environment. We would also generally assume that NHATS statistics
showing increases of 100% or more in mean concentrations of some substanc
es over a few years indicate important changes in our environment. Similarly,
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the NI-IATS can demonstrate even very Low concentrations of some toxic
substances in human tissue.
The problem with a mostly nonprobability sample is its inability to ascer
tain, with any measurable level of confidence, smaller annual changes in aver
age concentration or population distributions that build up over time to have
important effects in our society. With the present program, it cannot be
determined whether moderate increases over several years indicate an increas
ing prevalence of higher body burden within the overall population sampled,
a greater concentration in a small fraction of the population, erratic sampling
effects, or a shift in the magnitude of the sampling bias due to lack of controL
on the sample. Lt could be a long time before the statistics show clearly rec
ognizable patterns.
There are other problems in extrapolating from the NTIATS sample to the
total U.S. population. As mentioned earlier, one result of using composite
samples is the loss of prevalence estimates. Composites might also create
poorer estimates for subpopulations because of a need to rely on statistical
models if compositing across subpopulations is used. The use of baseline data
for comparison with results of studies of other population groups (e.g., per
Sons living near Superfund sites, or those living in rural areas and subject to
substantial pesticide exposure) is also weakened by the wide margins of uncer
tainty around the baseline statistics.
The current operating procedures probably do meet some set of limited
EPA objectives. Those objectives would be met better if the improvements
suggested above were adopted. However, we do not think that EPA, Con
gress, or the public should be satisfied with such limited objectives. The
federal government should assume a more comprehensive responsibility for
informing the public and administrative agencies about potential public-health
hazards as revealed by the accumulation of chemicals in the population. That
will require fundamental changes in data collection. We discuss some major
changes below.
The Benefits of Blood Collection
for Probability Sampling
From a statistical point of view, a troublesome aspect of the entire NIIATS
program has been replacing the U.S. population as the target population with
surgical patients and cadavers subject to autopsy. The replacement creates
three serious problems: specimens taken in this way might well not represent
the average living population, it is very difficult (probably impossible) to en
sure a true probability sample, and it is not feasible to obtain important de
mographic or other data on the subjects.
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Those problems are inevitable with a measurement system that uses human
adipose tissue. Therefore, we have recommended that blood replace adipose
tissue as the primary medium for measuring toxic, or potentially toxic, sub
stances in human tissue. Blood specimens could be collected, in accord with
procedures roughly similar to those in NHANES, from subjects that are close
to a true probability sample of the U.S. population. We recognize that blood
and adipose tissue differ in buildup of substances. However, the ability to
have a good sample that would be accompanied by demographic and related
descriptive material about each specimen makes blood the tissue of choice.
Chapter 3 discusses the relationship of substances in blood to those in adipose
tissues.
The use of blood specimens from a sample of live persons has other advan
tages. First, it would be possible to conduct interviews with the sampled
persons to obtain information on covariates that would support a search for
causal relationships and risk factors. The covariates could include type of
drinking water used by the household (private weliwater use vs. a community
system), occupation and industry (particularly whether employment is in a
chemical plant or refinery), and farm vs. nonfarin residence (and, if on a farm,
use of pesticides, dietary information, etc.).
Second is the possibility of a longitudinal design in which sampled persons
(all or some) are revisited every few years, instead of being selected indepen
dently each year. Such a design has two desirable features. It usually pro
vides more precise estimates of year-to-year changes. And, it permits more
sophisticated analysis of sources of contamination by attempting to associate
changes in the concentrations of toxic substances in a person with changes in
the environment (e.g., construction of a new road or industrial facility) or in
other factors peculiar to the person (e.g., a job or residence change). We
note, however, that a longitudinal survey also has some disadvantages. It is
usually expensive to locate and visit the part of the sample that has moved
between sample periods. Some movers cannot be located or have moved to
areas that would be inordinately expensive to visit. Response rates thus tend
to decrease over successive rounds of followup. Finally, there is a loss of
ability to increase sample size for some analyses by combining data for several
years. Thus, we do not unconditionally recommend introducing longitudinal
features in the sample. However, the advantages and disadvantages should be
carefully weighed, so that a reasonable decision on the best sample design is
reached.
Third is the possibility of considerable flexibility in oversampling specific
demographic or other subgroups of the population. There is some oversampling in the current NHATS, in that quotas are specified by sex, race, and
three age groups. That could be extended to a fmer division of age groups or
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to other domains. Sonic possibilities are the rural population, persons living
in areas with heavy pesticide use, and persons living in the vicinity of particu
lar types of industrial facilities.
Despite the value of those additional features of a program based on blood,
it must be clearly understood that the primary rationale is the need for true
probability sampling, and that the advantages of having a probabifity sample
must be protected in other aspects of study design. For example, EPA’s plans
for a National Blood Network (NBN) are based on the collection of blood
specimens, through the cooperation of the major national blood collection
agencies, from volunteer donors to those agencies. Such a program would
have many of the problems inherent in the NHATS, because it would rest on
the assumption that the population of voLunteer blood donors is a useful
surrogate for the general U.S. population—an. unvalidated and even dubious
assumption.
Furthermore, organizations whose priorities are in their own programs
generally do not give other projects close attention. It is likely that the NBN
will be subject to many of the NHA1’S operating problems, such as the refusal
of sampled units to cooperate, inability to meet quotas, and general Jack of
quality control. Those problems are not conducive to the high quality statisti
cal program that the public has a right to expect from EPA. EPA should plan
to have a sample and data collection system that is dedicated to EPA’s inter
ests. NHANES provides a good model. We recognize that the costs to EPA
would be much higher than the current budget; however, we believe that EPA
has understated the need and importance of the data and thereby has been
too modest in its budget requests and allocations.
In addition to a blood program, we recommend that, in spite of the statisti
cal limitations of the NHATS program, an adipose tissue program be contin
ued, although possibly on a reduced scale. One reason is to retain the consis
tent series of specimens that goes back almost 20 years. A second reason is
that thern NHATS would supplement the blood analysis program and provide
data on some substances that cannot be measured adequately in blood. If an
NHATS program is retained, the improvements and modifications described
elsewhere in this document should be implemented.

Use of Composite Specimens
The use of composites has required EPA to set aside some of the objec
tives initially stated for the NHATS. Prevalencc estimates can no longer be
supplied. Estimates of mean concentrations for subpopulations are less pre
cise, because they assume model validity. The ability to carry out risk assess-
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ment is uncertain. Those compromises in the initially contemplated program
have been made to permit broad scan analysis of an increased number of
substances, which becomes quite expensive per specimen. Although the broad
scan analysis provides a substantial amount of information not avaiLable with
the original measurcment method, it does not satisfy all the purposes of a
human tissue monitoring program. In deciding to use broad scan analysis,
EPA acted as though it had a fixed budget for monitoring and as though the
higher costs per chemical analysis had to be compensated for with a smaller
number of samples analyzed.
The realities of life in a government agency are such that current programs
need to work within fixed budgets andit is difficult to change them, except
under extraordinary conditions. However, those conditions do not necessarily
apply to long-range programs. It is possible to request and obtain increased
funding when it is necessary for the success of an important project. In fact,
government agencies are obliged to work to obtain such increases.
EPA should consider the benefits of a mix of analyses—some performed on
individual specimens and others on composites—in which the results from
individual specimens can be used for prevalence estimates and to test the
models. It might not be necessary to prepare prevalence estimates each year;
if not, smaller samples can be used for the individual specimens, with preva
lence estimates based on 2- or 3-year averages. The precision required for the
most important uses of the data should be reconsidered, and the total sample
sizes and the allocations to samples used for individual specimens and for
composites should be recalculated to meet these requirements.
Samples should be collected and stored in a manner that preserves the
possibility of basing measurements on individual samples, and a substantial
part of the new program should be based on individual analyses. Compositing
can reduce costs at the stage of chemical analysis and thus permit additional
sampling or studies. When it can be shown explicitly that values based on
individual samples are not needed (e.g., for estimating variances, presence
above some specified concentration, or differences among population seg
ments), some degree of compositing might be appropriate, though that degree
may never reach the present EPA degree of compositing.
NHATS Sample Design
If our primary recommendation for a new program is not adopted, and if
the present program iscontinued with modifications, its sample design should
be reviewed and revised to institute probability sampling at all stages of sam
pling. Key aspects of the review should be as follows.
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• Nonmetropolitan counties should be included in the sample. The rural
and urban populations may well differ in prevalence and body concentration
of pesticides and possibly of other substances. We recognize that hospitals in
rural counties are generally smaller and that medical examiners have fewer
cases, but populations are smaller, too. Thus, quotas for the number of sped
mens in those rural counties may be smaller than in SMSAs. That will add
some fixed costs per hospital to the project, but is necessary for true represen
tation of the U.S. population.
• The quotas for the sample size for each SMSA should be updated after
the 1990 Census results become available. Current quotas are based on the
population distribution in 1980, and there have been important changes in the
last decade.
• The subjective method of choosing counties (within the selected
SMSAs), medical examiners, and hospitals should be replaced with strict
probability sampling.
• Stronger efforts should be made to attain cooperation of sample institu
tions and to have them meet their sample-size goals.
• It might be difficult to have the medical examiners and pathologists
select specimens with random sampling methods, but the possibility should be
explored, particularly in the larger organizations. As a minimum, an attempt
should be made to spread the selection of cases evenly across the year, to
avoid possible seasonal effects.
A broad national program for human tissue monitoring might at fIrst seem
to be a suitable vehicle for studies and evaluation of groups in the population
that appear to have unusually high exposure to some chemical substances.
Examples include accidental exposures to environmental disasters, occupation
al risks, and persons who live near Superfund sites. The committee believes
that, in general, evaluation of other than background exposures should not be
built into a national human monitoring program, although data collected in
the broad basic program that turn out to be useful should of course be used.
The basic problem is that a broad sample would include only a handful of
persons in any small group of special concern, and design of a sample to
answer questions about such groups would either require an enormous equalprobability sample or distort a weighted sample to the point where it might
be unsuitable for its basic purpose, even with appropriate analyses to adjust
for differential weights.
An agency staff qualified to maintain a strong human tissue monitoring
program should have skills and facilities for investigation of risks in special
populations, and special studies might well be assigned to them. However,
such special studies should in general be regarded as add-ons, supported by
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separate budgets and explicit reallocations of staff responsibilities and time
commitments, so that the basic monitoring program is protected. The nation
al data will, of course, be invaluable for comparison with results of special
studies and might determine whether the special populations have increased
concentrations of contaminants.
SUMMARY AND RECOMMENDATIONS
There are serious deficiencies in the NHATS in that adipose tissues collect
ed are not a representative sample of the U.S. population. Although most
population surveys fmd it necessary to compromise somewhat on ideal stan
dards, the departures from probability sampling in the NHATS are far in
excess of what most statisticians would consider acceptable. The main defi
ciencies are these:
Although the target population is the living U.S. population, the subjects
on whom measurements are taken are an uncontrolled mix of recently de
ceased persons and surgical patients.
• The sample size has been driven by the budget, rather than by needs to
satisfy important goals of the program.
• Some important segments of the population are omitted from the sam
ple. The exclusion of the rural population is the most serious omission.
• Although probability sampling was used in the selection of the metropol
itan areas that are the first stage of sampling, problems of cooperation forced
substitutions for 20% of the areas. Consequently, the extent to which the
sample of areas now represents all metropolitan areas is uncertain.
• There is no designated sampling method for choosing the persons from
whom specimens are taken. Each medical examiner or pathologist is given a
quota by age, sex, and race, but the quotas are poorly adhered to; even if the
quotas were met, the quota procedure would be inherently biased.
• There are no specific instructions for pathologists on the body part to
be used for specimens. It is implicitly assumed that contaminant concentra
tions are the same in all adipose tissue in the body.
• Recent uses of composite measurements have made it impossible to
provide prevalence estimates and seriously weakened the estimates of mean
contamination concentrations for the sex, race, and age subdoinains.
• Sampling errors have not been calculated, so users are not informed
about the precision of the data.
• There is no plan for regular release of findings to the public.
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Even within the limitations of the NHATS system, it is possible to improve
the methods used to implement the NHATS so that it can come closer to a
realization of the original plan. This chapter includes recommendations for
improvements. Even with the improvements, however, the NHATS will have
major limitations in its ability to reflect the accumulation of toxic substances
in the U.S. population. The committee believes that the limitations are so
serious that the NHATS should be replaced with another system for measur
ing the accumulation of contamination in human bodies.
The convnittee r~commendc that the NIL47S be replaced with a
blood monitonngprogram as the primarj method ofmeasuring toxic
or potentially toxic substances in hwnan ti~csue. The samplingplan
can bepauerne4 after the one used in NHANES, whose subject5 are
close to a frue probability sample of the U.S. population.
In addition to having a probability sample, the system would permit interviews
to be conducted with the sampled persons to obtain data on covariates. Stud
ies could then be made on sources of contamination as well as on amounts in
human tissue. Other advantages of using blood are described in Chapter 3.
Collection of blood specimens should be desi~zed in strict accoid
with the methodr ofprobability sampling at all stages. The metho~Lr
used should be efficient for g~ving viilually all peirons in the United
States a known probability of selection.
During the period in which the NHATS is continued, the selection methods
should be revised to reduce the subjective elements in the choices of counties,
hospitals, and specimens.
In addition to initiating a blood collection program, the committee
reco,nnwnds the conlirawlion of the collection and wzatysit of adi
pose tissue, although posslbiy on a reduced scale.
One reason is to have a continuous time series, and a second is to provide
data on substances that cannot be measured adequately in blood.

Collection, Short-Term Storage, and
Archiving of Tissues

INTRODUCTION
The committee evaluated EPA contractors’ current methods of collecting
and storing human tissues and visited the facility that houses the NUATS
samples to examine those tissue specimens. This chapter addresses the issues
to be considered in the collection, short-term storage, and archiving (longterm storage) of tissues for chemical analysis. It summarizes the committee’s
findings and presents its recommendations.
COLLECTION
Many programs collect tissues for monitoring a population’s exposure to
environmental chemicals and other xcnobiotic substances; the design and
details of specific programs have been discussed in various publications (Wise
and Zeisler, 1984; Lewis et al,. 1987). Material for monitoring may be ob
tained by relatively noninvasive techniques—collection of blood, urine, hair,
fingernail clippings, etc. The National Health and Nutrition Examination
Survey design provides a model for the collection of human tissues and is
described in Appendix 0.
A program that monitors environmental chemicals through analysis of
chemical concentrations in solid tissues, such as fat or liver, requires a tissue
collection network. The design of a network depends on the overall goals of
the program. Establishing a collection network is a complex process, and
recruitment of field personnel committed to the goals of the program is criti
cal to its success. Close cooperation and communication between program
managers, contractors, and field personnel (i.e., primary collectors) are neces
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sary a successful collection network is likely to require decentralized responsi
bilities for operating units. For instance, a primary collector might be respon
sible for collecting specimens from all facilities in a demographic (e.g., pediat
ric) or geographic (e.g., rural) area. A contractor responsible for a multistate
area might be more successful in recruitment and training of collectors within
thaL area than a contractor that tries to control collections nationwide from
a single location. The contractors’ and program managers’ relationships with
collectors should not be taken lightly; once potential collectors are identified,
long-term relationships should be established among collectors, primary sup
pliers, contractors, and program managers, because intermittent collection
does not encourage continued participation by collectors and primary suppli
ers.
In a national human monitoring program, the selection of institutions to
participate in the collection of tissues depends on both the characteristics of
the persons from whom tissues are to be collected and the types of tissues
needed. For example, if tissues are obtained primarily from accident victims
who die very scon after their injury, collection is often restricted to coroners
and medical examiners in designated geographic locations. But medical exam
iners might autopsy patients without family permission; in some states, such
tissues might not he available for collection. Additionally, autopsies might not
include examination of internal organs, if the cause of death is obvious from
external examination. Finally, many traumatic or accidental deaths involve
drug abuse, and use of samples from such deaths could compromise the rep
resentativeness of a tissue collection. For those reasons, it is unwise to restrict
tissue donors to persons who die traumatically.
if tissues are collected from a wider spectrum of patients, it is important
to speci& eligibility requirements with respect to length of illness, nutritional
state, active disease processes, and whether surgical or autopsy specimens are
to be collected. Researchers using data from collection network must know
the range of pathophysiologic states that affect collected tissues. Too broad
a spectrum of eligible issue donors could lead to the collection of misleading
or unusable tissue specimens; too narrow a spectrum could produce an unrep
resentative collection of specimens.
A well-coordinated collection network cannot operate optimally with tele
phone communication as the primary method of contact. Frequent visits by
program managers and contractors to collectors are necessary, in addition to
periodic training sessions for all personnel involved in collecting tissues.
Training sessions should emphasize proper specimen collection (e.g., use of
storage containers that will protect specimens during shipping and storage and
use of instruments that will not contaminate specimens), protection of person
nel from contamination by infective agents, and quality control. During train-
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lug sessions, collectors should be informed about the quality of their previous
samples. Instruction should be provided on obtaining medical and social
histories of persons from whom tissue samples are taken. Those activities at
training sessions should result in more consistent sample preparation and
sample data and in better quality control of specimens.
Optimal collection of histories of specimens from living donors requires a
standardized medical-history form (including the reason for surgery in the case
of a specimen taken during surgery); additional information is required for
autopsy specimens (e.g., the final anatomic diagnosis and the lengths of the
terminal illness and final hospitalization). Even if not all information is avail.
able on a given specimen, the sample might still be usable; if samples were
excluded for lack of data, the representativeness of the collection might be
compromised and specimen availability limited.
SHORT. AND LONG-TERM STORAGE
Proper conditions are necessary for short- and long-term storage of tissue
specimens. For instance, the integrity of tissues must be maintained in storage
to enable valid chemical analyses. Storage freezers that keep temperatures
above -80C and that have a defrost cycle might compromise specimens and
chemical analyses (see discussion below), and freezing and thawing of solid
tissue specimens can result in enzyme release into cells and destruction of cell
membranes and cell integrity.
Quick freezing of specimens is essential. If collectors or collection facilities
do not have the capability to freeze specimens rapidly and ship theni to con
tractors (for chemical analyses or archiving) on the day of collection, the
tissue monitoring program or its contractors might have to supply collectors
with containers and freezers for proper storage. Supplying each collector with
a small -80C freezer would result in a one-time cost of about $5,000 per
freezer. The freezers could be owned and maintained by the monitoring
program or its contractors, and they could be transferred to new collectors or
facilities as necessary. That approach would permit temporary storage of
specimens without major degradation. Unfortunately, freezing and thawing
of solid tissues can destroy cell membranes and release enzymes into tissues,
even if appropriate techniques and equipment are used, and that can adversely
affect chemical analyses and identification of biologic markers that could
potentially provide information on an environmental exposure.
Archiving or banking of specimens and tissues consists of the systematic
collection and long-term storage of selected organisms or tissues. Many
authorities in environmental monitoring believe that a prospectively designed
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tissue bank should be part of environmental monitoring programs (Lewis et
al., 1987), although retrospective analysis will also be an important function
for an archive. The advantages of archiving tissues in conjunction with moni
toring programs have been summarized in several publications (Kayser, 1982;
Martin and Coughtrey, 1982; Lewis et al., 1987) and include the fol]owing:
• It permits continual evaluation of the distribution and concentration of
chemical residues.
• Chemicals that have had little attention in the past might suddenly war
rant investigation. Archived samples would be required to identify times of
first appearance, sources, and trends of such chemicals in the population.
• As mcthods advance, results of prior assays might no longer be consid
ered adequate to detect or discriminate among specific compounds or to
provide adequate quantitation.
• It is more economical and scientifically sound to maintain a banking
system than to perform assays that are extremely broad. Even with the most
comprehensive assay methods, many compounds that will be important in the
future might not be identified, let alone measured, and some that might be
unimportant in the future would be analyzed in more depth than is needed.
• Banked portions of previously analyzed specimens can aid in the devel
opment and quality control of analytic methods.
• Banked specimens can be analyzed in parallel with current specimens to
provide accurate assessments of the efficacy of regulatory actions.
Major banks of human tissues can be found in the Federal Republic of
Germany, where blood, liver, and adipose tissue are banked (Kayser, 1982;
Lewis et al., 1987), and in the United States, primarily in NHATS (adipose
tissue) and the National Institute of Standards and Technology’s program
(liver) (Wise and Zeisler, 1984; Wise et al., 1988). Studies of human-specimen•
banks are under way in Sweden (Andersson and Gustafsson, 1989) and Japan
(Ambe, 1984). In the United States, numerous specimen banks for environ
mental monitoring have been developed to collect nonhuman specimens,
including herring gull eggs (Elliott, 1984), bald eagle tissues (Stafford et a].,
1978), fish (Schmitt et aL, 1983), shellfish, including mussels (Wise and Zeis
let, 1984; NOAA, 1989) and oysters (Wise et al., 1988), and sediments (Wise
and Zeisler, 1984; NOAA, 1988). The Canadian government conducts an
extensive monitoring program in which a wide variety of animal tissues are
banked for environmental studies.
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Quality Control
Each collector must provide for quality control of the specimens provided.
One form of quality control is the preparation of a hematoxylin and eosin
(H&E) slide from a portion of each specimen. That procedure enables a
pathologist to determine the suitability of a tissue for analysis. For example,
it would enable a pathologist to confirm cell and tissue type, to identify ne
crotic tissue, and to identify atypical cells in the specimen. Quality-control
procedures should prevent specimens that are unsuitable (e.g., autolyzed or
otherwise compromised during collection and storage) from being accepted
by the program.
Contractors should also design an overall quality-control program for tissue
collection and archiving. At a minimum, the quality-control program should
provide for collector training, periodic monitoring of collectors, sample-rejec
tion criteria (e.g., disease exclusion, and improper shipping), and monitoring
of archiving activities.
Specimen Size
Although the committee cannot recommend a specific sample size, the size
of a tissue specimen to be collected should be based on several considerations.
One is the type of tissue; for example, assays of adipose tissue often require
small quantities (5-20 gm) where as assays of blood might require 1-200 ml
per assay (elemental screening and dioxin analyses are extreme examples).
Others are the multiple uses of the tissues envisioned for the program, the
quantity of tissue needed for chemical assay, the constraints of collection and
storage mechanisms, and cost. Additional uses of the samples might be war
ranted and could include archiving for future retrospective analyses and devel
opment and for validation of analytic methods and use in special studies by
other agencies or researchers; choice of sample size should account for such
possibilities.
ADDITIONAL ISSUES FOR CONSIDERATION
The goals of a human-tissue bank, operated in parallel with an environ
mental monitoring program, should be clear and should be supported—with
a long-term commitment—by the organization sponsoring the program. The
design of the archive should enable the goals to be realized and should enable
whatever flexibility is warranted by the program. A specimen bank organized
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in conjunction with environmental monitoring will have many purposes, but
should support the following: evaluation or formulation of regulatory policies
concerning chemicals that might affect the environment, making of decisions
about modi1~’ing local and regional environmental burdens of selected chemi
cals, illumination of issues in environmental litigation, risk-benefit analysis of
environmental regulation.s and legislation, and direction in environmental
research. The design of the tissue bank should enable the program to address
those issues, but its utility will depend on its correct operation, its resources,
and the proper seLection, collection, handling, and storage of specimens.
Specimens for Tissue Banking
Considerations regarding the type of specimens to collect for an archive are
the same as those regarding specimens for environmental monitoring and
depend on the objectives of the program. The tissues banked should be a
subset of the tissues collected for the concomitant monitoring program. The
types of human tissues to be collected for environmental monitoring have
been discussed in other documents (Lewis et al., 1987). As discussed in Chap
ter 3, different tissues act as reservoirs for different chemicals and many
retrospective analyses involve measurement of chemicals not yet designated,
so it is important to bank more than one tissue type. For example, if only
adipose tissues were stored and a class of nonlipophilic compounds were
identified requiring analysis, valid measurements would be impossible, because
the compounds would not concentrate in lipid.
The environmental-specimen banking program of the Federal Republic of
Germany has elected to analyze and bank three types of human tissue—blood,
liver, and adipose tissue—and nonhuman specimens to enable chemical analy
ses of a broad range of contaminants (Lewis et al., 1987). However, specifica
tion of “adipose” or liver” tissue might not be sufficient for uniformity of analysis,
because a given kind of tissue from different sites can vary in ability to store
various chemicals or chemical metabolites. Thus, specific locations, such as
“perirenal fat”. or “periumbilical fat” might need to be stipulated in collection
protocols. Location also needs to be considered in the design of programs.
Tissue Storage ConditIons
Temperature
If chemicals of many classes are to be measured accurately, storage condi
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tions (even in short-term storage) must be such as to maintain cell integrity
and prevent degradation. Most tissue banks store specimens at -8IYC or
lower (Wise and Zeisler, 1984; Lewis et aL, 1987; NOAA, 1988); the German
bank is maintained at -171C or lower. Ideally, tissue banks should store
specimens at the temperature of the vapor phase of liquid nitrogen (-150C)
because enzymes that can be active at -80C wil] not be active at the other
very low temperature in common use, -150C, and some rely on chemicals
and biologic markers that are stable only at -15O~C and lower (Nurnberg,
1984). Thus, environmental monitoring and banking programs should elect
liquid-nitrogen storage temperature. Low-temperature storage (-8WC or
lower) should be used only for temporary storage at collecting sites. Speci.
mens should never be stored in self-defrosting freezers, which accelerate
desiccation (“freezer burn~). Properly frozen specimens can be shipped to a
central storage facility on dry ice, if appropriate procedures are followed to
ensure proper temperature and specimen freezing are maintained.
Storage Containers and Specimen Size
Storage containers should be chosen to prevent contamination of speci
mens, be structurally stable, and ensure specimen stability at liquid-nitrogen
temperatures. The National Institute of Standards and Technology elected to
use Teflon containers for the storage of liver specimens in liquid nitrogen,
whereas the special characteristics of blood required that it be collected in one
type of container and stored in another (Wise and Zeisler, 1984; Wise and
Zeisler, 1985). When whole blood is banked, an anticoagulant might be need
ed, not only to prevent coagulation, but to enable separation of plasma and
red cells, which may then be stored separately (freezing of whole blood leads
to lysing of red cells). Freezing and thawing of samples should be kept to a
minimum. A freeze-thaw cycle might change chemical partitions between
phases in tissues, introduce contaminants, or damage biologic markers, and
thus make later analysis unreliable. That can be avoided by dividing speci
mens into aliquots and freezing them in separate containers, perhaps as homo
genates prepared cryogenically (Wise and Zeisler, 1985). Aliquots of speci
mens could then be thawed as necessary for chemical analysis.
Analytic error is reduced if specimens are 1 g or larger (Wise and Zeisler,
1985); aliquots of 1-2 g might be maybe optimal. However, it is important to
store large specimens in small aliquots and containers to minimize uneven
thawing. For example, a 15-g specimen of adipose or other tissue would be
3-4 cm in diameter, and the outside of such a specimen would thaw well
before the center. That could be prevented by storing the specimen in ali
quots that would thaw more uniformly.
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Although we cannot recommend an optimal size for specimens, the factors
to consider include the minimal size needed for detection of important con
centrations of a particular chemical, foreseeable demand for the specimen,
ability to collect samples of specified sizes, storage space, and storage resourc
es. “Minimal size” cannot be defmed, because an archive will eventually provide
specimens for analysis of chemicals not specified at the time of collection.
Specimens should be as large as is consonant with problems of collection,
storage space, and resources. A “reasonable” size of specimen of fat or liver to
request from a medical examiner performing an autopsy is 15-20 g; requests
for whole-blood samples from living persons could be at least 15-20 ml.

Archival Information
Archival records are important, not only for tracking and locating individual
specimens, but also for following the storage histories of individual specimens
and for making decisions on specimen use. For example, if a specimen was
divided into 10 aliquots, and nine have been used, a decision to use the re
maining aliquot requires careful consideration. The need to archive specimens
and their potential multiple uses require that samples be stored in two or
more containers. A collection network must establish clear, unambiguous
methods for identification of samples (including aliquots) that will be used
consistently throughout the network and that will protect donor confidentiality.
Access to Archived Specimens
Access to specimens in an archive must be carefully controllei In each
case, it must be determined whether a projected use will provide useful data
and its value must be balanced against the need to maintain specimens for
future studies. An independent scientific group can review requests to use
archived specimens. The availability of archived specimens for extramural
projects, as well as potential funding for those projects, should be advertised
by EPA. EPA’s Scientific Advisory Board or the independent oversight com
mittee that we recommend elsewhere could assist in that role of selecting
extramural projects.

t.
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STATUS OF THE NHATS ARCHIVE
History
The archive of the NHATS was initially composed of the remnant portions
of specimens collected by the Centers for Disease Control (CDC) to evaluate
pesticides in the environment, The tissue collection was not originally pLanned
as an archive, but it became an archive because investigators did not want to
dispose of remnant tissues that were considered a valuable resource. The
archive is currently maintained by the Midwest Research Institute (MRI)
under contract with EPA.
Current Status
NHATS specimens are stored in two locations. Early specimens (those
collected through 1984) are stored in an underground warehouse maintained
by Americold, an MRI subcontractor. They are maintained at .16 to -18’C.
Many of the specimens were transferred to the EPA contractor from the CDC
program, and their exact histories are unknown. However1 knowledge of two
episodes of power loss at a prior storage site suggests that some specimens
have thawed at least twice. The specimens are in their initial specimen bot
tles, which are in Ziploc® bags that are stapled shut. They are grouped
roughly according to year of collection. These bags are stored in large card
board boxes (approximately 8 feet3 in volume), each of which is approximately
half full of specimens from a 2- to 3-year period.
Committee members visited the warehouse to inspect and evaluate the
condition of the archive on January 17, 1989. Representatives of EPA and
MRI were present. Three boxes were opened and the contents inspectcd:
one contained specimens from 1970-1972, one specimens from 1976-1979, and
one specimens from 1981-1983.
Specimens from 1970-1972 had severe storage artifacts. The specimens
were stored in glass bottles that had metal caps with foil-lined cardboard
inserts. The foil lining of approximately 10-15% of the specimens had deterio
rated extensively and the specimens contained pieces of foil. Some caps were
rusted. In some cases, fluid or lipid from the specimen had leaked through
the cap and stained the outside of the specimen container. In others, the cap
was loose, and the specimens were dried out. Some specimens adhered to the
tops of their containers, rather than the bottoms; that suggests past thawing
of the specimen upside down, followed by freezing and adherence to the tops
of containers. All samples were dull gray, instead of the expected yellow.
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The manner in which many of the glass bottles were stored in the plastic bags
(i.e., cap down) exacerbated storage problems--contact and probable contami
nation with the caps.
Specimens from 1976-1979 showed changes similar to those just described,
but a smaller proportion of specimens contained metal foil and drying ap
peared less severe than in the 1970-1972 specimens. All specimens showed
color changes from the usual yellow to dull gray and tan. The same general
problems, including drying, existed with all specimens, and the changes were
accentuated in small specimens and those whose container caps were loose.
The storage artifacts of specimens from 1981-1984 appeared to be still less
extensive. However, some early foci of corrosion of the foil linings of caps
were noted, and drying was apparent in smaller specimens and those with
loose caps. Most specimens were grayish to yellowish tan, in contrast with the
expected yellow.
The remaining specimens (i.e., those collected after 1983) are stored at
MRI in self-defrosting freezers kept at about -20~C. Like those. in the ware
house, many of the bottles are stored upside down in freezer bags, so speci
mens have made contact with caps.
We examined the specimens at MRI according to year of collection. Speci
mens collected most recently (1988) had the bright yellow color typical of
adipose tissue. Two samples appeared to be contaminated with fungus or had
developed a crystalline formation. Specimens from 1987 were no longer
yellow, but were dull gray or tan like the older specimens in the warehouse.
In almost all cases, there was extensive ice-crystal formation both on the
specimens and on the sides of the containers. The presence of ice crystals in
the more recently collected specimens suggests freezing of moisture from
within the containers that resulted from drying of the specimens. The extent
of crystal formation varied with the geographic location of specimen collection.
Important questions are how to obtain “representative” aliquots of frozen
samples for analysis and what quantity of a sample with crystalline formation
to include in a “representative” aliquot. An important technical consideration
is the effect of desiccation on the analysis of substances measured. Desicca
tion can affect conccnLrations of volatile chemical metabolites. Lipid-soluble
chemicals might not escape with the moisture, but the fate of volatile sub
stances, as well as substances with low partition fractions in lipid, is not as
clear. Additional uncertainties in the analysis of specimens arise from con
tamination with foil (probably aluminum) from the specimen-bottle tops and
from the lack of a clear history of the specimens before transfer to the current
contractor.
Finally, although the specimens supposedly are primarily from persons who
died accidentally, that might not always be the case. Some specimens might
have come from persons subjected to toxic exposure, malnutrition, etc.
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SUMMARY AND RECOMMENDATION
Artifacts of storage of NI-1ATS specimens are seen within the first 6
months of sample receipt. Storage artifacts—including drying, fungal growth,
and contamination with portions of the tops of specimen containers—increase
with time and become severe after 5-6 years of storage; they affect almost all
specimens after 10 years of storage. It is not clear that “representative” aliquots
can be taken from the specimens. Histories of specimens and documentation
of adequate storage conditions might be deficient and should be so recognized
in publications that use data from the archive. A primary question is the
extent to which these storage artifacts affect specific analyses and compromise
the value of the NHATS archive. The effects of storage of specimens at
temperatures above -20’C (self-defrosting) on future analyses are not well
understood. Some of the effects might be reduced by the use of better sample
containers, a better method of storage, more control of storage at the site of
collection, and better documentation of the histories of specimens.
Given the state of the cunent wrhive, the committee believes that the
e~sting frozen sampler of adipose tissue we likely to have little orno

value to a successor program or to other patties inside or ouccide
govemmeaL
However, because the matter has not been adequately studied, the committee
recommends that the archive be preserved until a successor program can give
its use early consideration, specifically asking: Should the archive be saved
indefinitely or discarded, and, if it is to be saved, bow should it be preserved
and how should it be used?
Newly collected specünens should be wthived according to up-todate protocols.

[6~
Chemical Assay of Specimens

INTRODUCTION
“Monitoring” implies routine measurement that is inherently closed-ended
and based on established methods and practices. Monitoring programs vary
with regard to requirements and approaches, but usually have as a base a list
of analytes (“target chemicals”) and assay methods that have been validated for
the sample type and concentration range of interest. A successful monitoring
program maintains results over time for comparison and must therefore be
technicafly adequate at the outset. Comparability is most easily achieved if
assay methods are constant. A monitoring program often offers a good set
ting for other kinds of activities, and the National Human Monitoring Pro
gram includes aspects that are not monitoring, such as recognition of new
agents of concern and detection of chemicals not previously included in inoni
toring protocols. The latter objectives are appropriate to a population-based
biologic surveillance program, but they require an approach to chemical analy
sis different from that for monitoring. Design of a program of surveillance
requires a plan for development and change in analytic methods, as well as a
plan for maintaining stable methods and analytic quality control. Successful
balancing of the routine and the innovative or exploratory components of such
a program is a major challenge for the program’s management.
The following discussion of aspects of a program is based on several as
sumptions:
• Present knowledge does not permit designation of all substances that
might be detectable in tissues or that would be important if detected.
• Present analytic technology is inadequate for surveillance of some sub
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stances, because of limitations in sensitivity, in applicability to some chemicals
of interest, and in cost.
• Individual target chemicals will increase or decrease in importance over
time, but relatively siowLy. The slowness of increases in importance reflects
the slowness of increases in US population-wide exposures. Decreases in
importance reflect similarly slow decreases in exposures and increases in
understanding of the nature of the health implications of and reasons for some
exposures. “Emergency” exposure assessments that might be required when a
serious health hazard is discovered would be best addressed in focused special
studies.
• Monitoring efforts will provide opportunities for exploration of tissue
composition beyond a list of arget chemicals. Those opportunities and other
efforts parallel to the monitoring tasks should support continuing development
of the monitoring program itself.
MAJOR FEATURES OF A PROGRAM
FOR CHEMICAL ANALYSIS OF TISSUES
FOR POPULATION-BASED SURVEILLANCE OF EXPOSURES
Monitoring-Program Development
One must first establish goals, specify target chemicals and quantities, and
identify analytic methods. The usual reason for establishing a monitoring
program is recognition of a problem or potential problem related to known
agents. Programs of environmental monitoring have used several kinds of
information in formulating lists of target chemicals, such as case reports of
environmental concentrations or industrial releases, volumes of chemicals
produced or sold, toxicity or other hazard-ranking factors, and analytic feasi
bility. A chemical would be a good candidate for inclusion in a tissue moni
toring program if it met the following requirements:
• The chemical is detectable with currently used or available methods.
• It would appear in the tissue at detectable concentrations in the event
of exposure.
• Its presence in the tissue would indicate an exposure, i.e., would repre
sent a marker of exposure or the actual substance or its metabolite would be
present only in response to an exposure.
• There is reason to believe that exposure is possible or likely.
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On the basis of those characteristics, several criteria and methods for se
lecting target chemicals are possible. A recent discussion of priorities for
laboratory testing of chemicals (NRC, 1984a) presented many issues that are
relevant here. They are now briefly described.
Selection Based on Analytic
Expediency and Constraints
In formulating a new monitoring program, one might choose analytic meth
ods to maximize the likelihood of detection of key target chemicals. Multiagent analytic schemes that rely on gas chromatography and mass spectrome
try (GC-MS) are common to many environmental monitoring laboratories.
Within any such scheme, the ranges of applicability and sensitivity of detection
are roughly fixed; analytical performance then dictates what goals (i.e., what
list of target chemicals and detection limits) might be considered. For exam
ple, schemes currently used to detect EPA priority pollutants with detection
limits of 1-10 ppb in water or wastewater might permit inclusion of additional
target chemicals with similar analytic behavior (for example, alkylated polycy
clic hydrocarbons in addition to the priority polycycic aromatic hydrocarbons),
but could nOt permit inclusion of polychiorinated dibenzodioxins (PCDDs) and
dibenzofurans (PCDFs) at concentrations lower than parts per billion. Modi
fication of analytic protocols might permit detection of PCDDs and PCDFs,
but exclude detection of polycyclic hydrocarbons altogether.
For monitoring purposes, established assay protocols represent analytic
~~windows?? through which specific subsets of contaminant chemicals might be
detected and measured. That is an advantage, because within such a window
nontarget chemicals might be detected and new target chemicals added with
out extensive analytic-method development; but it is a disadvantage because
ublind spots’~ outside established analytic windows might be neglected. The
latter concern would be reinforced if analytic expediency were a main criterion
for identifying new target chemicals.
Selection Based on Regulatory Interest
To the degree that a monitoring program is aime4 at a specific regulatory
issue, other criteria for the selection of target chemicals might be preempted.
Analytic methods would then have to be devised to meet the requirements of
the chemicals targeted by the regulation, and future additions to the list would
probably require development of new methods. It is important to determine
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what regulatory needs are to be served by a monitoring program, but it is
equally important to determine whether the program is confined to those
particular needs or has (or will have) a broader mission as well.

Selection Based on
Prior Detection in Human Tissues
Reports of detection of contaminant chemicals in human tissue in the
scientific literature or in regulatory-agency studies constitute convincing evi
dence that exposures can occur and that tissue concentrations are measurable,
by at least some method. Compilations of such reports—as in the Chemicals
Identified in Human Media data base (EPA, 1980) and the NIST Human
Specimen Banking Reports (Wise and Zeisler, 1984)—not only are tools for
locating candidate target chemicals that might conform to pre-existing analytic
capabilities, but also might indicate a need for new analytic approaches to
widen the range of chemicals detected.
Selection Based on
Indications of Health Relevance
Testing programs conducted by NIH or by nongovernment researchers will
continue to provide findings that increase or decrease health concerns related
to possible exposures to individual agents. In lieu of case reports or other
documented findings of agents in tissues to be monitored, results of toxicolog
ic studies in animal models can indicate the likelihood that a candidate target
chemical will be present and detectable in sample tissues. When such findings
indicate a need for epidemiologic followup, inclusion of the agent in monitor
ing programs should be considered.
Selection Based on Indications
of Environmental Contamination
Numerous environmental monitoring programs focus on drinking water
(Wallace ci al., 1986), air quality (Hunt et al., 1986; Wallace ci al., 1986; EPA,
198Th), food (Reed, 1985; Reed, et al., 1987), biota (Lewis and Lewis, 1979~
Becker ci al., 1988; NOAA, 1988), and waste treatment and discharges (Han
nah and Rossman, 1982). Findings that indicate widespread environmental
contamination by specific chemicals would add to the importance of including
those chemicals in a program of tissue monitoring.
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Summary
Clearly, those approaches are not independent. For example, regulatory
priorities reflect toxicologic research, environmental monitoring, etc., and it
is probable that some candidate target chemicals will satisfy several criteria.
But, each approach can identify agents not currently being studied or consid
ered in connection with the other approaches.
Design of Chemical Assay Programs
Determination of Requirements
for Analytic Performance

V

Precision, accuracy, and sensitivity must all be adequate to meet the speci
fied goals of the program. Analytic goals are ideally based on knowledge of
the relationships among tissue concentration, exposures, and health outcomes
and on the variations in tissues concentrations that might be attributed to
individual variations, to systematic variations in exposure, and to the time
course of exposure. Such information is rarely available in practice, but ana
lytic precision, sensitivity, and accuracy should be great enough to permit
detection and measurement of exposures well below any plausible threshold
of clinically evident effects.
Decisions regarding type of detection method to be used or whether multi
ple target chemicals are to be included in a single assay (and if so, which
ones) will depend on the analytic performance required. Specificity and
sensitivity are closely related; when analytic needs are defined on the basis of
high unit toxicity or a need to detect an agent in tissues of persons exposed
at background concentrations, a dedicated assay may bc required For the
specific agent or a group of agents.
Development and Validation of Method
Ways of developing and validating specific analytic techniques should be
specified in considerable detail and then applied to each chemical in the initial
set or addcd later. At a minimum, method development will include inodifica
lion of existing protocols and methods developed for use in other applications
or taken from the scientific literature, so that one can demonstrate adequate
performance for the specific target chemicals, tissue sample type, and concen
tration range desired. Some of the steps (not necessarily in order) are:
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• Demonstration that the method is adequately sensitive to detect each
target chemical by assay of appropriate coded (blind) standards.
• Demonstration of adequate recovery of target chemicals in sample prep
aration and instrumental assay steps through analysis of standard mixtures in
a blank (matrix-free) solution.
• Demonstration of adequate control of interference by chemicals in the
sample background through analysis of both blank samples and spiked matrix
samples.
• Demonstration of good overall recovery of target chemicals from repre
sentative samples. Actual (unfortified) sampLes that have been assayed thor
oughly are needed for this step, because biologically incorporated target diem
icals might not be as readily isolated from the sample as would a spliced con
taminant.
Several of those steps should be performed in replicates, so that assay
variability can be assessed. More extensive method development will be re
quired for analytic needs or target chemicals that do not conform closely to
an existing protocol. If new or improved separation steps or methods of
detection are needed, they must be deveLoped before the steps outlined above.
Once a method is demonstrated to meet stipulated analytical requirements,
a validation study should establish the performance of the method with real
samples over a realistic period and, if possible, with a range of operators,
equipment, and laboratories. Precision would be characterized with replicate
and coded (blind) analysis or assay of control materials, if available. Method
accuracy would be established with reference samples or interlaboratory com
parisons.
Completion of this formalized method development and performance evalu
ation is necessary to support quantitative uses of monitoring results. Without
such knowledge of system recoveries and performance, tissue concentrations
cannot be defined and negative results cannot be properly interpreted.

Design of Quality Assurance

A detailed quality-assurance (QA) plan should formalize the analytic proce
dures for each assay. If results are to be acceptable it is necessary to specify
calibration materials, acceptable levels for blanks, recovery samples, replicate
analyses, other control samples, and the frequency with which procedures are
applied. QA plans can also specify preventive.maintenance schedules for
instruments, how data are to be validated, and what remedial procedures are
to be used when QA procedures detect unacceptable results. The overall
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intent is to build into the assay a system of diagnostic measurements that
detect and correct degradation of analytic performance. Two tools of particu
lar value in maintaining long-term analytic stability are the benchmark sample
and the graphic control chart.
The benchmark sample is of the same type as study samples and ideally has
detectable concentrations of several or all of the target chemicals, it is of
known stability and is prepared in many multiple replicate subsamples. The
chemical homogeneity of these subsamples is established by assay of a statisti
cal fraction of the total number of aliquols prepared. The sample might be
composited from many individual samples, provided that the blending process
achieves adequate homogeneity. Analysis of portions of the sample over time
is used to detect and document changes in assay response. Correlation of
assay results with the benchmark sample among methods and laboratories is
used to establish reference values for the contaminants in the sample, which
make it possible to verify assay accuracy and to detect assay bias.
After statistical limits are established for subsample homogeneity and assay
precision in the benchmark sample (usually as a part of validation experi
ments), a control chart is established for individual target chemicals. Results
of reanalysis of the benchmark sample are posted on this chart, and control
limits (usually reflecting 95% confidence values from the validation data set)
are established. Maintenance of a correct control chart allows assay accept
ability to be checked on a day by day or even batch by batch (Taylor, 1985).
Identification of Additional Resources Needed
Although it is possible for any monitoring program to prepare control
materials by blending a large volume of samples, an alternative is to use stan
dard reference materials provided by NIST and other organizations. Refer
ence materials offer several advantages over blended samples~ stability and
homogeneity have been well established; reference values for certified contain
inants are well established and documented; and a large community of users
is sharing the same materials, so that evaluation of comparability of results is
enhanced. The appropriateness of existing reference materials to the needs
of any monitoring program will depend on the match between matrix type,
analyte list, and concentration range in standard reference materials and
monitoring-program samples and target chemicals.
For a monitoring program that will continue for decades, development of
reference materials should have high priority. Not only will such materials
help in maintaining and documenting consistent monitoring.results, but provi
sion of portions of the materials to researchers or other monitoring programs
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will help in establishing analytic comparability for related studies.
Among the kinds of additional resource needs that might be identified at
this point are alternative methods for specific analytes that show marginal or
unacceptable analytic performance; identification ofintermittent contamination
sources, such as particular types of containers or sampling media; and data on
the chemical stability of components that display high variability of recovery.
Implementation of Method
Development and Validation Studies
Analytic-method development often involves complex choices, particularly
when many kinds of performance must be optimized in a single procedure.
If the choices are to be optimal, an analyst who focuses on specific needs or
problems in the assay scheme must work closely with the program planner
who is considering future needs and larger objectives. In general terms, the
process of preparing a sample for assay can be viewed as a series of steps that
exclude chemical constituents from the sample, simplify the sample composi
tion, and increase the ability to detect and measure the target chemicals that
remain. Collection of components from the sample by extraction or other
phase-separation techniques is the first stage. In the optimization of a meth
od, there are commonly many solutions to a given problem. Substitution of
one chromatographic medium for another and modification of the mobile
phases used to partition sample components in prefractioriation steps are two
examples. Given a choice between two or more procedures that accomplish
the basic task of removing interfering (and presumably unimportant) sample
constituents, the alternative that best meets other program needs (such as a
high likelihood of including agents of possible future monitoring interest)
should be selected. Such an alternative should, of course, be validated in
practice before it becomes a part of routine operations.
V

Pilot-Scale Monitoring
Pilot-scale testing will identify and help to correct problems in the various
elements of a monitoring program, including collection and transmission of
samples, sample management before assay, chemical measurements, data
management, and reporting. Each modification of the assay opens new possi
bilities for unforeseen technical problems. For example, addition of new
target chemicals to an otherwise unchanged assay might require alteration of
materials used for sample collection, to avoid contaminating a sample with a
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new target chemical. In particular, when a new assay is added to a program,
pilot testing of that assay might prevent large-scale waste of effort and re
sources.
Continuing Monitoring:
Review of Analytic Program and Goals
The QA plan should contain a statement of what constitutes acceptable
data and acceptable assay performance. A schedule of data review and valida
tion, with periodic QA review, should be created. Outside review of the QA
plan itself is desirable, as is periodic auditing of quality control-procedures and
results by a group separate from the monitoring program. The standing
committee that we recommend elsewhere in this report is a possibility.
Monitoring of assay procedures will satisfy program objectives that are
based on a specific monitoring need and a defined list of agents of concern.
There will be incentives for further development within the narrowly defined
mission to measure the same target chemicals more accurately, more quickly,
and more cheaply Not only can improved measurement technology permit
dramatic increases in sensitivity and ease of measurement, but failure to keep
pace with the state of practice will eventually weaken the credibility of moni
toring-program results. Monitoring-program compromises imposed by analyt
ic limitations, such as the number of assays supportable by program budgets
or the requirement for compositing to ensure assay sensitivity, might be re
duced or eliminated as technology improves.
The desire to extend the monitoring program to new agents and to recog
nize otherwise unanticipated exposures is a second reason to encourage devel
opmental tasks within a monitoring program. Reasons for incorporating new
agents into a national monitoring program are to respond to needs and con
cerns broader than individual regulatory programs and to realize additional
benefits from the considerable resources that a monitoring program requires.
Exploratory activities within a monitoring program can provide an anticipatory
approach to hazard recognition and provide for efficient application of new
findings in the basic program. Incorporation of new agents into existing assay
protocols and development of new protocols to address new monitoring goals
can be planned as continuing activities.
Exploratory Analyses
Exploratory analyses are of two sorts: those that attempt to catalog nontar
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get contaminants as they occur in monitoring of sample preparatIons and
those that seek to detect classes of chemicals that are not expected to occur
in significant concentrations in assay-sample fractions but would be of great
interest if they did. The latter kind might use sample-preparation procedures
that differ from assay procedures or instrumental detection techniques other
than the assay techniques used in monitoring. Results will be qualitative or
at best semiquantitative, because method recoveries and other performance
would not have been determined and instrument response calibration with
valid standards might not have been possible.
‘Volunteer’ Chemicals in Monitoring Assays
Modern assay techniques, such as GC-MS, permit a degree of qualitative
analysis of sample constituents other than target chemicals. Mass spectrome
try as a detection and quantitation method typically involves collection and
storage of sequential mass spectra representing the entire detectable portion
of the sample or solution analyzed. Computerized comparisons with massspectrum libraries can tentatively identify snme proportion of “unknown’ com
ponents, if the library of standards contains mass spectra similar to the un
known spectrum from the sample. The reliability of a tentative identification
of an unknown component will depend on the intensity and purity of the
unknown spectrum and on the nature of the chemical detected. Confirmation
of tentative identifications with standards to demonstrate matching mass spec
tral and gas chromatographic behavior is required. Alternatively, when suffi
cient quantities of the unknown can be isolated from a sample, the identities
of the unknown might be determined by mass-spectrum interpretation com
bined with traditional techniques for the elucidation of chemical structure
(infrared, and ultraviolet spectroscopy, nuclear magnetic resonance, elemental
analysis, and high-resolution mass spectrometry). The undertaking is timeconsuming and expensive, so a standardized approach might be desirable for
deciding which unknowns should be identified. Some considerations might be
apparent concentration (i.e., intensity of GC-MS peak); frequency of detec
tion; mass-spectral features that suggest anthropogenie origins such as patterns
indicative of chlorine or bromine atoms; or similarity of mass spectra to those
of known toxicants.
Alternative Detection Methods
The versatility and specificity of GC-MS make it the most widely used tool
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for environmental monitoring of organic contaminants in environmental sam
ples. Under electron-impact ionization conditions, it is possible to generate
similar mass spectra from a variety of instrument designs, so large publicdomain mass-spectrum libraries can be used. The adoption of GC-MS by
EPA for many of its monitoring methods has led to further standardization
of MS instrumental characteristics. However, several techniques are ixnpor
tant complements to standard GC-MS. Chemical ionization improves detec
tion of chemicals that show excessive fragmentation under electron-impact
ionization conditions. Both positive and negative chemical ionization can also
be used selectively to improve detection of chemicals with higher gas-phase
proton or electron affinities, as well as providing molecular-weight informa
tion. Although those techniques are not widely used for routine monitoring,
they are particularly useful for detecting traces of halogenated chemicals, such
as PCDDs (Dougherty et al., 1980).
Other emerging techniques can address those chemicals that are not detect
able by any gas chromatoglEaphic technique because they are nonvolatile or
thermally unstable. Among those methods are new interface designs to per
mit high-performance liquid chromatography and mass spectrometry (LC
MS) (Covey et al., 1986) and supercritical-fluid chromatography and mass
spectrometry (SFC-MS) (Smith et at, 1986). Secondary-ion mass spectrome
try with collisional activation, an MS-MS technique (Tondeur et al., 1987), is
another approach that permits detection, identification, and uLtimately quanti
tation of nonvolatile chemicals at low concentrations in biologic samples.
Each of those techniques could play a useful role in exploratory analyses, and
their incorporation into monitoring protocols will soon be feasible. The newer
techniques open the way for detection of polar metabolites of toxic agents, as
well as of “refractory” toxicants. Innovative uses of new approaches to develop
new information for human-tissue monitoring should be encouraged.
V

Alternative Sample-Preparation Schemes
Exploration of alternative sample extraction and prefractionation techniques
should occur as new analytic techniques are developed. “Throwaway” fractions
obtained from monitoring protocols that are not amenable to conventional
GC-MS analysis could be screened with LC-MS, SFC-MS, and MS-MS.
Supercritical-fluid extraction methods (Kalinoski et al., 1986) and microcolumn
liquid-chromatographic methods (Ozretich and Schroeder, 1986) are receiving
wide attention for use in sample preparation.
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Establishing Goals for New Assay Technology
It is critically important in selecting exploratory projects to consider all
available information that bears on the presence and metabolic fate of toxi
cants. Without clear hypotheses regarding possible positivefindings, explor
atory analyses become fishing expeditions” with little likelihood of producing
useful results. Close coordination with environmental monitoring programs,
as well as with bioassay and other toxicity-testing programs, is essential.
Program design in this field will need to rely on scientific advisers who are
familiar with the state of analysis and toxicology and who can realistically
assess the probable benefit of a given exploratory program.
PRACTICAL LIMITATIONS AND COMPROMISES
Several kinds of compromises can reduce overall costs associated with a
monitoring program. Some reduce development costs and lead time, some
reduce the number of assays needed for monitoring, and some reduce the cost
per assay. Reductions in development costs can be achieved by targeting
analytes with similar chemical properties to minimize the number or complexi
ty of analytic protocols or by combining method development with actual
sample analysis. Both approaches have some merit, although as noted above,
they also have disadvantages and risks.
Methods to Reduce the Number of Analyses
Compositing of Samples
According to the present analytic schemes for extractable semivolatile
chemicals and dioxins and furans, there is no compelling need to composite
individual specimens. (The NHATS’s decision to composite samples was
driven by cost, not sensitivity.) Current detection limits are in the low nano
grams-per-gram range for semivolatile chemicals and the low picograms-per~
gram range for dioxin and furans for assay of a 1% aliquot of a 20 gram tissue
sample (seniivolatile chemicals) or a 10% aliquot of a 10-g tissue sample
(dioxins and furans). Revision of sample-size standards, fraction used per
assay, and target-tissue collection amount could permit analysis of individual
samples in most cases. As a reason for compositing samples, cost must be
balanced against the statistical limitations imposed by compositing.
Two situations in which compositing is reasonable are method-development
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studies (where a feasibility-study scale is preferred to a full scale) and qualita
tive and exploratory assays, where larger tissue pools are needed and where
the cost per sample is much higher than for monitoring analysis. Composite
samples are needed in developing large, uniform quantities of standard refer
ence materials.
Subsampling or Stratified Assays
An alternative to compositing is subsampling; individual samples are select
ed from a larger pooi. The issues in selecting a subsample are primarily
statistical; however, limited chemical analyses might be used to select tissues
with substantial burdens of a few chemicals that may be markers for other
exposures. “More exposed” and “less exposed” persons might be identified for
subsample analysis, on the basis of hypothesized or demonstrated relationships
between the results of detailed monitoring and the results of use of indicator
chemicals.
Less-Frequent Analysis or Staggered Assays
The schedule of analysis, the frequency of reporting, and the overall delay
from specimen collection to publication of results need special attention in any
monitoring program. Too-frequent reporting will result in unnecessary costs
and perhaps obscure critical findings, because the amount of new data in
each report will be small. Delay of publication, whatever the reasons, dimin
ishes the value of the data, and the loss of value increases with increasing
delay, even to the point where findings can be of little current interest. A
staggered schedule for statistical analysis and reporting can break the overall
workload into more manageable tasks, but at the cost of a larger administra
tive burden (more reports), the loss of some information on joint exposure,
and a loss of attention in the user community.
Special Studies
The characterization of particular exposure situations, such as a geographic
region of high environmental contamination or those that focus on special
subpopulations, is more efficiently addressed by special studies than by a
nationwide survey. Special studies are crucial to the NHMP goal of establish
ing links among quantitative environmental contamination, specific targeted
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exposures and tissue concentrations, and the goal of detecting new exposures.
EPA has used special studies to respond to interests and needs outside the
NHMP itself. However, one way for EPA to reduce analytic costs while
meeting its stated program goals for national monitoring is to use special
studies in conjunction with other cost-reduction strategies such as less-expen
sive analyses, shortened target-chemical lists, and methods with less-thanmaximal sensitivity. FDA’s “sensitivity of the method” approach—that without
human data, data from the most sensitive species should be considered to be
most like data that might be gathered from humans—established a regulatory
precedent, but that option runs counter to the 1982 decision to extend and
modernize the chemical analyses in the NHATS program. Furthermore,
NHATS uses multichemical analytic schemes, and the incremental savings
achieved by deleting one or a few analytes is small. It seems inappropriate to
raise any current detection limit requirements, because few agents are routine
ly detected at concentrations that would be reached with less-sensitive analysis.

CURRENT AND PREVIOUS ANALYTIC PRACTICES
OF THE NHATS PROGRAM
The chemical agents listed in Table 6-1 as fiscal year 1982 target chemicals
were intended to cover anthropogenic classes that had been reported in pub
lished analyses of human adipose tissue, including phthalate esters, phosphate
triesters, polychiorinated aromatics, polychioroterphenyls, polybrominated
biphenyls, and polycycic aromatic hydrocarbons, in addition to the organo
chlorine pesticides and PCBs already monitored. In general, those chemicals
either have been reported to occur in adipose tissue or could be expected to
accumulate there, because of their lipophilicity and (in some cases) resistance
to metabolic conversion to less lipophilic products.
Several ways were used to nominate new target chemicals. Although some
basis for their selection can be inferred from the EPA literature supplied to
the committee, the rationale is not clear. For example, the inclusion of bro
minated dibenzodioxins and dibenzofurans as target chemicals without method
validation in the planned analysis of 1986 specimens was based not on prior
detection in adipose tissue, but on “the potential for exposure to brominated
analogues of dioxins and furans from specific brominated commercial products”
(MRI, 1988).
Another gap in the apparent rationale is the inclusion of additional “one
time” efforts to survey elemental composition and volatile organic compounds
in 1982 adipose-tissue samples. Distribution into adipose tissues is known to

TABLE 64 NHATS Target Compounds
I. Target compounds:
semivolatile analysis protocol
Histozy or Sourcea
Compound
Pesticides
Lmdane (y-BHC)
Chlordane
Heptachior
Endrin
Endrin ketone
Dieldrin
p,p~-DDT
Aldrin
a-BHC
6-BHC
5-BHC
.
Heptachior expoxide
r-Nonachlor
o,p~-DDT
o~p’-DDE
p,p’-DDE
o,p’-DDD
Oxychlorodane

CAS No.

A

B

58-89-9

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x

2385-85-58
57-74-9
76-44-8
7221-93-4
60-57-1
50-29-3
309-00-2
319-84-6
319-85-7
319-86-8
1024-57-3
39765-80-5
789-02-6
3424-82-6
72-55-9
53-19-0
26880-48-8

C

D

E

F

G

x
X

x
x
x
x
x

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x

ci
x
x
(-‘I

C
History or Sourcea
Compound
Isophorone~’
Dicofoib
Dichlorvosb
Methoxychlorb
Nitrofenb
Butach1or~’
Ch1orpyrifos’~
Isopropalinc
PerthaneC
TrichloronateC
Chlorinated Aromatics
1,3-Dichlorobenzene
1,4-Dichlorobenzene
1,2-Dichlorobenzene
1,2,4-Trichlorobenzene
Hexachlorobenzene
1,2,3-Trichlorobenzene
1,3,5-Tnchlorobenzene
1,2,3,4-Tetrachlorobenzene
1,2,3,5-Tetrachlorobenzene
1,2,4,5-Tetrachlorobenzene
Pentachlorobenzene

CASNO.

A

78-59-1
115-32-2
62-73-7
72-43-5
1836-75-5
23184-66-9
2921-88-2
33820-53-0
72-56-0
327-98-0
541-73-1
106-46-7
95-50-1
120-82-1
118-74-1
87-61-6
108-70-3
634-66-2
634-90-2
95-44-3
608-93-5

B

C

D

x

x

E

x
x
x
x
x
x
x
x
x

K

x
x

x

x
x
x
x
x

F

x
X

x
x
x

x
x
x
x
x

x
x
x
x
x
x
x
K

x
x

x
x
x
x
x
x

G

HexacMoronaphtha1ene’~
Octachioronaphthalenec
PentachioroanisoleC
Pentachloronitrobenzene
2,3,6-Trich1orophenol’~
2,4,5~Trich1orophenolC
2,4,6~Trich1orophenolC
2,3,6~Trich1oroaniso1eC
2,3,5~Trich1oroanisoleC
2,4,6~Trich1oroaniso1eC
Polynuclear aromatic
hydrocarbons (PARs)
Napthalene
Phenanthrene
Flouranthrene
Chrysene
Benzoapyrene
Acenaphthylene
Acenaphthene
Flourene
Phenathrene
Pyrene

1335-87-1
2234-13-1

x
x
x
x
x
x
x
x
x
x

82-68-8
933-75-5
95-95-4
88-06-2
50375-10-5
54135-80-7
87-40-1

91-20-3
85-01-8

206-44-0
218-01-9
50-32-8
208-96-8
83-32-9
86-73-7
85-01-8
129-00-0

x

x
x
x
x

x
x
x
x
x

x
x
x
x
x
x
x
x

ci

C

History or Sourcea
Compound

CASNo.

A

B

C

D

E

F

AnthraceneC
BenzoaanthraceneC
Benzoaflouranthene’
Dibenzoa,hanthraceneC
Indenol,Z3-cdpyrene’
BenzokflourantheneC

120-12-7
56-55-3
205-99-2
53-70-2
193-39-5
20708-9

x
x
x
x
x

x
x
x
x

x
x
x
x
x
x

Monochiorobiphenyl
Dichlorobiphenyl
Trichlorobiphenyl
Tetrachlorobiphenyl
Pentachlorobiphenyl
Hexachlorobiphenyl
Heptachlorobiphenyl
Octachlorobiphenyl
Nonachlorobiphenyl
Decachlorobiphenyl

2735-18-8
25512-42-9
25323-68-6
26914-33-0
25429-29-2
26601-64-9
28655-71-2
314-83-0
53742-07-7
2051-24-3

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

X

X

x
x
x
x

x
x
x
x

G

Phthalate esters
Dimerhyl phthalate
Dibutyl phthalate
Butylbenzyl phthalate
Di-n-octyl phthalate
Diethyl phthalate
Di-n-butyl phthalate
Dierhyihexyl phthalate
(DEHP)

131-11-3
84-74-2
85-68-7
117-84-0
84-66-2
84-74-2
117-81-7

Phosphate triesters
Tributylphosphate
Tnphenylphosphate
Tns(2-chloroethyl)phosphate
Tributoxyethylphosphate
Tritolyiphosphate
Tns(dichloropropyl)phosphate
Tris(2,3-dibromopropyl)phosphate

126-73-8
115-86-6
115-96-8
78-51-3
1330-78-5
n/a
126-72-7

x
x
x
x

x
x

x
x
x

x
x
x
x
x
x

x
x
x

x
x
x
x

x
x

x
x

C

D

Histoiy or Sourcea
Compound
Other
1,2-Dibromo-3-chloropropane
Hexachloro-1,3-butadiene
(HCBD)
Hexachlorocyclopentadiene
Biphenyl
2-Phenylphenol
4-Chloro-p-terphenyl
Tetrabromobiphenyl
Pentachiorodiphenyl ether
o-Cymene (o-isopropyl
toluene)
in-Cymene (m-isopropyl
Lotuene)
p-Cymene (p-isopropyl
toluene)
D-Limonene
DL-Isoborneol

CAS No.

A

B

C

D

96-12-8
87-68-3

x
x

x

x
x

77-474
92-52-4
90-43-7

x
x
x

E

F

0

x
x
x
x
x
x

527-84-4
535-77-3

x
x

99-87-6
X

5898-27-5
124-76-5

X

1-Indanone
2-Indanone
2-Methoxy-3-iiiethylpyrazine
Butylated Hydroxytoluene
Ethyl hydrocinnamate
Cournarin
Octamethyl cyclotetrasiloxanc
CumeneC
1,2,4~Trimethy1benzeneC
Quinolinec

DibenzofuranC
Ch1orbenzilate’~
Bis(2-ethylliexyl)adipate’~
o~Xy1eneC
,n~XyLeneC
p~Xy1enec
2-Ethoxy benzaldehydeC
1~NoneneC
1~Pernano1C
Hexyl acetatec

83-33-0
615-13-4
2847-30-5
128-37-0
2021-28-5
91-64-5
556-67-2
98-82-8
95-63-6
91-22-5
132-64-9
510-15-6
103-23-1
95474
141-93-5
105-05-5
613-69-4
124-11-8
71-41-0
142-92-7

x
x
x
x

x
x

x
x
x
x
x
x
x
X

0

History or Sourcea
Compound

CAS No.

A

B

C

D

B

11. Target Compounds; PCDD,
PCDF Protocol
K

Chlorinated dibenzodioxins and
dibenzofurans
2,3,7,8-tetrachlorodibenzodioxin
1,2,3,7,8-pentachlorodibenzodioxin
1,2,3,4,7,8-hexachiorodibeozodioxin
1,2,3,6,7,8-hexachlorodibenzodioxin
1,2,3,7,8,9-hexachiorodibeozodioxin
1,2,3,4,6,7,8-heptachlorodibeozodioxin
Octachlorodibenzodioxin
Z3,7,8-tetrachlorodibenzofuran
1,2,3,7,8-pentachlorodibenzofuran
2,3,4,7,8-pentachlorodibenzofuran

x
x
x
x
x
x
x
x

F

G

1,2,3,4,7,8-hexachlorodibenzofuran
1,Z3,6,7,8-hexachlorodibenzofuran
1,2,3,7,8,9-hexachlorodibenzofuran
2,3,4,6,7,8-hexachlorodibenzofuran
1,2,3,4,6,7,8-heptachiorodibenzofuran
1,2,3,4,7,8,9-heptachiorodibenzofuran
Octachlorodibenzofuran

x
x
x
X

x
x
x

Polybrominated dibenzodioxins
and dibenzofurans
2,3,7,8-tetrabromodibenzodioxind
1,2,3,7,8-pentabromodibenzodioxin~~

D

Histoty or Sourcea
Compound

CAS No.

A

B

Q
C

D

B

F

1,2,3,4,7,8-hexabromodibenzodioxind
2,3,7,8-tetrabromodibenzofuran’~~
1,2,3,7,8~pentabromodibenzo~
furan°
1,2,3,4,7,8-hexabromodibenzofurand
a A:

Historical NHATS pesticide analyte (1970-1981)

B:
SARA 313 chemical list
C:
SARA/ATSDR 110 chemical list
D:
EPA Method 1625 analyte
B:
Target analyte in analysis of fiscal year 1982 adipose tissue samples
F:
Bioaccumulative pollutant study target analyte, EPA contract 68-01-6951, WA7 and 13
0:
Analytes previously qualitatively identified in broad scan analysis of fiscal year 1982 specimens
blndividual congeners used as standards; detected as mixtures in historical NHATS surveys
‘~Nonvalidated target analytes for qualitative analysis
dNonvahdated target analytes for quantitative analysis
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play an important short-term role in the toxicokinetic behavior of many com
mon volatile solvents, but they are not known to accumulate in adipose tissue
over long periods. The methods used for sample collection and storage had
not been validated for volatile chemicals, and the committee questions the
integrity of the samples for those applications. Little information exists on the
concentrations of trace elements in adipose tissues from normal, abnormal, or
overexposed persons, and the diagnostic value of such measurements is uncer
tain. The assays are not planned for incorporation into routine monitoring of
adipose tissues.
Selection of analytic methods was generally based on methods already used
and reported in published applications to analysis of adipose tissues (Macleod
et a, 1982), other tissues (Norstrom et al., 1986), and environmental samples
(Lopez-Avila et al., 1981). The general NHATS approach consists of exhaus
tive extraction of tissue with a lipid solvent such as methylene chloride; pre
fractionation of the extract with size-exclusion chromatography to remove the
bulk of biologic (predominantly lipid) background material from the extract;
additional prefractionation with one or more conventional (adsorption-parti
tion) column chromatographic steps to separate out the least polar (aliphatic)
components and to separate interfering groups of target chemicals (e.g., toxa
phene or other chemicals from PCBs); and final instrumental detection and
quantitation with high-resolution GCJIow-resolution MS. The scheme for
sample analysis as presented generallyin the 1989 “Program Strategy” document
and more specifically in the reports resulting from the initial applications of
those methods to adipose samples (Mack and Stanley, 1984) is shown in Table
6-2.
The analysis of 1982 samples according to the new methods took place in
1984-1985 and was reported in 1986. Additional validation and method-devel
opment studies were undertaken concurrently with and after the 1982 tissue
analyses. All four of the new analytic projects (semivolatile chemicals, dioxins
and furans, trace elements, and volatile chemicals) are most properly regarded
primarily as method-development exercises and only secondarily as tissue
surveys. Because of the lack of prior method validation, the results of those
analyses are referred to in the respective project reports as concentration
estimates.
An intermethod comparability study that used historical and 1984 samples
was initiated to compare the historical pesticide-survey method with the pesti
cide results obtained under the 1982 protocoL That effort was carried out at
a contracting laboratory other than the one that had performed the 1982
method. development and analysis. Some problems in applying the newer
protocols were reported, and results of the study are not yet released. Addi
tional method development and application of the semi volatile-chemical

C

TABLE 6-2 NHATS Analytic Efforts
Collection
Year

Activity

Analytes

Assay Method

Completion Date or
Status

1970-1981

Monitoring

OC1 pesticides

PGC/ECDa

Annual

1982

R&D, survey
R&D, survey
R&D, survey
Validation
R&D, survey
Exploration

OC1 pesticides, semivolatiles
Volatiles
Trace elements
PCDDs, PCDFs
PCDDs, PCDFs
Unknown peaks

HRGCIMSb
HRCG/MSC
ICP, NAAd
HRGC, MSe
HRCG/MSb
HRGC/MS1

1986
1986
1986
1986
1986
1986

1983

Monitoring

OC1 pesticides

pGC,ECDa

Partially published

1984

Comparability study

OC1 pesticides, semivolatiles

PGC/ECDa
vs.
HRCG/MSb

Under review

1985

No analyses

n/a

n/a

n/a

1986

Monitoring
Exploratosy

OCl pesticides, sernivolatiles
Unknown peaks

HRGC/MSb
HRGC/MS~

In progress
In progress

1987

Monitoring
R&D, survey

PCDDs, PCDFs
PBDDs, PBDFs

HRGC/MSb
HRGC/MSb

Under review
In progress

1988

Analyses being planned

n/a

n/a

n/a

-

aModified Mills-Gaither-Olney pesticide method with low-resolution gas chromatography with electron-capture detection.

b~raction size exclusion, and adsorption chromatographic sample prefractionation with high-resolution gas chromatography
and mass-spectrometry detection.
Cpurge and trap collection of vapors from an aqueous slurry of tissue sample with high-resolution gas chromatography and
mass spectrometly detection.
dAad sample digestion and quantitation with atomic-absorption spectrometry or inductively coupled plasma atomic-emission
spectrosCopy.
eSolid..phasa extraction and digestion of lipid matrix, adsorption chromatographic prefractionation on graphitized carbon, with
high-resolution gas chromatography and mass-spectrometly detection and high-resolution mass-spectrometry confirmation of key
analytes
tExtraction, size exclusion, and adsorption chromatographic sample prefractionation with high-resolution gas chromatogra
phy/mass spectrometty detection; unknown peak screening by mass spectral libraiy comparison to reference spectra and to
previously observed unknown components.

C
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(“broad-scan”) protocol has occurred since then, but no formal results have
been released.
The target chemicals listed in part I of Table 6-1 were taken from the QA
planning document for the most recant round of analysis (1986 sample year).
Target chemicais designated with superscripts c and d are planned for inclu
sion as “qualitative” or “quantitative” analytes. Method validation has not been
performed, but these chemicals are detectable with the GC-MS method to be
used, and standards are available.
The most successful of the method-development and validation projects,
and one that resulted in the production of a well-documented protocol as a
basis for future monitoring, was the dioxin-furan project. Several documents
presented the accomplishments in PCDD and PCDF analysis. .The first is a
report of an analysis of 1982 tissue-survey samples that used developmental
methods. The analytic work took place from the fall of 1984 through the
winter of 1985 (EPA, 1986a). The report reflects an improvisational approach
to the analytic method that is incompatible with monitoring goals, because
EPA, through the NHATS, had attempted to implement methods that were
not fully tested and validated. One must infer which analysis produced which
results by examining th~ size of the tissue aliquot reported (Tables 5-14 in that
report). For given target chemicals, different samples were assayed with
different methods. Some samples were assayed with two methods, and that
would presumably produce results for the complete list of target chemicals for
each method, but the results are reported for one method for some analytes
and for the other method for other analytes. Comparison of results of the two
methods is limited to mean and standard deviation of recoveries for the two
sets of data. No side-by-side comparison of results for each preparation
method is shown, although such data were presumably generated. The conse
quences of that approach include the use of multiple methods of sample
preparation when the method initially adopted was judged to be inadequate
for some samples of target chemicals, lack of clarity about which methods
produce which results, and uncertainty regarding comparability of results of
the two methods. Method-related uncertainties, and a generally tentative level
of confidence in the quality of the analysis are reflected in the following lan
guage of the report: “The data for a sample reported based on the original
protocol may be considered suspect based on the possible differences in the
recoveries of these chemicals according to the two methods used”. “A contin
ued effort in following the trends of PCDD and PCDF will require that the
analytical method
be fully validated through intra- and interlaboratory
studies.”
The second report describes method-development and validation work that
was largely after the initial application of the methods to study samples (EPA,
.

.
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1986b). The effort addressed several of the problems of the previous results.
The report is a good model for future method-development and validation
projects. It discusses several prerequisites of the production of fully usable
data: method precision, accuracy, sensitivity, and stability are characterized
in a statistical manner; control materials and comparison results are developed
and validated; and a step-by-step approach to quality control throughout the
analytic protocol is developed.
The revision of the latter project report contained in the third document
indicates an intention to use the control material developed previously as a
continuing quality control element (MRI, 1988). Additional planning for
sample and data management and quality control are also reported.
Preliminary efforts like those reported in the second and third documents
provide a good basis for a monitoring effort. However inclusion of new but
related chemicals in the overall framework of such a program introduces new
risks. For example, the proposed inclusion of brominated analogues of PCDD
and PCDFs as target chemicals without an explicit validation effort is a short
cut that can lead to “messy” and unsatisfactory results. Overall confidence in
the results of the program would be strengthened if results of “try it and see”
assays of study samples were more clearly distinguished from results of wellvalidated analyses.
The N}IATS or its successor must document the rationale and specific
analysis that result in program decisions during each year’s planning to add or
delete target chemicals.
SUMMARY AND RECOMMENDATIONS
The NHATs project reports show several encouraging characteristics.
Some of the weaknesses identified and discussed in the previous section have
been recognized by EPA and its contractors, and efforts to remedy them are
evident. Within the definition of each analytic task, the contractor has demon
strated a competent and sometimes innovative approach to analytic-method
development. The most recent reports and planning documents show a good
understanding of quality-assurance planning and quality-control techniques.
In summary, there is no reason to doubt that the program can attain state-ofthe-art analysis. The principal concerns in this regard would be with con
straints imposed on the analytic effort by inadequacies of agency planning and
direction, budgeting, or long-term commitment to a program of human-tissue
monitoring.
Several factors make the need for analysis of program goals and a sound
planning process critical: the need to balance innovative method development
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with the maintenance of stable assays for monitoring; the open-ended nature
of the analytic effort and the cost per sample; the need for sufficient analyses
to achieve sampling and statistical goals; and the inherently multiagency and
multiuse nature of the program, which requires strong coordination among
agencies and with other sources of technical information vital to program
planning.
Definition of Goals
Efforts to date have been oriented toward those chemicals that previous
reports suggested could be detected with present protocols.
Once the ageiuy has established the ,dative importance of various
possible uses of the data, the rationakr for selecting taiget chemicaLs
should be incorporated into a .syctemaiic weighting scheme and ap
plied as compreJiensive~y as is feasible.
Criteria for determining the relative importance of a candidate target chemical
should be separated from issues of analytic feasibility until late in the plan
ning. The identification of one or several analytes that might require a new
assay protocol could be important in planning future method development.
Problems are likely to occur when method-development projects are con
current with tissue monitoring (as in the 1982 samples). Design of an adapt
able monitoring program with mechanisms for selection of new analytes and
for development and validation of collection, storage, and assay methods will
permit the monitoring program to remain responsive to current needs and to
take advantage of progress in analytic technology.
Formalization of the Planning Process
Present reports do not address the larger issues underlying selection of
project goals, nor do they provide insight into the information and alternatives
considered in defining those goals. The result is an appearance of arbitrary
program decisions; in sonic cases, decisions regarding the choice of analytic
method seem to reflect a “shotgun” approach (e.g., elemental analysis of adipose
tissue and possibly the volatile-chemicals projects).
The program would benefit from regular strategic planning by the
agency, frquent agency consultation with program contractory, scien
tijic peer revie~ and advice from interested federal agencies.
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Those efforts would maximize the likelihood of a clear decision-making pro
cess and one that is well documented and understood.
Critical Evaluation of Program Results
Evahration of data should be a continuingpast ofpro~wn repoirting.
One limitation common to all the project reports produced in the 1980’s is that
they report very little analysis of final results beyond analytic validity. Data
sets are a prime product of a monitoring program, but interpretation of find
ings in relation to larger program goals (such as time trends, efficacy of inter
ventions, relative importance of different environmental contaminants, and
regional or demographic trends in exposures) is an important part of under
standing and meeting additional data needs. It seems to the commiLtee that
only NHMP itself has broad responsibility for making certain that the pro
gram is productive in relation to its larger goals.
Links to Analytic-Methods Research
Analytic-methods research is conducted within EPA, in other government
programs, and in academe and the private sector.
The NHA7~ must be in a position to articulate an4 within EPA,
influence research prioritiesfor development ofnew an4tic applica
tions of emerging technology and to benefit from new developmenLc.

Analytic-program managers must be specifically charged with the formulation
of analytic needs and maintenance of awareness of potentially useful develop
ments. The committee doubts that leadership in analysis can be effectively
delegated to contracting organizations, and it believes that EPA must maintain
substantially more activity and expertise in this regard.
Regular Schedule of Analyses
The analytic effort has been modified from year to year since 1981, and
developmental activities have supplanted monitoring to some degree. The
NHATS has released data from only 1 collection year for each of the new sets
of analytes. Including current efforts, there are data from only 2 collection
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years (3 yeats for the broad-scan pesticides, if the comparability study is in
cluded).
Prioiity should be given to setting and maintaining a schedule for
analytic of resultc of each assay type.

Program Design and
Management Issues

INTRODUCTION
This chapter deals with the design and management of a new program.
Effective management of a newly planned and expanded program for monitor
ing human tissues requires careful attention to administrative issues. The
program must be properly located within the Environmental Protection Agen
cy (EPA), funding must be adequate to accommodate. program design arid
implementation, advisory and peer-review committees must be established for
program evaluation and accountability, the professional and administrative
capacity must be expanded., For proper operation and implementation of the
program, its design must allow changes and flexibility in goals and scope, and
some philosophic issues will require specific policy decisions by EPA (e.g., on
managing the legal and ethical implications of collecting tissues and on report
ing findings of abnormal values).
This chapter concludes with discussion of the importance of timely data
analysis and reporting; the importance of cooperation and information transfer
with other organizations; timely production and dissemination of reports 10
enable researchers, policy-makers, etc.; access to and descriptive analysis of
the data; and the need for an orderly transition to prevent further deteriora
tion and loss of institutional memory.
ADMINISTRATWE AND AGENCY ISSUES
Administrative Location
The organizational location of the program is critical. The selection of an
143
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agency to spearhead the national monitoring of human tissues for chemical
exposures is not simple; indeed, the multiagency history of the NHMP and the
current ambivalence within its parent agency regarding its future are clear
indications that the match of program goals, potential benefits, and EPA
mandates is not perfect. A successful monitoring program must be highly
relevant to regulatory needs, but could and should—indeed must—serve a wide.
range of client programs and must not be dominated by any one of them.
Critical aspects of institutional support should not depend on the necessarily
changing priorities, requirements, and resources of smaLl subprograms. The
NHMP, unlike many other EPA programs, seems to have both a life of its
own and a rationale that transcends any of EPA’s individual regulatory objec
tives. And some outputs of a human-tissue monitoring program should be of
major interest at the highest levels of the host agency. However, the multi
purpose aspect of a national human-tissue monitoring program has meant
that, to some extent, the NHMP is not an integrated part of any specific EPA
regulatory program and hence is not at the top of any major agenda.
The committee has specific concerns about possible untoward effects of
placing a monitoring program in any subunit with direct, major regulatory
responsibilities. It firmly recommends that monitoring be kept strictly inde
pendent of regulation itself; both fact and appearance are important. Whether
the present and past shortcomings in NNMP direction and funding are un
avoidable results of a mismatch between agency and program is unclear. The
committee concludes that considerations of input to policy, impact, visibility,
and independence argue for a location at the highest feasible organizational
level. From our consideration of alternative host agencies (based on genera]
concepts of agency mission and resources, with explicit disregard of political
and organizational barriers), it is clear that several logical possibilities exist.
Environmental Protection Agency
Advantages of this choice include continuity and a smooth implementation
of whatever program changes are required; ease of communication with EPA
environmental monitoring efforts; and direct input to a major class of regula
tory users of the NHMP products. Such an activity might be placed in the
Office of the Assistant Administrator for Research and Development. EPA
staff have argued that the NHMP is primarily an environmental monitoring
effort and that EPA has both the most appropriate mission and the greatest
capability to manage such a program. If a strong and sufficiently independent
Bureau of Environmental Statistics (or equivalent) is established, it might also
be a suitable home for a monitoring program. Possible disadvantages of EPA
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as the host agency include its demonstrated difficulty in providing direction
and achieving intra-agency and federal support for the N}IMP, systematic
failure to approach research needs of the program, and failure to “market”
results to other users and otherwise to stimulate and support efforts to devel
op nonregulatory benefits from the program. Other programmatic disadvan
tages include the lack of an in-house research focus that deals with the bio
medical issues of tissue monitoring and a modest (although growing) orienta
tion of present staff to those issues. The ideal host agency must provide
technical leadership, as well as funding and administrative direction; that is
best achieved with substantial and closely related internal research activity and
expertise.
Agency for Toxic Substances and Disease Registry
This alternative would have the advantage that ATSDR is already commit
ted to develop disease and exposure registries, and its mission is more orient
ed to the biomedical aspects of monitoring than is EPA’s. However, ATSDR’s
activities focus on Superfund concerns, whereas national monitoring will con
tinue to emphasize broad aspects of chemical use and exposure, rather than
Localized chemical pollution. Comparison data from national surveys are
clearly needed by ATSDR for use in interpreting exposures to hazardous
waste, but a major effort aimed at national exposure characterization might
be too far removed from its mandate. The committee is also concerned that
ATSDR is still rather new, growing and evolving rapidly, and perhaps suffer
ing from the “growing pains” inherent in newness and growth.
Centers for Disease Control
Advantages of this choice include strength in epidemiologic research, as
well as biomedical and chemical surveillance; demonstrated ability in support
ing national monitoring efforts such as NHANES and blood-lead surveys; inhouse capability for chemical analyses; and a substantial research focus.
Disadvantages include CDC’s distance from responsibilities tied to results of
monitoring and the fact that CDC is not likely to be a major user of the
findings.
Summary
After considering the most likely government units to house a human-tissue
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monitoring program and hearing testimony at the January 24-25 workshop, the
committee recommends that a national program for monitoring human tissues
remain within EPA. However, we recommend that its administrative location
within EPA be reconsidered and that it be moved to an organizational unit
with EPA-wide responsibilities. A location that is geographically close to
other programs and laboratories active in the relevant technical disciplines
would facilitate important exchanges about methods, as well as followup of
findings.
Funding
The critical resources in a program of monitoring human tissues include
funding and expertise in appropriate scientific fields.
Sufficient funding (and a reasonable assurance that it will remain adequate
over the next few years) is essential. The final budget for a program of this
type should be determined after the specifications for the program have been
formulated. Major factors that will affect funding requirements arc the annual
sample size, the set of chemical assays to be performed, the type of tissue to
be collected, the size of the in-house staff necessary to monitor the program
and analyze results, and requirements for research and development. We do
not include in the budget for this program the cost of special studies that
might be generated to explore some of the NIIMP results in more detail; such
studies should, in general, have separately identified funding. Although there
is some flexibility in the funding—obviously the greater the funding, the more
detailed the analyses that can be carried out—there is a minimum below which
it is not worth while to have any program at all. We discuss below alternative
budgets that can be considered for this program. The lowest level should be
considered an absolute minimum. Furthermore, there needs to be a commit
ment within EPA to request at least the minimal funding through the indefi
nite future. The amounts discussed below represent the committee’s best
judgment of what the various levels could support. These figures are not the
committee’s judgment of what might be feasible, nor axe they recommenda
tions~ per se.
An appropriate level of funding for a human-tissue monitoring program is
difficult to determine, because it will depend so heavily on the specific pro
gram plan developed within the agency. Some guidance is available however,
from EPA experience and from similar programs elsewhere. During its public
session in January 1989, the committee heard several speakers suggest budgets
as high as $50 million per year. Within the United States, a program at NIST
for banking liver specimens alone is funded at $150,000. The National Ocean-
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ic and Atmospheric Administration National Status and Trends program
(consisting of both benthic surveillance and a study of mussels) archives speci
mens in support of those monitoring programs (human health is not a consid
eration) and is funded at $100,000 for the banking component only.
Support of the entire EPA National Human Monitoring Program has been
$641,000 in FY ‘87 and $900,000 in FY 1988, FY 1989, and FY 1990. These
recent figures for EPA are for external costs only and do not include salaries
and overhead of EPA staff members, which in recent years seem to have
averaged about two full-time equivalents (EPA, personal communication, June
18, 1990). This level of support at EPA has simply not been enough to sustain
a program. The committee has found no one who believes that activity that
remains at this level can produce useful results.
The committee firmly concludes that funding should either be increased
enough to support a useful program or be eliminated. A clear decision to end
the program would be preferable to seriously inadequate support. It would
not encourage hopes in the community of present and future users about data
that cannot be produced, it would be a cLear statement that EPA does not
accord human-tissue monitoring a high priority, and it would transfer institu
tional responsibility out of EPA and perhaps to other federal agencies. How
ever, serious drawbacks to such a decision include the likelihood that no
comprehensive, coordinated program would be developed elsewhere, the loss
of skilled staff and institutional memory, and perhaps.the destruction of speci
meris that have been banked and saved. The committee sees no likelihood
that the information needs documented in Chapter 2 can be filled under this
option,. unless EPA can find some other willing sponsor. The chance of that
seems remote, except possibly for ATSDR, but it is not clear that ATSDR in
its present phase of rapid growth, development, and consolidation can spare
the top management attention needed for a successful monitoring program.
The committee urges that EPA consider termination of human-tissue monitor
ing only under the most compelling circumstances, and even then only after
the fullest exploration of ways to ensure an orderly transfer to some other
appropriate agency in Less straitened circumstances. Each prior move of the
program—from the Public Health Service at CDC to the EPA Office of Pesti
cides Program (OPP) in 1970 and from OPP to the EPA Office of Toxic
Substances (OTS) in 1981 has caused serious disruption, and another move
would almost certainly be equally disruptive, even with best efforts to reduce
the damage.
It appears to the committee that support at a level of $3 million per year
could be barely adequate to sustain the minimal activity needed to keep a
program in long-term existence. That is approximately the level of support
that was provided in the early 1980s, adjusted for inflation. It was enough
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then to collect a statistically minimal number of specimens, perform batteries
of the most critical’ chemical tests, maintain the preservation of samples saved
from earlier years, and write occasional reports. It was not enough to expand
sampling to important geographic areas or population segments not covered,
to test for some important chemicals not in the basic panel, to undertake very
much in the way of special studies, to prepare records and specimens in a
form suitable for use by others, or to undertake the publicity and outreach
programs needed to promote widespread use of the collected specimens and
data. The Committee recommends against a return to the $3-million level,
unless careful study shows that circumstances have changed enough for a
program of this size to avoid the problems of recent years. That seems un
likely, and the committee is concerned that support at $3 million per year
would lead to another decline into unproductive scrabbling and mediocrity,
followed in a few years by a new need to decide whether to revive or kill a
moribund program. A minimal program might generate some useful data,
especially if it were tailored to produce a few important annual reports for a
Bureau of Environmental Statistics, or equivalent, but it could not rise to any
level of distinction.
Two other critical, specific issues should be addressed by EPA before any
decision to implement a minimal program: Is this level of support adequate
to attract and maintain the “critical mass” of scientists and technical support
staff needed to ensure sampling, testing, and analytic interpretation of the
quality needed? Can a program of this size be adequately protected in times
of financial exigency, so that it does not again startdown the slippery slope on
which the effects of decreased resources seem to justify still further decreases?
We suspect that the answer to each question is no. Moreover, it would afford
no opportunity to collect blood as well as fat specimens. Hence, we do not
recommend long-term support at the minimal level, even if it would at First
appear to meet the most critical data needs. A larger and broader view is
necessary.
The next larger support level the committee considered is $5 million per
year, exclusive of staff salaries and overhead. That should be adequate for
collection and analysis of at least a statistically representative number of sam
ples per year (see discussion in Chapter 4) plus associated support, research,
and analytic activities. We have not undertaken detailed cost analyses, but
study of EPA’s own history and the operations of other tissue monitoring
programs suggests that $5 million per year could support a substantial flow of
high-quality, policy-relevant information about chemical burdens in human
tissue and that the two special problems just mentioned—maintaining a critical
mass of scientific talent and ensuring stability of essential core funding during
hard times for the agency—could be solved. it is still not munificent support.
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Samples would continue to be small and spotty, so most resulting data would
necessarily refer to the whole U.S. population and not more than four to six
major geographic segments or population groups; data on say, individual states~
would not be available, nor would data on small groups of special interest,
such as persons living near hazardous waste dumps or working in specific
occupational categories (e.g., farmers). Resources for special analyses would
be limited, there would be little or no surplus for new chemical tests on stored
specimens, and the outreach activities necessary to promote the use of the
program outside EPA would be severely constrained. But it might be enough
to serve EPA’s policy needs and even to bring some critical distinction to the
agency. Furthermore, it could be used to develop a solid base of competence,
experience, and relevance to promise expansion in the future.
Even greater financial support—even up to the $25-50 million per year
suggested by some heads of other agencies (as discussed at the committee’s
workshop in, January 1989)—could be put to good use, given appropriate
planning and the organizational setting and mission described elsewhere in
this report. However, such allocations do not seem feasible now, so their
implications are not explored here.
Whatever budgetary level is chosen, agency staff, in consultation with the
scientific advisory body, should pay continuing attention to the competing
demands of adequate sample size (within a context of periodic redesign of the
sample to meet changing conditions and needs), protecting and measuring
quality at all levels from the selection of subjects to the publication of reports,
timely testing for chemicals of current interest, and outreach. A special,
critical category will be research within the program—research on improving
human-tissue monitoring itself (e.g., on methods of tissue preservation), on
improving both the utility and the use of specimens and data, etc. (those
matters are discussed in Chapters 4-6).
The committee recommends the prompt allocation of a full-time program
manager and other staff with funds adequate for the planning and full design
of a new program, concurrent with preparations for the absorption of the
NHATS. A support level of at least $3 million per year will be needed for the
continuation of current program activities and planning. That part of the
program might take 12 months or more after release of this committee report.
We recommend that after the transition period, additional full-time staff be
assigned and support be increased to at least $4 million per year for at least
2 years of consolidation. Further growth should be expected, but in a context
of competition for funds based on successful implementation of the plan to
that time.
Money is clearly essential, but two other kinds of in-house resources are
necessary. The first is technical staff with expertise in statistics (primarily
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survey methods) and in toxicology and related scientific fields. It is acceptable
to use an outside contractor for data collection, as now for the NIIATS, but
the federal agency responsible for the program should be involved in major
aspects of the program. It should develop the general plans for data collec
tion, it should monitor the contractor’s work, it should plan and oversee data
analysis, and it should be prepared to introduce modifications in the program
that reflect changes in environmental concerns. That requires staff with deep
knowledge of the subject matter and survey methods. (We arc not implying
that EPA does not have such resources; rather we are describing, in general
terms, what an agency needs to carry out a program of the type suggested.)
The second kind of in-house resource that is needed is support at high
administrative levels in the agency. That is, of course, necessary to ensure the
required funding, but ether critical factors are involved. Administrative sup
port informs both the agency staff and the public that the agency has a firm
commitment to the program.
The program will require a substantial and continuing research effort in
support of improved monitoring, and a large fraction of that should be con
ducted intramurally or with much more intimate staff involvement than in
NHATS contracts. Research activities should be developed in close consulta
tion with other monitoring programs. Examples of subjects that will need
research are improved methods for specimen collection and storage, and
chemical analytic methods.
Finally, a means should be established to enable the agency to receive
advice from outside experts in the pertinent scientific fields. Advice should
be sought on such subjects as the performance of the survey (including both
the quality of the data and the efficiency of operations), the need to add
substances to the analysis because of new environmental concerns, methods
of data analysis, and types of reports to be published and their frequency (are
discussed below).

Science Advisory Committee
The committee has considered the needs for continuing oversight of a
human-tissue monitoring program and concludes that such needs are substan
tial. The present EPA program has suffered seriously from lack of long-term
attention from an outside advisory panel; it might otherwise now be in a far
stronger position. Indeed, the committee senses that it is itself serving in
some ways as a substitute for oversight that might have been provided in a
more timely, effective, and useful way if the highest management levels of
EPA had provided sufficient stimulus and internal support.
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Such expert advice can be obtained in several ways. One is to have a
formal advisory, committee on monitoring of human tissue. Another is to
engage the service of consultants to make periodic reviews of the progress of
the work or of specific issues. A third method is to rely on a broad-based
scientific conuniltee advisory to EPA, making sure that the progress of the
human-tissue monitoring program is often on its agenda. Other ways are ad
hoc reviews by an outside body (such as. the present committee), internal
program reviews, and continuing attention from some existing advisory body.
We are dubious of relying on a general advisory committee; such a committee
probabLy could not devote enough time to a special topic, such as monitoring
of human tissues, to make a useful contribution to the program.
The committee concludes that numerous criteria—including cost, breadth
and depth of review, objectivity, program stability, timeliness of response, and
a continuing need for fresh ideas—point strongly to a standing outside scientific
advisoiy body to provide advice and program oversight to management levels
of the program and EPA. Each italicized word requires comment.
“Outside” means outside the program and entirely or almost entirely outside
EPA, aside from the services of an executive secretary and other support.
Staff members from “client” government agencies might be members, as might
various persons from academic institutions, industry, and public-interest
groups. However, it should be made clear that each member is appointed as
an individual and not to represent any organization, bloc, or set of interests.
“Scientific” means that nearlyall members should be knowledgeable about
one or more scientific and technical disciplines important to the work of the
program, such as toxicology, biostatistics, survey statistics, biochemistry, and
pathology. Any nonscience members should.be selected on the basis of specif
ic, major program needs, such as detailed knowledge about other current
programs (surveys of the National Center for Health Statistics come to mind),
knowledge about public dissemination of results, or a deep understanding of
the policy implications of program findings.
“Advisory” implies that staffshould pay substantial at tention to recommenda
tions, but make its own evaluations and, for good and clearly stated cause,
follow other courses as necessary. The advice should include oversight 0f the
following:
•
•
•
•
•
•

Program content.
Program management.
Program planning.
Resource needs.
Technical operations.
Timeliness and appropriate dissemination of results.
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An outside scientific advisory body should also be constituted to facilitate
a substantial two-way flow of information and ideas. A role in providing
advice to the program is obvious, but role in conveying knowledge about the
program and its products back to the range of communities represented on
the body is also important.
However the charge is drafted, we believe that the outside scientific adviso
ry body should have no other major responsibilities related to the program.
We envision a schedule that initially calls for quarterly meetings, but tapers
rapidly to perhaps annual meetings, so that committee assignment will not be
seriously burdensome. Members must not, however, be diverted from their
primary responsibility for oversight of the human-tissue monitoring program.
The present committee understands the limitations on appointment of new
advisory bodies imposed by law, policy, and costs. A standing subcommittee
of an existing advisory body might be an appropriate response to the need for
outside oversight if most of its members (including the chair) were not mem
bers of the parent body.
Other Administrative Issues
Details of program structure and organization will necessarily depend
heavily on a host of management decisions that the committee cannot foresee.
This section presents some general issues that should be considered and ex
presses judgments about several broad aspects of structure and organization,
but does not reach into details.
An important issue is the role of iahouse competence, both scientific and
managerial. The committee recognizes the general competence and expertise
of personnel who have been associated with EPA’s present program, but sees
evidence that such general competence must be backed up within the program
itself by substantial first-hand knowledge (training amplified by experience) in
each of the technical disciplines relevant to a monitoring program, such as
toxicology, biostatistics, pathology, and biochemistry. Contract support, con
sultants, and borrowed experts can be helpful, but they are not enough. The
program requires technically competent staff who are intimately familiar with
both the general program needs of EPA (and perhaps other agencies) and
emergent problems and who are in close day-to-day contact with potential
users of the collected data or stored samples. We are not arguing against
appropriate use of contract support, but rather against contracting out so
much of the management, technical competence, and programmatic under
standing that critical organizational roots are damaged.
A second general issue is the need for some professional staff members to

DESIGN AND MANAGEMENT ISSUES

D

153

be fully dedicated to human-tissue monitoring. The committee cannot specify
full-time scientific disciplines or organizational capabilities, but reaches its
conclusion from its perception that EPA’s present program has suffered se
verely from the diversion of time and talent when competing responsibilities
have been perceived to be more acute (if not more important). Again, consul
tants and contract support can be important in program development and
support, but they must not be used as substitutes for a core of fully dedicated
professionals who have no other, competing duties.
The committee recommends that the program be designed in a modular
fashion insofar as is feasible It is not possible to foretell future strains on
resources, trends in the availability of tissues, or needs for program output.
It therefore seems prudent to organize a human-tissue monitoring program
in such a way that new activities can be smoothly added and so that the most
critical core activities can be maintained even when other activities are, for
good cause, curtailed, suspended, or even terminated. For exampLe, some
panels of chemical tests might be identified as critical for collection every
other year, but less critical for annual collection. Oversampling of some
population segments might be suspended without reducing efforts to maintain
basic coverage of the population as a whole. Preservation of a bank of saved
specimens might be assigned higher or lower priority than other important
program activities. Judgments about such matters will, of course, be impor
tant on initiation of a new monitoring program, but the recommendation here
has to do with possible future contingencies and the design of activities so that
desirable expansion or necessary retrenchment wiil cause the least possible
disruption to core activities. This point could affect a wide range of initial and
continuing program decisions, including such matters as the timing of chemical
testing of new samples, the storage of preserved specimens (in case some
must be discarded), and the design of new series of measurements or reports
when projected followup efforts do not come to pass. The committee recog
nizes the fine line between prudent planning for contingencies and the unin
tended invitation of inappropriate budgetary cuts, but still recommends that
this matter be given some attention from the outset.
It is most important for prudent, frequently up-dated planning to take
advantage of resources that become available on short notice. Such planning
might best be done, in a widely visible form, in annual budgetary submissions,
even when it seems likely that resources will be tightly constrained.
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IMPLEMENTATION AND OPERATIONAL ISSUES
Flexibility
Any broad program of human-tissue monitoring should be developed with
a view to the need for developmental change, even given the most optimistic
expectations regarding the adequacy of initial design. Several factors will
make continuing or scheduled periodic redesign essential. As was discussed
in some detail in preceding sections covering statistical design, sample collec
tion, chemical analysis, and data analysis, the conditions that govern design
choices will inevitably change. For example, demographic and environmental
changes can affect the appropriateness of the sampling network, the list of
chemical agents included or potentially measurable in the analytic scheme
used, the possible choices of tissues based on analytic constraints, and costs.
New chemicals will be introduced into use or will be newly recognized as
environmental contaminants or risk factors. Advances in analytic technology
might permit the recognition of new groups of agents or metabolic transfor
mation products. Reduced assay requirements brought about by improved
analytic technologies might permit alternative tissue-collection strategies that
are not now feasible. Most monitoring programs can benefit from occasional
updating, but the present program will almost certainly require well-managed
evolutionary change, because of the open-ended nature of the scientific issues
linking environmental contamination with tissue markers of exposure and
health effects. Progress in such diverse fields as toxicology, statistical methods
for sampling design and data analysis, exposure assessment, and environmental
chemistry can be expected to affect the potential uses and value of humantissue monitoring data.
Although developmental change is essential to the continued value of a
long-term human-tissue exposure surveillance program, it is equally important
that analytic stability and comparability of data be maintained. Established
monitoring procedures (frequency of analysis, sampling design, and assay
methods) must not be changed casually. Formal demonstration of compara
bility of results should precede any alteration in monitoring methods. The use
of “probationary” methods in parallel with established methods is one way of
managing the implementation of new methods in the monitoring program.
Some strategies for planning for program development are discussed in the
preceding chapters. They can be summarized as follows:
• Technical planning needs to be formalized for each year’s effort in sam
ple design, sample collection, archiving, chemical assays for monitoring, chemi
cal analysis for program development, and routine and exploratory data analy
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sis. Planning documents that defme and resolve design issues should be issued
regularly for review by scientific advisers and other agencies.
• Specific budget items to support internal development leading to liiiproved methods and to support external research directed at program needs
should be identified.
• Strong external technical input, arising from a scientific advisory panel
and based on good communication with related programs and projects, will
amplify technical planning by program staff. Equally important is the commu
nication of program needs and findings to outside researchers (whether in
other programs or agencies, academe, or the private sector) to stimulate
followup.
• Annual reports to Congress and reports for public use should discuss
developmental needs and issues.
Legal and Ethical Issues
In addition to the legal and regulatory requirements associated with obtain
ing human specimens for environmental monitoring, many ethical issues
should be addressed. General ethical concerns regarding environmental test
ing have been outlined elsewhere; some of [hem depend on the types of tests
done to monitor exposures (Belmont Report, 1979; NRC, 1987). One of the
important ethical issues to be considered in a monitoring program that uses
human tissues is patient confidentiality with respect to the collected and re
ported data. Patient confidentiality must be safeguarded by handling and
analyzing all data on the basis of coded numbers that axe used to identify each
specimen and related data. The key to identification codes might be broken
if additional patient information or samples were needed and if it were clear
that this use of identifying information would entail no material risk of further
loss of confidentiality.
The codes might also be broken if it were decided to inform patients or
their families of extremely high or otherwise atypical concentrations of chemi
cals detected on routine monitoring. Whether to provide such information is
in itself an important ethical issue. in many cases, no therapy will be indicat
ed or even possible for high concentrations of specific chemicals. In others,
therapy of family members might be helpful if the conditions of the subjects
exposure are such that family members might also have been exposed. Be
cause interpretation of individual measurements of chemicals present in tissue
would usually be difficult, a monitoring program must have a clear policy
about whether and how such information is to be provided to patients, collec
tors, or patients’ physicians. That issue has been addressed in the NT-lANES

156

D

MONITORING HUMAN TISSUES

program and has been evaluated by the National Institute for Occupational
Safety and Health (NIOSH) and discussed elsewhere (NIOSH, 1988). The
NIOSH report demonstrates the difficulty related to disclosure of information
under the circumstances of occupational exposures.
The National Institutes of Health is the government agency with primary
responsibility for developing and maintaining ethical standards in scientific
research that uses humans or human tissues. Living patients must furnish
informed consent for the removal of blood or other specimens or tissues
primarily for research or monitoring. The consent forms should specify why
the samples are being collected, point out that saved (archived) specimens
might be used for future projects, and indicate whether results will routinely
be provided to the subject, the subject’s family, or the family physician. The
persons from whom samples are taken should also be informed about the
potential complications of specimen collection, including pain associated with
obtaining samples (for example, [he discomfort of needle biopsies used to
obtain samples of fat or other tissue).
Except for blood, most monitoring will use tissues that are nat removed
specifically for research, but are remnants from diagnostic specimens, includ
ing autopsies and surgical procedures. Specific patient permission or permis
sion from the next of kin is not required to perform research with such tis
sues. Such use, along with review of medical records, appears to be in an
“exempt” category (OPRR Report 45CFR46, March 8, 1983). Most research
institutions include a general permission clause in the surgical or autopsy
consent forms to permit use of tissues and nonidentifying patient information
in research. Use of such specimens requires strict adherence to both basic
tenets of patient confidentiality and specific terms of the informed consent.
Those requirements and guidelines for human research not only apply to
research supported by NIH, but also are used generally by institutional review
boards (human-use committees) at academic institutions and in industry when
such organizations review experimental protocols dealing with humans or with
human tissues. In addition, a government committee is preparing uniform
requirements for informed consent that will apply to all research supported
by any agency of the federal government. European countries tend to be
much stricter in their requirements for informed consent from patients whose
tissues or medical records are used for medical research (Luepke, 1979).
Some aspects of the collection and use of human tissues for research or
monitoring have been complicated by the commerciaLization of biotechnologic
products that were developed from human tissues without specific permission.
One commercial use resulted in a major lawsuit [Moore versus the Regents
at the University of California et al. (88 C.D.O.S. 5320)] that has been consid
ered by the California supreme court. The fundamental issue in the lawsuit
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was whether human tissue removed from the body is the property of the
person from whom it was obtained. The ruling determined that the tissue did
not belong to the patient. Because of this and similar lawsuits, the Office of
Technology Assessment recently reviewed the issue of ownership of human
tissues (OTA, 1987) and proposed several alternatives for Congress to consid
er in future legislation. The legal issues associated with use of human tissues
in research and transplantation have also been recently reviewed (Swerdlow,
1985).

For the short term, it is important that tissues used for biomedical research
or environmental monitoring be separated from those used for the develop
ment of commercial products (Grizzle, 1985). Some organizations that supply
human tissues for research require that the tissues not be used to make com
mercial products (Clausen et al., 1989), and a similar proviso should be ap
plied to all tissues collected for environmental monitoring or supplied through
the tissue archive of the monitoring program. The issues associated with the
commercial use of human tissues are extremely complex and not easily solved,
but may in the long rim inhibit the availability of human tissues for noncom
mercial research or environmental monitoring, whether because of donor
reluctance to provide tissues that might be used commercially or because of
legislation that might inhibit the collection of tissues.
ANALYSIS AND REPORTING OF DATA
Types of Data Analysis and Reporting
The production of data sets that characterize nationally representative
average tissue concentrations of specific chemicals is a necessary goal, but not
in itself sufficient for a national tissue-based monitoring program. It is highly
desirable that the monitoring program develop a plan for making maximal use
of raw analytic data to pose and answer questions related to exposures of the
U.S. population. However, such an open-ended charge may have adverse
consequences; for example, the reporting of results may be delayed while
exploratory data analyses are conducted, or the more sophisticated, nonroutine
data analyses may be deferred, possibly indefinitely. The plan for each year’s
monitoring effort should include data-analysis, analytic subprojects (i.e., what
questions are to be addressed and what approaches and strategies would be
used), and timelines for each activity. Analyses that are well defined should
result in early reporting of findings; analyses that require method development
or input data beyond the basic chemical-analysis data set might be reported
less rapidly or less often. At a minimum, however, descriptive summary analy
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ses of the data should appear with the same frequency as the chemical analy
ses.
Descriptive analysis should include characterization of central tendency,
conlidence intervals, and the frequency or prevalence and magnitude of ex
treme values for the collection set as a whole and for target groups of samples
defined by such variables as geography, age, and sex. Results should be com
pared with those of previous years to identi1~’ statistically signilicant trends.
Such comparisons might be difficult or yield uncertain results if sampLing
methods or analytic procedures change. This most basic (level 1”) data analy
sis should be presented with information on sample collection, routine chemi
cal assay, and quality control in a report that can form the basis for an annual
report of activities. Examples of additional analyses not likely to be complet
ed on the same schedule as level 1 analyses are those that use extramural data
(such as toxicologic data or environmental-contamination data) to address
questions of dose or routes of exposures and multivariate discriminant func
tions or factor analyses to assess combinations of results that might be more
sensitive than results on individual chemicals (level 2j. Still more remote in
time would be data analyses that require a multiyear data set or input data
not currently available (“level 3”). •For level 2 analyses, it would be possible to
develop explicit plans and schedules, whereas level 3 efforts would depend on
the outcome of efforts not part of the NHMP itself and therefore might not
be subject to definite schedules. Program planning carried out continuously
would include review of data-analysis plans and status and would thereby
differentiate realizable goals from goals that are impractical within the con
straints of the program.
Integration of Data Sets
with Data from Other Sources
Data from human-tissue monitoring cannot in general be fully interpreted
without other information regarding tissue concentrations, patterns of expo
sures, and the metabolism and toxicology of individual chemicals. Reporting
of those should be systematized, but this will require close collaboration of the
statistical analysts withpersons providing the other information. Comparison
data, especially reports of tissue concentrations of chemical agents, should be
sought continuously in the scientific literature and in technical reports from
complementary programs, such as NHANES. Environmental-survey results
produced by other EPA programs will also merit detailed evaluation, particu
larly if NHMP findings indicate exposures at variance with predictions from
environmental data. Information that would be useful in establishing quantita
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tive links between tissue concentrations and exposures is another critical cate
gory of comparison data, because risk assessments are generally based on
exposure magnitudes. Where data are needed for NHMP purposes and are
unavailable, the needs should be identified in annual reports, and other efforts
should be made to stimulate research. Strong interagency and intra-agency
collaborations in planning and exchange of data will be required for address
ing measurement objectives, will facilitate the analysis of monitoring-program
resuLts, and will result in a program that is more useful to cooperating agen
cies.
Reporting Frequency
It is a key requirement that the program produce timely reports on a regu
lar basis. At a minimum, an annual report of level 1 analyses should be pro
duced within a year of completion of the collection of samples. Additional
reports addressing more specific questions regarding exposures or trends
among chemicals or population groups, or more fundamental issues of expo.
sure assessment, should also appear frequently, but perhaps with a little more
lead time.
Review Process for Reports
Draft reports will almost automatically have internal review within contract
ing organizations, by NHMP program managers, and by EPA quality-assur
ance coordinators, Additional extra-agency review of draft reports is desir
able, especially peer review by individual scientists, by the science advisory
group(s) established for the program, and perhaps by other persons with
special expertise. Reviewers should be acknowledged in final reports. The
program should result in a continual flow of significant findings and summary
results suitable for publication in the peer-reviewed scientific literature. Peri
odic workshops could be convened to obtain wider peer review of the program
and its reports.
Scientific reports of findings should be supplemented by documents that
establish program goals, plans, and technical strategies and that in other ways
summarize the scientific framework of the program. Because application of
findings to individual instances of chemical exposure and possible harm is
anticipated as an important use, guidelines for interpreting N}{MP findings
should be formulated. A “user guide” that addresses such issues as represenla
tive sampling, population and individual variability, ways of relating dose to
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tissue concentration and perhaps to health effects, and other concepts neces
sary for the proper use of the NHMP resource would help to promote the
responsible application of results and advise nontechnical users as to the kinds
of questions that should and should not be addressed with data from the
monitoring program.
Production and Dissemination of Reports
An important role in planning is to Lay out a well-defined process for pro.
ducing a range of outputs with associated responsibilities and a schedule. The
schedule should be widely and continually publicized and should be relaxed
only under the most compelling circumstances. The full-time scientific staff
should bear most of the responsibility for meeting the schedule and should
recognize that timely, high-quality reports on important matters are a sine qua
non.
The program should have a specific outreach component that is the primary
responsibility of at least one person. It is warranted because of the multiuse
nature of the program, the wide-ranging interest in the resulting data, and the
clear indications that more passive or low-key approaches to publicizing pro
gram reports have failed to reach some critical target groups. Technical
reports, scientific publications, presentations at scientific meetings, and other
normal modes of communication within some segment of the scientific com
munity are necessary but insufficient parts of program “marketing.” Additional
steps—such as newsletters, preparation of feature articles for nontechnical
publications, and presentations to interested nontechnical groups, including
legislators—might all be useful. Some care must be taken to define the larger
constituency of the program and to update and expand mailing lists or other
tools for reaching potential users of findings.
Lines of communication to academic research investigators must be improved.
That group not only is likely to be able to put monitoring-program data to
important and innovative uses, but also is a likely source of research findings
of value to NHMP projects. National research conferences and even a modest
extramural-research funding program might be helpful in heightening aware
ness of the NHMP in universities, colleges, and other research institutions.
A human-tissue monitoring program should be designed as a multiple-user
service activity. That creates substantial obligations for assisting users to
understand what the program does and does not provide, for timely analysis
and publication of results, for specific and helpful guidance in access to ar
chive specimens, and for active marketing of products. The committee recom
mends that those matters receive high priority in planning and implementation
of a new program.
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COOPERATION AND INFORMATION TRANSFER WITH
OTHER ORGANIZATIONS
A tissue monitoring and archive program must cooperate and communicate
with other branches of EPA, other government agencies, the academic and
private sectors, and foreign environmental programs. For example, in the
design of the program, the sponsoring organization should use information on
tissue collection, shipping, and storage, including proper storage containers.
Much information on those topics has been developed for the Federal Repub
1k of Germany (FRG) environmental monitoring program, the archive pro
gram at NIST, and the Canadian wildlife-tissue archive. In addition, new
information on environmental monitoring is being obtained and evaluated in
Sweden and Japan. Those programs might also supply valuable information
on analytic methods to aid in the design of a new program in EPA.
Not only are such cooperation and information exchange important in the
design of human-tissue monitoring, but continuing information exchange is
critical to the efficient operation of the new program. Such communication
should not just rely on upublished~ information, but should take place in part
through less formal channels. For example, if the FRG program identifies a
chemical iii human tissue, rapid information exchange will permit an expedi
tions search of the chemical in human tissues of the U.S. population. Similar
ly, the program should be a leader in national and international conferences
on tissue monitoring and archiving.
Continuing cooperation and communication of the program with other
programs and within EPA and other government agencies are critical. Strong
interagency coordination among federal exposure data bases will enhance
federal monitoring efforts. For example, if EPA is acquiring air data for a
particular location, a corresponding tissue program might be coordinated. If
FDA has a market baskct pesticide survey for a specified area, the resulting
data could be calibrated against tissue concentrations. Other branches of
EPA and other federal agencies should use data from the monitoring pro
gram, and they should have input without introducing delays as to how the
data are collected, analyzed, and reported. They also should have access to
the data as rapidly as practicable.
The committee thinks that there might be special value in the joint devel
opment of a small set of measurements to be made in similar ways across a
broad range of public and private programs or a means of establishing compa
rability among programs that could lead to a worldwide data base for environ
mental toxicants that migrate across long distances and across national bound
aries. This also might involve a Bureau of Environmental Statistics. Some
programs that might be involved in such an effort are the National Contami
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nant Biomonitoring Program of the Fish and Wildlife Service; the National
Pesticides Monitoring Program; various National Oceanographic and Atmo
spheric Administration programs; and efforts within academia, such as re
search on organochiorine pesticides in human milk.
TRANSITION
Our main recommendation is that EPA’s present program for human-tissue
monitoring be phased out as soon as a program based on blood specimens
with limited adipose-tissue specimens is implemented. That leaves open the
questions of program activities and support levels while the replacement is
being developed. We believe that historical continuity can be valuable; that
the longer the past series, the greater the value; and that many of the most
critical operational changes (e.g., in freezer temperature and in type of storage
containers) can be implemented almost overnight. In addition, samples al
ready collected are scheduled for critical analyses that should not be unduly
delayed.
Taken together, those points indicate that the present program will be of
sufficient value to its successor to merit temporary continued support at a
level consistent with its functions of several years ago. The presence of a
complete gap of a year or longer—even several months—would risk major
damage to public and legislative support, to internal support (if funds, once
reallocated, cannot be recaptured), to whatever parts of the collection report
ing network are to be preserved, to the maintenance of critical core technical
capabilities (including contractors), arid to the integrity of data and specimens
already in hand. We are concerned, in short, that a too-prompt implementa
tion of the, first part of our primary recommendation—the orderly termination
of the present program—will create avoidable and expensive impediments to
implementation of the second part, a new program. In our view, the two pans
are not separable, and to attempt to separate them is explicitly contrary to our
recommendation.
However, if interim activities should return to the level of several years ago,
budgets must keep pace. We recommend continued support at an annual
leveL of at least $3 million until the present program can be dissolved and its
talents and resources absorbed into a new program. The budget during the
transition period can probably be different from the funding necessary to
sustain an operating program. During the first year (or possibly two) of the
transition, the main costs will be for planning and testing of the new program
and for continuing the NHATS. As the new program is implemented, its
costs will become the dominant part of the budget, and the planning costs will
shift to oversight of the program and research and development.
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SUMMARY AND RECOMMENDATIONS
The committee’s primosy recommendation is that the present pro
grwn for human-tissue monitoring be phased out as soon as a
blood-specimen program can be implementet
Design and management of the proposed program will require careful
attention to many aspects, including adminisirative issues, funding, and data
analysis and dissemination.
Administrative Location
NHMP’s rationale and objectives transcend any of EPA’s individual regu
latory objectives. Considerations of input to policy,impact, visibility, and inde
pendence argue for a location at the highest feasible organizational level.
After considering the most lik4y government units to house a his-

man-tissue monitoring progran, the committee recommends that a
national program nmaiPZ within EPA Its administrative location
within EPA should be reconiidere4 and it should be moved to an
aiganizational unit with EPA-wide responsibilities.
The program would benefit from geographic proximity to other relevant pro
grams and laboratories.
Funding
Sufficient funding (and assurance that it will continue) is essential.
Funding either should be increased enough to support a useful pro
gram or be eliminated.
Elimination of the program would be preferable to seriously inadequate sup
port. However, such an action would risk the likelihood that no comprehen
sive, coordinated program would be developed elsewhere, the skilled staff
would be lost along with institutional memory, and specimens that have been
banked and saved might be destroyed.
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The committee reco,nmeniLr the prompt allocation of a frill-time
program manager and other staff with funds adequate for the pian
rang and frill design of a new progrwn~
This should be concurrent with preparations for the absorption of the
NHATS. At least $3 million per year will be needed to continue the current
program activities and planning.
After the transition penod, additional frill-Lime staff should be as
signed and suppoit inc,rase~’L
At least $4 million per year will be needed. Further growth should be expect
ed in a context of competition for funds based on successful implementation.
Technical staff with specific expertise will be necded~ as will support at high
administrative levels in EPA. The program also will require substantial and
continuing research efforts in support of improved monitoring.
Scientific Advisory Committee
Nwnerozis criteria, including cosl breadth and depth of review, ob
jectivity, program stability, timeliness of response, and a continuing
need for new kIeas~ point to a standing outside scientific adwicoiy
committee.
The body should be outside EPA; nearly all members should be knowledge
able about one or more scientific and technical disciplines important to the
program; and the body should be constituted to facilitate a substantial two-way
flow of information and ideas. The body should have no other major respon
sibilities related to the program.
Other Issues
Some professional staff membeir should be fully dedicated to the
program, without competing duties.
The program should be designed in a moth4arfoshion~
This will permit new activities to be added smoothly and core activities to be
maintained even if other activities are curtailed.
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Analysis and Reporting of Data
At a minimum, descriptive summary analysis of data should appear with the
same frequency as chemical analyses. Descriptive analysis should include
characterization of central tendency, confidence intervals, and frequency or
prevalence and magnitude of extreme values for the collection set as a whole
and for target groups of samples defined by variables.
Data reporting should be systematic and conducted with close collaboration
between statistical analysts and persons providing other relevant information.
Comparison data should be sought continuously from scientific literature and
complementary programs.
Continuing cooperation and communication among EPA programs
and other agencies are criticaL
The program must produce timely reports regularly. At a minimum, an
annual report of level 1 analyses should be produced within a year of comple.
tion of sample collection.
In addition to internalS review, peer review and review of reports by the
science advisory group is desirable. Reports should be supplemented by
documents that establish program goals, plans, and technical strategies.
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Appendix A
Workshop Agenda
January 24-25, 1989

Tuesday, January 24th
(NAS Bldg., Lecture Room 125)
8:00 a.m.

Continental breakfast

8:30

Welcome and opening remarks
Session 1: NHMP and Its Use/Non-Use

8:45

EPA Overview of NHMP: J. Breen, Office of Toxic Substances,
US EPA, Washington, DC

9:15

A User’s Perspective: H. Kang, Director, Virginia Office of
Environmental Epidemiology, Washington, DC

9:30

A Non-User’s Perspective: L Goldman, Chief, Environmental
Epidemiology and Toxicology Section, DHS, Berkeley, CA

9:45

A General View on Monitoring Programs—”Toxic Chemicals:
Predictive Monitoring and the Nature of Real SystemsTM R. Lew
is, University des Saarlandes, Saarbruecken, West Germany

10:30

Break

10:45

General Discussion
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Session H: Monitoring Objectives

11:15

Panel Discussion: ‘Present and Future Monitoring Objec
tives—A National Perspective” V. Houk, CDC, Atlanta, GA; B.
Johnson, ATSDR, Atlanta, GA; G. Lucier, NIEHS, RTP, NC;
F. Young~ FDA, RockvilLe, MD

12:15 p.m. Lunch
Monitoring Objectives and Specialized Program Needs:
1:15

R. Kinibrough, Director, Risk and Health Capabilities, US
EPA, Washington, DC

1:30

S. Sieber, Division Cancer Etiology, National Cancer Institute,
Bethesda, MD

1:45

K. Sexton, Director, Office of Health Research, US EPA,
Washington, DC

2:00

D. Stevenson, Consultant, Shell Oil Company, Houston, TX

2:15

Commentator and Formal Discussant: J. Gannon, US Fish and
Wildlife Service, Ann Arbor, MI

3:15

Break

3:30

Public Session

4:30

Recess

COLLECTION, STORAGE, AND ARCHIVING
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Wednesday, Januaiy 25th
8:00 a.m.

Continental breakfast

8:30

Welcome and opening remarks
Session III: Program Design

8:45

9:00

Collection: R. Aamodt, Program Director for Cytolo
gy/Pathology, NCI, Bethesda, MD
Storage:
P. Mazur, Corporate Fellow, ORNL, Oak Ridge, TN

9:15

R. Hay, Head, Cell Culture Department, American Type Cul
ture Collection, Rockville, MD

9:30

Archiving: S. Wise, Research Chemist, National Institute of
Standards and Technology, Gaithersburg, MD

9:45

Data Management: R. Hay, Head, Cell Culture Department,
American Type Culture Collection, Rockville, MD

10:00

Break
Session IV: Alternative Monitoring Programs

10:15

US Fish and Wildlife Service-Great Lakes/Canadian Mon
itoring: J. Gannon, US FWS, Ann Arbor, ML

10:30

National Cancer Institute: S. Sieber, Nd, Bethesda, MD

10:45

National Health and Examination Survey (NHANES): R. Mur
phy, Director, Division of Health Examination Statistics, Hyatts
yule, MD

11:00

Market Basket (Total Diet) Survey P. Lombardo, US FDA,
Washington, DC
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11:15

Total Exposure Assessment Methodology (TEAM) Study: L.
Wallace, Environmental Scientist, US EPA, Washington, DC

11:30

Mussel Watch; National Status and Trends Program: G. Lau
enstein, NOAA, Rockville, MD

11:45

Environmental Specimen Banking Program: S. Wise, Research
Chemist, NIST, Gaithersburg, MD

12:00

General Discussion

12:30

Lunch
Session SI: Committee Panel Discussion

1:30

Workshop Discussion: Committee on National Monitoring of
Human Tissues

2:30

Summary Remarks: J. Bailar, Committee Chair

2:45

Adjournment

Appendix B
Workshop Participants
January 24-25, 1989

DR. ROGER AAMODT, Division of Cancer Biology and Diagnosis, National

Cancer Institute, Bethesda, MD
DR. JOSEPH BREEN, U.S. Environmental Protection Agency, Washington,
DC
DR. JOHN E. GANNON, Habitat and Contaminant Assessment Program,

U.S. Fish and Wildlife Service, National Fisheries Center-Great Lakes,
Ann Arbor, Ml
DR. LYNN GOLDMAN, Environmental Epidemiology and Toxicology Sec

tion, Department of Health Services, Berkeley, CA
DR. ROBERT 3. HAY, Cell Culture Department, American Type Culture

Collection, Rockville, MD
DR. VERNON HOUK, Center for Environmental Health and Injury Control,
Centers for Disease Control, Atlanta, GA
DR. BARRY JOHNSON, Agency for Toxic Substances and Disease Registry,
Atlanta, GA
DR. HAN KANG, Virginia Office of Environmental Epidemiology, Washing

ton, DC
DR. RENATA KIMBROUGH, Risk and Health Capabilities Office of Regional

Operations, U.S. Environmental Protection Agency, Washington, DC
DR. GUNNAR LAUENSTEIN, National Oceanographic and Atmospheric
Administration, Rockville, MD
DR. ROBERT A. LEWIS, Fachrichtung Biogeographie, Univ. des Saarlandes,
Saarbruecken, West Germany
DR. PAT LOMBARDO, Division of Contaminants Chemistry, U.S. Food and
Drug Administration, Washington, DC
DR. GEORGE LUCIER, Laboratory of Biochemical Risk Analysis, National
Institute of Environmental Health Sciences, Research Triangle Park, NC
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DR. PETER MAZUR, Biology Division, Oak Ridge National laboratory, Oak

Ridge, TN
DR. ROBERT MURPHY, Division of Health Examination Statistics, National
Center for Health Statistics, Hyattsville, MD
DR. KEN SEXrON, Office of Health Research, U.S. Environmental Protec
tion Agency, Washington, DC
DR. SUSAN SIEBER, Division of Cancer Etiology,National Cancer Institute,
National Institutes of Health, Bethesda, MD
DR. DON STEVENSON, Shell Oil Company, Houston, TX
DR. LANCE WALLACE, U.S. Environmental Protection Agency, Washington,
DC

DR. STEVEN WISE, National Institute of Standards and Technology, Gaith
ersburg, MD
DR. FRANK YOUNG, U.S. Food and Drug Administration, Rockville, MD

Appendix C
Summary of Workshop

The workshop conducted by Committee on National Monitoring of Human
Tissues was held on January 24-25, 1989, and had several objectives: (1) to
gather specific information about EPA’s National Human Monitoring Pro
gram and specifically, the National Human Adipose Tissue Survey (NHATS),
(2) to gather general information about other types of monitoring programs,
and (3) to consider the needs for monitoring of human tissues on a national
scale.
The workshop was organized to enable committee members to hear pre
sentations from individuals who have used NHATS data or tissues, as well as
from individuals who might be likely to use N}{ATS data (e.g., those involved
in public health, regulatory branches of the government, and research organi
zations).
The committee also invited Dr. Robert Lewis, from the Federal Republic
of Germany, to provide a general overview of monitoring and specimen bank.
iiig from an international perspective (as he is involved with monitoring/
banking programs in Europe, Japan, and the United States). Individuals
representing various U.S. government agencies were asked to present national
monitoring objectives and to comment on NHATS from their agencies~ per
spectives (Dr. Vernon Houk, Centers for Disease Control (CDC); Dr. Barry
Johnson, Agency for Toxic Substances and Disease Registry (ATSDR); Dr.
Fred Shank, Food and Drug Administration (FDA); and Dr. George Lucier,
National Institute of Environmental Health Science (NIEHS)).
Several individuals were invited to discuss monitoring objectives with regard
to specialized program needs. Others were asked to address specific technical
areas that are directly applicable to the NHATS program, including tissue
collection, storage and archiving, data management, etc. In addition, several
presentations were made about alternative types of monitoring programs
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narrowly focussed or broadly conceived; these presentations were invaluable
to the committee as they defined monitoring and banking objectives, described
various methodologies, discussed areas of success and failure, and described
budgetary requirements.
MAJOR THEMES

Several themes were repeated during the workshop of both a general and
a specific nature.
General Themes
• Human tissue monitoring is valuable and necessary and should be ex
panded.
• Specimen banking should be an integral part of monitoring programs.
The goals of monitoring must be clearly defined.
• Monitoring programs are expensive, long term, and often without imme
diate results; however, funding must be made available as well as institutional
commitment.
• Interagency cooperation would increase usefulness of the program and
lessen the cost burden to any one agency.
Specific Themes
• The current collection method needs improvement: a close relationship
with cooperators should be encouraged; more frequent contact with coopera
tors is necessary; sterile or clean autopsies should be standard; sterile, insulat
ed containers should be provided for transport to the archive; and proper
conditions for storage (before storage in the archive) should be emphasized.
• The storage conditions (at the archive or bank) need to be improved:
lower temperatures are necessary (-80F, or the temperatures of liquid nitro
gen); proper storage containers and proper labeUing are needed; correct
orientation of samples in storage must be maintained. The samples should
not be compromised.
• A chain-of-custody record for the specimens is needed with respect to
storage conditions at initial collection site, during transportation and at the
archive.
• The management of data and their availability need improvement.
• The initiatives taken in improvement of the analytic techniques and in
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broadening the range of chemical analyses should continue and be repeated
with future samples.
• Quality control of specimens, analytic techniques, and sample stability
is necessary, and quality assurance of the data needs to be ensured.
• The statistical design of the program needs to be improved: rural areas
need to be represented; samples need to be “representative” of the general U.S.
population; more information is needed about the sample in addition to age,
sex, and general geographic location, e.g., occupation, area of residence, and
diet; a determination of the effects of compositing samples is necessary, as is
the development of a standard error around the mean values.
• A number of samples (representative of the population) should be
banked specifically for !ong.term archiving.
• A sufficient amount of material should be banked for future multiple
anaLyses or multiple assays.
• Procedures for sample collection should be standardized, and individuals
should be trained in these procedures.
SUMMARY
The workshop began with an overview of the NHMP presented by Dr.
Joseph Breen of EPA’s Office of Toxic Substances. The NHMP comprises the
National Human Adipose Tissue Survey (NHATS), which has collected ap
proximately 20,000 specimens since 1967; the National Blood Network (NBN)
which has been funded but not implemented; and the special ad hoc studies
that involve human tissue monitoring, e.g., the Veteran’s Administration study
of Vietnam veterans’ exposure to “Agent Orange.”
Dr. Han Rang, director of the Office of Environmental Epidemiology
described the joint study between the VA and EPA (an N}{MP special siudy).
The VA analyzed the adipose tissues of Vietnam veterans collected and ar
chived between 1965 and 1971 by the NHATS program. Dr. Rang found the
archive very useful for the analysis of”Agent Orange,” which is a mixture of two
commercial herbicides, and for the analysis of other chemicals, including
dioxin and dibenzofurans.
During the general discussion period, Dr. Vernon Houk criticized the VA
study. He commented that the President’s Agent Orange Working Council’s
Science Panel specifically recommended against the use of these adipose tissue
specimens for analysis of dioxins.
Dr. Lynn Goldman, chief of the Environmental Epidemiology and Toxicolo
gy Section at the California Department of Health Services, had several gener
al comments on human monitoring for contaminants in tissues, as well as

190

Cl

APPENDIX C

several specific suggestions relating to the NHATS program. Dr. Goldman
stressed the importance of having data on background levels of contaminants
in human tissues and suggested that these data are generally lacking for most
xenobiotics other than lead and heavy metals. She found the data collected
by EPA’s NHMP useful because they were the only data available on back
ground levels of pentachior, phenol, and dioxin at a time when the California
Department of Health Services was conducting studies at Superfund sites
contaminated with these compounds.
Dr. Goldman stressed the difficulties that arise when state health depart
ment officials are asked to investigate allegations of toxicant exposure of the
general public. In most cases, very little reference information is available on
toxicant background levels or metabolism. State health department officials,
therefore, find it difficult if not impossible, to interpret their findings. Fur
thermore, the lack of a comparison population often leaves citizens open to
anxiety over the findings.
Several suggestions were discussed by Dr. Goldman as methods to improve
the NNATS program and to increase its general usefulness:
• Specific studies aimed at contaminant levels and pharmacokinetics in
populations that are considered vulnerable, e.g., children and pregnant women.
• The collection of data on background levels and other information that
would be useful for assessing the introduction of new technologies.
• A ranking of activities and exposure assessments that are related to
environmental clean up and regulation.
• The development of a more complete picture of substances to which the
population is being exposed, e.g., broad-scan analysis of chemicals to deter
mine real exposures.
• Screening techniques or bioassays that are less specific but highlight
toxicologic end points might make the examination of the population more
efficient than the current process.
• An expansion of the exposure data to include rural and urban residenc
es, occupational history, and diet, in addition to age, sex, and geography.
• An increased emphasis on data-base management and encouragement
of outside collaboration to ensure inclusion of the data in the scientific litera
ture.
• A closer working relationship with established medical and public-health
networks, especiallyin participating MSAs, and more frequent contact with
collectors to encourage a better response rate.
Dr. Goldman concluded her statements by reiterating the need for data on
background levels of contaminants of the U.S. population for conducting
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epidemiological studies, interpretation of findings from epidemiologic studies,
planning environmental abatement programs, and exposure assessment.
Dr. Robert A. Lewis, currently working in the Federal Republic of Germa
ny (FRG), gave a broad overview of monitoring and remarked on the status
of environmental specimen banking in relation to health and environmental
assessment. Dr. Lewis stated that environmental protection should be antici
patory in nature. To translate the principle of anticipatory action into practi
cal policy, a corresponding scientific infrastructure is needed, as well as a
comprehensive database to determine the actual status of the environment.
The latter requires continuous monitoring of the environment and archiving
or specimen banking as a necessary complement to monitoring. The archive
can then provide the basis for future retrospective studies.
A panel discussion on national monitoring objectives was held with several
individuals from federal agencies, including: Dr. Vernon Houk, director of
the Center from Environmental Health and Injury Control at CDC; Dr. Barry
Johnson, associate administrator of ATSDR; Dr. George Lijcier, chief of the
Laboratory of Biochemical Risk Analysis, NIEHS; and Dr. Fred Shank, acting
deputy director for the Center for Food Safety and Applied Nutrition at FDA.
Dr. Houk described monitoring objectives and techniques currently em
ployed at CDC and specifically addressed EPA’s NHATS. One area of con
cern at CDC is the analysis of compounds on the ATSDR/EPA list of 200
priority toxicants. Monitoring these compounds to determine exposures is
being emphasized, as is the development of methods for analysis of these
compounds.
A priority toxicant reference range study is being conducted at CDC and
coupled to NHANES III (National Health and Nutrition Examination Survey)
in collaboration with ATSDR and the National Center for Health Statistics
(NCHS). The focus of this study is to determine background levels of 50
priority toxicants, primarily volatiles, and phenols in 1,000 people with no
known excessive exposures. Individuals are being selected by age, sex, and
geographic region, a strategy similar to that used in NHATS. Unlike NIIATS,
however, urban/rural status and individual analysis of samples will be consid
ered. There will be no compositing of samples in NHANES 111. Another
similar study currently planned with NCHS and coupled to NHANES III will
examine other priority toxicants.
In its various exposure/monitoring studies, CDC uses direct measurements
of toxicants to assess exposures. According to its collection and storage pro
cedures, a pedigree of the specimen is made, which provides the documenta
tion necessary for future use of the samples. Dr. Houk stated that -70° Fahr
enheit or the temperatures of liquid nitrogen are necessary for long-term
storage.
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Dr. Houk made several comments that were specific to the NHATS:
The NIJATS is useful in detecting trends in levels of (oxicants over time.
It does not, however, provide population-based data.
• The program complements CDC’s efforts in identifying and measuiing
toxicants that are present in humans at concentrations of concern.
• The design of NHATS and NEN are constrained by practical limitations
on sample availability. The data resulting from NHATS reflect substantial
numbers of persons but do not allow U.S. population percentile estimates to
be made.
• Compositing of samples restricts their usefulness for determining back
ground ranges, i.e., the measured value of a composite sampLe is the same as
the mean of the samples that make up the composite. Thus, the distribution
of the results of the composites is a distribution of means rather than a distri
bution of individual values.
Dr. Houk encouraged EPA to continue its activities, but with added em
phasis on population-based estimates of measured toxicants. He further
encouraged information exchanges with CDC and EPA laboratories with
regard to methods used for chemical analyses of samples. He stressed the
need for close attention to accuracy, precision, limit of detection, and quality
assurance in test methods. His concluding statement, “[J]f a program is worth
doing, it’s worth doing right,’ was echoed many times during the workshop.
Dr. Barry Johnson briefly described ATSDR’s mandate and monitoring
objectives. He also addressed specific comments to the NIIMP/NIIATS and
made several recommendations for increasing the utility of this program. Dr.
Johnson explained that ATSDR was mandated by Congress to implement
health-related sections of three laws (Comprehensive Environmental Re
sponse, Compensation and Liability Act (CERCLA) 1980, amendments to the
Resource Conservation and Recovery Act (RCRA) of 1984, and the Superfund Amendments and Reauthorization Act (SARA) of 1986) that are de
signed to protect the public from adverse health effects caused by hazardous
substances.
The agency has developed ten program areas to aid in the implementation
of congressional mandates. Three of the program areas involve evaluation of
adverse human health effects and diminished quality of life resulting from
exposure to hazardous substances in the environment: health assessments and
health studies, toxicological profiles, and exposure and disease registries. Dr.
Johnson commented on each of these three areas and explained their rele
vance to exposure monitoring data. He stated that the presence of popula
tion-based exposure monitoring data could be a very useful source of informa
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Lion to ATSDR. He stressed, however, that the agency does not believe that
such a national data base of population-based data is available to ATSDR at
this time.
Dr. Johnson described specific criteria that ATSDR would consider mini
mum criteria for any national monitoring/exposure data:
• The data and information must fit the needs of ATSDR (i.e., data must
be relevant to ATSDR’s charge).
• The data sources must be credible (it should be evident that sound
scientific methodology was used to generate those data).
• The data should be readily available, easily interpreted and current.
Dr. Johnson stated that a national chemical exposure monitoring program
would likely be used by ATSDR and other agencies if consideration were
given to the following objectives:
• The data should reflect the entire U.S. population.
• The program should provide sufficient depth of data to permit subdivi
sions into key demographic groups.
• The program should provide quality control of its data and quality assur
ance of its laboratory analyses.
• The program and data should meet the expectations and conditions of
scientific peer review.
Dr. Lucier presented a perspective on monitoring objectives that reflect the
fact that NIEHS is not a regulatory agency. He stated that NTEHS’s primary
interest in monitoring programs is in the development and validation of bio
markers. Dr. Lucier also suggested that a national monitoring program
should be developed that involves several agencies. The multi-agency ap
proach would enable several organizations with varied expertise to address
issues such as funding, sample collection, storage and distribution, priorities
for sample access, and ethical issues. Dr. Lucier also concluded with the
comment that a program worth doing is worth doing well. He expressed the
opinion that well.designed and -conducted national human monitoring pro.
gram will require more funds than are currently being directed toward the
NIIMP.
Dr. Shank gave a brief overview of FDA’s monitoring programs, including
programs that monitor for pesticide residues and toxic elements, including
heavy metals, and industrial contaminants. The objectives of the programs
vary, but enforcement of pesticide tolerances (established by EPA), and deter
mination of incidence and level of residues in foods are of primary concern.
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Continuous studies are directed toward these objectives, e.g., the Total Diet
Study, commodity monitoring, and special surveys.
Dr. Shank stressed the need for improved monitoring strategies for the
food supply and the environment. He suggested that the nation pursue those
programs that provide accurate data on issues most important to public
health.
Dr. Renata Kimbrough, director, Risk and Health Capabilities, EPA, raised
many questions about the general usefulness of monitoring programs and
problems associated with monitoring as well as the expense of monitoring.
She raised issues about representative and statistical sampling and commented
that it would be very expensive to produce either a representative or statistical
sample of the population.
Chlorinated hydrocarbon pesticide levels increase in individuals for various
reasons (e.g., advanced age, weight loss, sex differences—levels are higher in
men, occupation, diet and individual metabolism). Interpretation of data on
pesticide levels, therefore, is very difficult. The problem may be further com
pounded by the reliability of the analytical methodology employed, the number
of laboratories analyzing samples, and reproducibility of the results.
Dr. Kimbrough stated that there are many reasons to continue monitoring
programs, even with the difficulties discussed above. The objectives of moni
toring should be focused on the development of baseline data, the analysis of
trends to determine whether levels of targeted chemicals are decreasing once
a regulatory action has been taken, and the development of biological markers
as mcasures of indirect exposure.
Dr. Donald B. Stevenson. chair of the Scientific Committee, American
Industrial Health Council, and toxicology consultant to Shell Oil in Houston,
contrasted the high prioriiy and strong support of reliable exposure. data in the
United Kingdom with the type of support this activity has in the United States.
Dr. Stevenson believes that, because of the interdisciplinary nature of such
activity, there is no one group or agency that has taken “ownership” of all as
pects of environmental exposures. Dr. Stevenson further noted the lack of
interagency communication with respect to exposure measurements.
Dr. Stevenson stated his bias as strongly in favor of exposure assessment
playing a key role in identifying situations which require risk evaluation and
in determining public health priorities. Dr. Stevenson stated that exposure
assessment should be emphasized in the risk reduction process. In addition,
he stated that NHATS has provided a truly unique source of data, and it
would be unfortunate if EPA did not continue to analyze a sufficient number
of samples to follow continuing trends over the next S to 10 years. He em
phasized the usefulness of the FY 1982 NHATS study, which provided valu
able baseline information. He urged EPA to continue this broader approach.
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He stressed the usefulness of the broad-scan approach to determine subse
quent sampling strategies and to detect the relatively small number of sub
stances that require more detailed investigation. He also noted that a coordi
nated interagency strategy is necessary to ensure that all potentially important
exposure sources are investigated. This strategy must also be integrated into
the national priority strategy for health risk reduction.
Several presentations dealt with specific aspects of the NHATS design. Dr.
Roger Aamodt, program director for Cytology/Pathology, National Cancer
Institute (NCI), discussed patient rights, quality of tissue, and equitable distri
bution of tissue as it relates to the NCI program. He stressed the importance
of quality control of the tissues and stated that experienced pathologists are
called upon to insure appropriate patient diagnosis. He discussed the proto
cols to collect and process tissue to ensure (1) rapid collection and transfer
of tissue from the operating room in fresh condition; (2) accurate pathologic
diagnosis by preserving appropriate samples; (3) availability of a pathologist
at the time the tissue is collected to enable immediate examination; (4) sam
ple sterility; and (5) important research specimens are not lost by preservation
in fornialin or in other ways that would destroy their value. Dr. Aamodt
reiterated the importance of a close relationship between tissue procurement
personnel and the operating room personnel. He also stressed the importance
of sterility and freshness of the collected tissue: NCJ provides iced, sterile
containers for their collectors and instructs them on correct collection and
storage procedures. Quality control is very important, and samples are pack
aged appropriately and shipped in insulated containers in wet or dry ice by
overnight delivery service.
The question of biohazard is an important one, i.e., the risk of infection to
anyone handling the tissues. NCI will not knowingly collect any tissue from
patients who have known transmissible bacterial or viral infections. Further
more, to ensure the adequacy of investigative procedures, each investigator is
required to inform and train all personnel in the dangers of and procedures
for handling human tissues. NCI has developed a set of guidelines that pro
vide extensive detailed information and procedures for handling human tissues
and body fluids.
Dr. Peter Mazur, a cryobiologist and corporate fellow, Oak Ridge National
Laboratory, discussed the problems associated with the freezing of tissues. He
stated that freezing is a viable option for storage of adipose tissues, but ex
plained that freezing can either preserve cells or destroy them. Freezing
under damaging conditions disrupts cell membranes and internal organelles.
Cells that have been damaged by freezing will leak intracellular enzymes when
thawed. However, storage temperatures of cells, regardless of freezing condi
tions, should be the temperature of liquid nitrogen (-1960F) or liquid nitrogen
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vapor (-150°F); these temperatures will ensure that degradation during storage
will not occur. There is strong evidence that at -196°F no thermally driven
reactions can occur. In addition, if cell viability is not a matter of concern,
then any freezing procedure that gets the tissues rapidly down to -196°F and
keeps them at this temperature is acceptable.
Dr. Robert Hay, Cell Culture Department of the American Type Culture
Collection (ATCC), discussed storage of cells at the ATCC. This collection
of cells is the largest of its kind in the world (2,000 new strains accessioned
each year; 40,000 strains are maintained in an inventory of more than 1 mil
lion ampules; ATCC distributes 80,000-100,000 cultures a year). Cells at
ATTC are stored in liquid nitrogen (-196°F) or in liquid nitrogen vapor, al
though animal viruses are stored at -70°. Each freezer unit (including alarm
system) costs about $13,000. The yearly annual cost for liquid nitrogen is
about $1,500/unit. The units are very reliable, and require repair or replace
ment only approximately every 15 years.
Dr. Steven Wise, research chemist, National Institute of Standards and
Technology (NJST), discussed environmental specimen banking and specimen
archiving procedures at N1ST. Specimens are archived as an alternative way
of doing long-term trend monitoring. The advantages of banking specimens
are obvious: as analytical techniques change and improve, banked specimens
can be analyzed with new techniques. Furthermore, the opportunity exists for
doing retrospective analyses on compounds that could not be measured at the
time of collection.
Dr. Wise presented a generic design for a tissue archival program based on
NTSVs experience over the past 10 years. The following considerations were
suggested as a necessary part of the specimen banking program:
• A specimen bank should be an integral part of a monitoring program.
• A representative number of specimens should be archived.
• A sufficient amount of materials should be archived for multiple analyses
or multiple assays.
• Ample storage space should be available for archived specimens.
• Sample analysis should be based on individual samples rather than on
composites, as individual specimens have more meaning than a composite.
• Samples should not be compromised, and procedures for collection and
storage should be standardized and well documented.
• Procedures used by all collectors should be the same, and a formalized,
detailed protocol for sample collection and storage should be encouraged. If
deviations are made from protocols, these should be noted and accompany
sample at all times.
• Samples should not be thawed to homogenize them for analyses. Cryo
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genic homogenization procedures (at liquid nitrogen vapor temperatures) are
available to prevent thawing of the sample.
Storage conditions should provide temperatures of at least -8t?F, but
liquid nitrogen vapor temperatures are preferable.
Samples should be analyzed for stability, which provides an element of
quality control.
Finally, several presentations were made from individuals involved with
alternate monitoring programs and program strategies. Dr. John Gannon,
U.S. Fish and Wildlife Service (FWS), discussed monitoring and specimen
banking in the Great Lakes Region. The program falls under an agreement
between the United States and Canada, is administered by the International
Joint Commission (Tic), and is funded by the United States and Canada
jointly in an effort to monitor toxic chemicals in the Great Lakes.
Dr. Gannon urged EPA and the Committee on National Monitoring of
Human Tissues to consider the Canadian Wildlife Service Great lakes speci
men banking program as a model. Its capability for retrospective study has
been extremely successful. For example, herring gill egg tissue collection and
source of dioxin contamination within the Great Lakes was easily determined
from tissues banked since 1970. Dr. Gannon encouraged EPA and other
federal agencies to establish human monitoring of tissues and to institutional
ize specimen banking. He acknowledged, however, the difficulties with secur
ing long-term funding for monitoring and banking programs in a climate of
short-term budget cycles.
Dr. Robert Murphy, director of the Division of Health Statistics, National
Center for Health Statistics (NCHS), described the NHANES program, which
is one of the major data collection systems of NCHS. Dr. Murphy stated that
N}IANES does have national reference distribution information and a national
probability sample. NHANES is a representative sample; the measurements
that are taken are those that may have health significance or are descriptive
factors that can be useful in looking at health risk factors. NHANES is a very
expensive monitoring program (NHANES III will cost $100 million, although
in the 0MB clearance package it is $115 million).
NCHS encourages the involvement of other public and private agencies. it
attempts to ensure continuity of resources with reference to personnel and
equipment to run the program. Finally, the resources are available to the
program for standardization, quality control, monitoring, criticism, and review
of the data for the entire length of the program. Dr. Murphy urged federal
agencies and the Committee on National Monitoring of Human Tissues to
take into consideration the need for continuity, stability of staff, and collection
methods when designing programs that monitor human tissues.
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Dr. Pat Lombardo described the U.S. Food and Drug Administration’s
(FDA) Market Basket (Total Diet) Survey. Dr. Lombardo explained that
EPA registers or approves the use of pesticides and established tolerances if
use of a pesticide may lead to residues in food, and with the exception of meat
and poultry, for which USDA is responsible, the FDA is charged with enforc
ing tolerances for food shipped via interstate commerce. FDA has carried out
a large-scale monitoring program for pesticide residues since the early 1960s.
The program has two principal approaches: commodity monitoring to meas
ure residue levels in domestic and imported food to enforce tolerances and
other regulatory limits, and the total diet study to measure intakes of pesti
cides in foods prepared for consumption.
The FDA considers the analytical approach to be critical. Most analyses
are carried out using one of five well-tested multi-residue methods that can
determine a number of pesticides in a single analysis. Findings from the
studies are made public. This program was started in the 1960s and the cur
rent. version has been in place since 1982. Dr. Lombardo stressed the impor
tance of public perception, and the importance of understandable and timely
communication of monitoring data.
Dr. Lance Wallace, environmental scientist, U.S. EPA, described the Total
Exposure Assessment Methodology (TEAM) study. The main TEAM study
measured the personal exposures of 600. people to toxic or carcinogenic chem
icals in air and drinking water. Twenty target chemicals were selected on the
basis of their toxicity, carcinogenicity, mutagenicity, production volume, pres
ence in preliminary sampling and pilot studies, and amenability to collection
on Tenax. The subjects were selected to represent a total population of
700,000 residents of cities in New Jersey, North Carolina, North Dakota, and
California. Each participant carried a personal air sampler throughout a
normal 24-hour day, collecting a 12-hour daytime sample and a 12-hour over
night sample. Identical samplers were set up near some participants’ homes
to measure the ambient air. Each participant also collected two drinking
water samples. At the end of the 24 hours, each participant contributed a
sample of exhaled breath. All air, water, and breath samples were analyzed
for the 20 target chemicals.
Mr. Gunnar Lauenstein discussed the National Oceanic and Atmospheric
Administration’s (NOAA) National Status and Trends Program (NS&T). This
environmental monitoring program is very specific in nature and has welldefined goals, which are to quantify the spacial distribution and long-term
temporal trends of contaminants in the marine environment. This goal is
accomplished by annual collection of bivalves, bottom feeding fish and surficial
sediments around the United States. The Mussel Watch collects specimens
from 177 sites around the United States and the benthic surveillance program
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collects specimens from 50 different sites. NIST is responsible for the organic
quality assurance of the analyses; the trace element quality assurance is han
dled by the National Research Council of Canada. A specimen-banking com
ponent of the NS&T program is carried out with the cooperation of NIST.
Dr. Steven Wise discussed the several specimen banking activities of NEST,
including the ongoing cooperative efforts with NOAA. Approximately 10
years ago, NEST became involved in specimen banking with EPA to determine
the feasibility of long—term storage of different environmental specimens.
The EPA Offices of Research and Development, and Health Effects Research
funded the pilot environmental specimen bank program. NIST’s approach was
to gain experience in the various aspects of specimen banking, including col
lection, storage and analysis. Although the program was initially intended to
focus on four areas—human, marine, food and air—funding constraints have
limited the focus to human tissues with limited work on the marine sample
(e.g., in cooperation with NOAA).
The various programs in which NIST has been associated in cooperation
with other agencies are the human liver project with EPA, two NOAA pro
grams and the NS&T Program, two projects with Nd, and the Total Human
Diet Program with FDA. The human liver project (collections and banking)
was initiated in late 1979. More than 550 specimens have been collected,
along with analytical data for trace elements, organic pesticides, and PCBs on
about 100 of these samples. In addition, NEST has made a comparison of
different storage conditions by storing aliquots of the same samples at varying
conditions and evaluating their stability. Furthermore, protocols have been
developed for sampling and storage procedures, control samples are banked
for quality assurance.
This summary represents the opinions of individual workshop participants.
This workshop summary has not been formally reviewed, but has been cleared
for transmittal to the sponsor by the NRC Report Review Committee. A
formal review will be applied to the committee report to be delivered to EPA
in September 1990.

Appendix D
The National Health and
Nutrition Examination Survey

HISTORY
“The National Health Survey Act of 1956 authorized the secretary of the
Department of Health, Education, and Welfare (now the Department of
Health and Human Services), acting through the National Center for Health
Statistics (NCHS), to collect statistics on a wide range of health issues. Given
this directive, NCHS has conducted health examination surveys for more than
20 years. Among other topics, NCHS collects statistics on determinants of
health and on the extent and nature of illness or disability of the U.S. popula
tion.
“In 1960-62, the first National Health Examination Survey was conducted.
The sample population for this suxvey was adults 18-74 years old. Two addi
tional surveys were conducted during the 1960s on children 6-11 years old and
adolescents 12.17 years old, respectively.
“In 1971, the range of topics included in the survey was extended to include
nutritional status. Indexes of nutritional status were to be obtained through
a medical history, a dietary interview, a physician’s examination, medical proce
dures and biochemical tests, and body measurements. This survey, the first
National Health and Nutrition Examination Survey (NHANES I), was con
ducted between 1971 and 1974. NHANES II, conducted between 1976 and
1980, extended the age range to include infants 60 months to 1 year old.
“NCHS conducted the Hispanic Health and Nutrition Examination Survey
(N}{ANES, 1982-1984) of persons of Mexican-American, Puerto Rican, and
Cuban ancestry residing in the southwestern U.S., the New York City area,
and Dade County, Florida. The next national survey, NHANES III and, in the
tradition of the past national surveys, continues to be a keystone in providing
critical information on the health and nutritional status of the U.S. population.
~
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This information is essential for estimating the prevalence of various diseases
and conditions, elucidating mechanisms of disease development, and planning
for health policy” (NRC, 1984b).
PURPOSES
“The fundamental purposes of the NHANES are “to develop information on
the total prevalence of a disease condition or a physical state; to provide
descriptive or normative information; and to provide information on the inter
relationships of health and nutrition variables within the population groups”
(R.S. Murphy, Director, Health Statistics Branch, National Center for Health
Statistics, DHHS, personal communication). Additional purposes of the
NHANES are “to measure the health and nutritional status of the U.S. popula
tion and specific subgroups and to monitor changes in health and nutritional
status over time.
“Thus, the surveys have provided estimates of the prevalence of characteris
tics or conditions in the American population, and normative or descriptive
data have been developed, such as data on weight and stature. Through
successive surveys, repeated collection of these estimates permits the assess
ment of changes in health and nutritional status over time” (NRC, 1984b).
“The data obtained in NHANES surveys have been extremely important in
providing needed information on the prevalence of various health conditions
and the distribution of physical, psychological and biochemical characteristics
in the U.S. population. However, since many health effects are slow-acting
consequences of the long-term exposure to a combination of environmental,
dietary, social and demographic factors, the importance of each of these inter
acting factors can only be known by following the same individuals longitudi
nally over a period of time. Thus, a followup study of the original adult popu
lation of NHANES I, the Epidemiologic Followup Survey, was begun in 1982.
“The primary purpose of the NHANES I Epidemiologic Followup Survey
was to investigate relationships between the presence of certain environmental,
nutritional, social, psychological and demographic factors and the occurrence
of specific diseases. Westal, under contract to the National Center for Health
Statistics, attempted to locate and interview 14,407 adults who were age 25-74
at the time they were examined in the original NI-lANES I survey, which was
conducted approximately 10 years earlier. The Followup Survey was funded
by the National Institute on Aging (MA) with additional support from other
National Institutes of Health institutes and HHS agencies” (Chu and Waksberg,
1988).
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DESIGN
General Features
“One of the purposes of the NHANES U program with respect to nutrition
al status assessment required that the program continue to use, with sonic
modifications, the same format as NI-lANES I. To monitor nutritional status,
the data collected needed not only to be comparable (at least largely), but
also, as in NHANES I, to be collected on a probability sample of the noninsti
tutionalized civilian population of the United States.
“The general structure of the NHANES H sample design was therefore
similar to that of NHANES I. The design was that of stratified, multistage,
probability cluster sample of households throughout the United States. The
sample selection process involved a number of factors, including the seLection
of primary sampling units, household clusters, and households. A primary
sampling unit (PSU) was a primary location, generally a county of small group
of contiguous counties, from which sample housing units and sample persons
were selected. When the definition and stratification procedures were com
pleted, 64 PSUs throughout the United States were included in the NHANES
II survey plan.
“The clinical examinations and other procedures were conducted in specially
designed mobile examination centers. These mobile centers were moved from
location to Location in a predetermined fashion to achieve economy of opera
tion and to avoid the North in the winter. At any time during the survey
period, two mobile examination centers were operating (in different locations)
while a third was being relocated. These mobile centers provided a con
trolled, standardized environment for the clinical examinations and tests.
Thus, the clinical procedures could be conducted by a trained staff that moved
from site to site with the mobile centers.
“Because of the small number of mobile centers, the logistic constraints
involved in moving and setting up the centers, the large number of subjects,
and the length of each examination, the total period for data collection was
4 years. The average length of an examination was 2-3 hours, but examina
tions varied, depending on the age of the subject. For example, the examina
tion of a preschool child lasted no more than 2 hours, and that for an adult
no more than 3 hours” (NRC, 1984b).
Statistical Design
“The survey was designed to produce statistics for four broad geographic
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regions of the Untied States and for the total population by sex, age, race, and
income classification. NHANES II was a probability sample of the civilian,
noninstitutionalized population of the United States aged 6 months through
74 years.
“For nutritional assessment, three population groups of presume higher risk
of malnutrition were of special sampling interest. These groups were pre
school children (6 months to 5 years old), the aged (60-74 years old), and the
poor (persons below the poverty levels defined by the U.S. Bureau of Census).
These three groups were oversampled to improve the reliability of the statis
tics generated about them. Although women of child-bearing age were also
considered to be at risk of malnutrition, oversampling of them was not neces
sary, because adequate numbers were included in the sample. A total of
21,000 examined persons was desired as the sample size. The number select
ed from each of the 64 PSUs was to be between 300 and 600.”
“In an initial interview conducted in the household, sociodemographic
information and medical histories were collected. A visit to a mobile exami
nation center was then scheduled for each subject. At the mobile center, the
physical examination, dietary interview, anthropometry, and other procedures
and tests were conducted.
“In the end, 27,801 persons were interviewed and 20,322 persons were exam
ined in the 1976-1980 NHANES (NHANES II). Because not all interviewed
persons were examined, appropriate statistical adjustments for nonresponse
were made. These adjustments brought the sum of the final sample weights
into close alignment with sex, age, and race estimates of the Bureau of the
Census at the midpoint of N}{ANES II” (NRC, 1984b).
METHODOLOGY IN NIJANES I, II, AND HHANES
“In all three cycles of HANES (i.e., NHANES 1, N}-IANES II and
HHANES) the samples of persons were selected through complex, multistage,
highly stratified, cluster samples of households. The selection of sample
persons involved the designation of primary sampling units (PSU’s), enumera
tion districts (ED’s), households, eligible persons, and finally sample persons
(SF’s). Each PSU consisted of a county or a small contiguous group of coun
ties; ED;s consisted of households in a small geographic area within a PSU.
The target population for NF{ANES I was the civilian noninstitutionalized
population under 74 years of age residing in the coterminous United States,
excluding residents of reservation lands set aside for use of American Indians.
Alaska and Hawaii were added to the target population of NHANES II. For
HHANES the target population consisted of Mexican-Americans, Puerto
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Ricans, and Cubans living in selected areas of the U.S. A summary of the
designs in all three HANFS is given in Table 1-1” (Chu and Waksberg, 1988).
DATA COLLECTION METHODS
“The five major components of NHANES II were a household question
naire, a medical-history questionnaire, dietary questionnaires, a physical exam
ination by a physician, and special clinical procedures and test, including x rays
and test on samples of blood and urine.
“The household questionnaire asked for information on family relationship;
some demographic items, such as sex, age, and race of family members; hous
ing; occupation, income and educational level of each family member; and
participation in the food stamp program and the school breakfast and lunch
program. Two medical-history questionnaires were used; one questionnaire
was used for children 6 months to 11 year old, and a different one for persons
12-74 years old. Both household and medical-history interviews were conduct
ed in the respondent’s home.
“The dietary interview, physical examination, and special clinical procedures
and test (depending on the age of the subject) were conducted when the
subject arrived at the mobile examination center. The procedures and tests
included body measurements (all subjects); skin-prick tests for allergy (persons
6-74 years old); x rays of cervical spine, lumbar spine(except for women under
50), and chest (persons 25-74 years old except for pregnant women); urine
(persons 6-74 years old); and blood (all subjects)” (NRC, 1984b).
QUALITY ASSURANCE
“The quality of the dietary component of the survey was monitored at sever
al levels. All interviews were conducted by dietary interviewers who had at
least a bachelor’s degree in home economics. Before the survey began, the
interviewers were trained both in interview techniques and in coding of food
items identified in the 24-hour dietary recall. A manual issued to each inter
viewer described the procedures to be followed.
“To promote consistency in quality control, dietary interviewers periodically
reviewed and evaluated each other’s work. At every location, each interviewer
tape-recorded two randomly selected subject interviews. These recordings
were then evaluated for adherence to procedures.
“Randomly selected 24-hour recall forms were manually reviewed at head
quarters before programmatic edits were completed. To detect errors and
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unusual results form a particular location or from a particular dietary inter
viewer, the NHANES headquarters staff reviewed the “ranges” of nutrient
intake for each respondent” (NRC, 1984b).
DATA PROCESSING
“Preparation of data and reports of the N}IANES H findings involved sever
al steps. With some items, such as x-ray pictures, interpretations were re
quired to produce data units that could then be coded. Coded data were key
punched into machine-readable form. The data were edited and validated.
Sampling weights the designated number of people in the population repre
sentcd by a survey subject were determined. For selccted measures, impu
tation procedures for item nonresponse were developed and reviewed. Data
were then analyzed and reports were developed” (NRC, 1984b).
--

--

DATA REPORTING
“Descriptive, analytic, and methodologic reports were published in Vital and
Health Statistics (Series 1,2, and 11), a publication of the NCHS. All com

pletely edited, validated, and documented tapes were released for public use
through the National Technical Information Service. InformaLion has also
been made available in journal articles and in presentations at professional
meetings” (NRC, 1984b).
RESEARCH INITIATIVES
“NCHS research is of two kinds: statistical analyses describing the potential
contribution of demographic, biologic, and other variables to determinants of
health and nutritional status’ and development, testing, and transfer of methods
involved in conducting surveys and validating data from them. This research
is conducted intramurally (that is, within DHHS), often in conjunction with
the Food and Drug Administration (FDA), Centers for Disease Control
(CDC), or the National Institutes of Health (NIH). No extramural research,
as with a grants program, is supported directly by NCHS. Although research
in support of the surveys is needed, little funding is available” (NRC, 19Mb).
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NHANES III
“In preparing for NHANES Ill, survey planners have solicited suggestions
from federal agencies, the Congress, the public-health and nutrition conimuni
ties, researchers, foundations, and associations. A variety of mechanisms have
been considered to gather recommendations from these groups, including
letters, meetings, and notices in journals” (Chu and Waksberg, 1988).

MAJOR FACTORS AFFECTING ThE DESIGN FOR NHANES III
“A number of important factors had an impact on the development of the
sample design for NHANES Ill. Among these were: (a) the existence of
alternative sampling frames and whether they were suitable for NHANES III;
(b) the definition of domains of study and corresponding precision require
ments; (c) the desired level of effort” (Chu and Waksberg, 1988).
PRECISION SPECIFICATIONS AND DOMAINS FOR ANALYSIS
hThere are three basic components of the sample size specifIcations for
NHANES III:
• The first related to the minimum sample size for specified subdomains.
This minimum was set at 560 examined SF’s for all subdomains. The 560 was
established to ensure the desired reliability even for statistics that were subject
to relatively high design effects (see table 1-2).
• Superimposed on the cell-size requirement was a provision that the total
number of examined SF’s in the age-sex groups below were at least as large
as the numbers show below. These sample sizes are necessary for the growthcurve analyses planned for NHANES III.
• The third involved the distribution of the total sample size by race-eth
nicity. The required sizes (in terms of examined persons) are:
Total
Black
Mexican-American
White and all other

30,000
9,000
9,000
12,000

The set of subdomains for which specified reliability was desired consisted
of sex-age groups for the largest race/ethnicity populations in the U.S. The
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age groups differed among the race/ethnicity domains, and are shown in table
1-3. The subdomains consist of the age groups shown, separately for males
and females. There are, thus, 52 subdornairis, twice the number of age groups
(Chu and Waksberg, 1988).

Appendix E
Foreign Environmental Monitoring
Programs Using Human Tissues
or Tissue Specimen Banking

National specimen banking programs are now conducted in Canada, Den
mark, Finland, Germany, Sweden, and the United States. A joint specimen
banking program by the USA and Canada is now being implemented and the
activities of the specimen banking program of Germany are being expanded
to include the former German Democratic Republic (RA. Lewis, personal
communication; Lewis and Klein, 1990).
Investigators in Brazil, France, Holland, and Japan have contributed to the
development of specimen banking, and Japan has conducted pilot studies on
the application of specimen banking to air pollution for more than 7 years
(Lewis and Klein, 1990).
GERMANY
History
In 1976, a pilot environmental specimen banking program was begun in the
Federal Republic of Germany under the Federal Ministry for Research and
Technology. In 1980, an act was passed requiring the assessment of the haz
ards of xenobiotic chemicals for man and for the environment, and the FRG
began to bank human tissues at the University of Milnster. In 1981, the Cen
tral Bank of the Federal Republic of Germany was inaugurated at the Atomic
Energy Center in Jiilich. This facility stored in liquid nitrogen vapor human
specimens of blood, liver, and adipose tissue as well as samples of other envi
ronniental indicators including fish, plants, milk, soil, and earthworms. In
1985, a permanent bank was established by the Ministry for the Environment,
Nature Protection, and Reactor Safety.
209
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Current Program
The German program for environmental monitoring and specimen banking
has continued to grow and expand and represents the most extensive program
of environmental monitoring and environmental specimen banking of human
tissues of which we are aware. Collection of human samples is under the
control of three institutions, while six institutions (one liquid nitrogen storage
facility, a -85°C storage facility, and satellite storage facilities) store human
samples for the specimen bank. Six laboratories are responsible for human
specimen analy~is.
In addition to human samples, the program is collecting and banking a
wide variety (approximately 15) of other specimens. There is a fingerprint
analysis of each sample before storage. Subsequent analysis depends on
specific questions being studied.
Excluding overhead and significant personnel costs, the German program
is funded at $2.5-3 million per year.
SWEDEN
A Swedish environmental monitoring program has been in operation since
1978. In 1986, a research program, “Environmental Health Monitoring Based
on Biological Indicators” was established, which had as its major objective “to
develop methods that will indicate impacts on human health and which can be
related to environmental factors” (Andersson and Gustafsson, 1929).
The focus of this program is to evaluate health effects of existing pollution
levels, vulnerable human populations to environmental agents, and the syner
gistic effects of pollutants and other environmental factors. Some specific
indicators to aid in this evaluation include DNA-adducts as well as measure
of specific health effects such as genotoxicity, reproductive disturbances, neu
rotoxicity and immunological disturbances such as allergy (Andersson and
Gustafsson, 1989). This program recognizes the value of a human biological
specimcn bank and will evaluate methods to establish such a bank in Sweden.
This program will spend 4 million SEIC per year through 1991.
CANADA
In Canada, responsibilities and efforts for monitoring the environment are
divided between federal and provincial governments. On the federal level,
some environmental monitoring and/or specimen banking is performed by
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several agencies including the following:
• Agriculture Canada (soil and pesticide monitoring)
• Environment Canada, Conservation and Protection, Canadian Wildlife
Service (CWS Specimen Bank)
• Indian and Northern Affairs Canada (proposed Arctic Specimen Bank)
• Fisheries and Oceans Canada (Great Lakes Monitoring Program includ
ing the Great Lakes Specimen Bank)
One of the more extensively used of the above programs is the CWS Speci
men Bank which has collected specimens since the mid496Os. This bank has
more than 30,000 specimens representing samples from more than 300 mam
malian and avian species. Most specimens are stored in walk-in freezers at
35 to -40°C; however, specimens for biochemical studies are stored at -150°C.
The program is staffed locally by 2.7 full time equivalents and uses $20,000 in
freezer maintenance/supply costs (excluding electricity) per year. The costs
of collection/shipment of specimens was not stated. Also, the cost of the
program probably will increase as more demanding collection/storage proto
cols are developed for biochemical monitoring. Human specimens axe not
being banked as part of the program. Operation of the program and results
have been reported in several documents.
-

JAPAN
In 1980, a 3-year study was begun by the National Institute for Environ
mental Studies (NIES) to evaluate specific aspects of sample banking. These
topics included methods of 1) selection and collection of samples, 2) sampLe
preservation, and 3) data analysis to reconstruct environmental changes based
on samples systematically preserved/collected specimens. Many of these
studies have been completed but there is no complete English reference to
these results. No widespread environmental monitoring of human tissues was
conducted as part of the program; however limited monitoring programs
examining environmental pollutants in human hair, milk, blood, and urine
have been performed locally.
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Health Effects and Regulation of Styrene (CASRN 100-42-5)
(also known as vinylbenzene, ethenylbenzene, cinnamene, or phenylethylene)
o

Styrene is the monomer used to make polystyrene and expanded polystyrene packaging.

o

It is a known lab animal carcinogen and “reasonably anticipated to be” a human
carcinogen.

o

Styrene readily migrates from packaging into food and beverages.

Industry Information. The primary California manufacturers of polystyrene food ware are Dart Container
and Pactiv Corp. Styrene has been manufactured in the United States since 1938, with production
increasing dramatically over the last 30 years. In 2006, the United States produced >13 billion pounds.1
The U.S. exports >2 billion pounds of styrene annually.2 The volume of imported styrene was 1.265
million pounds in 2000.~ Past and current manufacturers of styrene include BP Amoco Corp., Chevron
Chemical Corp., Cos-Mar, Inc., Dow Chemical USA, Huntsman Chemical Corp., Lyondell Chemical Co.,
NOVA Chemicals, Inc., Sterling Chemicals, Inc., and Westlake Styrene Corp.3
Uses. Styrene is used predominantly (65%) in the production of poIYstyrene~lastics and resins, which
are molded into a variety of consumer products, primarily food service ware. The Food and Drug
Administration (FDA) permits styrene to be used as a direct food additive for synthetic flavoring and as an
indirect additive in polyester resins, adhesives, and rubber articles (5% by weight maximum) used in food
products.5 The FDA permits the migration of styrene from packaging into food. Styrene is also used in
fiberglass reinforcement materials used to make boat hulls. It is also used to produce copolymers such as
styrene-acrylonitrile and acrylonitrile-butadiene-styrene (used for materials such as piping, automotive
components, refrigerator liners, plastic drinking glasses, and car battery enclosures), and styrene
butadiene rubber (used for such products as car tires, hoses used for industrial applications, and shoes).
Styrene-butadiene latex is implemented in making carpet, coatings for paper, and as part of latex paints.
Styrene copolymers are also used in liquid toner for photocopiers and printers.6
Human Exposure. According to the US EPA, 100% of Americans have styrene in their bodies.6 The
principal forms of styrene exposure for the general population include breathing indoor air contaminated
with cigarette smoke or automobile exhaust, consuming food items in contact with polystyrene foam
packaging and to-go containers, and drinking contaminated water. Estimated exposures for the general
population range from 1 pg/person/day to >100 pg/person/day mainly from indoor inhalation and food
intake.7 8 9 Styrene content in food is mainly caused by migration from polystyrene foam containers into
food (higher fat content, temperature, and acidity facilitate migration) and subsequently stores in human
fat tissue.1° Occupational exposure to styrene can be at much higher levels than in the general population
and occurs particularly in polystyrene factories, the reinforced plastics industry, and boat manufacturing. 8
Human Health Impacts and Risks. The National Toxicology Program reports styrene is a known lab
animal carcinogen and reasonably anticipated to be a human carcinogen, particularly in the occupational
setting, with the strongest evidence coming from reinforced plastics workers. Food and beverage
packaging is also a source of exposure.11 Several epidemiologic studies suggest elevated rates of
lymphoma,12 13 14 hematopoiesis, and leukemia15 in workers through inhalation.
Acute exposure to styrene in humans results in mucous membrane (in the throat) and eye irritation,
gastrointestinal effects, listlessness, and impairment of balance. 16 Chronic exposure to styrene in humans
affects the central nervous system, resulting in headache, fatigue, muscle weakness, depression, hearing
loss, peripheral neuropathy, and contributes to central nervous system disease incidence, especially
epilepsy, particularly among workers in the reinforced plastics industry.17 18 19 Neurotoxic effects include
111 New Montgomery Street, Suite 600 San Francisco, CA 94105 (415) 369-9160 www.cleanwater.org/ca
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slowed sensory nerve conduction velocity, central and peripheral nervous system decrement, slowed
reaction time, changes in color vision, tiredness, feeling drunk, concentration problems, or balance
problems.2° 21 22 Occupational exposure to styrene has also been linked to an increased risk of hearing
loss and combined exposures to noise and styrene further increase risk. 23 Little information is available
on the toxicity of styrene following ingestion by humans. However, the adverse health effects of styrene
ingestion are expected to be similar to those seen following inhalation.
In animal studies, mice and rats exposed to high concentrations administered through inhalation have
been observed to exhibit hearing loss, changes to the lining of the nose, and liver damage.13 Such
exposures in animals have also been linked to lesions in respiratory tracts,24 lung tumors (in male and
female mice), olfactory nerve damage, and liver damage. 25 Rat studies implementing oral administration
resulted in increased liver and kidney weights and depression of growth as well as severe lung
congestion at high doses.8 Animal in vitro studies have observed mutagenic effects in mammalian cell
cultures.21

California State and U.S. Federal Regulations and Exposure Limits
California Office of Environmental Health Hazard Assessment (OEHHA)
DRINKING WATER: The proposed Public Health Goal (PHG), which is based solely on scientific
evidence regarding public health outcomes, for styrene in drinking water is 0.5 ppb.26 Note that OEHHA’s
PHG for styrene is much lower than the EPA’s Maximum Concentration Limit for styrene of 100 ppb,
which reflects technological and economic considerations.
In 2009, OEHHA proposed that styrene be listed under Proposition 65 as a known human carcinogen.
The $28 billion styrene industry launched a legal challenge in California district court. The judge ruled in
favor of the plaintiffs, overruling the proposed listing as a carcinogen, on the basis of costs associated
with regulating the chemical, not on the basis of the human health impact or inadequacy of the science.27
US Environmental Protection Agency (EPA)
Integrated Risk Information System (IRIS)*28
Reference Dose for Chronic Oral Exposure (RfD) is an estimate (with uncertainty spanning
perhaps an order of magnitude) of a daily exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime.
The (RfD) for styrene is 0.2 mg per kg of body mass per day. The Reference Concentration
(RfC), the chronic inhalation exposure level, is 1 mg/rn3. (0.3 ppm)
*The IRIS does not constitute enforceable legal code, but rather functions as an informational reference
for regulatory agencies.
Maximum Contaminant Limit (MCL)
The enforceable standard that defines the highest level of a contaminant that is allowed in
drinking water. MCLs are set as close to health-based limits (Maximum Contaminant Level Goals,
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or MCLGs) as feasible using the best available analytical and treatment technologies and taking
cost into consideration. This limit is 100 ppb.
US Food and Drug Administration (FDA)- Title 21, Chapter I, Subchapter B—Food for Human

Consumption:
Styrene concentration in bottled water is limited to 0.1 mg/L in Part 165. Styrene, styrene
polymers, and styrene copolymers are approved for use as a direct food additive (as a flavoring
agent and chewing gum base) in Part 172; as components of ion exchange membranes and
resins for food treatment in Part 173; as components of adhesives and coatings in food
packaging in Part 175; as components of paper and paperboard in contact with aqueous and fatty
as well as dry foods in Part 176; in single and repeated use plastic, rubber, and textile food
contact surfaces in Part 177; as indirect food additives in the production of other food-related
substances in Part 178; as packaging materials for use during irradiation of prepackaged foods in
Part 179; as substances used in paper and paperboard food packaging manufacturing in Part
181.

1

SRI. 2006. Directory of chemical producers. United Status of America. Menlo Park, CA: SRI Consulting, 894.

2

HSDB. 2007. Styrene. Hazardous Substances Data Bank. National Library of Medicine.

http://toxnet.nlm.nih.gov. August 30, 2007.
IARC. 2006. Agents Reviewed by the IARC Monographs. Volumes 1—96. Lyon, France: International Agency for Research on
Cancer. http://monographs.iarc.fr/ENG/Classification/index.php.
“James DH, CastorWM. 2005. Styrene. In: Uliman’s encyclopedia of industrial chemistry.
http:/Iwww.mrw.interscience.wiley.com/emrw/9783527306732/ueic/article!a25_329/currentlpdf.
~ 21CFR177.1640.
The EPA National Human Adipose Tissue Survey for 1986 identified styrene residues in 100% of all samples of human fat tissue
taken in 1982 in the US.. A 1988 survey published by the Foundation for Advancements in Science and Education also found
styrene in human fatty tissue with a frequency of 100%.

6

ATSDR. 1992. Agency for Toxic Substances and Disease Registry. Toxicological Profile for Styrene. U.S. Department of Health
and Human Services, Public Health Service.
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~° U.S. EPA (1994). Styrene Fact Sheet. U.S. Environmental Protection Agency, Pollution Prevention and Toxics. EPA749-F-95019. November 1994.

Report on Carcinogens, National Toxicology Program of National Institute of Environmental Health Sciences, in the US
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Executive Summary
Marine debris has become a persistent
problem in coastal communities around
the world. Much of this debris can be at
tributed to an increased global demand for
plastics, with the annual production of
plastics growing from 1.5 million metric
tons in 1950, to 245 million metric tons in
2011 (Andrady, 2011; Hopewell et aL,
2009). Since plastics are lightweight, inex
pensive, and versatile such growth is like
ly to continue in society, with increasing
dependence on single-use plastic items
such as plastic bags, food ware, and
packaging.
Upon entering the ocean, marine debris
can become vectors for pollutants that
have a toxic effect on both the environ
ment and marine life. The potential chemi
cal impacts from plastic debris are con
cerning given that many animals have
been found to ingest plastic marine de
bris. Ingestion could lead to disruption in
biological processes and a false sense of
satiation, possibly resulting in death.
These effects could lead to economic con
sequences as industries on the West
Coast, including tourism, rely on marine
life. In order to prevent impacts to the
economy, an estimated $520 million is
spent on litter abatement and manage
ment on the West Coast every year. In
order to reduce debris and achieve sav
ings on litter abatement, a number of mu
nicipalities on the West Coast have

passed source reduction laws. Generally
taking the form of a prohibition, these laws
attempt to reduce the distribution of com
mon marine debris items, including plastic
bags, polystyrene food ware and packag
ing, plastic microbeads, and rigid plastic
packaging containers.
P~ast1c rI~:d:aiqs
A majority of plastic bag prohibition laws
are implemented at the local level within
cities and counties. These laws prohibit
the distribution of single-use plastic bags
at the point of sale by retailers and require
that only alternatives such as paper or re
usable bags be available to customers.
Regulated businesses generally include
grocery stores, pharmacies, drug stores,
supermarkets, convenience stores, and
other businesses that carry food items.
Most plastic bag prohibitions require busi
nesses to charge customers a fee for pa
per bags. This fee is generally small and
ranges from 5 to 25 cents. In California a
state wide prohibition on plastic bags has
been signed into law, but was pushed to a
voter referendum on the 2016 ballot.
?~L~fSLV~efle~

Expanded polystyrene is a common type
of plastic marine debris. It is lightweight
and fragile nature and can be easily be
moved by the wind and other forces, en
tering watersheds and the ocean. This
material can break and crumble into small
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pieces in the environment, making it more level and affect all the states in the US.
bioavailable for marine species (Wegner
Rigid ~~ic P~1Ck2t :r~3 ConIai.n~
et al., 2012).
ers
In California, there is a prohibition on the
The State of California’s Rigid Plastic
sale of expanded polystyrene loose fill
Packaging Container Program and the
packaging materials, unless they meet a
Oregon Rigid Plastic Packaging Law re
certain standard for recycled materials
quire that inflexible plastic packaging be
used during production.
made with at least 25 percent postcon
Prohibitions on polystyrene food ware and sumer materials. In California manufactur
containers are more commonly imple ers also have the option of source reduc
mented on the West Coast. As an alterna ing containers by 10 percent, or guaran
tive to disposable polystyrene food ware, teeing a 45 percent recycling rate, while in
many communities require businesses to Oregon manufacturers must reuse the
use containers that are biodegradable or container at least 5 times or guarantee a
compostable. Polystyrene prohibitions are 25 percent recycling rate.
generally applied directly to restaurants
and food vendors.
Although gaps may exist within source
fl~c~a~s
reduction laws on the West Coast, with
Microbeads are a kind of microplastic par the use of prohibitions, fees, and regula
ticle smaller than 5mm in diameter (Waste tions on common marine debris items,
management: plastic microbeads, 2015). state and local governments can make
Microbeads are often marketed as exfoli significant changes to their communities
ants and can be found in a range of prod by preventing the introduction of harmful
ucts, from toothpaste to face washes. Be consumer products into the environment.
cause of the small size of microbeads, A significant portion of West Coast resi
wastewater treatment facilities are not de dents live in areas with source reduction
signed to remove these plastics form laws and the regulated population will in
crease as the reach of this kind of leg isla
wastewater.
tion continues to expand. In order to fur
The State of California has passed legis ther improve the success of source reduc
lation that would require manufacturers to tion laws on the West Coast, increased
phase microbeads out of production. education, research, monitoring and coor
However, this bill may be surpassed by dination is needed to better inform stake
the Microbead-Free Waters Act of 2015, holders and communities.
which will be implemented on a federal
-
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Source Reduction &
Marine Debris in West
Coast Communities
An Ana~ysis of CaNforn~a, Oregon, and Washhigton

IL

introduction

Marine debris has become a persistent problem that affects coastal communities
around the world. Much of the debris can be attributed to an increased global demand
for plastics, with annual production growing from 1.5 metric tons in 1950, to 245 metric
tons in 2011 (Andrady, 2011; Hopewell et al., 2009). As this growth continues, society
has become increasingly dependent on single-use plastic items such as bags, food
ware, and packaging. Many of these items can be commonly found in the environment
as litter, and in coastal communities as marine debris. Marine debris is any persistent
solid material that is manufactured or processed and directly or indirectly, intentionally
or unintentionally, disposed of or abandoned into the marine environment or Great
Lakes (Whiting, 1998). The occurrence of this debris can severely impact coastal eco
systems and economies by affecting the resources, environments, and species that
they depend on.
A number of sources exist for the introduction of these materials into the marine envi
ronment. In California, Oregon, and Washington, these are often land-based and dif
fuse, coming from coastal urban areas with growing populations and growing waste
management needs. It is unknown exactly how much waste becomes marine debris,
however, it has been estimated in published literature that in the year 2010, 4.8 to 12.7
million metric tons of plastic entered the marine environment from land worldwide. With
increased production and demand for plastic items, this number is expected to contin
ue to rise in coming years (Jambeck et al., 2015).
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Upon entering the ocean marine debris can become vectors for pollutants as they ab
sorb and carry persistent organic pollutants (POP), polychlorinated biphenyl (PCB),
and dichlorodiphenyltrichloroethane (DDT) (Ogata et al., 2009; Satir, 2009; Van et al.,
2012; Velzeboer et aL, 2014). These pollutants, in addition to plastic additives such as
bisphenol A (BPA), may have a toxic effect on the environment, as well as marine life.
Marine animals are especially vulnerable to the chemical impacts of plastic debris as
many species have been found to ingest plastic materials, including birds (Acampora
et al., 2014; Auman et al., 1997; Pettit et al., 1981), invertebrates (Browne et al., 2008;
Graham & Thompson, 2009; Van Cauwenberghe & Janssen, 2014), turtles (Balazs,
1985; Gonzalez Carman et al., 2014; Schuyler et aL, 2014), pelagic fish (Choy & Dra
zen, 2013; Jantz et al., 2013), and marine mammals (de Stephanis et aL, 2013; De
nuncio et al., 2011). When these species ingest plastic marine debris, toxic pollutants
could be passed into their bodies, disrupting biological processes and possibly leading
to death (Rochman, Hoh, et al., 2013; Rochman et al., 2014). Exposure levels can in
crease should animals ingest low trophic level species that have ingested plastic ma
rine debris and pollutants (Koelmans et aL, 2014). Ingestion can also harm marine life
by blocking intestines and creating a false sense of satiation, potentially resulting in
malnutrition or starvation (de Stephanis et al., 2013; Secchi & Zarzur, 1999).
In the United States, 39 percent of the nation’s population lives in coastal shoreline
counties (National Oceanic and Atmospheric Administration, 2013). With such large
populations and coastal and ocean dependent industries, such as tourism, negative
effects on marine life can result in costs to the coastal economy. In 2001 it was esti
mated that the tourism industry contributed $4.8 billion to the Washington economy
and was one of the fastest growing industries within the state (Washington’s Coastal
Zone Management Program, 2001). The economy in California enjoyed similar growth,
with coastal tourism contributing more than $12 billion to the state’s gross domestic
product in the year 2000 (Kildow & Colgan, 2005). Marine debris can make beaches
unsightly and entangle and be ingested by important species, such as dolphins and
whales, which drive many tourism activities on the West Coast.
In order to prevent impacts to the coastal economy from marine debris, an estimated
$520 million is spent on litter abatement and management on the West Coast every
year, with $480 million spent in California alone (Stickel et al., 2013; Stickel et al.,
2012). These costs include but are not limited to waterway and beach cleanup, street
sweeping, storm water capture and maintenance, and public education activities.
Should the amount of commonly littered items be reduced, these costs to West Coast
communities could be lowered. In a 2014 study of beach recreation in Orange County,
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California, it was found that reducing debris by just 25 percent would save residents
$32 million during summer months in costs associated with cleanup and litter abate
ment (Leggett et al., 2014).
Marine debris is wholly man-made, and to a large extent, a preventable problem. The
most efficient way to lessen the impact of debris is to prevent it from entering the ma
rine environment. One way to achieve this is by regulating the production and distribu
tion of common marine debris items through source reduction laws and policies. The
United States Environmental Protection Agency defines source reduction as “the de
sign, manufacture, purchase or use of materials to reduce their quantity or toxicity be
fore they reach the waste stream” (USEPA, 1995).
A number of municipalities on the West Coast have introduced laws that put source
reduction into practice within their communities. Generally taking the form of a prohibi
tion, these laws attempt to reduce the distribution and the amount of litter resulting
from of common marine debris items such as plastic bags, polystyrene, microbeads,
and plastic containers. This paper will investigate how these laws can be used to ad
dress marine debris in these West Coast states through an evaluation of the effective
ness of source reduction laws at the local and state levels of government.

II.

Plastic Baçs

Plastic bags are an item commonly found as marine debris that are repeatedly target
ed through source reduction laws on the West Coast. They are often made of polyeth
ylene, are less than a millimeter in thickness, and are typically nondegradable in the
environment (Figure 1). Given that they are so lightweight and inexpensive to produce,
plastic bags are commonly used in grocery stores, supermarkets, and retail establish
ments with an estimated 4-5 trillion plastic bags of all varieties being produced globally
every year (The Worldwatch Institute, 2004).
Although they are simple and inexpensive to produce, single-use plastic bags come
with hidden costs to the environment and economy. Within the United States some of
these costs come from recycling of plastic bags. Many communities do not accept
plastic bags and other plastic films in curbside recycling as they can jam machines and
contaminate paper bales. Instead, plastic bags must be disposed of in store recycling
programs that result in only a fraction of consumers traveling to properly dispose of
their waste. In California this method of recycling has had little success as the recycling
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rate for single-use plastic bags in 2009 was only 3 percent. Consumers may reuse or
repurpose bags for other uses, but it is likely that the remainder of the 53,000 tons of
plastic bags produced in California in 2009 ended up in a landfill or in the environment
(CalRecycle, 2009).
Figure 1: Single-Use Plastic Bag

Photo Credit: NOAA
The hidden costs of plastic bags can also be seen as these single-use items are
among the top ten marine debris items found worldwide during the 2015 International
Coastal Cleanup (Ocean Conservancy). They present a danger to marine life that may
inadvertently ingest plastic bags, mistaking them for food. Whales are commonly found
to have plastic bags among the contents of their stomachs and turtles are thought to
mistake them for jellyfish due to their “flexible and translucent” nature (de Stephanis et
al., 2013: Schuyler et al., 2014; Seminoff et al., 2002). When plastic bags are ingested
by these animals they not only have the potential to block intestines, but can falsely
communicate a sense of satiation, possibly leading to illness or death.
In order to reduce the amount of plastic bags that enter the environment, many coun
tries have placed restrictions, prohibitions, and taxes on plastic bags to varying de
grees of success (Table 1). These include a number of developing countries that have
faced severe impacts from the introduction of plastic bags into the environment, as well
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as a number of European countries and individual cities. On the West Coast of the
United States, many municipalities have passed source reduction laws in order to simi
larly reduce the amount of littered plastic bags in their communities and in the environ
ment. Although these prohibitions differ in content, their overall goal remains to reduce
the amount of single-use plastic bags distributed by businesses.

Table 1: International Restrictions on Plastic Bags

American Samoa
Antigua
Argentina
Australia
Bangladesh
Bhutan
Botswana
Brazil
Cameroon
Canada
Cayman Islands
Chile
China
Denmark
Egypt
England
Eritrea
Ethiopia
France
Germany
Haiti
India

Prohibition
Prohibition
Prohibition
Fee/Prohibition
Prohibition
Prohibition
Fee
Prohibition
Prohibition
Fee/Prohibition
Fee/Prohibition
Prohibition
Fee
Fee
Prohibition
Fee
Prohibition
Prohibition
Prohibition
Fee
Prohibition
Prohibition

Statewide
Statewide
Buenos Aires Only
Several Cities/Provinces
Statewide
Statewide
Statewide
Several Cities
Statewide
Several Cities/Provinces
Statewide
Pucón Only
Statewide
Statewide
Hurghada Only
Statewide
Statewide
Statewide
Statewide
Statewide
Statewide
Several Cities
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Table I Continued...

Indonesia
Fee
Ireland/Northern Ireland Fee
Israel
Fee
Italy
Prohibition
Ivory Coast
Prohibition
Kenya
Fee
Macedonia
Fee/Prohibition
Malawi
Prohibition
Malaysia
Fee
Mali
Prohibition
Malta
Fee
Mauritania
Prohibition
Mauritius
Prohibition
Mexico
Prohibition
Mozambigue
Prohibition
Myanmar
Prohibition
Netherlands
Prohibition
Oman
Prohibition
Philippines
Prohibition
Puerto Rico
Prohibition
Romania
Fee
Scotland
Fee
South Africa
Fee/Prohibition
Spain
Fee
Tanzania
Prohibition
Uganda
Prohibition
Wales
Fee
Sources: Earth Policy Institute, 2014;
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Several Cities
Statewide
Statewide
Statewide
Statewide
Statewide
Statewide
Statewide
Several Cities
Statewide
Statewide
Statewide
Statewide
Mexico City Only
Statewide
Several Cities
Statewide
Statewide
Several Cities
Statewide
Statewide
Statewide
Statewide/Cape Town
AndalucIa Only
Statewide
Statewide
Statewide
Surfrider Foundation
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Plastic bag laws in West Coast states commonly prohibit the distribution of single-use
plastic bags. These are products with handles that are provided at the point of sale for
transporting merchandise or food, and do not include bags used to contain and sepa
rate meats and produce. In their place, paper and reusable alternatives are permitted,
in addition to the option of using no bag when purchasing goods. Items that are gener
ally not considered to be a single-use plastic bag include packaging that is a part of a
food or merchandise item, as well as bags without handles that are used for holding
bulk food or prescription drugs. Plastic bags are also commonly allowed for the purpos
es of separating food or merchandise that can contaminate other items.
In California there are at least 108 cities and 13 counties that have passed a prohibi
tion on plastic bags (Figure 2), as well as 4 cities in Oregon and 13 cities and I county
in Washington (Figure 3). In 2014 a state-wide prohibition was also enacted in Califor
nia. However, the law has not yet gone into force as opponents collected enough sig
natures the bill to be placed on the voter ballot in the fall of 2016. This referendum
could potentially result in the removal of the first state level plastic bag prohibition in
the United States. A list of municipalities that have passed plastic bag prohibitions on
the West Coast can be found in the Appendix.
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Figure 2: California Municipalities with Plastic Bag Prohibitions
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Figure 3: Washington & Oregon Municipalities with Plastic Bag Prohibitions
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P~astic Bag Afternat~ves
A common alternative to single-use plastic bags across all municipalities are paper

bags made of recycled material. These can be provided at the point of sale in lieu of
prohibited plastic bags, often at a small charge to customers (Figure 4). Many munici
palities have created specific requirements that regulate the paper content and qualify
ing features of paper bags. Requirements can differ between neighboring cities and
common themes can be seen across states. In California, Oregon, and Washington
many municipalities require that any paper bags distributed by businesses at the point
of sale be recyclable and be made with a minimum of 40 percent postconsumer recy
cled material. This requirement ensures that the paper alternatives to plastic being dis
tributed by regulated businesses are produced with the greatest amount of recycled
material, further reducing the amount of new resources being utilized for consumption.
These are also the requirements for SB-270 Solid waste: single-use carryout bags, the
California state-wide prohibition on plastic bags.
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Unlike those in California, many municipalities in Washington have also included within
the law requirements concerning the volume of a recycled paper bag. Only those bags
with the capacity of one-eighth barrel (882 cubic inches) or more qualify as recycled
paper bags for the purposes of consumer use. Any bags that are smaller in size are
not regulated, and are not subject to a fee.
Another alternative to single-use plastic bags are reusable bags of various material
types. These may be sold by regulated businesses, or provided by the customer and
are not meant to be disposed of after a single-use like their paper and plastic counter
parts (Figure 4). In order to be sold as a reusable bag, this type of alternative must
meet a certain standard of durability. In many municipalities the standard is the same
with reusable bags being required to have a minimum lifetime of 125 uses and be able
to carry at least 22 pounds over a distance of 175 feet. A number of municipalities also
include a volume requirement, making only those products with a minimum volume of
15 liters qualify as reusable bags.
Figure 4: Recycled Paper Bag (Left), Reusable Bag (Right)

•.....;~

Photo Credit: City of Menlo Park: ULINE
Unlike paper alternatives, reusable bags are not required to be produced with a certain
amount of recycled content or with specific materials. Instead, in response to sanitary
concerns for reusable bags, many municipalities require that the durable materials
used in a reusable bag be machine washable or have the ability to be disinfected. Con
sumers are often encouraged to use plastic bags that are allowed under this type of
prohibition, like produce bags without handles, to separate meats, poultry, and fish
when using a reusable alternative. In addition, reusable bags are required to contain
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no heavy metals in toxic amounts, ensuring that consumers have access to a number
of safe and long-lasting products that can be properly cleaned.
California’s state-wide plastic bag prohibition would introduce addition regulations, re
quiring that reusable bags produced with fabric or other synthetic materials be sewn,
as well as contain a minimum fabric weight of 80 grams per square meter in order to
ensure their life of 125 uses. If they are not sewn, and are instead produced with plas
tic, the manufacturer must apply for a certification with the State of California. The law
would also require that any reusable bags produced with plastic film contain 20 percent
postconsumer materials by January 1, 2016, and 40 percent postconsumer materials
by January 1, 2020.

ReguI~.ated 8~messes
Those businesses regulated under plastic bag source reduction laws on the West
Coast are prohibited from providing single-use plastic bags to customers. Many com
munities choose to target businesses that distribute plastic bags in large volumes,
such as grocery stores and large retail stores. Greatly differing definitions of what con
stitutes a regulated business has resulted in the varying distribution of single-use plas
tic bags across the coast.
In some municipalities in California only large retail establishments are regulated by
plastic bag prohibitions. These are businesses with gross annual sales of $2,000,000
or are at least 10,000 square feet in area, and generally include grocery stores, phar
macies, drug stores, supermarkets, convenience stores, or any other stores that sell
food items (milk, bread, snack foods, etc.). These businesses would also be regulated
under California’s SB-270 (Solid waste: single-use carryout bags, 2014). Other munici
palities in California have a broader reach, regulating the distribution of plastic bags in
all manner of retail establishments that sell perishable or nonperishable items, includ
ing food and clothing.
Within the state of Washington, language applying to all retail establishments is broad
er and includes any person, corporation, vendor, government agency, etc. Unlike most
legislation in both California and Oregon, this definition of retail establishment includes
restaurants and farmers’ markets. Of the 14 municipalities with legislation regarding
plastic bags in Washington, only the Cities of Edmonds and Mukilteo exempt restau
rants from complying with the law.
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There are a number of exemptions to plastic bag legislation that reflect the different
needs of West Coast communities. A number of cities and counties offer businesses
that are regulated by the legislation the option of applying for an exemption to compli
ance. These businesses must demonstrate any undue hardship that has been brought
on as a result of a prohibition on plastic bags. However, this action is often limited and
generally expires within a year.
Those businesses that are not expressly regulated within plastic bag legislation are ex
empt from the prohibition. This most often includes restaurants and food vendors. Un
der the exemption businesses are able to continue to provide takeout food or leftovers
in a plastic bag. Also regularly exempt from plastic bag legislation are nonprofit charita
ble reusers. These are organizations with 501(c)(3) tax-exempt status that reuse or re
cycle donated goods or materials. In Washington this also applies to food banks and
food assistance programs that may be distributing food items in single-use plastic
bags. Other, less common exemptions include farmers’ markets, wholesale agricultural
activities, food trucks, dry cleaners, and even retail establishments that do not carry
any food items. This could include clothing stores or other retail where there are no
food items offered for sale within the store.

Th~2 Pass~Through Ch.~~q~e
Most plastic bag prohibitions on the West Coast require businesses to incur a “pass
through” charge on plastic bag alternatives when they are distributed at the point of
sale. This is a small amount that customers pay for alternatives with the goal of both
reducing the number being distributed and encouraging consumers to bring their own
reusable bag or use no bag in the future. Similar source reduction laws have been
passed in Washington DC and Ireland, where a tax or levy acts as the pass-through
charge on single-use plastic bags. Of the 5 cents that businesses must charge for
plastic or paper bags in Washington DC, only I cent of this fee goes to the retailer,
while the remainder is put into the Anacostia River Clean Up and Protection Fund
(“Anacostia River Clean Up and Protection Act of 2009,” 2012). This money is then
used to implement education programs and fund trash collection projects.
On the West Coast the pass-through charge does not act as a tax, instead allowing all
money collected from the charge to be kept by the retailer. The fee instead acts to both
deter consumers from using a bag and as a way to help retailers pay for the more ex
pensive alternatives to single-use plastic bags. In Los Angeles, it was estimated that
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this fee would equate to an annual economic impact to consumers of $5.72 per capita
(Sapphos Environmental, 2010).
In most municipalities, no mandate exists on how retailers must spend the money
gained from the fee. However, some communities, as well as SB-270 in California, re
quire that this money be used for specific purposes, including the costs of compliance,
paper bags, and any educational materials that encourage the use of reusable bags.
Some municipalities also allow this money to be used to fund reusable bag giveaways
by retailers for a limited time.
In Washington and Oregon, the pass-through charge for paper bags is generally set at
$0.05. This relatively low amount encourages shoppers to think about their impact
when making a purchase. In California this amount is commonly higher, often begin
ning at $0.10, and increasing to $0.25 after a set period of time. SB-270 would estab
lish a $0.10 minimum on paper bags at the point of sale. Few municipalities do not re
quire a pass-through charge, instead allowing businesses to set a fee if they choose.

Despite limited information about the success of prohibitions on plastic bags, many
communities on the West Coast continue to implement this type of legislation in local
governments. These communities recognize the hidden costs of plastic waste and the
value of reducing the amount of potentially harmful plastic materials being distributed
to consumers. In the city of San Jose, CA, the presence of plastic bags was document
ed through litter surveys before and after the implementation of a prohibition and
showed an 89 percent reduction in storm drains, 60 percent reduction in rivers and
creeks, and a 59 percent reduction in city streets. In addition, observance of consum
ers using reusable bag alternatives increased from 2 percent before the prohibition, to
62 percent after (Romanow, 2012). Although this success may not extend to other
communities in the same way, it is clear through plastic bag prohibitions worldwide and
on the West Coast that source reduction laws could be a powerful tool to reduce de
bris.
Notwithstanding demonstrated success in the City of San Jose and the growing num
ber of municipalities adopting prohibitions on single-use plastic bags, there are a num
ber of gaps that allow for their continued use across the West Coast. In many munici
palities the definition of a reusable bag contains a hole that allows the continued distri
bution of nondegradable plastic bags to occur. Aside from the town of Fairfax, CA
where reusable bags provided to customers must be produced with cloth or machine
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washable fabric, municipalities with plastic bag prohibitions in California, Oregon, and
Washington allow reusable bags to be made of plastic (Town of Fairfax, 2007). In 95
cities and 10 counties in California, the city of Corvallis, OR, and all the municipalities
in Washington excluding the City of Kirkland, require that plastic reusable bags be at
least 2.25 mils (a measurement equal to 1/1000 of an inch) in thickness. In Monterey
and Santa Cruz Counties of California, and the cities of Ashland, Eugene, and Port
land, Oregon, this standard has been raised to 4.0 mils, while in Manhattan Beach,
bags must simply made with cloth or an unspecified “durable material suitable for re
use” (City of Manhattan Beach, 2012).
Some retailers have taken advantage of this gap in order to continue to distribute plas
tic bags that are thicker, and are produced with more plastic per bag than the original
prohibited disposables. It is currently not clear if consumers are treating these bags as
reusable, or if they are utilized in the same manner as prohibited single-use plastic
bags. Should plastic reusable bags be littered at the same rates, more plastic by
weight could potentially enter the marine environment. However, there is also a gap in
information related to the rates that thicker plastic bags enter the marine environment,
compared to their thinner and prohibited counterparts.
California’s state-wide bill, SB-270, attempts to better close the gap created within the
definition of a reusable bag by municipalities. This would be achieved through the im
plementation of a program that requires manufacturers that wish to switch from the
production of single-use plastic bags to reusable plastic bags, to be certified by a third
party before they can sell their product within the State of California. The certification
would include a fee and must be resubmitted every two years. A list of manufacturers
with a certification would be publicly posted on county websites where residents and
business owners could ensure compliance (Solid waste: single-use cariyout bags,
2014). Although the program does not completely close the gap on reusable bags, it
makes the production of thicker plastic bags by manufacturers more difficult, inconven
ient, and transparent.
Other problems with plastic bag prohibition arise due to the immense variation in legis
lation. Without any state or federal level prohibitions in force, cities and counties are
able to make these laws as stringent or ineffectual as they wish. Variation can most
clearly be seen in the differing standards of what constitutes a store or retail establish
ment. These definitions not only deviate between states, but between neighboring local
governments. Many larger cities, such as Los Angeles, have opted to only prohibit the
distribution of plastic bags by large retail stores. Most affected by this definition are
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grocery stores and supermarkets, including convenience stores that sell food items. SB
-270 would also follow these standards, only applying to convenience stores a year af
ter the original, but postponed, implementation date in 2015. Although businesses reg
ulated by prohibitions generally distribute large volumes of single-use plastic bags on a
daily basis, the definition of a store within municipal law often leaves out clothing
stores and other retail that do not carry food items, or have a pharmacy on the premis
es. With such variation, compliance between the cities and counties that enact this
type of legislation is scattered and diffuse, confusing to retailers and consumers alike.
Furthermore, those municipalities that have yet to enact any such legislation can leave
neighboring municipalities open to continued harm as single-use plastic bags travel
across borders on land and in the marine environment.
Other gaps exist in the exemptions offered by municipalities, especially those placed
on public eating establishments. More stringent prohibitions on plastic bags include
restaurants in their definition of a store or retail establishment, such as those in San
Francisco, CA and the majority of local governments in Washington. In California it is
particularly common to see eating establishments exempt from this type of source re
duction law. Although restaurants and food vendors do not distribute bags in the same
quantities as many of the regulated businesses, this gap allows distribution to continue
through a great number of businesses. Furthermore, based on this exemption restau
rants are not required to incur a pass-through charge to customers, allowing them to
continue to provide customers with single-use plastic or paper bags, without the deter
rent created by this small fee.

Page 21

Source Reduction & Marine Debris

NL Polystyrene
OVenneW

Expanded polystyrene (EPS) is a common type of plastic marine debris produced by
expanding plastic beads, resulting in a product that is 90-95 percent air and is particu
larly lightweight compared to cardboard, glass, or other plastics used in packaging and
food ware (State of California Integrated Waste Management Board, 2004). Using light
weight EPS as a packaging material reduces costs of shipping, as well as the amount
of raw materials used in production. Despite these benefits, EPS can bring great harm
to the environment as its lightweight nature allows this product to be easily moved by
the wind and other forces, entering watersheds and the ocean. When met with these
forces, this material can break and crumble into small pieces, making it more bioavaila
ble for marine species that mistake it for food (Wegner et al., 2012).
EPS also acts as a source and a sink for pollutants within the marine environment. Pol
ycyclic aromatic hydrocarbons (PAH5) are used in the production of many polystyrene
materials and upon entering the marine environment, these materials can act as a con
taminant to the water and to marine life, in addition to continually absorbing PAHs that
are found there (Rochman, Manzano, et al., 2013). Furthermore, the liquid chemical
styrene used to produce polystyrene is a possible carcinogen according to the National
Toxicology Program, and is linked to increased risks of cancer (2014).
On the West Coast of the United States, EPS is one of the most common types of ma
rine debris. In the Salish Sea between Washington and Canada, it is pervasive in the
marine environment. Within this highly populated and transboundary sea, EPS is found
in excess on both beaches and floating within surface waters (Davis & Murphy, 2015).
Similar discoveries have been documented within Orange County and Monterey Bay,
California, revealing that EPS fragments and fast food containers are some of the most
abundant beach debris found within the marine environment of California (Moore et al.,
2001; Rooseveltetal., 2013).
Similar to plastic bags, EPS can be recycled but is not accepted in curbside recycling
in most communities. There is little incentive for recycling companies to accept EPS as
it is often bulky, expensive to transport, and the recycled material can be used to man
ufacture very few products. Consumers that wish to dispose of EPS materials respon
sibly must bring them to a facility with the proper capacity or to a local drop off location.
In 2004 there were only 12 facilities in the State of California that recycle EPS (State of
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California Integrated Waste Management Board, 2004). This number has since in
creased to at least 20 facilities, alongside 4 facilities in Washington (Dart Container
Corporation). These obstacles make proper disposal of EPS materials seemingly im
possible and expensive. Many municipalities on the West Coast have passed prohibi
tions on certain items in order to break down these barriers and reduce the amount of
EPS packaging material and disposable food ware found in the environment.

Overvk~w
The State of California has passed
source reduction legislation related to pol
ystyrene through AB-3025, which prohib
its the sale of some EPS loose fill pack
aging materials (Solid waste: polystyrene
loosefill packaging, 2008). These are
commonly referred to as packing pea
nuts, and are especially lightweight
(Figure 5). Used in large quantities to pro
tect items during shipping, these EPS
materials could act as an abundant pollu
tant should they enter the marine environ
ment.

Figure 5: EPS Loose Fill Packaging

Bushles5
Those businesses regulated by AB-3025
include wholesalers and manufacturers of
polystyrene loose fill packaging. After
January 1, 2012 these businesses were
Photo Credit: Wikipedia
prohibited from selling or offering for sale
polystyrene loose fill packaging materials in the State of California. In addition to the
providers of EPS materials, the bill stipulates that no reimbursement to local agencies
or school districts for costs associated with this mandate will be necessary, as is nor
mally obligatory under the California Constitution.
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Exemption~
The State of California exempts the sale of loose fill packaging materials by wholesal
ers and manufacturers if it meets the standard for the amount of recycled content used
in its production. The requirement of 60 percent recycled content as of January 1, 2012
increased to 80 percent on January 1, 2014, with an ultimate goal of 100 percent recy
cled content by January 1, 2017 (Table 2).
Table 2: Implementation Schedule for AB-3025, Solid waste: polystyrene loose
fill packaging

60

Dec 31, 2013

80

Jan 1, 2014

100

Jan 1, 2017

Source: Solid waste: polystyrene loosefill packaging, 2008
0 ~scuss~on
Although this legislation aims to close the loop on EPS loose fill packaging materials, it
does not represent a true prohibition of this product. The bill bars the sale of EPS loose
fill products in the State of California, but does not prohibit their manufacture altogeth
er. Using recycled materials in loose fill packaging materials may increase the price of
production, but it does not rid the state of these potentially toxic and difficult to recycle
items.
By allowing the continued production of these materials, the State of California diverts
them to another state. In 2004 there was an estimated 125 manufacturers of polysty
rene located within the State of California (State of California Integrated Waste Man
agement Board, 2004). Manufacturers are not able to sell any loose fill packaging ma
terials they produce within the state unless it meets the standards laid out by this legis
lation. However, manufacturers have the ability to continue producing the prohibited
polystyrene and transport it to be sold outside of California. Similarly, if manufacturers
produce any polystyrene items outside of the realm of EPS loose fill packaging, their
sale can continue indefinitely within the state.
The bill also creates no requirement for manufacturers of EPS products to include any
postconsumer materials as part of the increasing recycled content. Instead manufac
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turers can use other sources of recycled material, including abnormal pieces that were
not fit for sale and scrap. Although using scrap material reduces waste, including a re
quirement for the percentage of postconsumer materials within loose fill packaging
could bring benefits to the few recycling facilities with the capacity to process these
materials. A better established market for postconsumer EPS could make recycling the
material more lucrative and widespread throughout the State of California and the
West Coast in general.

OVeIflI~ew

Prohibitions on polystyrene food ware and containers are more commonly implement
ed in West Coast communities than prohibitions on polystyrene packaging materials
(Appendix). Polystyrene food ware is single-use plastic produced with EPS that is com
monly used for eating or to contain food (Figure 6). Nearly 100 cities and 10 counties
in California have passed polystyrene food ware prohibitions (Figure 7), as well as 3
cities in Oregon, 2 cities and I county in Washington (Figure 8).
The Oregon State Legislature has also passed legislation concerning the use of EPS
food ware in schools and has declared its prohibition as a state of emergency. No
school will be permitted to provide EPS plates, trays, food containers or food packag
ing during any meal after July 1, 2021 (Use of polystyrene foam in meal service; rules,
2015). Schools that currently rely on any of these items are required to create a plan,
outlining how they plan to make the switch to other materials before this date.
Figure 6: Compostable Food Ware (Left), Prohibited EPS Food Ware (Right)

Yes

Photo Credit: City of Menlo Park, 2013
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Figure 7: California Municipalities with EPS Food Ware Prohibitions
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Figure 8: Washington & Oregon Munis. with EPS Food Ware Prohibitions
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Afternalives
As an alternative to disposable polystyrene food ware, many communities implement
specific requirements for business detailing the types of food ware that are allowed un
der the prohibition. More than 30 municipalities in California have included this require
ment within the law, as well as the cities of lssaquah and Seattle in Washington. The
most common required alternatives to polystyrene food ware are biodegradable or
compostable items, such as paper products (Figure 8). Other communities also allow
recyclable, reusable, or even returnable materials to be used for food.
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Reau~aceci

~

Unlike most prohibitions on plastic bags on the West Coast, polystyrene prohibitions
are generally applied directly to restaurants and food vendors. A majority of these laws
also apply to city or county facilities, with some only covering these locations and not
restaurants within the community.

Exemptions to polystyrene food ware prohibitions apply to items, rather than business
es. One of the most common exemptions includes foods that are prepared and pack
aged outside of the city or county. Others include expanded polystyrene coolers and
ice chests, and trays for raw meats and fish provided at a meat counter. A less com
mon exemption in some municipalities specifies that polystyrene materials encased in
a more durable material are not regulated by the prohibition.
Similar to plastic bag source reduction laws, several communities allow businesses to
apply for an exemption based on any undue hardship brought on by the polystyrene
prohibition. In addition, food vendors at San Francisco International Airport are allowed
to continue to distribute polystyrene food containers under the polystyrene prohibition
in place in San Mateo County, California.

ID ~SC~.4~Ofl
Despite varying exemptions found within polystyrene prohibitions, this type of legisla
tion is fairly similar throughout California, Oregon, and Washington. The biggest gap
exists within those communities where polystyrene food containers are only prohibited
on city or county property. Although municipalities set a positive example for their com
munity with this limited prohibition, the distribution of polystyrene food ware is able to
continue outside of city or county property.
Other gaps include the exemptions placed on some items. Especially concerning is the
exemption allowing the continued use of EPS for foods that are prepared and pack
aged outside of city or county limits, meaning only food prepared on site is regulated.
Under this exemption, businesses such as grocery and convenience stores that pack
age and ship food in EPS containers can continue to do so without restriction.
Also permitted under many polystyrene prohibitions on the West Coast are polystyrene
coolers and ice chests. These items are commonly seen at outdoor events, in parks, or
on beaches. Although they are intended for reuse, the durability of polystyrene ice
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chests is questionable. They may break when exposed to the elements or handled
roughly, creating the potential for large volumes of polystyrene to enter the environ
ment without restraint.

Microbeads
Ove rv~e’w
Microbeads are a kind of microplastic smaller than 5mm in diameter (Waste manage
ment: plastic microbeads, 2015). Microbeads are often marketed as exfoliants and can
be found in a range of products, from toothpaste to face washes. Because of their
small size (Figure 9), most waste water treatment facilities do not have the technology
to filter microbeads out of water they discharge or reuse. Upon entering the marine en
vironment these plastics transport POPs and can become a ready food source for ma
rine life (Andrady, 2011; Ivar do Sul & Costa, 2014; Karapanagioti et al., 2011).
Figure 9: Microbeads

Photo Credit: Alliance for the Great Lakes; Pardes & Newton
Of the West Coast states, only California has enacted a prohibition on microbeads
through AB-888. For the purposes of this legislation, microbeads are defined as any
“intentionally added solid plastic particle measuring five millimeters or less in every di
mension” (Waste management: plastic microbeads, 2015). Although this prohibition is
not yet in force, microbeads will be required to be removed from a number of common
commercial items, most notably to any personal care and rinse off products. The imple
mentation of this bill will likely be surpassed by the Microbead-Free Waters Act of
2015, federal legislation that will prohibit the manufacture and sale of microbeads in
personal care products across the United States. The final stages of this legislation go
into effect in 2019, a year before AB-888 is fully implemented.
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Discussion
Although the California microbead legislation is considered to be stringent, manufactur
ers are not required to use specific alternatives to microbeads in their products. This is
the result of the removal of a provision requiring alternatives to microbeads to be made
with natural products, such as fruit peels. Without this language in both California’s AB
888 and the Microbead-Free Waters Act of 2015, the definition of microbeads as a sol
id plastic particle could be left open to interpretation.
Despite this gap, AB-888 improves on similar microbead legislation introduced in
states such as Wisconsin and Illinois that allow the use of biodegradable plastics,
called “bioplastics”, to continue. Bioplastics are made from plant based materials and
are meant to biodegrade when exposed to sunlight. However, when they enter the ma
rine environment the degradability of bioplastics can become considerably slowed as
debris or algal growth block sunlight, or the bacteria required to break the plastics
down is not available within the environment (Accinelli et al., 2012; UNEP, 2015).
However, AB-888 and the Microbead-Free Waters Act of 2015 close the gap by prohib
iting the use of all types of plastic microbeads.

V.

Rigid Plastic Packaging

The production of plastic packaging is regulated in both California
and Oregon through California’s
Rigid Plastic Packaging Container
Program and the Oregon Rigid
Plastic Container Law. Unlike
many other source reduction laws
implemented on the West Coast,
the regulations on this plastic
packaging do not prohibit rigid
plastic products, but instead re
quire that they be produced with
postconsumer materials.

Figure 10: Different Types of Rigid Plastic
Packaging Containers

Photo Credit: CalRecycle, 2013
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A rigid plastic packaging container (or a rigid plastic container as it is referred to in Ore
gon) is defined in California and Oregon regulations as a container having an inflexible
shape with a minimum capacity of 8 fluid ounces and a maximum capacity of 5 gallons
(Oregon Recycling Act, 1991; State of California, 1991). This packaging must be able
to maintain its shape when it is holding any item, but may be collapsible when empty.
Products such as bubble wrap, plastic bags, or plastic wrap therefore do not qualify as
a rigid plastic packaging container (RPPC), as they are made of plastic films that are
flexible and change shape. Examples of products that qualify as a RPPC can be seen
in Figure 10. Unlike EPS or plastic bags, the infrastructure for these kinds of items to
be recycled is much more substantial. However, they are generally produced with larg
er amounts of plastic in order to give the packaging appropriate structure.
Requ~ai

t3usmesses

In both states RPPCs can be produced with at least 25 percent postconsumer recycled
materials as a method of compliance. This decreases the amount of virgin plastic prod
ucts used in the production of containers, as well as the amount of petroleum needed
to create the plastic. No business or product manufacturer can sell or offer for sale an
RPPC in California unless they meet this specification.
If a manufacturer can prove that it is infeasible for an RPPC to follow these specifica
tions in California, the product must have a 45 percent recycling rate, be reusable, or
be source reduced by 10 percent. Manufacturers must obtain a certification from the
State of California that details each product line of RPPCs that they produce, signing a
statement that they are complying with the law. Specific regulations apply to the floral
industry, where RPPCs must be intended to be used for at least 2 years (Recycling:
plastic packaging containers, 2006).
In Oregon, manufacturers are offered three compliance options, including source re
duction through the use of 25 percent postconsumer materials in production. Other
methods of compliance include guaranteeing a 25 percent recycling rate for the con
tainer, as well as reusing or refilling containers at least 5 times (Oregon Recycling Act,
1991).
Exempticr:;s
In California, RPPCs that are intended to stay with the product they contain during
shipment do not need to comply with this program if their intended destination is out
side of the state. For both states any RPPCs that contain drugs or medical items, cos
metics, food, or infant formula are also exempt from the program, in addition to toxic or
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hazardous materials. In Oregon those containers that are reduced in weight by 10 per
cent compared to the five years prior are also exempt, in addition to any bottles used
for beverages.

o ~s~uss~on
This type of legislation, although not a prohibition on RPPCs, does implement consid
erable requirements to reduce the amount of raw materials used in packaging in both
Oregon and California, and thus the amount of plastic in the system that may become
marine debris. The regulations on RPPCs in both states have the ability to considera
bly bolster the market for postconsumer plastics, thereby reducing the amount of new
plastic being created. However, not all parts of RPPC regulations in Oregon and Cali
fornia act as a form of source reduction. In both states a method of compliance that re
quires manufacturers to ensure a certain rate of recycling does not prevent the amount
of materials being used, but instead ensures that the RPPC items being produced will
be recycled at the end of their life cycle.

VL Discussion
Although gaps may exist within source reduction laws on the West Coast, this type of
legislation has brought a reduction in impacts to the coastal economy and marine eco
systems within the region. With the use of prohibitions, fees, and regulations on com
mon marine debris items, state and local governments can make significant changes to
their communities by preventing the introduction of harmful consumer products into the
environment. A significant portion of West Coast residents live in areas with source re
duction laws pertaining to single-use plastic bags, EPS, microbeads, and plastic con
tainers and the regulated population will increase as the reach of this kind of legislation
continues to expand. Laws and regulations concerning microbeads and plastic contain
ers have been passed at the state level in California, affecting manufacturers and a
state population of over 37 million people. By 2019, federal legislation concerning mi
crobeads will go into force that will not only affect West Coast States, but the entire
country.
Though plastic bag prohibitions have not yet been implemented at the state level,
many of the areas where these laws are currently in effect are large urban centers
within the West Coast states, including Los Angeles, San Francisco, Portland, and Se
attle (Figure 11). As a result, large populations are affected by these prohibitions, as
can be seen in Table 3. In 2010 the population of the County of Los Angeles was near
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Figure 11: Population of West Coast Cities with Plastic Bag Prohibitions
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The municipalities that have passed prohibitions on plastic bags in California contain
53 percent of the state’s population. Assuming the residents of municipalities that have
passed prohibitions continue to shop at stores within these cities and counties, the
consumption of these disposables is reduced considerably. Large populations have
also been affected in Oregon and Washington where 21 and 17 percent of the states’
respective populations live in areas with plastic bag prohibitions in place and 45.4 per
cent of the total population in all three states.
Table 3: Population of Municipalities with Prohibitions on Plastic Bags

California
Oregon
Washington

19,729,524
814,501
1,140,050

53.0
21.3
17.0

All

21,684,075

45.4

Population Data: United States Census Bureau, 2010
Although laws regarding the prohibition of EPS food ware have been passed in fewer
municipalities on the West Coast than those concerning plastic bags, slightly larger
populations have been influenced, with 45.7 percent of people on the West Coast liv
ing in areas with prohibitions on EPS food ware. Similar to plastic bags, EPS food ware
prohibitions have gone into force within several urban centers on the West Coast
where it has proven to be a common type of marine debris (Figure 12). Within Califor
nia, 54.6 percent of the state’s population lives within an area where a prohibition on
EPS is in place. In Oregon 21.8 percent of the population is affected, as well as 9.7
percent in Washington (Table 4).
Table 4: Population of Municipalities with Prohibitions on EPS Food Ware

California
Oregon
Washington

19,729,524
814,501
1,140,050

53.0
21.3
17.0

All

21,684,075

45.4

Population Data: United States Census Bureau, 2010

Page 34

Source Reduction & Marine Debris

Figure 12: Population of West Coast Cities with EPS Food Ware Prohibitions
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Overlap between areas with plastic bag and EPS prohibitions are the result of many
local governments adopting both kinds of source reduction laws. 3 cities in Oregon and
2 cities in Washington have passed a version of both prohibitions (Figure 13), as well
as 61 cities and 8 counties in California (Figure 14). A list of these municipalities can
be found in the Appendix.
Figure 13: Washington & Oregon Municipalities with Both Plastic Bag & EPS
Food Ware Prohibitions
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Figure 14: California Municipalities with Both Plastic Bag & EPS Food Ware
Prohibitions
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Because of their wide reach on the West Coast, source reduction laws have compelled
millions of consumers to come face to face with the problems of plastic waste and con
sider alternatives to single-use items. Consumers can no longer expect single-use
items as a reality of life, but instead learn to consider the lifecycle of the products they
use. When combined with education many consumers may even choose to actively
change their behavior, rejecting other common marine debris and single-use items in
other parts of their lives.
Source reduction laws have also had an effect on manufacturers as they must find a
way to comply with changing rules. For example, instead of using microbeads in prod
ucts, manufacturers will be forced to find alternatives, or simply remove these too often
decorative additions to their products. Other manufacturers will need to increase the
amount of postconsumer materials used in packaging in order to comply with the
RPPC program. New requirements and prohibitions on certain items may also drive
industry innovation in finding new, more environmentally friendly materials.
In order to further improve the success of source reduction laws on the West Coast,
increased education, research, monitoring and coordination is needed to inform stakeholders and communities. Most importantly, consumers should be educated about the
products and procedures that are prohibited through source reduction, as well as the
gaps that exist within legislation. Empowered by this knowledge, consumers can con
sciously make the decision to close gaps themselves by refusing the uses of items
such as thicker plastic bags or food items prepackaged in EPS.
However, the success of education efforts relies on accurate and improved information
related to the composition and quantity of debris being introduced into the marine and
terrestrial environment. Here exists a large disparity between municipalities with active
litter abatement and survey activities, and those without the resources to quantify,
share, and consistently monitor debris in the terrestrial environment, in waterways, or
on the coast. For those municipalities with limited capacity, information may only exist
through community volunteer cleanup activities. Despite serving as effective education
al, community outreach, and debris removal efforts, cleanups are often performed in a
nonscientific or inconsistent manner. As a result, current monitoring data does not al
ways paint a true picture of the composition of debris that enters the environment from
land based sources. With increased consistent and rigorous monitoring activities taking
place on the West Coast, information on the products that are most common in the en
vironment can be made available to consumers, promoting changes in behavior. Local
and state governments can also use monitoring data in order to assess the effective
ness of source reduction laws by comparing the composition of litter before and after
implementation.
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As source reduction laws go into effect across the West Coast, research on the re

maining impacts from gaps in legislation and other common single-use items that have
not been regulated will become similarly important. In combination with monitoring data
on the effectiveness of existing policies, impact assessments could encourage further
source reduction, as policymakers identify and understand how gaps in legislation con
tribute to pollution within their communities. Armed with this wealth of knowledge, mu
nicipalities and state governments can create legislation that is stronger and more suc
cessful in the face of unsustainable alternatives to single-use products.
Governments should also be encouraged to work together in order to share best prac
tices and barriers to compliance experienced in different communities. With such coor
dination, local governments can be encouraged to implement uniform rules and close
gaps, not just between nearby municipalities, but across states as well. Uniform rules
would also improve the implementation of legislation, improving compliance in the ab
sence of wildly differing standards.

VIL Prospective Source Reduction
As West Coast municipalities work to prevent pollution in their communities, future tar
gets for source reduction continue to be identified by local governments, educational
institutions, non-governmental organizations (NGO5), and concerned communities.

One of the most recent targets for source reduction in San Francisco are plastic water
bottles. Plastic bottles and caps are common marine debris items that, similar to plastic
bags, are among the top 10 items found annually during the International Coastal
Cleanup (Ocean Conservancy, 2015). The City and County of San Francisco has
passed legislation that prevents the sale of plastic water bottles of 21 fluid oz. or less
on city property and at city events with more than 100 people in attendance (2014). In
order to ensure that water continues to be available to people on city and county prop
erty and at public events, the bottled water legislation was accompanied by require
ments to install bottle filling stations on drinking fountains (City and County of San
Francisco, 2013).
Similar regulations regarding bottled water have been implemented on university cam
puses to a varying degree of success. At the University of Vermont it was determined
that a prohibition on bottled water pushed students to consumer drinks with more calo
ries and sugars as an alternative and more plastic bottles were disposed of on campus
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(NPR, 2015). At the University of California San Diego a similar program has been ap
proved that would prevent bottled water from being sold on campus, instead introduc
ing boxed water and bottle filling stations as alternatives (Chong, 2016). Should these
changes combat unintended consequences and the restrictions reduce litter, the City
of San Francisco and the University of California San Diego could act as models for a
movement away from bottle related debris, and towards reusable alternatives.

c:;igarettes
Other items targeted for source reduction are cigarettes butts. These are consistently
the top item found littered in urban areas and on beaches (Ocean Conservancy, 2015).
They present a danger to water quality and marine life as their plastic filters absorb the
concentrated toxins found within cigarettes (Healton et al., 2011). Should marine life
ingest cigarette debris they could become sick or die from exposure.
Communities on the West Coast have begun combatting cigarette debris by working
with Terracycle to recycle cigarettes, tobacco, filters, ash, and associated packaging
into industrial plastic items (2016). As a method of prevention organizations like the
Surfrider Foundation have partnered with San Francisco State University and the Cities
of Huntington Beach and San Diego to install hundreds of cigarette ashcans in high
traffic areas and near beaches. In San Diego a 65 percent reduction in cigarette litter
was seen in the areas where cans were installed (Surfrider Foundation San Francisco
Chapter, 2016). The success of this program has led to the installation of ashcans in
major cities across the West Coast, including Seattle, Portland, and Los Angeles.
The City and County of San Francisco have taken prevention efforts one step further
by placing a fee on cigarettes. The fee increased from $0.20 to $0.40 in 2016 and is
used to fund litter abatement activities within the city, which cost more than
$24,000,000 in 2009 (City and County of San Francisco). Widespread implementation
of such a fee could amount to reductions in the usage of tobacco, and therefore tobac
co related litter, on the West Coast as fees deter smokers from purchasing cigarettes.
As has been seen in San Francisco, the fee could be applied to continued litter abate
ment activities that prevent these toxic substances from entering the marine environ
ment, as well as ease the costs of implementing and enforcing such a law.
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West Coast states and their communities are leading the charge to enact laws and pol
icies designed to stop waste at its source. Success largely can be attributed to local
governments, NGOs, and citizens that recognize the impacts of debris in the environ
ment and have worked to reduce the amount of plastic waste present in their communi
ties. However, outside of Washington, Oregon, and California, local governments are
slowly losing their ability to make decisions related to waste as a number of states are
working to preemptively prevent source reduction laws related to plastic on a local lev
el. In Florida, Idaho, Missouri, Indiana, and Wisconsin, legislation has already been
passed that would take this power away from local governments, making it exceedingly
difficult to pass source reduction legislation within a state. Lawmakers in the States of
Arizona, Georgia, Michigan, New York, and Texas have already attempted or are cur
rently attempting as of June 2016 to pass similar legislation restricting local govern
ments. With this type of legislation in place, local governments and their communities
would not have the option of implementing a prohibition on plastic bags, or in some
places regulation of any kind of plastic container. In the face of such legislation, it is
important that governments, universities, and consumers within West Coast states
continue to serve as an example of the power that source reduction laws can have in
preventing the ever increasing impacts to the environment.
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Appendix:
The following are tables of municipalities that have passed plastic bag, EPS food ware,
and both plastic bag and EPS food ware prohibitions.

California Cities
Alameda
Albany
Aliso Viejo
American Canyon
Arcata
Arroyo Grande
Belmont
Belvedere
Berkeley
Beverly Hills
Brisbane
Burlingame
Calabasas
Calistoga
Campbell
Capitola
Carmel-by-the-sea
Carpinteria
Cathedral City
Chico
Colma
Corte Madera
Culver City
Cupertino
Daly City
Dana Point
Davis
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Del Mar
Del Rey Oaks
Desert Hot Springs
East Palo Alto
El Cerrito
Emeryville
Encinitas
Fairfax
Fort Bragg
Foster City
Fremont
Glendale
Gonzales
Grass Valley
Greenfield
Half Moon Bay
Hayward
Hercules
Hermosa Beach
Huntington Beach
lndio

V

King City

V

Lafayette
Laguna Beach
Laguna Woods
Larkspur
Livermore
Long Beach
Los Altos
Los Altos Hills
Los Angeles

V
V
V
V

V

V

V
V
V

V

V

V

V

V

V

V

V
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V
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Los Gatos
Malibu
Mammoth Lakes
Manhattan Beach
Marina
Martinez
Menlo Park
Mill Valley
Millbrae
Milpitas
Monrovia
Monterey
Morgan Hill
Morro Bay
Mountain View
Napa
Nevada City
Newport Beach
Novato
Oakland
Ojai
Pacific Grove
Pacifica
Palm Desert
Palm Springs
Palo Alto
Pasadena
Pico Rivera
Pismo Beach
Pittsburg
Pleasant Hill
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Pleasanton
Portola Valley
Redwood City
Richmond
Ross
Sacramento
Salinas
San Anselmo
San Bruno
San Car/os
San Clemente
San Francisco
SanJose
San Juan Capistrano
San Leandro
San Luis Obispo
San Mateo
San Pablo
San Rafael
Santa Barbara
Santa Clara
Santa Cruz
Santa Monica
Santa Rosa
Sausalito
Scoffs Valley
Seaside
Solana Beach
Soledad
South Lake Tahoe
South Pasadena

V

V

V

V

V
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South San Francisco
St. Helena
Sunnyvale
Tiburon
Truckee
Ukiah
Walnut Creek
Watsonville
West Hollywood

V

V.,

V
V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V

V
V

California Counties
Alameda
Los Angeles
Mann
Mendocino
Monterey
Orange
Napa
Sacramento
San Luis Obispo
San Mateo
Santa Barbara
Santa Clara
Santa Cruz
Sonoma
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Oregon Cities

Washin~~ Cities
Bainbridge Island

V

Bellingham

V

Edmonds

V

lssaguah

V

Kirkland

V

Lacey

V

Mercer Island

V

Mukilteo

V

Olympia

V

Port Townsend

V

Seattle

V

Shoreline

V

Tumwater

V

V

V

V

V

Counties
SanJuan

V
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Styrene
CAS No. 100-42-5
Reasonably anticipated to be a human carcinogen
First listed in the lieelfth Report on Carcinogens (2011)
OH2
HC

Carcinogenicity
Styrene is reasonably anticipa ted to be a human carcinogen based
on limited evidence of carcinogenicity from studies in humans, suf
ficient evidence of carcinogenicity from studies in experimental an
imals, and supporting data on mechanisms of carcinogenesis.

cancer Studies in Humans
The limited evidence for the carcinogenicity of styrene in humans is
based on studies of workers exposed to styrene that showed (1) in
creased mortality from or incidence of cancer of the lymphohemato—
poietic system and (2) increased levels of DNA adducts and genetic
damage in lymphocytes from exposed workers. Elevated risks oflym
phohematupoietic cancer were hund among workers with higher
exposure to styrene after an appropriate elapsed time since first ex
posure. in some studies, the risks increased with increasing measures
of exposure, such as average exposure, cumulative exposure, or num
ber of years since first exposure. However, the types of lymphohe
rnatopoietic cancer observed in excess varied across different cohort
studies, and excess risks were not found in all cohorts. There is also
some evidence for increased risks of esophageal and pancreatic can
cer among styrene-exposed workers. Causality is not established, as
the possibility that the results were due to chance or to confounding
by exposure to other carcinogenic chemicals cannot be completely
ruled out. However, a causal relationship between styrene exposure
and cancer in humans is credible and is supported by the finding of
DNA adducts and chromosornal aberrations in lymphocytes from
styrene-cxposecl workers.
Most of the evidence in humans comes from occupational cohort
studies in two major industries: (1) the reinforced-plastics industry
and (2) the styrene-butadiene rubber industry. Studies of workers in a
third industry, the styrene monomer and polymer industry, were not
considered to be as informative, because they were limited by small
numbers of cancer cases among exposed workers, and there was po
tential confounding by co-exposure to benzene. \X1orkers in the rein
forced-plastics industry were exposed to the highest levels of styrene,
and they had few other potentially carcinogenic exposures. 1-lowever,
the majority of the workers had short periods of employment. In the
styrene-butadiene rubber industry, workers were exposed to lower
levels of styrene than in the reinforced-plastics industry, but a large
number of workers studied had long-enough follow-up times to per
mit detailed analysis of the incidences of lymphohematopoietic can
cers. The main limitation of the studies in styrene-butadiene rubber
workers is potential confounding by other exposures, principally to
butadiene, which is a known human carcinogen associated with in
creased risk of leukemia (Grosse eta!. 2007, NTP 2004a); exposures
to butadiene and styrene are highly correlated in this industr~c
‘the most informative studies in the reinforced-plastics industry
were the two largest cohort studies: a Danish cohort of male work
ers (Kolstad et al. 1994, 1995) and a European multinational mortal-
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it)’ cohort of predominantly male workers, which included a subset
of the Danish workers (.Kogevinas et a!. 1994). In the styrene-buta
diene industry, the major study was a large multi-plant cohort mor
tality study of male styrene-butadiene rubber workers in the United
States and Canada (Graff et a!. 2005, Delzell et al. 2006), which en
compassed most of the workers from two earlier cohorts (a small
study by Meinhardt eta!. 1978 and a larger study by Matanoski et
a!. 1990). The studies in both industries included internal analyses
(using unexposed members of the cohort as the comparison group);
such analyses are less susceptible to confounding than those using
external reference populations. Internal analyses were used to evalu
ate exposure-response relationships for cumulative exposure, average
exposure, peak exposure (a measure of exposure intensity), or time
since first exposure in the multinational cohort study of reinforcedplastics workers (Kogevinas et at. 1994) and in the multi-plant study
of styrene-butadiene workers (Delzell et a!. 2006). Without a priori
knowledge, it is difficult to know which exposure metric is most ap
propriate for evaluating causality, so a positive relationship observed
with any exposure metric is a concern. The studies also conducted
standardized mortality ratio (SMR) or standardized incidence ratio
(SIR) analyses, which compared observed with expected numbers of
events (deaths or incident cases) based on national mortality or inci
dence rates. Two additional cohort studies of U.S. reinforced-plastics
workers were less informative. A study by Ruder et al. (2004) had
limited statistical power to detect positive associations between sty
rene exposure and uncommon types of cancer. A study by Wong et
at. (1994) had a relatively large cohort and conducted internal anal
yses; however, the internal analyses were limited to exposure dura
tion and cumulative exposure.

Lymphohernatopoietic Cancer
Increased risks for leukemia, lymphoma, or all lymphohernatopoietic
cancer were found among styrene-exposed workers in both the
reinforced-plastics and stvrene-butadiene rubber industries. The ev
idence comes primarily from positive exposure-response relation
ships found in the multinational European study (reinforced-plastics
workers) (Kogevinas eta!. 1994) and the multi-plant cohort study of
styrene-butadiene workers (Delzell et at. 2006) and is supported by
findings of increased cancer risks among subgroups of workers with
higher levels of styrene exposure or longer times since first exposure
(Kogevinas eta!. 1994, Kolstad eta!. 1994). Although co-exposure to
butadiene is a concern in the styrene-butadiene industry, the find
ing ofincreased cancer risk in the reinforced-plastics industry, where
such confounding is not an issue, suggests that styrene is a potential
risk factor for lymnphohematopoietic cancer. The types of lympho—
hematopoietic cancer observed in excess varied across different co
horts; a similar pattern has been observed br other epoxidc—borniing
substances, such as 1,3-butadiene and ethylene oxide (see the profiles
for those substances). Moreover, it is difficult to compare the risks for
specific types of lymphohematopoletic cancer across studies, because
(1.) these cancers may have been grouped differently between studies
or in the same study between different types of analyses (e.g., external
and internal analyses in the study by Wong at at. 1994), (2) diagnoses
based on death certificates mnay be inaccurate, and (3) lymphohema
topoietic cancer classification and groupings have changed over time.
In general, these limitations make it more difficult to see consistent
associations between styrene exposure and specific types of lympho
hemnatopoietic cancer across studies.
Rcinji.irced-Plastics Industry
In the multinational study of reinforced-plastics workers, work
ers in the two highest categories of average styrene exposure had
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significantly higher risks (or elevated risks approaching statistical
significance) than did workers in the lowest exposure group for all
lymphohematopoietic cancer (relative risk [RR) = 308, 95% confi
dence interval [CI] = 1.04 to 9.08, 13 cases with exposure of 120 to
199 ppm; RR = 3.59, 95% CI = 0.98 to 13.14, 8 cases with CX~OSU~C
≥ 200 ppm). In addition, the risk of malignant lymphoma was signifi
cantly elevated in the second-highest exposure group (RR = 7.15,95%
CI = 1.21 to 42.11, 8 exposed cases). A fhurfolcl higher risk of malig
nant lymphorna was also found for the highest-exposure group, but
it was based on small numbers of exposed cases and was not statis
tically significant. Risks increased with increasing average exposure
for all lymphohematopoietic cancer (~irc,,i = 0.019) and for malig
nant lymphoma (~r,,d 0.052). Time since first hire also was associ
ated with lymphohematopoietic cancer (Ptr,,,,~ = 0.012) and malignant
lyrnphoma (~,,fld = 0.072); risk estimates for workers with the longest
time since first hire compared with workers with the shortest time
since first hire were 3.97 (95% Cl. 1.30 to 12,13, 9 exposed cases) thr
all lymphohernatopoietic cancer and 5.16 (95% CI = 0.91) to 29.47, 4
exposed cases) for malignant lymphoma (Kogevinas eta!. 1994). No
significant relationship with cumulative exposure was observed, al
though statistically nonsignificant elevated risks for lymphoma were
found for all groups with cumulative exposure greater than 75 ppm.
The proportion of short-term workers was higher among the work
ers with the highest exposure levels (larninators); therefore, measures
of exposure intensity (such as average exposure level) may be more
informative than measures of exposure duration for evaluating risks.
Among Danish reinforced-plastics workers, the incidence of leu
kemia was significantly elevated lor workers with earlier dates of first
exposure (1964 to 1970, during which time the highest exposure levels
occurred) (Kolstad eta!. 1994). Significantly elevated risks were also
found among workers with at least ten years since first employment;
within this group, the increased risks were concentrated among shortterm workers (those workers with exposure duration of less than one
year). ‘ihe findings for leukemia were similar in the internal analyses
using unexposed workers as controls for short-term workers, thus
helping to rule out confounding by socioeconomic status or lifestyle
factors of the short-term workers.
Neither of the two U.S. cohort studies of reinforced-plastics work
ers found a significant association between styrene exposure and
lymphohematopoietic cancer; however, neither study evaluated risk
by average exposure intensity, and the smaller study (Ruder et at.
2004) had very limited statistical power to detect an association. In
the larger U.S. study (Wong eta!. 1994), no association was found be
tween cumulative exposure or duration of exposure and all lympho
hematopoietic cancel; non-Hodgkin lymphoma (NHL), or leukemia.
‘The analysis included both exposure measures, which are highly cor
related with each other; this may have reduced the statistical power
to detect an association (IARC 2002).
Styrene-Butadie;ze Rubber Industry
‘The multi-plant cohort study of male styrene-butadiene rubber work
ers found significantly increased risks (SMRs) of NHL, NHL—chronic
lymphocytic leukemia (NHL-CLL), and leukemia (overall and specific
types) among subgroups of workers with long duration of employ
ment (> 1.0 years) and long time since first exposure (20 to 29 years
or ≥ 30 years), in specific ~ob categories, and with the highest levels
of cumulative exposure to styrene (Graffetat. 2005, Sathiakumar et
at. 2005, Delzell et at. 2006).
In an attempt to disentangle the effects of styrene from those of
butadiene, internal analyses were conducted for quartiles of cumu
lative exposure or exposure to periodic spikes of high styrene con
centrations (styrene peaks, defined as ≥ 50 ppm) involving statistical
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models with (1) styrene exposure only, (2) styrene and butadiene ex
posure, and (3) styrene and butadiene exposure plus dermal exposure
to dimethyldithiocarbamate (DMDTC). (The relevance of including
DMDTC in these models is not clear, because there is no indepen
dent evidence that DMDTC is carcinogenic in animals or humans.)
The number of cases at each exposure level was small, which lim
ited the power to detect statistically significant risk estirriates. No
trend analyses were reported. The analyses suggested an exposureresponse relationship between NHL and NHL-CLL combined and
exposure to styrene that was not explained by exposure to butadiene.
‘ihe relative risk of NHL or NHL-CLL increased with increasing level
of cumulative exposure to styrene and was not attenuated by con
trol for butadiene exposure. However, the relative risk reached sta
tistical significance only br the highest styrene exposure level in the
stvrene-onlv model and only for NHL-CLL combined. Exposure to
butadiene was not associated with risk of NHL or NHL-CLL (Graff
etal. 2005, Delzell eta!. 2006).
Evidence for an association between styrene exposure and leuke
mia comes from analyses of cancer among workers exposed to sty
rene peaks. The relative risk of leukemia increased with exposure to
increasing numbers of styrene peaks in all three chemical models
and was significantly elevated at the two highest styrene exposure
levels with control for butadiene exposure. The relative risk of leu
kemia also increased with increasing cumulative styrene exposure,
but the response was attenuated by control fir butadiene exposure,
and no association remained after additional control for DMDTC.
A nested case-control study from the Matanoski cohort also found
significantly increased risks of all lymphohematopoietic cancer (P =
0.001) and of lymphoma (P = 0.020) (International Classification of
Disease codes 200 and 202, which are the same codes as for Ni-IL)
with exposure to styrene (i-ppm time-weighted average, compared
with I) ppm) in a statistical model that accounted for exposure to hu—
tadiene. Although the study population overlapped with that of the
multi-plant cohort, it provided supporting evidence for the increased
risk of lymphoma reported by Delzell eta!., because it used a differ
ent exposure assessment (based on measurements) and a different
statistical model (Matanoski eta!. 1997).

Cancer at Other Tissue Sites
Studies in the reinforced-plastics industry provided evidence that
suggests a possible association between styrene exposure and can
cer of the esophagus or pancreas. Mortality from esophageal cancer
was increased in two of the four studies (Ruder eta!. 2004, Wong et
al. 1994), and a third study found a statistically nonsignificant in
creased risk among the workers with higher cumulative exposure
(Kogevinas et al. 1994). For pancreatic cancer, increased risks were
suggested in the cohort studies. Internal analyses of the Danish Co
hort found a significant risk of pancreatic cancer (incidence) among
workers classified as having “probable high exposure” (Kolstad eta!.
1995). Statistically nonsignificant increased risks of pancreatic can
cer mortality were reported by the two U.S. cohort studies (Ruder
eta!. 2004, Wong eta!. 1994) and fbr workers with higher cumula
tive exposure in the European study (Kogevinas etat. 1994). There
was some evidence of an exposure-response relationship ftr pancre
atic cancer; cancer risk increased with increasing cumulative expo
sure in the European multi-plant cohort ~ = 0.068) (Kogevinas
et at. 1993, 1994). No excess mortality from esophageal or pancre
atic cancer was found in studies of styrene-butadiene rubber work
ers; however, the only analysis reported was the SMR for the entire
multi-plant cohort (Delzell et at. 2006).
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Genetic Damage
DNA adducts (primarily, N2-guanine and 06-guanine, but also (3N1adenine adducts) were found in circulating white blood cells in many
studies of styrene-exposed workers employed mainly in the rein
forced-plastics industry; levels of (Y’-guanine were five- to seven-fold
higher among styrene-exposed workers than controls (Vodicka et at.
2006a, Boffetta etal. 2009). In most studies in workers, single-strand
DNA breaks showed exposure-related increases (Brenner etal. 1991,
Maki-Paakkanen et at. 1991, Vc)dlicka et at. 2006a). A meta-analysis
of 22 studies found a positive association (weighted frequency ratio
= 2.18, 95% Cl = 1.52 to 3.13) between styrene exposure level and
chromosomal aberration trequency when exposure levels were di
chotomized as greater than or less than a threshold value of 30 ppm
for an 8-hour time-weighted average (Bonassi et at. 1996).

Cancer Studies in Experimental Animals
Styrene caused lung tumors in several strains of mice and by two dif
ferent routes of exposure. The most robust studies are two-year stud
ies of inhalation exposure in CD-i mice (Cruzan etal. 2001) and oral
exposure (by stomach tube) in B6C3F1 mice (NCI 1979). Inhalation
exposure caused benign lung tumors (alveolar/bronchiolar aclenoma)
and increased the combined incidence of benign and malignant lung
tumors (alveolar/bronchiolar adenoma and carcinoma) in CD-I mice
of both sexes; in females, it also increased the separate incidence of
malignant lung tumors. In male B6C3F1 mice, oral exposure to styrene
increased the combined incidence of benign and malignant lung tu
mors (alveolar/bronchiolar adenoma and carcinoma), and a positive
dose-response trend was observed (NCI 1979).
These findings are supported by findings of lung tumors in both
sexes of 020 mice exposed to styrene (Ponornarkov and Tornatis
1978). In 020 mice, a single dose of styrene was administered to
pregnant dams on gestational day 17, and ~U~5 were exposed orally
once a week for 16 weeks after weaning. A significantly increased in
cidence and earlier onset of benign and malignant lung tumors com
bined (adenoma and carcinoma) occurred in mice of both sexes as
early as 16 weeks after weaning. in a similar study with C5781 mice
administered a much lmver dose of styrene, lung—tumor incidence
was not significantly increased. In short-term studies, oral exposure
to styrene caused cytotoxicity and increased cell replication in the
mouse lung, supporting the findings of lung tumors following oral
exposure to styrene in longer-term studies (Green et at. 2001).
The evidence from studies in rats is insufficient for reaching a
conclusion concerning the carcinogenicity of styrene. Lung turriors
were not observed in rats (IARC 2002); howevei; findings for mam
mary-gland tumors were equivocal. The incidence of mammary-gland
tumors was increased in female Sprague-Dawley rats exposed to sty
rene in the drinking water (mammary fibroadenorna; Huff 1984) or
by inhalation (malignant tumors; Conti et at. 1988), but decreased
incidences of mammary-gland tumors (adenocarcinomna) were re
ported in another inhalation-exposure study of rats of the same strain
(Cruzan etat. 1998).

Metabolism of Styrene
Styrene can be absorbed and widely distributed throughout the body
through inhalation, ingestion, or skin contact, but the most important
route of occupational exposure is inhalatiop (IARC 2002). Styrene
is metabolized primarily (over 90%) to the genotoxic metabolite sty
rene-7,8-oxide, which can be detoxified by glutathione conjugation
or conversion to styrene glycol by microsomal epoxide hydrolase.
Pharmacokinetic models predict the concentration of styrenc in the
lung (Filser et al. 2002) or terminal bronchioles (Sarangapani et at.
2002) to be higher in mice than in rats and higher in rats than in
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humans. Systemic distribution of styrene-7,8-oxide in workers has
been demonstrated from measurements of styrene-7,8-oxide-based
hemoglobin adducts in erythrocytes and DNA aclducts in lympho
cytes(Tomnero-Velez etal. 2001, Vodicka etat. 2003, 2006a). Further
oxidation of styrene glycol produces mandelic acid and phenyigly
oxylic acid, the major metabolites identified in the urine of styrene
exposed workers (Manini et at. 2002). Because styrene-7,8-oxide
contains a chiral carbon, it and some subsequent styrene metabo
lites can exist as either R or S enantiomers. A second, minor path
way of styrene metabolism involves oxidation of the aromatic ring
resulting in fiirmation of 4-vinylphenol, presumably via the arene in
termediate styrene-3,4.-oxide, which has been detected in humans
(PfSffii et at. 1981, Manini et at. 2003) and rats (Bakke and Scheline
1970) and whose occurrence in mice in vivo was implicated by indi
rect measures (Boogaard et at. 2000).
Styrene is metabolized primarily in the liver and the lung. In mice,
the Clara cell is regarded as the major lung-cell type in which styrene
is activated to styrene-7,8-oxide following inhalation exposure (Hynes
etal. 1999). The initial step in styrene metabolism is catalyzed by cyto
chromes P450, and there arc tissue-specific differences in the enzymes
responsible for styrene oxidation. In mice, Cyp2ei predominates in
the liver, and Cyp2f2 in the lung (Carlson 1997, 2004, Vodicka et at.
2006a). In humans, CYP2A13, CYP2F1, CYP1A2, CYP2CS, CYP2A6,
and CYP2E 1 are active in metabolizing styrene to styrene glycol in the
lung, and CYP2B6 and CYP2E1 are most active in the liver (Nakajima
etat. 1994, TARC 2002, Fukami etal. 2008). Human CYP2FI (equiv
alent to Cyp2t2 in mice and CYP2F4 in rats) has been shown to
metabolize styrene in vitro (Nakajima et at. 1994.). In general, ex
pression of CYP enzymes is more widely distributed in the human
lung than in the lungs of experimental animals, where expression is
concentrated in Clara cells, type II alveolar cells, and alveolar mac
rophages. CYP2B6 is expressed in human Clara cells, and CYP2E1
in human bronchial, bronchiolar, and alveolar epithelium, alveolar
macrophages, and lung tumors (Kivistö et at. 1995, Hukkanen et at.
2002). CYP2ET is also expressed in lymphocytes (Siest et at. 2008),
and CYP2E1 protein and activity were detected in human hemat
opoietic stem cells (Kousalova et at. 2004).
Because many of the enzymes involved in styrene metabolism
are polymorphic, individuals rim)’ differ in their susceptibility to sty
rene-induced toxicity. Some studies have found that polymorphisms
in glutathione S-transferase mu 1 influence excretion of styrene me
tabolites (Dc Palma et al. 2001, 1-laufroid et at. 2002, Tmixeira et at.
2004); howevei~ studies evaluating genotoxicity and polymorphisms
in genes involved in either styrene metabolism or DNA repair have
not clearly identified specific polymorphisms related to genotoxic ef
fects (Godderis et at. 2006, Migliore etat. 2006, reviewed by Vodicka
et at. 2006a).

Studies on Mechanisms of Carcinogen esis
The mechanisms of styrene carcinogenicity are not fully understood.
The primary metabolite of styrene, styrene-7,8-cxide, is listed in the
Report on Carcinogens as reasonably anticipated to be a human car
cinogen based on sufficient evidence in experimental animals. Oral
exposure to styrene-7,8-oxide caused lorestomach tumors in rats
and mice and liver tumors in male mice (see the profile for styrene
7,8-oxide, NTP 2004b).
The proposed mechanisms for the carcinogenicity of styrene in
clurle both gcnotoxic and non-genotoxic pathways, which are not
necessarily mutually exclusive. Most of the mechanistic studies have
focused on either general genotoxicity or issues considered relevant to
the mouse lung tumors, and there has been little research on mech
anisms specific to lymphohematopoictic cancer in humans. Possible

3

Report on Carcinogens, Fourteenth Edition
modes of action for styrene-incluced carcinogenicity involve (1) geno
toxicity (relevant to all types of cancer), (2) cytotoxic effects of styrene
metabolites in the mouse lung, and (3) immunosuppression (relevant
to lyinphohematopoietic cancer).

Genotoxicity
Most of the genetic damage associated with styrenc’ exposure is
thought to be due to styrene-7,$-oxide. The predominant DNA adducts formed as a result of styrene-7,8-oxide exposure occur at the
N7, N2, and Q6 positions of guanine (these have been detected in
cells); howevei; styrene-7,8-oxide adducts can also form at the NI, N3,
and N6 positions of adenine, the N3, Ni, and Q2 positions of cytosine,
and the N3 position of thymine. N7-adducts are fbrmecl in the larg
est amounts but are the least persistent (i.e., they are either repaired
or lost), whereas 06-adducts are formed in the smallest amounts but
are the most persistent. Other than the N7-guanine and N3-adenine
adducts, the styrene-7,8-oxide—.DNA adclucts listed above are con
sidered promutagenic, because they can interfere with base pairing
and lead to miscoding during DNA replication. The major styrene
7,8-oxide adduct at N7-guanine may also be promutagenic, because
it can undergo spontaneous or glycosylase-mediated depurination,
thus creating abasic sites that promote coding errors during DNA
replication (Vodicka et al. 2006a). Styrene-7,S-oxide, without met
abolic activation, is mutagenic in most in vitro systems, causing a
variety of transition and transversion mutations (Bastlová and Porl
lutsky 1996). Both styrene and styrene-7,8-oxide caused cvtogenetic
effects (sister chromatid exchange, chromosomal aberrations, and mi
cronucleus lorrnation) in human lymphocytes or other mammalian
cells in vitro. In mice and rats exposed to styrene ir vivo, N7-guanine, 06-guanine, and NI -adeninc adducts were detected in liver and
lung cells (Pauwels eta!. 1996, Boogaard et a!. 2000b, \‘odicka eta!.
2001, 2006a,b). Most studies in mice also ft>uncl single-strand DNA
breaks following exposure to styrene-7,8-oxide or styrene (Walles and
Orsen .1983, Vaghef and Hellrnan 199$, \‘odicka etal. 2001), and the
cytogenetic effect reported ITiost consistently was sister chromatid
exchange (Conner et at. 1979, 1980, Sharief et at. 1.986, Kligerman
eta!. 1992, 1993, Simula and Priestly 1992; reviewed by IARC 1994,
2002 and Scott and Preston l994).
Styrene-7,8-oxide was measured in the blood of styrene-exposed
workers, and several different styrene-7,8-oxide—based DNA adducts
were detected in their lymphocytes. Styrene-7,8-oxicle—DNA adducts
identified in exposed workers include 06-guanine, Ni-adenine, and
N2-guanine. Styrene-7,8-oxicle aclducts were also detected in human
volunteers exposed to styrene under conditions designed to eliminate
or minimize non-enzymatic oxidation to styrene-7,8-oxicle (Johan
son et at. 2000). Adduct studies in workers showed that a DNAreactive intermediate of styrene metabolism circulates in the blood
of styrene-exposed humans (Vodicka et a!. 2006a). the most con
sistent cytogenetic effects in styrene-exposed workers were singlestrand DNA breaks and chromosomal aberrations (Anwar and Shamy
1995, Bonassi eta!. 1996, Lazutka eta!. 1999, Somorovská eta!. 1999,
reviewed by Cohen eta!. 2002).

1,3-butadiene, and ethylene oxide (NTP 2004a,b; see the profiles for
those substances).
Although several studies found no evidence of toxicity in the lungs
of rats exposed to styrene (Cruzan eta!. 1997, 1998, Green eta!. 2001,
Gamer et a!. 2004), one study reported toxic effects on bronchiolar
and alveolar type II cells in Sprague-Dawley rats exposed to styrene by
inhalation or intraperitoneal injection (Coccini eta!. 1997). Alveolar!
bronchiolar hyperplasia from styrene exposure has been hypothe
sized to play a role in the development of lung tumors in mice. Ef
fects of repeated styrene exposure in mice included focal crowding of
bronchiolar cells, bronchiolar epithelial hyperplasia, and bronchiolar/
alveolar hyperplasia (Cruzan eta!. 2001). Interspecies differences in
lung toxicity are proposed to result from differences in the extent of
lTIt’tabolism of styrene to ring-oxidized metabolites by Cyp2f in the
Clara cells (Cruzan eta!. 2002, 2009).
Indirect data supporting the role of Cyp2f in styrene-induced lung
toxicity comes from short-term intraperitoneal-injection studies with
wild-type and Cyp2el knock-out mice, which showed similar lung
toxicity (Carlson 2004), Also, the cytotoxic effects of styrene and tu
mor formation were seen primarily in respiratory tissues that are high
in Cyp2f isoforms, and Cyp2f inhibitors prevented cytotoxicity (Cru
zan eta!. 2002). Styrene-7,8-oxide, 4-vinylphenol, and 4-vinylphenol
metabolites can be formed by Cyp2f2. Metabolites formed from ring
oxidation, including 4-vinylphenol, occur at several-fold higher lev
els in mice than in rats (Boogaard et a!. 2000a, Cruzan et a!. 2002).
Some data suggest that 4-vinylphenol is more toxic than styrene
7,8-oxide in mouse lung; howevei; the two metabolites were tested
in separate experiments in two dilierent mouse strains (Gadberry et
a!. 1996, Carlson 2002). Short-term toxicity studies of 4-vinylphenol
in wild-type and Cyp2el knock-out mice and studies with CYP in
hibitors suggest that metabolites of 4-vinylphenol are responsible for
its lung and liver toxicity in mice (Carlson 2002, Vogie eta!. 2004).

Immunosuppression
The mechanism for styrene-inclucecl lymphohematopoietic cancer is
not known. As discussed above, CYP2E1 is expressed in lymphocytes
(Siest et al. 2008), and CYP2E1 protein and activity were detected
in human hematopoietic stem cells (Kousalova eta!. 2004), suggest
ing that styrene can be metabolized to styrene-7,8-oxicle in the tar
get tissues. Moreover, studies on genotoxicity and oxidative stress
in styrene-exposed workers indicated that styrene causes DNA and
chromosomal damage in peripheral blood lymphocytes .immuno
suppression has been proposed as a mechanism for solvent-induced
lymphoma (Vineis et a!. 2007). Styrene-exposed workers had de
creased numbers of activated helper T-cell lymphocytes, suggest
ing that styrene exposure can cause immunosuppression; however,
this study was limited in size, and the workers were exposed to other
agents (Biró eta!. 2002). In a review of studies in experimental ani
mals and humans, Veraldi eta!. (2006) concluded that there was “in
termediate” evidence for the immunotoxicity of styrene, and that the
main immunotoxic effect was immunosuppression.

Summary
Lung ~ytotoxicity in Mice
Cytotoxicity can cause regenerative hyperplasia, leading to the pro
motion of spontaneous or styrene-induced mutations and tumor for
mation. Styrene caused lung tumors and pulmonary toxicity in mice
but did not cause lung tumors in rats (Cruzan eta!. 1998, 2001). The
induction of lung tumors in mice but not in rats has also been ob
served in studies of exposure to epoxides and other epoxicle-forming
chemicals, including the known human carcinogens vinyl chloride,
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Although styrene disposition differs quantitatively among species,
no qualitative differences between humans and experimental ani
mals have been demonstrated that contradict the relevance of can
cer studies in rodents for evaluation of human hazard. Detection of
styrene-7,8-oxide—DNA adclucts at base-pairing sites and chromo
somal aberrations in lymphocytes of styrene-exposed workers sup
ports the potential human cancer hazard from styrene through a
genotoxic mode of action.
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Properties

Production

Styrene is an aromatic hydrocarbon that occurs as a colorless or yel
lowish viscous liquid with a sweet, floral odor (HSDB 2008). It has
a flash point of 34CC (closed cup), a lower explosive limit of 0.9% to
1.1% v/v, an upper explosive limit of 6.1% to 6.8% v/v, and an autoignition temperature of 490°C. Styrene is highly flammable and easily
ignited by heat, sparks, or flames, and its vapors may tbrrn explosive
mixtures with air as a result of the formation of peroxides. Styrene
may polymerize when contaminated by oxidizing agents or halides,
or when heated, and it emits acrid fumes upon decomposition (SPA
2008, Akron 2010). Styrene usually is stabilized for safe storage, trans
port, and use by an inhibitor, commonlyp-tert-butylcatechol (HSDB
2008). Other typical impurities are ethylbenzene, polymer content,
aldehydes, peroxides (as .H.202), henzene, sulfur, and chlorides. Physi
cal and chemical properties of styrene are listed in the following table.

There are two commercially viable methods of producing styrene
(ATSDR 3992, HSDI3 2008). ‘the most common process, which ac
counts for over 90% of total world styrenc production, involves cat
alytic dehydrogenation of ethylbenzenc. ‘The second process involves
oxidation of ethylbenzene to its peroxide, which is then reacted with
propylene to produce propylene oxide and u-methylphenyl carbinol.
The carbinol is then dehydrated to produce styrene. U.S. production
of styrene has risen fairly steadily since 1960. Between 1960 and 2006,
estiTiated production ranged from a low of 1,740 million pounds
in 1960 to a high of 11,897 million pounds in 2000. In 2006, eight
U.S. manufacturers produced an estimated 11,387 million pounds of
styrene; the three largest producers accounted for 54% of production.
U.S. consumption ofstyrene in 2006 was 9,600 million pounds, over
99% of which was consumed in the production of polymers and co
polymers (Berthiaume and Ring 2006). U.S. imports and exports of
styrene increased steadily from 1975 through 2007, from 7 million
pounds to 1,475 million pounds for imports and from 574 million
pounds to 4,200 million pounds for exports (Berthiaume and Ring
2006, USITC 2008a,b).

Property
Molecular weight
Specific gravity
Melting point
Boiling point
Log K0~
Water solubility
Vapor pressure
Vapor density relative to air

Information
104.2
0.906 at 20°C
—31°C
145°C
2.95
310 mg/L at 25°C
6.4 mm Hg at 25°C
3.6

Source: HSDB 2008.

Use
Styrene is an important industrial chemical, used in the synthesis
and manufacture of polystyrene and hundreds of different copoly
mers, as well as numerous other industrial resins (Guest 1997). Sty
rene producers sell styrenc’ monomer to companies that use styrene
to make various compounds and resins. Fabricators then process the
resins into a wide variety of products (Cohen et at. 2002). Roughly
99% of the industrial resins produced from styrene can be grouped
into six major categories: polystyrene (50%), styrene-hutadiene rub
ber (15%), unsaturated polyester resins (glass reinforced) (12%), sty
rene-butadiene latexes (11%), acrylonitrile-butadiene-styrene (10%),
and styrenc-acrylonitrile (1%). Another minor category of use is un
saturated polyester resins (not reinforced) (Luderer et al. 2005),
Polystyrene is used extensively in the manufacture of plastic
packaging, thermal insulation in building construction and refriger
ation equipment, and disposable cups and containers ..Styrene poly
mers and copolymers are also increasingly used to produce various
housewares, food containers, toys, electrical devices, automobile
body parts, corrosion-resistant tanks and pipes, various construc
tion items, carpet backings, house paints, computer printer cartridges,
insulation products, wood-floor waxes and polishes, adhesives, put
ties, personal-care products, and other items, and they are used in
paper processing (IARC 2002, Luderer et at. 2005, NLM 2008).
Styrene-butadiene rubber is the most widely used synthetic rub
ber in the world (ICIS 2008). Over 70% of styrene-butadiene rubber
is consumed in the manufacture of tires and tire products; however,
non-tire uses are growing, with applications including conveyor belts,
gaskets, hoses, fh or tiles, footwear, and adhesives.
Another major use of styrene is as a cross-linking agent in polyes
ter resins used in gel-coating and laminating operations in the produc
tion of glass-fiber-reinforced plastic products such as boats, bathtubs,
shower stalls, tanks, and drums (Miller et at. 1994, EPA 1997). The
resins generally contain between 30% and 50% styrene by weight
(EPA 1997).
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Exposure
Exposure to styrene can occur in both occupational and nonoccupational settings. l-lowever, workers in certain occupations po
tentially are exposed to much higher levels of styrene than the general
population. 1 he greatest source of exposure for the general popula
tion is cigarette smoking, and daily styrene intake by the nonsmok
ing population is expected to be orders of magnitude lower than daily
intakes br workers in occupations with high styrene exposure levels
(Cohen et at. 2002, IARC 2002).

Exposure of the General Population
Styrene exposure to the general population can occur through en
vironmental contamination. According to the Environmental Pro
tection Agency’s (EPA’s) Toxics Release Inventory, environmental
releases of styrene from 1,209 U.S. facilities in 2014. totaled 28.5 mil
lion pounds (TR1 2016).
For the non-smoking general population, inhalation of indoor air
and ingestion of food resulted in the highest daily styrene intakes
(IARC 21)02). Styrene has been measured in outdoor air, but higher
levels generally are found in indoor air, drinking water, groundwater,
surface water, soil, and food. Styrene can be emitted to the air from
industrial production and use of styrene and styrene-based polymers
and copolymers, motor-vehicle emissions and other combustion pro
cesses, offgassing of building materials and consumer products, and
cigarette smoking (ATSDR 20.10, IARC 1994). Numerous spills con
taining styrene have been reported to the National Response Cen
ter since 1990, and these spills have the potential to contaminate air,
water, soil, and food supplies (NRC 2008). Uptake of styrene by bi
ological organisms is expected to be low; however, styrene has been
detected in fish and other aquatic organisms (1-loward 1989, ECB
2002, .l-ISDB 2008).
Food can contribute to styrene exposure (Lickly et at. 1995a, Tang
et at, 2000, Cohen et at. 2002, Holmes et at. 2005)..Styrene has been
detected in a wide range of foods and beverages, with the highest
measured levels occurring in unprocessed, raw cinnamon, possibly
resulting from the natural degradation of cinnamic acid derivatives
(1ARC 1994). Styrene also occurs at ver)’ low concentrations in many
agricultural food products; however, it is not known whether the sty
rene is produced endogenously or results from environmental con
tamination (Tang Ct ci. 2000). The presence of styrene in packaged
foods is due primarily to leaching of monomer from polystyrene con-
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tainers (Howard 1989, ATSDR 2010). The rate of migration of styrene
monomer from polystyrene containers is determined mainly by the
lipophilicity of the food, surface area of the container per volume of
food, duration of contact, and food temperature (ATSDR 2010, Lickly
et at. 1995b, ECB 2002, Choi at at. 2005).
In a study comparing styrene intake from various sources, esti
mated daily intake for adults was lowest Ironi polluted drinking wa
ter and highest from cigarette smoke, polluted urban air, and indoor
air (Fishbein 1992). Estimated daily styrene intake for the Canadian
general population from sources other than smoking was less than
0.8 pg/kg of body weight for children and less than 0.4 pg/kg for
adults, but estimated daily intake for cigarette smokers was as high
as 3.5 pg/kg (CEPA 1993). While this study demonstrated that inha
lation of both indoor and outdoor air and ingestion of food are On
portant sources of exposure for nonsmokers, it also estimated that
exposure from smoking cigarettes was roughly 10 times that from all
other routes (indoor and outdoor air, drinking watei~ soil, and foud)
combined. Other studies estimated that styrene exposure of smok
ers was six times that of nonsmokers (Cohen et at. 2002) and that up
to 15% of nonsmokers’ styrene exposure could be attributed to envi
ronmental tobacco smoke (Miller et at. 1998).
In a 1982 study by the U.S. EPA, styrene was detected in all of eight
human-breast milk samples from women in four U.S. cities and in
all of an unspecified number of wet adipose tissue samples (Howard
1989). Styrene also was detected in the general population at mean
concentrations of 0.4 pg/L in blood and 0.7 to 1.6 pg/rn5 in exhaled
breath (ATSDR 2010). Blood styrene levels were assessed in the Pri
ority ioxicant Releretice Range Study conducted as part of the Cen
ters for Disease Control and Prevention’s ii~ird National Health and
Nutrition Examination Survey. Of 624 samples, 78 (12.5%) contained
no detectable styrene, and 546 contained styrene at concentrations
ranging from 0.019 to 4.006 pg/L; the mean concentration for all 624
samples was 0.07 .tg/L, the median was 0.04 lg/L, and the 95th per
centile value was 0.18 pg/L (Ashley at at. 1994, Sexton at at. 2005).
Occupational Exposure
\Vorkers can be exposed to styrene during production of styrene
monomer, polystyrene and various styreuse copolymers, glass-fiberreinforced plastics, and styrene-butadiene rubber; exposure can also
occur in other miscellaneous occupations (ATS1)R 2010, TARC 2002).
The highest levels of occupational exposure to styrene occur in the
fabrication of products such as boats, car and truck parts, tanks, bath
tubs, and shower stalls from glass-fiber-reinforced polyester compos
ite plastics (IARC 2002). Historically, the highest styrene exposure
levels for reinforced-plastics workers were in the range of several hun
dred parts per million; however, estimated exposure levels have de
creased by a factor of 0 over the past several decades as a result of
improved work practices and products (Kolstad at at. 2005). In gen
eral, the average exposure levels reported since the I 980s have been
less than 100 ppm. In 2006, the U.S. Bureau of Labor Statistics esti
mated that 32,510 workers were employed as Fiberglass Laminators
and Fabricators (defined as “laminate layers of fiberglass on molds to
form boat decks and hulls, bodies for golf carts, automobiles, or other
products”). Ship and Boat Building was the largest subcategory in this
Standard Occupational Classification segment, with 12,910 employ
ees (BLS 2007). Workers in the reinforced-plastics industry are po
tentially exposed to styrene-7,8-oxide, as well as styrene, but at levels
2 to 3 orders of magnitude lower than styrene (Serdar at at. 2006).
Styrene exposure levels are generally lower in the styrene
butadiene rubber and the styrene monomer and polymer industries
than in the reinforced-plastics industry; however, significant expo
sure of ~r~>rl~er~. .still can occur. Reported mean exposure levels for
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these industries generally have been less than 20 ppm. No data were
found on the numbers of employees in these industries. As in the
reinforced-plastics industry, styrene exposure levels in these indus
tries have declined over the past several decades (Macaluso at at.
1996, JARC 2002).
Low levels of styrene (usually in the low parts-per-billion range)
have been reported in a variety of other occupational settings, includ
ing nuclear power plants, photocopy centers, a petrochemical com
plex, printing plants, wood surface-coating operations, tollbooths,
and a waste incinerator, and during the production of PVC film (Kim
at at. 2003, Bako~lu etat. 2004, Leung at at. 2005, Sapkota et at. 2005,
Thorud et at. 2005, Chan et at. 2006, Hsieh et at. 2006, Lee at at. 2006).
Levels in the low parts-per-million range were measured in a sculp
ture class where polyester resins were used, during the production
of buttons, and during (irefighting. Higher levels were seen during
the production or use of paints and putties (exceeding 20 ppm), for
taxidermists (up to 70 ppm), and during the manufacture of cook
ing ware (up to 186 ppm) (IARC 2002).

Regulations
Coast Guard, Department of Homeland Security
46 (FR 150 and 151 detail procedures for shipping styreee monomer and for shipping styrene
monomer and various styrene co-polymers with incompatible mixtures.
Department of Transportation (DOT)
Styrene is considered a hazardous material, and special requirements save been set for marking,
labeling, arid transporting this material.
Environmental Protection Agency (EPA)
Clean Air Act
Mobile Source,4ir Tonics: listed as a mobile source air toxic for which regulations are to be developed.
National Emission Standards for Hazardous Air Pollutants: Listed as a hazardous air pollutant.
New Source Perfornsance Standards: Manufacture of styrene is subject to certain pruvisions for the
control of volatile organic compound emissions.
Clean Water Act
Designated a hazardnus substance.
Comprehensive Environmental Response, Compensarion, and Liability Act
Reportable quantity (RQ) = 1,000 lb.
Emergency Planning and community Right-To-Know Acr
Toxics Release Inventory: Listed substance subject to reporting requirements.
Safe Drinkissg Water Act
Maximum contaminant level (MCI) = 0.1 mg/I.
Food and Drug Administration (FDA)
Maximum permissible level in bottled water = 0.1 mg/I.
The food additive poly)2-vinylpyridine-co-styrene) maybe safely used as a nutrient protectant in feed
for beef cattle and dairy cattle and roplacement dairy heifers, with residual styrene levels not to
exceed 200 ppb.
Polystyrene basic polymers used as components of articles intended for use in contact with fond shall
contain not more tItan 1% by weight of total residual styrene monomer (0.5% by weight for
certain fatty foods).
Rubber-modihed polystyrene basic polymers used as components of articles intended for use in
contact with food shall contain net more than 0.5% by weight of total residual styrene menomer.
Styrene-maleic aehydride co-polymers maybe used as articles or as components of articles intended
fur use in contact with food provided that conditions are met, including residual styreue monomer
levels not exceeding 0.3% by weight.
Styreno-acrylic co-polymers may be used as cvmponeuts of the food-contact surface of paper and
paperboard provided that certain conditions are met, including residual styrene monomer levels
not euceeding 0.1% by weight.
Occupational Safety and Health Administration (OSHA)
While this section accurately identihes OSHA’s legally enforceable PEL5 for this substance in 2010,
specific PELs nsay not reflect the more current studies and may not adequately protect workers.
Acceptable peak exposure = 600 ppm (5-mm maximum peak in any 3 hI.
Ceiling concentratinn = 200 ppm.
Permissible exposure limit (PEL) = 100 ppm.
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Guidelines
American Conference of Governmental Industrial Hygienists (ACGIH)
Threshold limit value — time-weighted average (TLV-TWA) = 20 ppm.
Threshold limit value — short-term exposure limit (TLV-STEL) 40 ppm.
Biological exposure indices: Muodelic acid plus phenylglyovylic acid in urine, end of shift = 400 mg/g
of creatinine; styrene in venous blood, end of shift = 0.2 mg/L.
National Institute for Occupational Safety and Health (NIOSH)
Immediately dangerous to life and health (IDLH) limit 700 ppm.
Short-term exposure limit (STEL) = 100 ppm.
Recommended exposure limit (tEL) = 50 ppm.
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ABSTRACT
Ingestion of anthropogenic debris represents an important threat to marine turtle populations. Informa
tion has been limited to inventories of debris ingested and its consequences, but why ingestion occurs
and the conditions that enable it are less understood. Here we report on the occurrence of plastic inges
tion in young green turtles (Chelonia mydas) inhabiting the RIO de Ia Plata (SW Atlantic). This estuarine
area is characterized by a frontal system that accumulates anthropogenic debris. We explored exposure
of green turtles to plastic and its ingestion via debris distribution, habitat use and digestive tract exam
ination. Results indicated that there is considerable overlap of frontal accumulated plastic and core for
aging areas of the animals. Exposure results in ingestion, as shown by the high frequency of plastic found
in the digestive tracts. The Rio de Ia Plata estuarine front is an area of conservation concern for young
green turtles.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

anthropogenic debris, may hamper or reduce population recovery
(Donlan et a]., 2010; CoIl ci a!., 2012; lVlaxwcll et a!., 2013).

Marine turtle populations have been reduced by exploitation

Ingestion of anthropogenic debris has been reported in almost

and consumption of eggs and meat during the past centuries
(IUCN, 2013; fvleylari and Donnelly, 1999; Seminofl~ 2004). Egg

all marine turtle species. It occurs in all life stages and several geo
graphic areas (see Schuyler et a!., 2013 and references therein).
Plastics are the most commonly ingested of all solid pollutants
(Schuyler et a!., 2013). The amount of debris found in the stomach
of an animal is generally small, in terms of number of items and
weight (Bjornclal, 1997; Schuyler et al., 2013), but even that may
have lethal consequences through perforation or impaction of the
digestive system (Bjomda! et a]., 1994). Direct mortality due to

harvesting and consumption of turtles are now regulated in most
places, but direct and indirect threats continue to threaten popula
tions: bycatCh in fishing gear kills thousands of turtles per year
(Wallace et al., 2010), pollution with artificial lights on nesting
beaches disrupts nest-site choice and orientation (Witherington
and Martin, 2003), and oil spills affect marine turtles through di
rect contact or by fouling of their habitats. A pervasive, highly
damaging and expanding problem is entanglement and ingestion
of anthropogenic debris (Lutcavage et a]., 1997). Some turtle pop
ulations are recovering after controlling direct exploitation (e.g.
l3jorndal et al., 1999; Broderiek et a]., 2006; Chaloupka et a!.,
2008; Dutton et a]., 2005; Marcovaldi and Chaloupka, 2007), but
the Cumulative impacts of other threats, including ingestion of
* Corresponding author at: Instituto Nacional de lnvestigación y Desarrollo
Pesquero (INIDEP), CONICET, Paseo Victoria Ocampo nra. 1, B76O2HSA Mar del
Plata, Argentina. Tel.: +54 2234861292.
E—mail addresses: vpcurma @in aep.rd u.dr, vpcai ma nPgmaii.com (V. Gonz3lez

Carman).
0025-326X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://cix.doi.orgll 0.1(11 bjj.marpolhul.20 (3.11.012

debris ingestion seems to occur rarely, although it is difficult to

prove. The most common health effects are exposure to chemicals
leaching from the debris and dietary dilution that reduce somatic
growth or reproductive output (Laist, 1987: Mccauley and
13]orndal, 1999). Such sublethal effects are difficult to estimate
for these long-lived and highly migratory animals (Bjorndal et al.,
1994; McCauley and Bjorndal, 1999; NRC, 1990).
To date, research has focused on a valuable and exhaustive
inventory of the debris ingested and its consequences, but why
plastic ingestion occurs and the conditions that enable it are far
from being understood, It has been suggested that leatherbacks
mistalce gelatinous planlcton for floating plastic bags (lljornda!,
1997; Mrosovsky eta!.. 2009); thus zooplanktivorous turtles would

V. Gonzalez ~arrnan et al/Marine Pollution Bulletin 78 (2014) 56—62
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be particularly vulnerable to ingestion of plastic debris. Gelatinous
plankton tends to be aggregated at physical discontinuities such as
ocean fronts (Graham et aT., 2001; Mianzan and Cuerrero, 2000),
and these same ocean features may concentrate floating debris
(Barnes et al., 2009: Pruter, 1987). Therefore, during their oceanic
developmental stage, marine turtles may be more exposed to deb
ris ingestion when feeding in frontal areas (Cajr, 1987; Schuyler
et al., 2013; Witherington 2002). Nevertheless, marine turtles with
benthic and neritic feeding habits are also known to ingest plastic
(e.g. Bjorndal et al., 1994; Bugoni ci al.. 2001; Schuyler et aT., 2013;
Tourinho et al.. 2010). We report here on the occurrence of the
problem in young green turtles in neritic habitats, linking the
threat of plastic ingestion with a particular oceanographic feature
in the distribution range of the species.
juvenile green turtles reach the temperate waters of Argentina
and Uruguay in their migration along foraging habitats of the east
ern coast of South America (Gonz~ilez Carman ci al., 2011, 2012).
From November to May, they intensively use the Rio de Ia Plata
estuarine area to feed on gelatinous plankton (Gonzalez Carman
ci al., 2012, 2013; Fig. 1) that aggregates in the frontal system of
the estuary (Mianzan et aT., 2001). The system also accumulates
anthropogenic debris (Acha ci a]., 2003). We explored exposure
to plastics and its ingestion through the combination of informa
tion on plastic distribution, habitat use and examination of diges
tive tract contents of juvenile green turtles.
2. Methods
2.1. Study area: the RIo de la Plata frontal system
The RIo de Ia Plata (Argentina_Uruguay) is a two-layered estu
anne system where freshwater flows seaward on the surface, and
denser, saline shelf water intrudes along the bottom (Mianzan
et al., 2001; Fig. 1). This dynamic generates two salinity fronts sep
arated by Ca. 150 km and connected by a salt-wedge: a bottom and
a surface front at the inner and outer part of the estuary, respec
tively. The bottom front can be approximated at the surface by
the presence of an estuarine turbidity maximum. The turbidity
maximum is due to the suspended matter flocculation near the

tip of the salt wedge, and re-suspension of sediment due to tidal
stirring (Framihan and Brown, 1996). The turbidity front can be
easily identified in satellite images; its modal position is located
near the limit of the marine water intrusion. (Acha et al., 2008;
Framjhan and Brown, 1996; Mianzan et al., 2001). The surface front
has lower salinity gradients than those of the bottom front, and its
location is more variable. This frontal system favors the retention
and concentration of gelatinous plankton (Alvarez Colombo et al.,
2003; Cabreira ci aL, 2006; Mianzan and Cuerrero, 2000: Mianzan
cI al., 2001), which constitutes the main food for green turtles in
the area (Gonzalez Caiman ci a]., 2013). Along with gelatinous
plankton, the bottom front also accumulates anthropogenic debris
that drifts down the river and is generated by highly populated cit
ies in the region (i.e. Buenos Aires, Montevideo) and by intensive
vessel traffic (Acha et aT., 2003).
2.2. Exposure to plastic pollution
Data on the distribution and concentration of anthropogenic
debris in the RIo de Ia Plata are from Acha et a]. (2003). Anthropo
genic debris (plastic bags, cans, bottles and hard plastic pieces)
were collected from 1996 to 2001 using a bottom trawl net oper
ated at 269 stations arranged in a random sampling design that
covered most part of the estuary (Acha ci al., 2003). For our anal
ysis, we used information only on plastic debris (plastic bags and
hard plastic pieces) since it is most frequently consumed by marine
turtles (Bjornda] ci aT., 1994; BLigoni et al., 200 I : Tomás et a].,
2002: l’ourinho et a]., 2010). Plastic debris was counted and ex
pressed as number of items per km2. For further details on the
sampling method see Acha et al. (2003).
We overlapped data on plastic debris distribution with green tur
tie foraging areas obtained through satellite telemetry from 9 turtles
during the period 2008—2011 (Gonzalez Carman ct al., 2012; Fig. 2).
Animal positions were analyzed with state-space models to identify
locations where the animals were likely engaged in foraging activi
ties (Breed et a].. 2009: Maxwell et al., 2011; see modeling details in
Gonz~ijez Carman ci a]., 2012). Fixed kernel density estimation was
used to construct a map showing foraging areas, created from the
‘foraging’ locations from the state-space model results. This method

Fig. 1. (a) Rio de Ia Plan estuarine area (Argentina—uruguay). The yellow line represents the modal position of the turbidity front (from FramiBan and Brown, 1996) which is
a proxy of the bottom salinity front position. The black dashed line indicates an approximate position of the surface salinity front (Mianzan ct al., 2(1(11 Cahreira ci al,, 2006).
Black star indicates the location where green turtles were caught as bycatch in a gillnet fishery, providing material for the digestive tracts sampling. (b) Conceptual diagram of
the RIO do Ia Plata frontal system modified from Arhi cial ((0(1!>; and Miantaii ci al (21)1)1 (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
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Eig. 2. (a) Plastic debris distribution overlapped with green turtle foraging areas in tile Rio de Ia Plata (Argentina—uruguay). The yellow line represents the modal position of
the turbidity front associated with the bottom salinity front. The 100% and 50% 110 represent tile overall distribution of foraging areas and the core foraging areas of the
turtles, respectively, (b) Dotted colored lines are used to exemplify routes of tour of tile nine turtles tracked. (For interpretation of tile references to color in this figure legend,
the reader is referred to the web version of this article.)

identifies areas of disproportionately heavy use, or core areas, with
in a distribution range. The density at any location is an estimate of
the amount of time spent there (Seaman and Powell, 1996; Worton,
1989). Foraging density distributions were represented by utiliza
tion distribution (UD) contours, indicating areas within which
tracked turtles spent 50%, 75%, 95% and 100% of their presumed for
aging at-sea time. The 100% and 50% UD are interpreted as overall
distribution of foraging areas and core foraging areas of turtles dur
ing the tracking period, respectively (Gonzalez Carman Ct aL, 2012).
Data on plastic debris distribution and green turtle foraging areas
were plotted together using ArcGIS 10.1 ® (Copyright© ESRI) to visu
ally explore green turtle exposure to plastic debris while foraging in
the RIo de Ia Plata.
To statistically explore an association between plastic and green
turtle distributions, a Pearson correlation (~ = 0.05) was conducted
between plastic density and turtle kernel density found at the cor
responding debris sampling location.
2.3. Plastic ingestion determined from dead animals
We examined 62 digestive tracts of dead green turtles necrop
sied to study their diet. The animals were incidentally captured

during 2008—2011 in gillnets of the San Clemente artisanal fishery
that operates in the coastal waters of the southern part of the estu
ary (Gonzalez Cannan et al., 2013). We measured curved carapace
length (CCL ± 0.1 cm) and weight (W± 0.1 kg) of the animals. Deb
ris was counted, weighed (±0.1 g), and classified by type (e.g. plas
tic bag, hard plastic fragment, rope, cloth, paper, and others)
following Bjornclal et al. (1994) and Lazar and Gra~an (2011).
Results for each specific category were expressed as number of
ingested fragments (mean ± SE) and frequency of occurrence
(%FO). The %FO denotes the overall proportion that a particular
debris category appeared in the animals examined. The wet weight
of total debris per animals was determined.
3. Results
3.1. Exposure to plastic pollution
Green turtles spent most of their at-sea time in core foraging
areas (50% UD) in the RIo de Ia Plata estuarine system, including
the coastal waters off Uruguay and waters off Samborombón Bay
along the Argentine coast (Fig. 2a). These core areas were near to
or overlapped with zones where plastic accumulates, such as the

V. Gonzalez Carmon et al/Marine Pollution Bulletin 78 (2014) 56—62

coastal waters off Uruguay (Fig. 2a). Other foraging areas, though
not highly used (95% UD), occurred where plastics were not de
tected. There was no statistically significant association between
the plastic and the turtle kernel density distributions (Pearson’s
r = —0.09, P = 0.1).
Individual animals that first foraged near San Clemente, and
then migrated to the coast of Uruguay went through the frontal
area where the accumulation of anthropogenic debris was ex
pected to be the highest (Fig. 2b). On average, turtles likely encoun
tered a mean of 8.8 plastic items (hard plastic and bags) per square
kilometer of the overlapped foraging area. This quantity reached
maximum values of >100 items/km2 at the frontal area.
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3.2. Plastic ingestion

I

Most (90%) of the 62 juveniles examined ingested anthropo
genic debris (mean CCL ± SD = 38.5 ± 4.4 cm, range 31.3—
52.2 cm, N 54; mean W± SD 6.0 ± 2.9 kg, range = 2.3—16.8 kg,
N =47). Median number of fragments per animal was 13 (range:
0—591 fragments, N = 62, Fig. 3a) and the weight of debris per ani
mal was <5 g in most cases (Fig. 3b). An extreme case was repre
sented by one animal that consumed 591 fragments of debris
(mostly hard plastic pieces), an equivalent of 1.3% of its body
weight.
Most debris was found in the distal portion of the large intestine
(98%), although some was also found in the stomach (40%) and the
oesophagus (16%). Wrappers, bags and hard pieces of plastic were
most frequently ingested (Table I). The size of the debris was var
iable, ranging from small hard plastic pieces (0.5—3.0 cm) to large
sections of bags (>15.0 cm) (Fig. 4). Plastic debris was found
embedded in a jelly like mucous material in the stomachs (Fig. 5).

4. Discussion
Neritic juvenile green turtles are exposed to a concentration of
plastic pollution while foraging within the RIo de Ia Plata frontal
system. The distribution of plastic accumulated by the bottom
front and the core foraging areas of the animals overlap widely
(Fig. 2). Exposure results in ingestion, as shown by the high fre
quency of plastic debris found in the digestive tract of turtles bycaught in the southern portion of the estuary (Fig. 3, Table I). From
our previous tracking studies we know that green turtles spend a
large portion of the year (up to 6 months) in this estuarine region
(Gonz~lez Carman et al.. 2012); thus most of the debris is likely
from the RIO de Ia Plata region. Despite this evidence, there was
no statistically significant association between the observed plastic
distribution and turtle kernel density. This could be due to limita
tions in our data set, since the data on plastics were collected
opportunistically during research fishery cruises and not with a
sample design to show how it affects turtles. This highlights the
need to sample plastic debris aiming to evaluate the effect on mar
ine turtles through a spatial analysis approach.
Exposure to plastic ingestion is likely increased by physical pro
cesses such as water mass convergence occurring at fronts (Caur,
1987; Witherington, 2002). This is likely a key factor promoting
plastic ingestion in neritic foraging areas such as this one. In the
RIo de Ia Plata estuarine system, debris accumulates particularly
at the bottom front (Acha er a]., 201)3). along with primary prey
items. Some of the scyphozoan species which are part of the
turtle’s diet (e.g. chrysaora lactea, Lychnorhiza lucema, Gonzalez
Carman et a]., 2013) aggregate close to the bottom, below the
salt—wedge (Alvarez Colombo et al., 2003; Cabreira et al., 2006).
Our results show that turtles have large amounts of debris in their
digestive tracts, suggesting that their proximity to the front,
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Fig. 3. (a) Number of fragments and (b) wet weight of anthropogenic debris
ingested by juvenile green turtles from San clemente, Argentina.

Table 1
Frequency of occurrence (%FO) and number of fragments of anthropogenic debris
found in the digestive tracts (n — 62) of juvenile green turtles from San Clemente,
Argentina. SE: one standard error.
Anthropogenic debris

wrapper plastic
Plastic bag
Hard plastic pieces
Thread (nylon, cotton)
Rubber (balloon, band)
Rope
Styrofoam
Artificial fiber sponge
wood
cotton pieces
Paper
cloth

SF0

85.5
74.2
59.7
37.1
27.4
14.5
6.5
4.8
4.8
4.8
4.8
1.6

No. fragments
Total

Mean

SE

607
275
819
24
46
13
3
11
3
3
1
4

11.5
6.0
22.1
2.0
1.4
1.4
2.8
1.0
13
1.0
1.0
1.0

1.7
0.9
11.5
0.2
0.1
0.1
0.2
0.0
0.1
0.0
0.0
0.0

particularly during presumed foraging, is a potential cause for ele
vated debris levels.
Because visibility may be quite limited in the study area, inges
tion of plastic may not be due to visually mistaking plastic for
gelatinous prey, as has been suggested for leatherbacks elsewhere
(Bjornclal, 1997: Mrosovsky et al.. 2009). Light penetration in the
estuary is scarce due to suspended sediments, especially in the
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Fig. 4. Diversity of anthropogenic debris ingested by juvenile green turtles from San Clemente, Argentina. Each photo represents the debris ingested by one animal. Ruler size
is 15cm (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 5. Plastic debris found embedded in a jelly like mucous material within the stomachs of juvenile green turtles from San Clemente, Argentina. Black and white arrows
indicate plastic debris and jelly like mucus, respectively.

turbidity front (Acha et a)., 2008; Mianzan et a].. 2001). Further
more, the optical sensitivity of the green turtle eye is thought to
be low (Mathgcr et a]., 2007). Marine turtles are capable of detect
ing chemical cues underwater through receptors located in the
olfactory epithelia (Soui:hwood et a]., 2008), but it is possible that
plastics do not have a strong enough chemical cue to be detected
through olfaction either.

Plastic ingestion has also been observed in Franciscana dolphins
(Pontoporia blainvillei) that inhabit the same estuary. Denuncio
et aL (2011 reported that dolphins incidentally captured in estua
tine waters ingested more plastic than dolphins from adjoining,
marine waters. Turtles and dolphins feed on different prey (jelly
fish and fish, respectively); this also suggests that plastic ingestion
may not occur because animals fail to distinguish it from prey.

V. Gonzalez Cart-nan et al/Marine Pollution Bulletin 78(2014)56—62

Thus, it is possible that in this system, elevated exposure results in
accidental consumption. Accidental consumption may occur if
both plastics and jellyfish prey are associated with the same phys
ical feature (i.e. the bottom front); as observed by a number of
studies including Acha et al. (2003), Alvarez Colombo et al.
(2003) and Cabreira et’ al. (2006). The digestive tract examination
supports this physical association. Plastic debris was found embed
ded in a jelly like mucous material in the turtles’ stomachs (fable 2,
Fig. 5), and this mucus is associated with the presence of nemat
ocysts of the putative jellyfish prey of the turtles (Gonzalez Carman
etal., 2013).
Almost all necropsied animals ingested plastic debris. The
amount of items ingested is similar to those reported in other geo
graphic areas (e.g. Blorndal et al.. 1994: Bugoni et al., 2001; Tomás
et al., 2002; Tourinho et al., 2010). None of the study animals
apparently died due to plastic ingestion; instead they were acci
dentally caught in gillnets. Most of the debris was found in the last
section of the large intestine, which suggests that the plastic might
affect turtles through dietary dilution while it passes throughout
the length of the digestive tract. The turtles would have a limited
ability to compensate for dietary dilution and this could be exacer
bated in animals with an already diluted diet based on gelatinous
plankton (McCauley and Bjorndal, 1999), like the individuals in
this study (Gonzalez Carman et al.. 2013).
Based on the above, we can hypothesize that juvenile green tur
tles become highly exposed to the menace of plastics from late
spring to early fall in the RIo de Ia Plata, because they concentrate
to forage on jellyfish that are aggregated along the bottom salinity
front. Along with jellyfish, the frontal dynamics aggregate plastic
debris originated by upriver populated cities. The physics of fronts
(e.g. the bottom front) provides a unique opportunity for marine
turtles since it concentrates their food. At the same time, it repre
sents an important conservation challenge because the frontal
accumulation exacerbates threats to marine turtles. Future studies
should be focused on mapping and modeling turtle foraging areas
in relation to the distribution of prey and plastic, as well as explor
ing means of reducing plastic debris flow into marine and estua
rine areas, and reducing the amount that already exists.
On a regional scale, the turtles forage in northern areas of Uru
guay and southern Brazil prior to arriving at the RIo de Ia Plata
(Gonzalez Carman et al., 2012). Ingestion has also been reported
in northern foraging areas (e.g. Bugoni ci al., 2001; Guebert
l3artholo et aL, 2011: Tourinho et al., 2010). It is possible that some
of the plastic found in the intestine had been consumed in north
ern foraging areas, as the passage through the digestive tract can
be of 4—6 months (Lutz, 1990). These areas have open beaches
and debris is attributed to highly populated cities, tourist locations
and navigation activities (Guebert-l3artholo ci al., 2011: Tourinho
et al., 2010). In these cases, the concentration of debris might be re
lated to geomorphological barriers that keep debris entrained (i.e.,
shorelines). Offshore winds sweeping the debris to the sea, littoral
currents transporting debris from one beach to the other, and prox
imity to river drain-off and zones with high sedimentation rates
should be explored.

Table 2
Summary of diet items found in the digestive tract of juvenile green turtles (n 62)
from Samborombón Bay, Argentina (modified from C isSley Carman ci at. 2013).
%W: wet weight, %FO: frequency of occurrence.
Diet items

%FO

jelly like mucous material with nematocysts
Molluscs
Terrestrial plants
Macroalgae
Other diet items

81.0
52.4
33.3
9.5
<8.0

47.8
7.9
9.0
4.2
<0.6
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Juvenile green turtles migrating along the temperate SW Atlan
tic alternate between plastic-polluted foraging habitats and fisher
ies that are a direct threat to their populations. Most of these
animals were born in, and thus will eventually reproduce at,
Ascension Island (Proietti et al., 2009; Prosdocjmi et a]., 2012).
Some authors suggest that the population is recovering, although
it is far from its original numbers (Broderick et al., 2006). The im
pact of plastic ingestion on population trends is unknown. To our
knowledge, this is the first study that explores exposure to plastic
through a spatially explicit approach that associates debris and
turtle distributions at the local scale. We identified the RIo de Ia
Plata estuarine front as a risk area of conservation concern for
young green turtles.
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Abstract: Ingestion of marine debris can have lethal and Sublethal effects on sea turtles and other wildlife.
Although researchers have reported on ingestion of anthropogenic debris by marine turtles and implied mci
dences of debris ingestion have increased over time, there has not been a global synthesis of the phenomenon
since 1985. Thus, we analyzed 37 studies published from 1985 to 2012 that report on data collected from
before 1900 through 2011. Specifically, we investigated whether ingestion prevalence has changed over time,
what types of debris are most commonly ingested, the geographic distribution of debris ingestion by marine
turtles relative to global debris distribution, and which species and l~fe-histoiy stages are most likely to ingest
debris. The probability of green (Chelonia mydas~ and leatherback turtles (Dermochelys coriacea) ingesting
debris increased sign~ficantly over time, and plastic was the most commonly ingested debris. Turtles in nearly
all regions studied ingest debris, but the probability of ingestion was not related to modeled debris densities.
Furthermore, smaller, oceanic-stage turtles were more likely to ingest debris than coastal foragers, whereas
carnivorous species were less likely to ingest debris than herbivores or gelatinovores. Our results indicate
oceanic leatherback turtles and green turtles are at the greatest risk of both lethal and sublethal effects from
ingested marine debris. To reduce this risk, anthropogenic debris must be managed at a global level.
Keywords: Caretta caretta, Dermochelys coriacea, Eretmochelys imbricata, garbage, Lepidochelys kempii,
litter, rubbish, trash
Análisis Global de Ia Ingesta de Residuos Antropogénicos por Tortugas Marinas
Resumen: La ingesta de residuos inarmnospuede tener efectos letalesy subletales sobre las tortugas marinas
y otros animales. Aunque hay mnvestigadores que han reportado la ingesta de residuos antropogenicos por
tortugas marinas y la incidencia de let ingesta de residuos ha incrementado con el tiempo, no ha habido
una sintesis global delfenomeno desde 1985. For esto analizamos 37 estudios publicados, desde 1985 hasta
2012, que reportan datos colectados desde antes de 1900y a lo largo del 2011. Investigamos espec(ficamente
si elpredominio de la ingesta ha cambiado con el tiempo, qué ti~ os de residuos se ingieren comdnmente, la
distribuciôn geogrdfica de Ia ingesta de residuos por tortugas marinas en relación a la distribucidn global
de residuos y cuáles especies y etapas de vida tienen más probabilidad de ingerir residuos. La pro babilidad
de que las tortugas verdes (Chelonia mydas) y laud (Dermochelys coriacea) ingieran escombros incrementa
significativamente con el tiempo; pldstico fue el residuo que mds se ingirió. Las tortugas en casi todas
las regiones estudiadas ingieren residuos, pero la probabilidad de ingesta no estuvo relacionada con las
densidades inodeladas de residuos. Además de esto, tortugas más pequenas, en etapa ocednica de vida,
tuvieron una mayor probabilidad de ingerir residuos que las tortugasforrajeras terrestres, mientras que las
especies carnivoras tuvieron menos probabilidad de ingerir residuos que las herbIvoras o las gelatinIvoras.
Nuestros resultados indican que las tortugas verdesy ladd tienen el mayor riesgo de efectos letalesy subletales
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tie la ingesta tie residuos marinos. Para reducir ci riesgo, los residuos antropogc5nicos deben manejarse en un
nivel global.

Palabras Clave: basura, Caretta caretta, Dermochelys coriacea, escombros, Eretmochelys imbricata, Lepi
dochelys kempii, residuos

Introduction
Plastics in the Environment
Although there are little to no empirical data on the quan
tity of anthropogenic debris (hereafter debris) entering
the marine environment, estimates place it at approxi
mately 6.4 miffion tons annually (UNEP 2005), about 80%
of which is thought to originate from land-based sources
(Fans & Hart 1994). However, these estimates do not
take into account aperiodic events that can cause dra
matic point-source increases, such as the 2011 Japanese
tsunami which created an estimated 1.5 million tons of
floating debris (NOAA 2012). Because there is presently
no way to map the movement of debris in real time,
best estimates of where debris accumulates come from
oceanographic models. Recent work by Lebreton et al.
(2012) predicts that floating debris accumulates in 5 main
oceanic gyres and occurs predominantly in subtropical
regions. Debris gathers in drift lines and convergence
zones, which are also important feeding areas for many
oceanic species, including sea birds, pelagic fish, and sea
turtles (Ashmole & Ashmole 1967; Carr 1986).
Plastic is the primary type of debris found in marine
and coastal environments (Derraik 2002), and plastics
are the most common form of debris ingested by wildlife
(Mrosovsky et al. 2009; van Franeker et al. 2011; Schuyler
et al. 2012). With the exponential increase in global plas
tic production over the past 60 years (PlasticsEurope
2009), it is likely that effects on marine wildlife from
ingestion of plastic have also increased. Ingestion of matine debris affects over 170 species (Laist 1997). Debris
ingestion can result in death by perforation or impaction
of the gastrointestinal system and toxic compounds in
plastics may have sublethal effects on development and
population dynamics (Oehlmann et al. 2009).
Six of the world’s 7 species of sea turtles have been
found to ingest debris, with the exception of the flatback sea turtle (Natator depressus) (Balazs 1985; Cec
carelli 2009). All 6 are listed as globally vulnerable or
endangered (IUCN 2012). In 1985, Balazs summarized all
known cases of sea turtle interactions with marine debris.
Since then, researchers from around the world have in
vestigated debris ingestion by turtles on local or regional
scales (e.g., Tomas et al. 2002; Lazar & Gracan 2011;
Schuyler et al. 2012). Results of a historical analysis of de
bris ingestion by leatherback turtles showed a long-term
increase in ingestion frequency (Mrosovsky et al. 2009),
but there has been no global review of debris ingestion for
all turtle species since 1985. Understanding the factors
that affect debris ingestion by turtles, including types
c;onservation Bio!ogj’
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of debris ingested, global distribution of debris, and life
history and feeding ecology, may help focus management
priorities on reducing plastics in the marine environment
and decreasing the potential for debris ingestion.
Turtle Life History and Feeding Ecology
Sea turtle species have different lifestyles. At various
stages of their lives, they may live and feed primarily
in open ocean, predominantly in neritic areas, or they
may switch back and forth. (Walker & Parmenter 1990;
Bolten 2003; Godley et al. 2008; Rees et al. 2012). Turtles
living in oceanic or coastal environments and feeding
pelagically or benthically may encounter very different
densities and types of marine debris and may therefore
have different probabilities of debris ingestion.
Feeding preference may also affect the probability of
debris ingestion by turtles. Most neonate turtles have gen
eralist diets that become more specialized as they recruit
to the coastal environment (Plotkin et al. 1993; Boyle
& Limpus 2008). Adult green turtles are primarily her
bivorous (Bjorndal 1997), whereas loggerhead (Caretta
caretta) and Kemp’s ridley (Lepidochelys kempii) tur
tles are primarily carnivorous and eat crustaceans, mol
luscs, and other hard-bodied organisms (Bjorndal 1997).
Although flatback turtles are also carnivorous, they eat
primarily soft-bodied invertebrates (Sperling et al. 2007).
Olive ridley (Lepidochelys olivacea) and hawksbil tur
tles (Eretmochelys imbricata) are omnivorous, although
hawksbills feed mostly on sponges and algae (Bell 2012).
Leatherback turtles feed exclusively on jellyfish and
other gelatinous organisms (Shaver 1991; Bjomdal 1997).
These different feeding preferences may affect the types
and amount of debris turtles encounter and are likely to
ingest.
Estimating Frequency of Plastic Ingestion
There is currently no reliable method for assessing plas
tic ingestion in live turtle populations. Results of some
dietary studies in which lavage (Seminoff et al. 2002;
Witherington 2002) or fecal analyses were used showed
turtles ingested plastics (e.g., Seminoff et al. 2002; Casale
et al. 2008), but these techniques almost certainly un
derestimate debris ingestion because only a small subset
of the gastrointestinal tract is sampled. Seminoff et al.
(2002) found 1.9% of 101 lavaged turtles had ingested
debris: 41 of these turtles were kept in a tank and their
feces collected. Of these, 19% excreted debris, 10 times
the amount found through lavage. Seven turtles from the
same population died and their stomach contents were
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Table 1. Articles published since 1985 that report on studies in which a systematic survey of turtles (n ~ 7 animals) was conducted and necropsies
were performed to determine contents of the gastrointestinal system.
Reference

Study dates

Country
or region

Bjorndal et al. (1994

1988-1993
2002-2006
1997-1998
1985-1989
1994
2001-2005
1978-1995
1979-1999
1987-1989
2000-2001
1986-2001
1979
2004-2007
1997
2001
2001-2004
1989-1998
2000-2002
1885-2007
1990-1992
1990-2004
2003-2007
1986-1988
1986-1988
1987
2002-2004
1977-1979
1994-1998
1979-1988
2007-2008
2006-2011
1995-1999
1983-2002
1983-1989
1984
N/A
2006-2007

USA
Australia
Brazil
USA
USA
central Mediterranean
France
France
USA
USA
Azores
Australia
Brazil
UAE
Turkey
Eastern Adriatic
Australia
USA
Global
northern Pacific
USA
USA
Texas
Texas
Peru
Mediterranean
Oman
Mediterranean
USA
Brazil
Australia
Mexico
USA
USA
USA
Spain
Brazil

Boyle and Limpus (2008)
Bugoni et al. (2001)
Burke et al. (1994)
Cannon (1998)
Casale et al. (2008)
Duguy (1997)
Duguy et al. (2000)
Duronslet et al. (1991)
Foley et a!. (2007)
Frick et al. (2009)
Garnett et al. (1985)
Guebert-Bartholo et al. (2011)
Hasbun et al. (2000)
Kaska et a!. (2004)
Lazar and Gracan (2011)
Limpus et al. (2001)
Lopez-Mendilaharsu (2005)
Mrosovsky et al. (2009)
Parker et al. (2005)
Parkeretal. (2011)
Peckham et al. (2011)
Plotkin & Amos (1990)
Plotkin et al. (1993)
Quinones et al. (2010)
Revelles et a!. (2007)
Ross (1985)
Russo et al. (2003)
Sadove and Morreale (1989)
Santos et al. (2011)
Schuyler et al. (2012)
Seminoff et al. (2002)
Seney and Musick (2007)
Shaver (1991)
Shaver (1998)
Tomas et a!. (2002)
Tourinho et a!. (2010)

analyzed; 2 had ingested debris. Necropsy, therefore, is
the most effective method of identifying debris ingestion
by turtles; however, necropsy limits the study population
to deceased animals.
We analyzed literature published since 1985 to compile
a global assessment of the prevalence of marine debris in
gestion by sea turtles. We focused on factors that might be
useful in prioritizing management actions by investigat
ing whether ingestion prevalence changed over time, the
types of debris most commonly ingested, the geographic
distribution of debris ingestion by marine turtles relative
to global debris distribution, and the species of turtle and
life-history stages at which turtles are most likely to ingest
debris.

Methods
We reviewed the literature on the gastrointestinal con
tents of sea turtles published after Balazs’ (1985) review.

Number of
turtles in study
51

54
50
18
158

33
141
87
32

44
12

44
76
13

65
54
47
24
408
52
10
82
23
82
192
19

9
45
116
15
115
7
166
101
37

54
34

Species
multiple
green, loggerhead
multiple
Kemp’s ridley
multiple
loggerhead
multiple
leatherback
multiple
green
loggerhead
green
green
green
loggerhead
loggerhead
loggerhead
green
leatherback
loggerhead
green
loggerhead
green, hawksbill
loggerhead
green
loggerhead
green
green, loggerhead
multiple
green
multiple
green
loggerhead
Kemp’s ridley
Kemp’s ridley
loggerhead
green

Turtles with
ingested debris (%)
49

65
50
0
11
52
17

55
59
2
25
0
70
0

5
35
0
0

34
35
70
0
61
51
42

37
0
18
12
20

33
29
0
29
19
80
100

We searched ISI Web of Knowledge and the Aquatic
Sciences and Fisheries Abstracts for the terms feeding
ecology, foraging ecology, or diet and plastic, debris,
marine debris, litter, flotsam, detritus, or tar balls. In
each string of terms we included sea turtle plus the
genus and species names of all 7 species of sea turtles.
Because analysis of gastrointestinal contents is the most
accurate way to determine the presence or absence of
marine debris, we used only studies in which a system
atic necropsy of at least 7 individuals was conducted.
Most of the articles we included in our study were peer
reviewed publications, but we also included 3 confer
ence proceedings (Sadove & Morreale 1989; Plotkin &
Amos 1990; Duguy et al. 2000) and 3 government reports
(Duronslet et al. 1991; Cannon 1998; Shaver 1998). For
papers that did not explicitly report debris ingestion, we
asked authors whether debris had not been found or
whether it was not reported. When we were unable to
contact an author, we assumed debris was not found.
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Figure 1. Change in probability of ingestion of debris over time for d~fferent species of sea turtles (black dots,
presence [1.0] or absence [0.0] of debris in turtlesfrom one iteration of a Monte Carlo function; gray lines, inverse
logit calculation oftheprobability of a turtle ingesting debris on the basis of the median slope and interceptfor
100 iterations of the Monte Carlo function; p values, median valuesfor 100 iterations of the Monte Carlo
function). For the leatherback turtle graph, data are for all leatherback turtles, andfor the leatherback post 1985
graph, data from Mrosovsky et al. (2009) are excluded.
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When studies reported on the same set of turtles (Plotkin
& Amos 1990; Plotkin et al. 1993; Duguy 1997; Duguy
et a!. 2000; Mrosovsky et al. 2009), we counted each
turtle only once in our analyses.
Because each study varied in length and no study spec
ified how many turtles were analyzed each year or the
proportion that ingested plastic in each year, we used a
Monte Carlo simulation to determine whether the likeli
hood of marine debris ingestion by turtles changed over
time (sensu Efron & Tibshirani 1994). We randomly as
signed turtles with and without debris from each study
to years, drawn with replacement, for the duration of
each study. We then fit a logistic regression to the full
simulated data set across all studies. We repeated this
process to generate 100 logistic regressions fit to in
dependently simulated data and calculated the median
slope, intercept, andp value from all regressions. To de
termine whether there were differences among species,
we ran the same analyses individually for each species.
Although we analyzed only papers published after Bal
azs’ 1985 review, one paper reported on a compilation
of studies of leatherback turtles since 1895 (Mrosovsky
et al. 2009). Because we did not conduct an exhaustive
literature search for other studies in this time frame, we
conducted a second analysis for leatherbacks excluding
the Mrosovsky data.
We calculated the total number of studies reporting
ingestion of multiple types of debris. We mapped the
percentage of turtles found to have ingested debris at
each study site overlaid on a global map of marine debris
accumulation, as modeled by Lebreton et al. (2012). Due
to a lack of standardized reporting in studies, we were
unable to investigate quantitatively the effects of debris

.~,

Figure 2. Total number of studies
reporting on ingestion ofparticular
types of marine debris by sea turtles.
In many cases, multiple types of
debris were found, so a study could
be counted in more than one
category.

ingestion on different life-history stages; however, we
considered these effects in qualitative terms. To deter
mine which species were most likely to ingest debris, we
aggregated reports from all studies for each species and
used logistic regression to determine the species’ effect
on the probability of ingesting debris.

Results
Thirty-seven studies met our criteria (Table 1). Over 116
years (1895-2012), the probability of debris ingestion
increased significantly for green and leatherback turtles
(median p < 0.001) and increased nonsignficantly for
loggerhead turtles (medianp = 0.053) (Fig. 1). The prob
ability of leatherback turtles ingesting debris did not
change significantly from 1985 to 2012. The probabil
ity of Kemp’s ridley turtles ingesting debris also did not
change over time. The probability of debris ingestion for
hawksbill turtles decreased from 1985 to 2012.
Of 31 studies providing details of ingested debris,
96.8% (n = 30), reported that sea turtles ingested some
form of plastic. Some studies differentiated between soft
(n = 19) and hard plastic (n = 12). Rope, fishing line,
Styrofoam, tar, and fishhooks were other commonly in
gested items (Fig. 2). About half the studies that reported
debris ingestion (n = 16) did not report whether inges
tion was the primary cause of death. In 15 studies, re
searchers determined whether debris ingestion resulted
in mortality. Of these studies, 11 reported debris was
responsible for 2-17% of total turtle mortality; 5-35% of
the turtles that ingested plastic were reported as being
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Figure 3. Locations of studies of ingested debris by sea turtles worldwide (enlargements: [a] the Gulf ofMexico
and/b] the Mediterranean) overlaid on a 30-year model ofglobal debris distribution (red and yellow areas on
maps, high debris concentration) (Lebreton et al. 2012). Circles are sized relative to the total number of turtles
necropsied aarge, 100 turtles; small, 10 turtles). Red areas in circles indicate the percentage of turtles in each
study found with ingested debris. All species have been amalgamated. (Background map reprintedfrom Marine
Pollution Bulletin [Vol. 64], L. C.-M. Lebreton, S. D. Greer, andj C. Borrero. Numerical Modelling of Floating
Debris in the World’s Oceans. Pages 653-661. Copyright 2012, with permission from Elsevier.)

killed by it. Four studies, of 12-37 animals each, reported
that debris ingestion killed no turtles.
There was no discernible geographic pattern of debris
ingestion relative to global models of debris distribution
(Fig. 3). In all regions studied, aside from the Persian Gulf,
turtles ingested debris.
Hawksbill turtles were most likely to ingest debris,
followed by green and leatherback turtles (Fig. 4). The
carnivorous species (loggerhead and Kemp’s ridley) were
least likely to ingest debris. Aside from the hawksbill,
which did not differ significantly from either green or
loggerhead turtles, all species differed significantly from
one another in probability of ingesting debris (logistic
regression, p < 0.0148 for all factor levels). Ingestion of
debris by a flatback turtle was reported only once, so we
excluded it from our analyses.
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Discussion
Debris Ingestion over Time and Debris Types
The majority of debris consumed by all turtles was com
posed of plastic (Fig. 2). Even in 1985, when plastic pro
duction levels were still relatively low, plastic was the
most widely reported debris item ingested (Balazs 1985).
The likelihood of a green turtle ingesting debris nearly
doubled from an approximate 30% likelihood in 1985 to
nearly 50% in 2012 (Fig. 1). Leatherbacks showed a sig
nificant increase in debris ingestion when historical data
were included in the analyses, but the increase leveled off
after 1985. Data from 1985 to 2012 did not show a signif
icant increase in the probability of debris ingestion. This
result is consistent with that of Mrosovsky et al. (2009),
who also found that debris ingestion by leatherback

Schuyleretal.

135

50

A,B
Omnivore

45
Herbivore
40

~ Gelatinovore

35

Carnivore

B

~3O
.~

25

C

20
a)

l2

a)
o. 15
10
5
0
Hawksbill

Green

Leatherback

Loggerhead

Kemp’s ridley

n=847

n=361

Species
n=32

n=648

n=444

Figure 4. Percentage of the total number of each species of turtle across all studies that were reported to have
ingested debris. D~(ferent letters above bars indicate sign~ficant d~fferences between species (p < 0.05) (11, total
number of turtles necropsiedfor each species).
turtles leveled off in the 1980s. The results with
leatherback turtles suggest the environment has reached
a saturation point, at least with respect to debris dis
tribution. When running oceanic debris models similar
to C. W. Lebreton’s (unpublished data) noted that after
releasing hypothetical debris particles for about 10 years,
debris distribution stabilized (i.e., debris continued to
enter the system, but it ended up in the same areas). This
possible saturation might also explain our results with
Kemps’ ridley turtles.
The decrease in hawksbill turtle ingestion of debris we
found may be due to small sample size. Only 2 studies
reported on hawksbill gut contents, and these studies
were conducted at the very beginning and very end of the
literature-review period (Plotkin & Amos 1990; Schuyler
et al. 2012).
It is possible that increasing awareness of debris inges
tion may have affected necropsy methods. As more stud
ies were published on debris ingestion, researchers may
have become more meticulous in their necropsy tech
niques. However, because our analyses included feeding
studies, in which gut contents are investigated carefully,
and studies reporting null ingestion, it is reasonable to
expect that observed increases were not due to differ
ences in necropsy methods among studies. Additionally,
our fmding of increasing plastic ingestion is consistent

with findings of other researchers for both turtles and
seabircis (e.g., Mrosovsky et al. 2009; van Franeker et al.
2011).
Many of the turtles examined in the studies we re
viewed did not ingest large quantities of debris. How
ever, even small amounts of ingested debris can result
in gut obstruction and mortality (Bjorndal et al. 1994).
Although many studies did not report mortality of tur
tles, for those that did, about 4% of the total number
of turtles necropsied (n = 1106) were reportedly killed
by plastic ingestion. Of those turtles that ingested debris
(n = 454) 42 (9%) were killed by it (range 0-35%). Al
though this number is relatively small, mortality is not the
only risk associated with debris ingestion. Plasticizers,
such as bisphenol-A (BPA) and phthalates, incorporated
into plastics at production can leach into the environ
ment or into tissue (Oehlmann et al. 2009). One group
of researchers hypothesizes that plasticizers function as
endocrine disruptors (Krishnan et al. 1993) and thus may
have population-level effects on seabirds (van Franeker
& SNS Fulmar Study Group 2011). Floating plastics also
readily absorb heavy metals and other toxins from the
ocean and can release these into the tissues of animals
upon ingestion (Teuten et al. 2009), although little is
known about the effects of metal or toxin release on
marine species.

Conservation Biology
Volume 28, No. 1,2014

136
Location of Turtles and Debris
Debris ingestion by sea turtles occurs worldwide. Al
though not every study reported turtles with ingested
debris, in every region of the world where gastrointesti
nal contents were examined, debris was detected. Simi
larly, Balasz (1985) reported debris ingestion by turtles at
19 locations worldwide, including all continents except
Antarctica, where turtles do not occur.
No relation was observed between high proportions of
debris ingestion at locations where stranded turtles were
found and areas of high debris concentrations as deter
mined from ocean-current modeling. We considered ana
lyzing the correlation between coastal human population
density and debris ingestion by turtles at study sites, but
decided this analysis would have little relevance due to
the large-scale migratory paths and motility of turtles and
the wide distribution of marine debris from its source. For
instance, results of a study conducted in the New York
Bight, adjacent to the New York City metropolitan area
(1990 population 16.4 million inhabitants) (Bureau of the
Census 1990), showed only 12% of turtles ingested debris
(Sadove & Morreale 1989). The results of a second study 5
years later in the same region showed no evidence of de
bris ingestion (Burke et al. 1994). Conversely, Tourinho
et al. (2010) studied turtles in a “relatively undeveloped”
area of southern Brazil. Here, over 200 km from Porto
Alegre (2010 metropolitan area population 4.4 million)
(IBGE 2010), 100% of turtles surveyed had ingested de
bris. Because most turtles migrate long distances during
their posthatchling pelagic phase and during breeding
migrations (Musick & Limpus 1997; Luschi et al. 2003),
they are highly likely to encounter ocean-borne debris at
some life stage, particularly when they passively drift in
oceanic gyres, where debris accumulates. Because debris
does not decompose as rapidly as food items and given
that the physiology of turtles does not permit regurgi
tation or expulsion (Sheavly & Register 2007), turtles
may encounter and ingest the debris far from where they
strand.

Life-History Stage of Turtles
Anthropogenic debris accumulates in oceanic gyres far
from shore (sensu Lebreton et al. 2012) (Fig. 3). Accord
ingly, one might expect oceanic-phase turtles to be more
likely to ingest debris than coastal foragers. The 4 studies
that reported on turtles sampled from oceanic waters
found an average of 49.2% of turtles (n = 128) ingested
debris (Parker et al. 2005; Boyle & Limpus 2008; Frick
et al. 2010; Parker et al. 2011). Casale et al. (2008) inves
tigated loggerhead turtles accidentally caught in oceanic
waters on longlines and those accidentally caught in
nearby benthic waters by trawl fishers. Of the oceanic
turtles (n
13), 64% had ingested debris, whereas 22%
(n = 9) of benthic turtles had ingested debris. Similarly,
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results of a comparison of 2 populations of similarly sized
juvenile loggerhead turtles with different foraging strate
gies showed that 35% of animals that foraged in the open
ocean had ingested debris (Parker et al. 2005), whereas
none of the coastal benthic-feeding turtles ingested debris
(Peckham et al. 2011). Other studies in which stranded
turtles were analyzed report that smaller oceanic turtles
are more likely to ingest debris than larger turtles (Plotkin
& Amos 1990; Schuyler et al. 2012). Balazs (1985) pre
sented similar results: 69% of immature turtles ingested
debris, whereas 31% of adult turtles ingested debris. This
means young oceanic turtles may be more at risk from de
bris ingestion than older benthic-feeding turtles. Not only
are they more likely to ingest debris, but their relatively
small, thinner digestive systems will be more vulnerable
to impaction by and perforation from the debris (Schuyler
et al. 2012).
Species
All species studied ingested debris, but green and

leatherback turtles were significantly more likely to ingest
debris than were Kemp’s ridley or loggerhead turtles.
Hawksbills were the most likely to ingest debris, but the
sample size was small (n = 32) and came from only 2
studies, so other factors such as geography or life stage
may have skewed results (Plotkin & Amos 1990; Schuyler
et al. 2012). Our results differ from Balazs’ (1985), who
reported that green turtles were most likely to ingest
debris (32%), followed by loggerhead (26%), leatherback
(24%), and hawksbill (19%) turtles. However, his data
were reported only as the total number of cases for each
species, not on the basis of the percentage of the total
number of animals of that species that had ingested de
bris, given all animals sampled.
Carnivorous species (e.g., loggerhead and Kemp’s ri
dley turtles) appear less susceptible to debris ingestion
than herbivores (green), gelatinovores (leatherback), and
omnivores (hawksbill), or perhaps they are less likely to
retain the ingested debris. One possible explanation of
the lower incidence of debris ingestion in carnivorous
species is that noncarnivores may be more likely to ingest
debris or be more likely to die from ingestion of debris
than carnivorous turtles. This could be because they have
a greater affinity for gelatinous organisms and eat soft
plastic because of its similarity to their prey, because they
are less selective and feed on a variety of items including
plastics, or because they feed in areas that accumulate
debris.
The differences in debris ingestion by species may also
be attributed to differences in the biology of the ani
mals and how their digestive systems cope with debris
once ingested. Adult and subadult loggerhead sea turtles
have a larger-diameter digestive tract than green turtles
of a similar age class; thus, they may more readily pass
ingested materials (Bugoni et al. 2001) or perhaps they
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have different enzymes or microflora that act differently
on ingested debris (Bjorndal 1997).
Debris Management
The differences in how debris ingestion is investigated
and reported make it challenging to develop relevant
global analyses on which to base management recom
mendations. Standardized reporting methods on debris
effects on wildlife, including debris type and size, species,
and life-history stage of animals affected, would go a long
way toward creating a globally consistent and compara
ble data set. Furthermore, increased efforts to understand
debris effects in underresearched areas where turtles oc
cur in great numbers (especially Southeast Asia, western
and northern Australia, South America, and Africa), and
in mid-ocean pelagic turtles would be beneficial.
Our results show clearly that debris ingestion by sea
turtles is a global phenomenon of increasing magnitude.
Our finding that oceanic-stage green and leatherback tur
tles are at higher risk than benthic-feeding carnivorous
turtles means management actions to target these species
and life stages should be considered. This is particularly
important for leatherback turtles that spend the bulk of
their lives in oceanic waters, and are listed as critically
endangered (IUCN 2012).
Ingestion prevalence at stranding locations was not
related to predicted debris density, likely due to the long
migrations of turtles. Thus, conducting coastal cleanups
will not solve the problem of debris accumulation in the
pelagic environment, where animals are most commonly
affected, although it is an important step in preventing
marine debris input into the ocean. Anthropogenic de
bris is not only a problem for endangered turtles and
other marine wildlife, but also affects human health and
safety (e.g., discarded sharps and medical waste and ship
encounters with large items). Debris also has aesthetic
and economic consequences and may result in decreased
tourism (Ballance et al. 2000), reduced economic benefits
from fisheries (Havens et al. 2008), and damage to ves
sels (Jones 1995). Furthermore, debris destroys habitats
and aids in the transport of invasive species (Sheavly &
Register 2007). It is therefore a high priority to address
this global problem. An estimated 80% of debris comes
from land-based sources; hence, it is critical to implement
effective waste management strategies and to create and
maintain a global survey and comprehensive database of
marine debris ingestion and entanglement. Additionally,
it is worth engaging with industry to create and imple
ment appropriate innovations and controls to assist in
decreasing marine debris.
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Recently, research examining the occurrence of microplastics in the marine environment has substan
tially increased. Field and laboratory work regularly provide new evidence on the fate of microplastic
debris. This debris has been observed within every marine habitat. In this study, at least 101 peer
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available literature. Dozens of works on other relevant issues (i.e., polymer decay at sea, new sampling
and laboratory methods, emerging sources, externalities) were also analysed and discussed. This paper
provides the first in-depth exploration of the effects of microplastics on the marine environment and
biota. The number of scientific publications will increase in response to present and projected plastic
uses and discard patterns. Therefore, new themes and important approaches for future worlc are
proposed.
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1. Introduction

this plastic will end up in the ocean, where it suffers degradation
and fragmentation (Barnes ci al. 2009: Anclr~.20il).~ In the

In 1972, E. J. Carpenter and K. L. Smith became the first re
searchers to sound the alarm on the presence of plastic pellets on
the surface of the North Atlantic Ocean. In their publication in
Science, they stated: “The increasing production of plastic, combined

environment, microplastic debris (<5 mm) proliferates, migrates
and accumulates in natural habitats from pole to pole and from the
ocean surface to the seabed; the debris is also deposited on urban
beaches and pristine sediments (Moore, 20Q~j llamnesetal..2009;
Thompson ci at., 2009; Ryan etaL 2009). This type of pollution is
ubiquitous and persistent in the world’s oceans and openly
threatens marine biota.
Plastic means “malleable” or “flexible”. Indeed, these synthetic
materials can be moulded into virtually any shape (~yj.~ore~Q08).
Plastics are versatile materials that are inexpensive, lightweight,
strong, durable and corrosion-resistant. They have high thermal
and electrical insulation values Pj ~p~j~on~etal.,2009 and are
incredibly practical. Plastics are formed by long chains of polymeric
molecules that are created from organic and inorganic raw mate
rials, such as carbon, silicon, hydrogen, oxygen and chloride; these
materials are usually obtained from oil, coal and natural gas (Shah
ci al., 2008). Currently, the most widely used synthetic plastics are
low- and high-density polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC), polystyrene (PS) and polyethylene tere
phthalate (PET). Altogether, these plastics represent 90% of the
total world production (Anti radv and (Seal. 2009). Thus, it is widely

with present waste-disposal practices, will probably lead to greater
concentrations on the sea surface... At present, the only known bio
logical effect of these particles is that they act as a surface for the
growth of hydroids, diatoms, and probably bacteria”. Not surprisingly,
only months later, the ingestion of those same polyethylene pellets
by fish was reported (ç~jj>enter el al. 1972). The prediction by
Carpenter anti Smith (1972) is the focus of the scientific community
that is studying the smallest plastic debris pollution sizes (Moore,
2008; liarneser al., 2009: Thompson ci al. 2009; Ryan ci al..
2009; Anclsadv. 2011). Several million tonnes of plastics have

been produced since the middle of the last century (more than two
hundred million tonnes annually) (llarnes ci al. 2009) Thompson
et al., 2009; Anclrady, 20H). Speculation exists over how much of
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accepted that the majority of the items polluting coastal and ma
rine environments are comprised of these materials (Andrady.
2011: En,gjer. 2012).

Most synthetic polymers are buoyant in water (e.g., PE and PP).
Consequently, substantial quantities of plastic debris that are
buoyant enough to float in seawater are transported and eventually
washed ashore (Thompson ci al., 2009; Andrac!y,201D Engler.
2012). The polymers that are denser than seawater (e.g., PVC)
tend to settle near the point where they entered the environment;
however, they can still be transported by underlying currents
(~o1er. 2012). Additionally, microbial films rapidly develop on
submerged plastics and change their physicochemical properties
(i.e., surface hydrophobicity and buoyancy) (Lab lclçunli
2011). If these fragments sink, then the seabed becomes the ulti
mate repository for the plastics (including those that were initially
buoyant) (Barnes etal..2009).
Polymers are rarely used as pure substances. Typically, resins are
mixed with additives to enhance their performance (Andracly and
Neal, 2009; LooICoj~ al. 2009). Considerable controversy exists
over the extent to which additives that are released from plastic
products (e.g., phthalates and bisphenol A) adversely affect animals
and humans (Andrady anti Neal, 2009: Thompson ci aL, 2009:
Teuten ci a]., 2009; l.ithner et:a]~ 2009. 2011). More information
is available from Thompson ci al. ~2009) and Cole cial. ~20l1),
among others.
Additionally, the hydrophobic pollutants available in seawater
may adsorb onto plastic debris in ordinary environmental condi
tions (Thompson CL al., 2009: Cole e~ al, 2011). The majority of
these pollutants are persistent, bioaccumulative and toxic; thus,
they are of particular concern for human and environmental health
(~,~glel~,j()12). Plastics not only have the potential to transport
contaminants, but they can also increase their environmental
persistence (Teuten ci al. 2009). This highlights the importance of
plastic as vehicles of pollutants to marine biota and humans
(TeulcneL~ 2009, ‘tanaka ci al. 2013).

Small plastics enter the environment directly, whereas larger
items are continuously fragmenting (l3arneset al. 2009). Primary
sourced microplastics (Arthnr ci a].. 2009) are directly released to
the environment in the form of small (pm) pellets that are used as
abrasives in industrial (shot blasting) (Gr~gq,ry. 1996) and domestic
applications (e.g., Fenclall and Sewell, 2009); they can also be released
by spilling virgin plastic pellets (mm) (Thompson ci al., 2009). Facial
cleansers that are used by millions of people, especially in developed
countries, contain PS particles (pm) that directly enter sewage sys
tems and adjacent coastal environments (lilko and ilanlon.i991~
Cr~~goryJ996: Fendall and Sewell, 2009). Moreover, laboratory ex
periments using Sphaeroma quoianun indicated that isopods can
produce millions of PS fragments, which resemble plastic pellets,
when incrusted in buoys in the Pacific Ocean (Davidson, 2012).
Larger plastics eventually undergo some form of degradation
and subsequent fragmentation, which leads to the formation of
small pieces (Shah. ci aL~Qp8~ Cosl.a ci al.. 2010; Andrafiy20H).
Degradation is a chemical change that reduces the average mo
lecular weight of polymers (And racjy, 2011). The most-used poly
mer types (i.e., PE and PP) have high molecular weights and are
non-biodegradable (Shah ci al, 200$). However, once in the ma
rine environment, they start to suffer photo-oxidative degradation
by UV solar radiation, followed by thermal and/or chemical
degradation. This renders plastics susceptible to further microbial
action (i.e., biodegradation) (Shah et al, 2008;
c~011 ). The
light-induced oxidation is orders of magnitude higher than other
types of degradation (And rady, 20 ii). Any significant extent of
degradation inevitably weakens the plastic, and the material
become brittle enough to fall apart into powdery fragments
(Andrady, 2011) when subjected to sea motion. This process
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essentially occurs forever (Barnes ci a]., 2009), including on the
molecular level (And ad~. 201] )~
Reports of plastics have spread rapidly in terms of geography,
marine habitat and biota influenced (Barnes etaj~i>09: l~y~i,etaL
2009). It was hypothesised that microplastics accumulate in the
centres of subtropical gyres, but their means of movement and
transport in the sea are largely unknown (Hidalgo-Ruz et a].. 2012),
especially along the vertical axis. Environmental microplastics are
available to every level of the food web, from primary producers
~ to higher trophic-level organisms (~rig~~t
ct al. 2013). Individuals who ingest microplastics may suffer
physical harm, such as internal abrasion and blockage. Impacts at
the population-level are also possible, but largely unknown
(Wrig)st ci a]., 2013). Plastic pellets are also used as ovipositon sites
by insects, such as Halobates micans and H. sericeus, which can
affect their abundance and dispersion (Maj,çj’ ci al., 2012; Goldstein
eral.~2012). In the western Atlantic, 24% of the pellets (N> 1000)
had eggs attached to their surface, most with viable embryos. In the
North Pacific Ocean, the numbers of adults, juveniles and eggs
(H. sericeus) were significantly correlated with microplastic abun
dance. Although it is still risky to conclude the magnitude of this
problem (i.e., transport of fouling species), it is fair to consider
plastics as potential vectors that transport species to previously
unknown mobility levels (Barnes ci ,oL 2009).
As predicted (e.g., Carpenter et aL, 1972), microplastic pollution
became widespread with significant implications for ecosystems and
organisms in a variety of forms. Supporting evidence has been pub
lished in peer-reviewed journals from the 1971 benchmark paper by
l.iuchanan (1971) to the present. In this context, the present work
aims to sort, critically analyse, and synthesise the recent literature
regarding microplastics at sea, as well as highlight the risks to and
effects on the marine biota. The Arthur ci a]. (2009) definition of
microplastics was adopted (fragments and primary-sourced plastics
that are smaller than 5 mm) as the main criteria for discerning a
specific size class of plastic pollution. A periodic critical assessment of
this issue is essential, especially because the problem is mounting
and will persist for centuries, even if pollution is immediately
stopped (()iolsA1.,L2.tdQ9).
2. Results

Results from the scientific literature were classified according to
the main focus of each worlc: (1) the presence of microplastics in
plankton samples; (2) the presence of microplastics in sandy and
muddy sediments; (3) the ingestion of microplastics by vertebrates
and invertebrates; (4) microplastics’ interactions with chemical
pollutants (see the supplementary content in ‘I’ablcs Si. S2, S3, S4
antI S5). Papers in each category were analysed for their most
relevant findings to improve and advance discussions on microplastics at sea.
One hundred and one documents from various sources fulfilled
the review criteria (Table 1). Two works were included in more than
one category: caLpenter ci aL C1972) and :!]~mJs~Lc2.QQ~)).
Fourteen literature reviews, from 2008 to 2013, on microplastics in
the marine environment were also consulted. Research related to
the development of new sampling or laboratory methods and/or
analytical procedures, the (bio)degradation of plastics and other
relevant issues were used when appropriated. Approximately 80%
of the articles were published in the last 15 years, and more than
60% of the articles were published in the last 5 years.
2.1. Plankton samples and floating microplastics

The notion of using surface plankton samples to diagnose
pelagic areas in relation to the presence and amount of floating
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Table 1
The main focuses of the publications, the number of reviewed papers and the peer-reviewed journal with the most publications in each category. f;
ingention of micropiastics by marine biota. See the Supplementary a:nteni for details.

Main focus

Number oF
papers
25

Marine Pollution Bulletin

Microplastics in sechments

22

Marine Pollution Bulletin

ingestion of micropiastics by vertebrates

26

Marine Pollution Bulletin

interactions oF microplastics with

pollutants

plastics is well-established (Carpenter and Smith, 1972; ç~~p,enier
etal.. 1972: Morris and Hamilton, 1974: Wither, 1987: Eyat~J988)
(Table SI). While sampling the pelagic sargassum community in
the early 1970s, Carpenter and his team observed high quantities of
polystyrene plastic pellets (1—2 mm) on the sea surface of the
western North Atlantic Ocean. Most pellets had hydroids and di
atoms attached to their surfaces (Carpenter and Smith, 1972). Pre
viously, the only evidence of synthetic microplastic fibres were
reported in membrane-filtered water samples from the North Sea
(Buchanan. 1971). Archived plankton samples from the North
Atlantic Ocean. which are regularly obtained with a continuous
plankton recorder (CPR) between Aberdeen and the Shetlands and
from Sule Skerry to Iceland, also revealed the presence of microplastics in the 1960s (Thonspeon et aL 2004). Furthermore, these
samples indicated a significant increase in the abundance of
microplastics (mainly fibrous and 20 pm in length) during the
1960—1970s and 1980—1990s (ThoinJ3sonctaL.2004).
In the western North Atlantic Ocean and Caribbean Sea, a widerange ship-survey dataset (—‘6100 tows) also reported the quan
tities and characteristics of pelagic plastics (Law et aL2OiO). Plastic
fragments, 88% of which were smaller than 10 mm, were sampled
between 22 and 38°N. This finding reflects the presence of a largescale subtropical convergence zone. Chemical analysis revealed
that 99% of the particles were less dense than seawater: high- and
low-density PE, PP (Law Cf aL.2010) and plastic pellets. Using a
subset of these samples ~20), Kuleulkaeta1.~20l2)
developed a theoretical model that indicates that the plastics ob
tained from surface tows are dependent on wind speed (i.e., tows in
high wind conditions tend to capture fewer plastic pieces) because
plastics are vertically distributed in the mixed layer due to wind
(1102). Around the Saint Peter and Saint Paul ar
chipelago in the equatorial Atlantic Ocean, plastic fragments
(N = 71; -‘85% smaller than 5 mm) were retained near the
seamount. as well as reef fish and semi-terrestrial decapod larvae
(Ivar rIo Su] et al. 2013). Despite its isolation, the archipelago is not
free of autochthonous and allochthonous sources of plastics, which
may be ingested by the biota.
Jn the North Atlantic Ocean (11—44~N, 55—71°W), more than
18,000 archived surface net tows were analysed, which allowed
researchers to investigate the spatial and temporal trends (1991—
2007), as well as the visual characteristics, of pelagic microplastics
(~Qrét-Fe5grgsoi~L 2010). Sixty per cent of the fragments were
2—6 mm. Apparently, the densities (g ml—’) of the plastic pellets
decreased, but the quantities of the fragments increased 18% over

works deal with the

Journal with the must
contributions

Microplastics on plankton samples

ingestion of micropiastics b
invertebrates

=

Environmental Science and
Technologs’
l7

Marine I ollulion Bulletin

the time period (Mori~r-Fe~guson etjiL2OlO). The microplastics
were sampled significantly higher at 30°N, the subtropical
convergence zone. Furthermore, neustonic samples collected in the
Mediterranean Sea indicated that the closed basin is also threat
ened by microplastic pollution (Co1l~gtj,~~t et al. 2012). Ninety per
cent (N = 40) of the samples contained plastics (0.3—5 mm), which
were mostly fibres, PS fragments and films. The microplastic con
centrations were 5 times higher before a strong wind event than
after the event. Researchers suggested that wind stress might
redistribute plastics in the upper layers of the water column and
prevent them from being sampled by the surface tows (ç~lig~on
eLal~2012). Recently, the occurrence of suspended plastic pellets
and fibres was reported in the jade System of the southern North
Sea. The pellets were associated with a paper recycling plant,
whereas the fibres were most likely sewage-related (Dubaish arid
hiebneed,2013).
In the Pacific Ocean, plankton tows performed in the 1980s
revealed high amounts of coloured microplastic fragments (Shaw
and Day. 1994). The North Pacific Central Gyre (NPCG) was sampled
for the first time at the turn of the XXISt Century (Moqe~l.~.001).
The surface tows collected plastic fragments, thin films and monofilament lines, the majority ofwhich were smaller than 5mm. A large
plastic to plankton ratio was reported. However, the NPCG is not an
area of high biological productivity, and the extrapolation of these
findings to other oceanic areas is somewhat limited.
Surface plankton tows were carried out in southern California’s
coastal waters (~4th e
1)12). Higher quantities of plastics
(mainly small fragments) were sampled after a storm event, which
resulted in a high plastic to plankton ratio (Moore etaL,2002).
Plastics were also sampled throughout the water column (surface,
middle and bottom) in Santa Monica Bay, California, before and
after a storm (Lanin eraL,2004). Unexpectedly, the densities of the
plastics were not the highest at the surface, but instead were the
highest near the bottom. Higher amounts were sampled after a
storm, especially close to the shore, which reflects the inputs from
land-based runoff and re-suspended sediments (Lattinetal..2004).
In another study, microplastics were collected on the surface, rather
than at subsurface layers, of the North Pacific Ocean (the Bering Sea
and off the coast of southern California). The authors emphasise
that microplastics (fragments, fishing lines/fibres and virgin plastic
pellets) were concentrated near the surface due to their buoyancy
in seawater (~~yjy_~j~,yl4 2011).
In the western Pacific Ocean, particularly in the Kuroshio Cur
rent (30—34°N, 133—139GW), plastic and PS fragments were
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identified in surface plankton tows (Vamishita and Tanimura,
2007). Seventy-two per cent of the sampled stations contained
fragments, many of which measured 3 mm. Plastic pellets rep
resented <1% of the total sampled items. The surface microlayers
(50—60 jim) and subsurface layers (1 m) around Singapore were
also reported to be contaminated by PE, PP and PS microplastics (N~g
a~O~arcl,20~).
The Southern Hemisphere is likely contaminated by floating
plastic debris, as predicted by a recent mathematical computational
model (Maximenko el a1~ 2012). Based on these findings, Eriksen
~a1J20l3) conducted a specific surface survey in the South Pa
cific Subtropical Gyre (SPSG), where 96% of the samples revealed
the presence of plastics. The majority of the plastics (88.8% of the
total weight) were microplastic fragments (1—5 mm) that were
collected between 97 and 1i1~W. The total amount of sampled
plastics was lower than that in the NPCG (Moore etaL 2001), but
both gyres contained similar sized fragments. A possible inverse
relationship exists between plastic counts (or weight) and the sea
conditions (I
ti e aL?
i~non ci al 2012).
2.2. Sandy and muddy sediments
Microplastics on sandy beaches were first reported in the form
of plastic pellets in New Zealand, Canada, Bermuda and Lebanon
~~r~j977 10,6 1033 Shtheil0!0)(liblc S2) lnNewZealand
the pellets were translucent, 2—5 mm in size and related to acci
dental spillages at the major ports (Gregprv 1977, 1978). These
characteristics were also observed for PE pellets sampled on bea
ches in Canada, Bermuda and Lebanon. Many of the pellets showed
deterioration due to weathering (pr~goryJ9$3). Plastic pellets
have also been reported on beaches at the Gulf of Oman, the
Arabian Gulf (Khorda$ui and Abu-Hilal. 1994) and the Maltese coast
of the Central Mediterranean (Turner and Holmes. 2011 ). On the
Arabian coast, large numbers of stranded pellets and the presence
of entire bags indicated that a massive spill most likely occurred
during shipping. Some of the PE pellets observed in the Mediter
ranean were embedded in tar. Recently, Fotopouiuu and
Karapanagioti (2012) investigated the superficial characteristics of
plastic pellets: they revealed that the surfaces of virgin pellets are
smooth and uniform, whereas the surfaces of stranded and eroded
PS and PP pellets are rough and uneven. The PS pellets found in the
environment had enlarged surface areas and were more polar,
which indicates that they more efficiently interact with a variety
chemical compounds compared with virgin pellets (FotqpouJou
adKari~pa~gi9ti,20i2).
It seems that plastic resin pellets were already distributed
worldwide in the 1970s (Hiçj~1go-Ruz et a1~ 2012). Nowadays, other
types of microplastics are also reported globally (Browneeta1~
2011). Microplastics are reportedly present on six continents, and
higher amounts are commonly related to densely populated areas.
In a study of the types (mostly fibres) and materials (frequently
polyester and acrylic) of microplastics, Browne e~ a]. (20ii~) sug
gested that the plastics were produced by sewage effluents,
including wastewater from washing machines.
By analysing sediments from 18 beaches around the UK,
1honij~netal.(2004) most often observed polymers in the form
of fibres. Microplastics (<1 mm) were also present in sediment
samples from the Tamar Estuary, UK (Browne et aL 2010). PVC,
polyester and polyamide comprised ‘~80% of the total sampled
fragments and were generally more common at downwind sites.
On the Belgium coast, the sediment from beaches, harbours and
sub-littoral habitats were found to be contaminated with microplastics (38 jim—i mm). In general, plastic fibres were more com
mon than pellets, except in harbour areas (ClaessensetaL20ll).
The sediment cores from sandy beaches revealed that microplastic
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deposition tripled over the last 20 years (Ciaess~~et a 2011). In
the North Sea, microplastics were quantified on beach and tidal flat
habitats on the East Frisian Islands (Liehezeit and Dubaish~~jj2).
Pellets (<100 jim) and fibres were present, but plastic fragments
and PS pellets were completely absent. The tidal flats were more
contaminated, mostly by pellets, than the sandy beaches.
At the Lagoon of Venice, Italy (Vianello et al.. 2013), 10 different
polymers that measured 30—500 jim were successfully identified
by jiFT-IR (Hanison ci at.. 2012). PS and PP were prevalent. Spatially,
microplastic particles tend to accumulate in low hydrodynamism
sites (such as the inner lagoon) in a similar manner to fine sediment
fractions (Vianello ci il., 2013).
The presence of small-sized plastics on Hawaiian beaches is
expected because the archipelago is located in the NPCG. All of the
sediment samples from the islands were contaminated, primarily
by plastic fragments (87%) but also by resin pellets (11%)
(MeDermid and McMullen, 2004). The strand line was significantly
more contaminated when compared to the berm. The samples
measured 2.8—5 mm: however, on remote beaches, such as Cargo
Beach in the Midway Atoll, the majority of the sampled plastics
were even smaller. Another heavily polluted beach in the Hawaiian
Archipelago is Kamilo Beach, where plastic fragments mostly occur
(95%) in the top 15 cm of the sediment cores (Carson Ct al. 2011).
Artificial sediment cores were constructed, and they indicated that
higher amounts of fragments increase the permeability of the
sediment and change its maximum temperature, which causes the
sediments to warm more slowly. This can affect the sex of
temperature-determinant organisms, such as sea turtles (e.g., a
reduction in the number of females) (Carson ci al.. 2011).
In the Pacific Ocean (Chile), a volunteer survey revealed that
microplastic fragments (1—4.75 mm) occurred in 90% of the beach
samples (N = 39), including those from Easter Island. There, higher
abundances of smaller fragments were registered (Hidalgo-Ruz and
Thin), 2013).
Near the Sea ofjapan (Kusui and Noda, 2003), plastic fragments
and pellets were reported on Japanese beaches. However, plastic
resin pellets were absent from Russian beaches. The presence of
buried fragments indicates that surveys might underestimate the
quantities of stranded microplastics on sandy beaches (Kusui and
Noda 2003). In the Indian Ocean, the presence of microplastics and
other materials in coastal sediments were reported in India (l~g~çl’
et.aL,200t3) and Singapore (Ng~and Obbarcl.200ti). Polyurethane,
Nylon, PS and polyester were identified in inter-tidal environments
on the western coast of India (Reclciv Ct al. 2006). In Singapore,
microplastics, mostly with secondary sources, were prevalent on
tourist beaches (east coast) (N~{gj~nd Obbard, 2006) (Table S2).
In the western South Atlantic Ocean, plastic pellets have been
present on the continental shores for many years (e.g., lvar tin Sul
and Costa. 2007). The occurrence of plastic fragments was docu
mented over the last three decades, but not systematically. The
studies were usually related to macro categories of plastic debris.
Currently, the research focuses on microplastic debris (lvar tic) Sui
ri ii 2000 Cost I tt il 2011) Fisnu ci ii 201a) Microplastics
(mostly hard fragments) were reported on the beaches of Fernando
de Noronha Archipelago (3~S, 32°W). Virgin plastic pellets have
only been spotted on windward beaches, which highlights their
oceanic origins. Microplastics pose a serious risk to the resident and
migrant biota, especially endemic species (ivar do ~,~icial.~2009).
At Boa Viagem Beach (8~S), an important tourist destination in the
region, primary- and secondary-sourced microplastics were pre
sent (Costa ci al. 2010). The authors emphasised that beach
cleaning services cannot target this size category. Thus, the only
abatement method is to reduce the amount of microplastics that
enter the marine and coastal environments. New methods and
techniques aimed at improving microplastic research and the
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standardisation of sampling protocols are continually being
developed (e.g., Imhof ci at., 2012; Claessens ct at., 2011: larrison
etaL20~).
2.3. Ingestion of microplastics

The ingestion of microplastics has been documented for verte
brate and invertebrate marine species (‘Fables $3 and $4). The in
teractions between microplastics and marine vertebrates were
discovered and primarily reported from opportunistic sampling.
However, for invertebrates, the research is somewhat restricted to
controlled laboratory experiments (‘Fable 2).
2.4. Vertebrates

The ingestion of microplastics by teleost fish was discovered
manyyears ago (Carpenieret at.. i972~ Ross and Settle. 1990). In the
early 19705, Ca(penter ci aL(l972~) reported the presence of plastics
(<5 mm) in larvae and juvenile Pseudopleuronects flounder in the
North Atlantic Ocean. Adults (Morone america and Pronotus evolans)
were also found to ingest plastic pellets. Furthermore, controlled
laboratory experiments were performed (Ross and Settle. 1990) in
which six different species of fish in early life stages were fed 100—
500 im pellets; all of the fish ingested the microplastics. These
early works were the first to detect and report this level of inter
action between microplastics and the marine biota.
Recently, concerns over the ingestion of microplastics emerged
when synthetic fragments were found in the gastrointestinal con
tent from 35% (N = 670) of the planktivorous fish in the NPCG
(Boer5~ereiaL,20l0; lable S3). Quantitatively, the average number
of plastic pieces ingested (1—2.79 mm) increased with the fish size.
The colours of the plastics collected in the marine environment
during sampling revealed similar percentages to those of the
ingested plastics (Boejger et al. 2010). This similarity may indicate
that there is no colour-based selectivity by lantern fish (Mycto
phidae) during feeding. Pelagic and demersal fish inhabiting the
coastal waters around the UK were also found with synthetic and
semi-synthetic plastics from sewage sources in their digestive
tracts. Thirty-six percent (N 504) mostly ingested fibres (68%) and
microplastic fragments (l.usber ci a]. 2013).
In the North Pacific, mesopelagic fish (9%; N = 141), including
Myctophidae, were also contaminated with microplastic fragments
(“-‘2.2 mm) and fibres (Davison and Ascb. 2011). Lantern fish were
also found with plastics in their stomach contents (‘-‘40%) at the
Mariana Islands (Philippines Sea). Unlike the NPCG, the Marianna
Islands are not a hotspot of microplastic debris, which illustrates
the magnitude of the problem (Van 7oord. 2013).
It is well-established that estuarine environments around the
world are affected by microplastic pollution (Browne ci al.~ 2011),
and their resident fish are at risk of interacting with this pollutant.
In a small estuary in the western South Atlantic Ocean, catfishes
(Ariidae), estuarine drums (Sciaenidae) and mojarras (Gerreidae)
have been reported to have synthetic polymers in their digestive
Table 2
The main differences in the ingestion of microplastics between vertebrate and
invertebrate marine species based on the retrieved literature (N — 37 works). See the
Supplementary content for details.
Group

Type of study

Vertebrates

Field campaigns Dozens to hundreds

Invertebrates controlled
laboratory
experiments

Number of organisms Plastic size range
examined

units to dozens

—1 mm to several cm
Few pm to few mm

tracts (Poscatlo ci al. 2011; Daniasel al., 2012: ntal~;
‘bible $3). All of the studied species are benthophagous, which feed
on or just below the sediment surface. These species most
frequently ingest blue nylon threads. For catfishes (N = 182), the
ingestion of plastic debris appeared to vary according to the ontogenetic phase (except for cothorops agassizii) (Possatto ci al., 2011).
Approximately 8% (N = 569) of the estuarine drums (adults)
ingested plastic threads during the late rainy season and in the
middle estuary, when higher water fluxes and intense fishery ac
tivities occurred (Dantas ~ 2012). Among mojarras, 13.4%
(N = 425) were contaminated with synthetic threads. The sources
of microplastics are related to the ingestion of contaminated prey
(e.g., polychaetes), the ingestion of threads during normal suction
feeding, and the active ingestion of plastics with biofllm. The
possible transference of the plastics to the species predators at
higher trophic-levels in the estuarine and coastal food webs was
highlighted (Ramos 12012).
Seabirds have long been known to interact with marine plastic
pollution and have been used to monitor the quantities and
composition of plastic ingestion for at least four decades (e.g., Q~,y
ci at.. 1924: Fry ci al.. 11)87: Van Franeker and Bell, 1988; Barnes
ci at., 21)09: Colabuono ci Atm 2009. 2010). The majority of the
ingested fragments were identified by the naked eye, and macroplastics (>5 mm) and microplastics are commonly reported
together. Plastic pellets were identified in migratory petrels,
shearwaters and prions in the 1980s and 2000s in the Atlantic and
south-western Indian oceans (Ryan. 200$). Surprisingly, the pro
portion of pellets decreased significantly in all five species that
were investigated over the last 20 years. However, because the total
loads of ingested plastics did not vary significantly between de
cades, the author attributed this change to the enhancement of
secondary-sourced plastics (i.e., fragments) (~y~n,2.008).
Plastic fragments and pellets were identified in two Fulmarus
glacialis colonies in the Canadian Arctic. More than 80% of the ful
mars ingested fragments (Provcnche.r Ct al. 2009). This species was
monitored in several regions in the North Sea and the Netherlands
for at least three decades (‘bible $3). As previously observed by Ryan
(2008,, the industrial plastic pellets found in stomachs decreased
by half over 20 years, but the plastic fragments tripled (Van
Fi’anckcrctal~, 2011). An important finding is that juveniles ate
more plastics than adults (KOhn antI ii Franeker, 2012) and that
higher quantities of ingested plastics were reported near highly
industrialised areas directly related to fishing and shipping (Van
Franeker ci al., 2011). Further north in Iceland, Fulmarus glacialis
were contaminated (l<iilin and vFadwr.2
. Fragmented
plastics were much more common than virgin plastic pellets, which
illustrates the wide-ranging distribution of these pollutants (KUhn
and van Franc’ker, 2012). However, the percentage of contaminated
birds (79%, N 58) was low compared to that of birds inhabiting
lower latitudes, most likely because more fragments are available.
This hypothesis was previously suggested by Provencher ct al.
(2(110) when they were studying Uria Iomvia in Nunavut, Canada.
There, 11% (N = 186) of the murres ingested plastic fragments, some
of which were too small to be identified by the naked eye. The
authors emphasised that because murres feed below the sea sur
face, they are not likely to ingest floating plastics. Nonetheless, the
magnitude of plastic pollution in the marine environment is still a
concern (Provencher cc a]., :~~f~P). Fulmars throughout the eastern
North Pacific Ocean are also highly susceptible to plastics (Avery
Comm ci at., 2012). More than 90% of samples were found to be
contaminated by microplastics, mostly fragments.
At the Canary Islands, eastern North Atlantic Ocean, fledgling
cory shearwaters (Calonectris diomedea) contained plastics (83.5%,
N = 85) in their guts. Because these chicks never feed in the marine
environment, the plastics were certainly regurgitated during
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parental feeding (Rodriguez ci aL 2012). Ingested items (nylon
threads) were directly related to commercial fishery activities
because the Canary Islands are one of the most important fishery
grounds in the world. Along the United States east coast. boluses
(N = 589) from Larus glaucescens were collected from an environ
mentally protected area to study plastics consumption. Twelve per
cent of the boluses were identified as contaminated, mostly by films
(<1 cm) derived from supermarket plastic bags (LindhqFg Ci al.,
2012). In the North Pacific Ocean, albatrosses obtained as by-catch
from fisheries near the Hawaiian Islands were also contaminated.
Phoebastria immutabilis (N = 18; 83.3%) had a higher frequency of
ingested plastic than P. nigripes (N = 29; 52%). Ordinary plastic
fragments and fishing lines comprised the majority of the ingested
items (Gray etal., 2012). Twenty seabirds and other aquatic bird
species that were sampled between British Columbia, Canada, and
Washington contained low contamination rates. Among the com
mon murres, for example, only 2.7% were found with ingested
plastics. However, many species had small samples, so definitive
conclusions could not be drawn (Averv:Gomm cl aL 2013).
The transference of organic pollutants adsorbed onto marine
plastic fragments to vertebrates via ingestion was detected with
Calonectris leucomelas and Puffinus tenuirostris (Teutene)aL,2009:
Tanaka ci al., 2013). Streaked shearwater chicks were fed with
pellets that were contaminated by significant amounts of PCB5.
After 7 days, the identification of lower chlorinated congeners of
PCBs. which can be regarded as a sensitive tracer to detect the
contribution from plastic-derived PCB5, verified the transference of
this contaminant from ingested plastics to the biological tissues of
the seabirds (icuirn rt al 2000) Similaily Irnira I ii 2013
measured the concentrations of PBDE5 from ingested plastic frag
ments in the natural prey of birds (fish) and in their adipose tissues.
Two PBDEs congeners were not found in their prey, but were
adsorbed onto the plastics, which indicate the transfer of plasticderived chemicals to the seabird (Tanaka ci aL 2013).
For marine mammals, research related to the ingestion of
microplastics is restricted. By analysing fur seal (Arctocephalus
tropicalis and A. gazeUa) scats collected on Macquaire Island,
Eriksson and Burton (21.1031 identified pellet and plastic fragment
(2—5 mm) contamination. The authors related the ingested plastics
to the animal’s prey, Electrona subaspera, which had previously
ingested plastics from seawater (Eriksson and Burton 2003).
Recently, scats collected from Plioca vitulina in The Netherlands did
not contain microplastics. However, 107 stomachs and 100 in
testines that were analysed were contaminated (11% and 1%,
respectively), mostly by sheets and threads (Rebulledo ci. at., 2013 ).
To our knowledge, only a single study investigated the impacts of
microplastics on cetaceans (Foss) ci. al. 2012). The authors sug
gested that fin whales (Balaenoptera physalus) ingest microplastics
because of the concentration of phthalates in their blubbei; which
are linked to the pollutants measured on marine microplastics
sampled in the same area of the Mediterranean Sea where the
whales live and feed (I ossi cii) 2012) (1 ihk ~a)
2.5. Invertebrates
After identifying plastics in plankton samples and sedimen
tary habitats, Thompson or aL (2004) investigated whether in
vertebrates ingest microplastics in the environment. The authors
observed that amphipods (Orchestia gammarellus), lugworms
(Arenicola marina) and barnacles (Semibalanus balanoides)
ingested microplastics within a few days of exposure. This was
the first of a series of works on the ingestion of microplastics by
marine invertebrates (mainly molluscs, crustaceans, annelids
and echinoderms) using controlled laboratory experiments
(Table 2).

357

Among the well-established model organisms, Mytilus edulis is
the most commonly studied in terms of microplastic ingestion
(table S4). These mussels ingested and accumulated microplastics
(<1 mm) within 12 h of the experiment start time (BrowneetaL
2008). High quantities of microplastics (mostly <3 jim) were
found in the hemolymph until the 12th day. Recently, the presence
of HDPE (≤80 jim) in gills and inside the digestive system of
M. edulis was also investigated (von Moos era!.. 2012). The authors
observed microplastics in the gills, that were trapped directly from
the water column. Microplastics were also in the intestines, which
suggests that particles were ingested via ciliar movements and then
transferred to this organ (von Moos ci a]., 2012). Moreover, mussels
ingested even smaller (30 nm) fragments. The experiment results
indicated that nanoplastics were also ingested by M. edulis, which
triggered the production of pseudofeces and reduced their filtering
activities (\ egirtaL. 2012). The authors emphasised the risks to
humans when eating blue mussels. In fact, the transference of
microplastics from M. edulis to higher trophic levels (Carcinus
maenas) has already been registered (Farrell and Ne~~ 2012).
Microplastics can even translocate to the hemolymph and tissues of
the crabs. Therefore, the implications are evident for the rest of the
food web (Fa rrcll and Nelson. 2012), including for humans (\A~ner
CLnLk292). Braid ci a]. (2~Z~ opportunistically found another
mollusc, a cephalopod, which has ingested microplastics. Hum
boldt squids (Dosidicus gigas), observed during a mass stranding,
ingested pellets and fishing lines (26%; N 30). This exemplifies the
growing concern over the accumulation of plastics in the marine
environment (Braicletal..2012).
Another animal group that has been studied in terms of
microplastic ingestion is Holothuria (Graham and Thompson,
2009). Deposit-feeding and suspension-feeding sea cucumbers
selectively ingest nylon and PVC fragments (0.25—15 mm) over
sediment grains. Because plastics concomitantly collected in the
study area (USA) were contaminated with organic pollutants, the
ingestion of plastics could initiate a new pathway of PCB exposure
and cycling within the marine communities (Graham and
Thom01on. 2009), which could possibly reach human populations.
Studies concerning microplastic ingestion by benthic crusta
ceans are limited (Tl~~pJ3son ci a!., 2004; M~roTanc!co~(~, 2011:
Ug9Hnie1aj~,,2013). In the Clyde Sea, eighty-three per cent of the
sampled lobsters (N = 120) contained microplastics, mainly fila
ments in the form of balls, in their stomachs (~~raaiid~vie
2011). A visual analysis revealed that the material of these balls is
the same (PP) found on the ropes used by the fishing industry for
catching Nephrops. In the laboratory, lobsters also ingested plastic
seeds in the first 24 h after exposure (Mu~~iandCowie~.~11).
Talitrus saltator was found to ingest PE and PP microplastics on
sandy shores in Pisa (Italy). In the laboratory, experiments
confirmed they are able to ingest microplastics when feeding and
expel the plastic within one week (Ug~~liy~ietal.,2Q~3).
Thirteen zooplankton taxa, mainly crustaceans (Copepoda,
Euphausiacea and Decapoda) and Tunicata, Cnidaria and Mollusca,
ingested microplastics (1.7—30.6 jim) under laboratory conditions
(Cole e~al., 2013). Among copepods, the presence of microplastics
significantly reduced feeding, which illustrates the negative im
pacts of microplastics on zooplankton communities (Cole ci aL~
2012).
Information concerning the uptake of microplastics and its im
plications for polychaetes also exist (Thomj i
al.004). In a
laboratory experiment, Arenicola marina ingested PS microplastics
(400—1300 jim); the authors established a positive relationship
between the microplastic concentration in the sediment and the
ingestion of plastics and the weight loss by the lugworm(.~3jclin’
3). Feeding activity was also reduced. Despite these
physical impacts, the microplastics did not accumulate in their
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digestive tracts during the experiment (28 days). The ingestion of
PS (small doses) by A. marina was associated with higher concen
trations of PCBs in their tissues (Rcsseiin~get al.. 2(H)).
2.6. Adsorption of pollutants onto microplastic particles
PP resin pellets collected along the Japanese coast were enriched
with polychlorinated biphenyls (PCBs), organochiorines (DDE) and
nonyiphenols (NP) absorbed from seawater (MaID et at., 2001:
~gata @1 at. 2009) (Table 85). The concentrations were compara
ble to those found in suspended particles and bottom sediments
collected in the same area. Plastic additives and/or their degrada
tion products were most likely the major source of NP (Mate Cl a].,
2001). Individual analysis of PCB5 revealed that concentrations are
highly variable among individual pellets and locations along the
Japanese coast (Fnclo ct al.. 2005; O~ata et at.. 2009). Additionally,
discoloured (weathered) pellets generally exhibited higher con
centration of PCB5 than coloured pellets.
Near Lisbon, along the Portuguese coast, black, white, coloured
and aged pellets were analysed separately for PCB5, polycyclic ar
omatic hydrocarbons (PAH5) and DOTs (Frias at a).. 20)0). The black
pellets exhibited higher concentrations of PCB5 than aged pellets,
possibly because they have higher adsorption rates (flias at al.
2010). Latitudinal surveys revealed that organic chemical pollut
ants were present along the entire Portuguese coastline (C~gata
etal12009; Mizukawa ct al. 2013). The concentrations of PCB5
adsorbed onto the pellets were one order of magnitude higher
around the major cities of Porto and Lisbon and were directly
related to industrial and urban discharges. In less-developed cities,
PCB5 are most likely airborne from industrialised areas (Mizukawa
el at. 2013). Similarly, beaches in the Saronikos Gulf near Athens
had higher contamination levels (Karapanag~oti at aL 2011) than
other beaches around the world (e.g., O~aLa ct aI.~200!3). Organic
compounds and metals accumulate on PE plastic pellets in the
coastal and marine environments (AshLon CL a!., 2010).
Microplastics and associated pollutants were investigated in the
South Atlantic Ocean (Ogalact al., 2009). On South African beaches,
long-term surveys of PE pellets indicated that the mean average
concentrations of all of the persistent organic pollutants (POPs)
decreased from the 1980s to 2000s (Ryan et a!., 2012). The con
centrations of these contaminants likely decreased in the South
African coastal waters as well. In the western Atlantic Ocean, plastic
pellets were systematically sampled as deep as 1 m in the sediment
of a sandy beach at Santos Bay, which is a long-term and densely
industrialised region (Fisnei ci at., 2013). Higher concentrations of
>-total PAH5 were found in the surface layer (0—10 cm), whereas
s-priority PAHs were found in higher concentrations in the 60—
70 cm layer. Petrogenic and pyrolytic sources were introduced to
the area (Fisnei ci at., 2(113).
Laboratory experiments tested the kinetic distribution of plastic
pellets from different materials (P1’, PE, polyoxymethylene (POM)
and eroded pellets) (Karapan~tioti
cl). Phenan
threne adsorption occurs through diffusion onto the plastic pellets
for all materials, except for PP. For this material, diffusion is most
likely dependent on salinity (more so than for the other materials).
For eroded pellets, the distribution coefficient (KdFw = 1400 L kg—1)
is higher due to the weathering in the environment, and diffusion
occurs more slowly (Raiap~na~gioli and Klontza, 2008).
Near the NPCG and California coast, the presence of PCB5, PARs
from combusted fossil fuels, and DDT5 from pesticides was reported
in plastic pellets and microplastic fragments (80—90% PP) (Rios
~~po7). Recently, plankton samples from the same area indi
cated that PP fragments were still contaminated by organic pol
lutants. Several samples exhibited high concentration levels
(similar to those from marine sediments), which demonstrates that

plastics actually adsorb and accumulate pollutants once in the
marine environment (Rius CL a].. 2010).
Using a thermodynamic approach, Gouin ci a1.~jjj suggested
that hydrophobic organic chemicals will adsorb onto PE plastics if
the plastics are available in large quantities and the natural organic
matter is limited. In addition, the transport of microplastics may
enhance the mobility of the hydrophobic compounds that have
limited transport potential (Gouinctal.,2011).
To assess the relationships between mass-produced plastic
polymers and organic contaminants, Rochman at a1.j~,(H3) carried
out a controlled experiment that exposed PE, PP, PET and PVC
fragments over a 12-month period to environmental concentra
tions of PCB5 and PAH5 at San Diego Bay, California, where POPs
were already known to contaminate beached plastic debris (Van
eta],,~/Ul2). The concentrations of PARs and PCBs that adsorbed
onto HDPE, LDPE, and PP were consistently greater than those
adsorbed onto PET and PVC fragments (Rochman_etal.. 2013). The
authors suggested that products made from HDPE, LDPE, and PP
pose a greater risk to marine animals than those products made
from PET and PVC if the fragments are ingested.
The possible differences amongst the most often used and
released types of plastics (i.e., PE, PP, PVC) have been tested in
sedimentary habitats. PE, which has larger volumes of the internal
cavities, adsorbed more phenanthrene than PP and PVC (Teuten
etat, 2007). Again, the authors suggested that microplastics
would increase the accumulation of PARs when ingested by lugworms (A. marina). However, in the environment, chemical com
pounds normally occur as mixtures, not single solute systems
(Bakiret at, 2012). In the laboratory, in a bi-solute system with
phenanthrene and 4,4’-DDT, the DDT did not exhibit significantly
different sorption behaviour (using PE and PVC 200—2 50 tm) than
single solute systems. However, the DDT did appear to interfere
with the sorption of phenanthrene onto plastics, which indicates an
antagonistic effect (Ba kir et al., 20)2) (Table 85).
3. Discussion
It is well-established that plastics will fragment in the marine
environment and form micro and nano pieces ~çj,rady~ 2011);
however, no long-term studies have been undertaken to estimate
the actual residence time of these fragments (Ro~,,,g~.sd_ 2011;
l{idalgo-Ruz at a)., 2012). Moreover, if these fragments are not
completely mineralised (i.e., biodegraded) within relatively short
periods of time, their potential harmful effects must be addressed
(Figs. I and 2) (Roy at at.. 20)1). Scientific evidence of the fate and
consequences of microplastics rapidly emerged in the literature,
although crucial investigations remain uncompleted or overlooked
(Fig. 3).
Microplastics have a larger surface area to volume ratio than
macroplastics and are more susceptible to contamination by a
number of airborne pollutants (i.e., manufactured POPs and to
some extent, metals) (‘Fable 85). Because plastics are made of highly
hydrophobic materials, the chemical pollutants are concentrated in
and/or onto their surfaces, and microplastics act as reservoirs of
toxic chemicals in the environment. Plastic pellets have been suc
cessfully studied to assess the worldwide quantities of POPs in a
platform called the “International Pellet Watch” (e.g., Q~ata el at0
2009). With these data, it was possible to identify geographical
‘hotspots’ cloNe 85). More importantly, scientists can continuously
and systematically monitor contaminated pellets and determine
the temporal patterns of various pollutants, which effectively aids
decision-makers (Fig. 3). Recently, laboratory studies showed that
weathering significantly changes the superficial characteristics of
virgin plastic pellets. Additionally, coloured plastics and different
types of polymers (i.e., PP and PE) may adsorb POPs from the
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environment differently. These findings must be Considered and
validated in future work and monitoring projects (e.g., FriasetaL,
2010), including in the assessment of microplastic fragments
(HiraietaL,20fl).
Microplastics transport pollutants over large oceanic areas (Zarfl
and Matihies 20(0) and contaminate the marine biota when
ingested (TeLrte.n ci aL2007, 2009; anaka cial.. 2012). By eating
the contaminated microplastics, individuals are susceptible to
physical damage and to doses of pollutants that were not previ
ously accessible in other tangible matrices, such as seawater and
sediments. Organisms at every level of the marine food web ingest
microplastics (Fig. 2), but those inhabiting industrialised areas are
exposed to higher amounts and may be more contaminated.
However, the speculated quantities (gg g1; ng g”~) of contami
nants vary significantly among fragments within the same area;
consequently, the toxicity of pollutants and incorporation into
bodily tissues varies for each biological species. Some groups (e.g.,
holothurians) apparently ingest microplastics with specific colours
and shapes; if those polymers adsorb higher quantities of pollut
ants, the consequences are most likely greater. Therefore, popula
tion level effects, including the mechanisms to explain the
transference of ingested plastics and their adsorbed contaminants
along marine food webs, are merely speculative. Primary producers
are known to incorporate microplastics and organic pollutants
(Oliveira ci at, 20)2); therefore, bioaccumulation to top predators,
including larger species (Mysticetidae) (Foss) ci al., 20(2), or among

primary and secondary consumers may occur (Eriksson and Burton.
21)03; ‘cIL~UThc!~29,~Qt~) (Fig. 2).
Potentially, microplastics with low and high densities are
ingested when present in the marine environment (Fig. 2) and tend
to float on the sea surface. There, they are available to a wide range
of organisms that may ingest microplastics passively or actively.
Until recently, only hypotheses and weak evidence for the ingestion
process were available (e.g., I2~S~L91.. 1984; ~er~reI~j,,~0lpj
Ramos ci: al.. 2012). If the polymer is denser than the seawater or
becomes covered by biological films, then it tends to sink (even
tually reaching the seabed) or becomes neutrally buoyant (e.g.,
a (tin ci al, 2004
Higher amounts of buoyant microplastics were reported in the
North Pacific Ocean, particularly the NPCG, than in other ocean
basins (Fig. 1). This region is currently referred to as the “eastern
garbage path” (nL,1, 2002; Lat.tin ci al~Q,Q~j Rios
ci al. 2010). Microplastics were mainly related to fishing activ
ities (oceanic sources) in the gyre, but on the coast, they were
related to continental discharges at highly industrialised low lati
tudes. In the North Atlantic Ocean, contamination patterns at the
sea surface are generally two orders of magnitude lower than in the
NPCG (Fig. 1). Fibres were prevalent in the North Sea, whereas hard
plastic fragments were more common in the Caribbean Sea; how
ever, the sampling methods varied between the locations
(Table SI). The corresponding subtropical gyres in the Southern
Hemisphere were less contaminated, most likely because there are
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Fig. 2. A conceptual model of the potential trophic routes of microplastics across marine vertebrate and invertebrate groups. The blue dots are polymers that are less dense than
seawater (i.e., Pt and PP) and the red dots are polymers that are more dense than seawater (i.e., PVC). The dashed arrows represent the hypothesised microplastic transfer. (For
interpretation of the references to colour in this ligure legend, the reader is referred to the web version of this article.)

less land masses and the region is less developed than the highly
industrialised Northern Hemisphere. The 300 tm mesh size is most
commonly used to sample microplastics at sea (Hidalg9-RuzelaL.
2012). However, additional mesh sizes were also applied, which
produce large variations in the quantity of microplastics collected
(e.g., ColeetaL2Oil).

Surface-feeding petrels, shearwaters and albatrosses, including
fledgling chicks, appear to be the most impacted by floating
microplastics (up to 90% of samples). Scientific reports are wide
spread. from the Antarctic to the Canadian Arctic, and throughout
all of the ocean basins (Fig. 1 and Thble S3). As expected, ingested
amounts of plastics decreased towards the high latitudes; plastic
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Fig. 3. Various issues regarding microplastic pollution at sea will need the cooperation of different stakeholders. The integration of their actions will encourage positive outcomes
for coastal and marine environments, marine biota and society.
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fragments are now prevalent over pellets as observed from the
long-term field work in the Atlantic Ocean (e.g., Mori~t-Fergt.tson
ci al., 2010). Therefore, seabirds can be considered sensitive mon
itors of small plastics at sea (Ryan 2008). Ingested plastics signif
icantly vary in size, and studies now need to quantify tile
magnitude and characteristics of smaller sizes (<1 mm) of micro
plastics. Procellariiformes do not regurgitate plastics, which is one
explanation for the high amount of plastics observed in their
stomachs. However, POPs from the microplastics in their digestive
tracts can eventually enter the bloodstream, reach other organs and
possibly result in physiologic damage. Seabirds may eat pelagic
microplastics when feeding, but they likely also ingest planktivo
rous fish and squids that had previously ingested microplastics
from seawater (similar to the observations of other top predators,
such as fur seals) (Table 83). Likewise, pelagic fish and squids may
ingest microplastics with plankton or ingest them actively (most of
the ingestion processes are largely speculative). The extent of the
problem is huge: fish (Myctophidae) reported in various geographic
regions with microplastics comprise more than half of the world
oceans’ total fish biomass. Furthermore, because fish excrete
ingested plastics (I-loss and Settj~g~i090), sub-lethal effects are a
very likely hypothesis.
The shores on six continents are contaminated with microplastics (Fig. I). Fibres (pm) are prevalent in the eastern North
Atlantic and the North Sea due to continental effluent discharges.
Micropiastic fragments and virgin plastic pellets are more common
when the size limitation of their detection is on the order of mil
limetres (i.e., the eastern and western coasts of South America).
However, fibres are most likely also spread throughout these sed
iments, mostly around urban areas (Browns etaL 2011). Oceanic
islands were also reportedly contaminated by microplastic frag
ments. In estuaries, which are potential sources of these contami
nants, studies are nearly non-existent. Moreover, the presence of

microplastics in terrestrial ecosystems and the soil are completely
absent from the literature (RiIlig~ 2012). The presence of microplastics in coastal sediments resulted in unexpected consequences,
such as changes in the physical proprieties of beaches and associ
ated problems (e.g., Carson Ld~ 201]).
Additionally, benthic species ingest microplastics in highly
developed areas and in small estuarine ecosystems (Fig. 1;
Table S3). Threads from fisheries (ropes and nets) were positively
identified in the digestive tracts of benthic fish and lobsters.
Microplastics, and consequently POPs, are possibly remobilised
(bioturbation) in the sediment—water interface (01sselir~getaL
2013). ingestion events were described for several groups of in
vertebrates through laboratory experiments, but there is still a lack
of research on the ingestion of microplastics by invertebrates in the
marine environment, possibly because these studies are timeconsuming and require more advanced technology (Table S4).
4. Conclusion and suggestions
With luowledge comes greater responsibility. Historical and
recent findings regarding microplastic pollution in coastal and
marine environments, as described by review papers, need to be
coalesced to provide guidelines for all stakeholders concerned with
the life cycle of plastic. Two major issues are prevalent: how to
proceed with source control and methods to address the enormous
environmental passives that were built over the last 60 years (since
plastics became largely expendable) (Fig. 3). Source control has
been preached by every paper, official and un-official document on
marine plastics debris for decades. However, technical evidence
and published opinion have failed to effectively introduce it into
the DNA of the plastic production, use and re-use industries. Source
control has only been a priority for very close and restricted circles
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where the 3Rs (or the 5Rs: Refuse, Reduce, Reuse, Recycle, Rethink)
are the norm rather than the exception. Source control would have
to integrate and prioritise Rethink (choose other materials and
techniques) and Refuse (reduce the production of all single use
plastic items) into society and the production sectors. Specific ac
tions targeted to primary and secondary sources of microplastics
are required to control pellets and to stop large items from reaching

the sea (where they decay). Unfortunately, based on present trends,
animals and humans will continue to be at risk and accidents will
occur before these goals are achieved.
Tackling the environmental passives is a different story. Microplastics cannot be sieved from sands or filtered out of seawater.
Collecting all of these microparticles would take forever, and even
so it would not be effective. Microplastics will continue their slow,
intricate paths towards the bottom of the ocean and ultimately
become buried in sand and mud for centuries. However, rather than
despaii~ scientists should propose solutions that can be considered
by academia, society and industry. Each group of stakeholders
(academia, the community, decision-makers and industry) is
responsible for various tasks (Fig. 3) including communicating re
suits to other stakeholders. Several knowledge gaps need to filled:
standardising size definitions: establishing the relative importance
of primary and secondary sources; rescuing information on pelagic
plastics that is stored in plankton samples; adding microplastics as
a routine survey variable in river basins and oceans; assessing
microplastic pollution in the Antarctic and Arctic; creating and
continuously improving experimental methods to quantify
microplastics.
Applied research, which is performed by many societal sectors.
has the potential to introduce new techniques to assess microplastics pollution and new materials, designs and facilities that will
ultimately prevent plastics from reaching the environment. Some
suggestions include performing laboratory tests on microplastic
ingestion and necropsies for verification of physical harm, ingestion
of contaminated microplastics (POPs) and confirmation of trans
ference/damage by histology and chemical characterisation of
pelagic and benthic microplastics to confirm its composition.
The community, although aware of the problem, must be guided
by the public sector to search for local alternatives to excessive
packaging, safely deposit their inevitable plastic rubbish and make
better and more informed choices as consumers. Additionally, in
dependent world conferences on microplastics would coalesce
knowledge and actions, integrate research from countries where
primary plastics are produced/exported and help define the tem
poral patterns of chemical pollutants (e.g., International Pellets
Watch).
These suggestions will require implementation of educational
programs, the cooperation of urban and rural facilities and, above
all, persuasion through practical examples of environments that
easily and directly exhibit proper control of waste. Decisionmakers, mostly in the public sector, have intelligent and techni
cally sound regulations to issue in the future, in addition to existing
issues already enforced. State polices can be formed to direct the
control of the sources of primary plastics and calculate environ
mental value losses (fish stocks, gas exchange, beach erosion) by
microplastic pollution. Additionally, a complete cradle-to-grave
approach to plastics would reduce the amount that reaches the
sea and reduce our carbon footprint. Plastics are a branch of the oil
and gas industry (8% of the oil produced is used in plastic pro
duction). Therefore, both sectors must meet to collaborate as soon
as possible.
In addition to the petrochemical and plastics moulding units,
industry as a whole must be prepared for the need to produce and
use less plastic. Fiscal incentives for technologies that resolve
environmental passives need to be established. The intention is not
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to face this sector as an arch-enemy, but rather to start a collabo
rative process that will steadily progress from controlling pellet
pollution to effectively and dutifully applying reverse logistics to
tackle the environmental passives caused by plastics on land and at
sea.
The outcomes of such rationales are expected to be far-reaching.
First, coastal and marine habitats will regain their lost aesthetic
values, ecological functions and services. Secondly, the risks posed
to the marine biota will be reduced. Ultimately, these outcomes
would create a less plastic-addicted and more nature-centred so
ciety in which the greatest values, based on science and experience,
are life and environmental preservation.
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ABSTRACT: Marine wildlife faces a growing number of threats across the globe, and the survival
of many species and populations will be dependent on conservation action. One threat in particu
lar that has emerged over the last 4 decades is the pollution of oceanic and coastal habitats with
plastic debris. The increased occurrence of plastics in marine ecosystems mirrors the increased
prevalence of plastics in society, and reflects the high durability and persistence of plastics in the
environment. In an effort to guide future research and assist mitigation approaches to marine con
servation, we have generated a list of 16 priority research questions based on the expert opinions
of 26 researchers from around the world, whose research expertise spans several disciplines, and
covers each of the world’s oceans and the taxa most at risk.~fr.oin plastic pollution. This paper high
lights a growing concern related to threats posed to marine wildlife from microplastics and frag
mented debris, the need for data at scales relevant to management, and the urgent need to
develop interdisciplinary research and management partnerships to limit the release of plastics
into the environment and curb the future impacts of plastic pollution.
KEY WORDS: Marine wildlife Plastic Pollution~ Priority~ Global
Rcsale or reptiblicaticm not permilled without written consent of the publisher

INTRODUCTION
As a material, plastic has existed for just over a cen
tury (Gorman 1993), and mass production began in
earnest in the 1950s (Beall 2009). By 1988, 30 million
tons of plastic products were produced annually
(O’Hara et al. 1988), reaching 265 mfflion tons by
2010 (PEMRG 2011) and accounting for 8% of global
oil production (Thompson et al. 2009). Most plastic
products are lightweight, inexpensive, and durable.
These defining characteristics make plastics a con
venient material for the manufacture of everyday
products. However, these same attributes make plas
tics a threat to ecosystems due to their persistence in
terrestrial, aquatic, and marine environments. MarCorresponding author: mark.harnann@jcu.edu.au

me litter, and plastic pollution in particular, is ubiqui
•tous, and, in fact, the proportion (in terms of mass) of
ocean debris that is plastic increases with distance
from the source (Gregory & Ryan 1997). Plastic pollu
tion is now recognized worldwide as an important
stressor for many species of marine wildlife and their
habitats (Moore 2008).
Marine wildlife is impacted by plastic pollution
through entanglement, ingestion, bloaccumulation,
and changes to the integrity and functioning of habi
tats. While macroplastic debris is the main contribu
tor to entanglement, both micro- and macrodebris
are ingested across a wide range of marine species.
The impacts to marine wildlife are now well estab
lished for many taxa, including mammals (Laist 1987,
© Inter-Research 2014 . www.int-res.corn
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1997, Page et al. 2004), seabirds (Laist 1997, van
Franeker et al. 2011), sea turtles (Beck & Barros 1991,
Tomás et al, 2002, Wabnitz & Nichols 2010, Guebert
Bartholo et aL 2011, Lazar & Gra an 2011, Schuyler et
al. 2014), fish (Boerger et al. 2010, Possatto et al.
2011, Ramos et al. 2012, Dantas et al, 2013, Choy &
Drazen 2013), and a range of invertebrates (Chiap
pone et aL 2005). Over 170 marine species have been
recorded to ingest human-made polymers that could
cause life-threatening complications such as gut
impaction and perforation, reduced food intake, and
transfer of toxic compounds (Muller et al. 2012).
Although marine debris affects many species (Laist
1997, Convention on Biological Diversity 2012), there
are limited data from which to evaluate the collective
impact at community and population levels, even for
a single species.
Until recently, the vast expanse of the ocean cou
pled with the perceived abundance of marine life led
resource managers to dismiss the proliferation of
plastic debris as a potential hazard and to overlook
this significant threat (Derraik 2002). Researchers
began studying the occurrence and consequences of
macrocategories of plastic debris in coastal and mar
ine environments during the 1970s. However, once in
the marine environment, plastics degrade and frag
ment into smaller pieces. Scientists are now increas
ingly aware that these fragments of plastic or small
virgin plastic pellets pose a substantial threat to mar
ine biota (Carpenter & Smith 1972, Derraik 2002,
Barnes et al. 2009, Ivar do Sul & Costa 2013). Since
the discovery of microplastics in the North Atlantic
(Carpenter & Smith 1972, Carpenter et al. 1972) and
through subsequent research on the continued accu
mulation of plastic in all ocean basins (e.g. Moore et
al. 2001, Law et al. 2010, Titmus & Hyrenbach 2011,
Eriksen et al. 2013), the significance of plastic pollu
tion as a threat to marine wildlife has been increas
ingly recognized at international (e.g. UNEP 2009)
and national (e.g. Australia’s Marine Debri.s Threat
Abatement Plan and the US NOAA Marine Debris
Task Force) scales. However, despite increased sci
entific and public awareness, gaps in our knowledge
of the prevalence and impacts of plastic pollution
persist, and it remains challenging to both better
understand and to mitigate the effects of this type of
material on marine species and ecosystems.
Given ongoing plastic production and the related
problem of increasing amounts of plastic debris in
oceans, it is timely to identify key areas in which we
need to further our understanding of plastic pollution
to enable effective mitigation of the impacts of plastic
debriS on marine wildlife. In a similar fashion to Don-

lan et al. (2010), Hamann et al. (2010), Sutherland et
al. (2011), and Lewison et al. (2012), we develop a list
of priority research questions that could aid the con
trol and mitigation of impacts from plastic pollution
on marine wildlife and habitats. Our study differs
from previous priority-setting studies because this is
the first study that brings together leading marine
pollution and marine wildlife experts from around
the world to address the knowledge gaps for an
important, threatening process impacting on marine
habitats and many species of marine wildlife.

METHODS
To quantify the global research effort on the topic
of plastic pollution~~ in •the marine environment, we
searched the Scopus literature database (up to
December 2013) for publications related to plastic
pollution in the marine environment using combina
tions of the search terms ‘marine + plastic pollution’,
‘marine + litter’, and ‘marine debris’. We repeated
the search adding terms to allow quantification of
research effort on air-breathing marine wildlife ‘mar
ine turtles’ or ‘sea birds’ or ‘marine mammals’. From
the literature output on marine wildlife we compiled
a list of 46 authors with either >1 peer-reviewed
paper on plastic pollution published between 2007
and 2012, or 1 or more publications cited >5 times by
others. The 46 authors were invited to suggest up to
10 priority research questions to assist in the mitiga
tion of plastic pollution impacts on marine wildlife
and associated ecosystems.
A total of 27 (13 male and 14 female) marine sci
entists contributed 196 initial research questions.
These scientists were based in 9 countries and
represented working experience from all oceans
where plastic pollution is known to affect marine
fauna and their habitats, specifically: the eastern
Pacific (n = 4), central Pacific (3), western Pacific
(4), western Atlantic (3), central Atlantic (2),
eastern Atlantic and Mediterranean (3), Indian
Ocean (4), Southern Ocean (3), and South Atlantic
(2). Questions were then compiled and sorted to
reduce redundancy and to create overarching cat
egorical questions as per I-Iamann et al. (2010) and
Lewison et al. (2012). Based on these responses,
we assembled a final list of 16 priority research
questions, which are presented in no particular
order of importance (Table 1). Following each
question, we include a summary of information
related to the question topic and suggestions for
further research.
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Table 1. Summary table of priority research questions
Global research priorities to mitigate plastic pollution impacts on marine wildlife
1.
2.
3.
4.
5.
6.
7.
8.
9.

What are the impacts of plastic pollution on the physical condition of key marine habitats?
What are the impacts of plastic pollution on trophic linkages?
How does plastic pollution contribute to the transfer of non-native species?
What are the species-level impacts of plastic pollution, and can they be quantified?
What are the population-level impacts of plastic pollution, and can they be quantified?
What are the impacts of wildlife entanglement?
How wifi climate change influence the impacts of plastic pollution?
What, and where, are the main sources of plastic pollution entering the marine environment?
What factors drive the transport and deposition of plastic pollution in the marine environment, and where have these
factors created high concentrations of accumulated plastic?
10. What are the chemical and physical properties of plastics that enable their persistence in the marine environment?
11, What are some standard approaches for the quantification of plastic pollution in marine and coastal habitats?
12. What are the barriers to, and opportunities for, delivering effective education and awareness strategies regarding
plastic pollution?
13. What are the economic and social effects of plastic pollution in marine and coastal habitats?
14. What are the costs and benefits of mitigating plastic pollution, and how do we determine viable mitigation options?
15. How can we improve data integration to evaluate and refine management of plastic pollution?
16. What are the alternatives to plastic?

The first publications on plastic pollution appeared in
the scientific literature in the 1960s, and by the mid
1980s marine ecologists were starting to acknowl
Literature search
edge that plastic debris in the ocean would have sig
nificant long-term impacts on marine ecology (see
Our literature search identified 561 publications
Shornura & Yoshida 1985 and the special edition of
from 192 scientific journals on various aspects of mar
Marine Pollution Bulletin: 1987, Volume 18, 6B). Of
ine plastic pollution (Fig. 1). Approximately half
the 561 publications, 143 were related to interactions
(47%) were published in Marine Pollution Bulletin.
between marine plastic pollution and air80
breathing marine species. In addition, the
Proceedings of the First International Marine
Debris Conference included 11 abstracts doc
C,)
c 60
umenting marine plastic pollution interactions
0
with marine wildlife (Shomura & Yoshida
CO
C-)
1985). Some of these were likely published
.0
in subsequ.ent peer-reviewed literature. The
.~40
0
earliest paper on the impacts of plastic pollu
a)
•tion on wildlife reported a gannet (Sula bas
.0
E
sana) with a yellow ring of plastic coated wire
z 20
around its leg (Anon. 1955); however, from the
account provided, it is not possible to deter
mine whether it was a case of entanglement or
a deliberate banding. We found the earliest
Fl
accounts of ingestion were published in 1969,
1970
1980
1990
2000
2010
documenting seabirds consuming plastic
Year
(Kenyon & Kridler 1969). In the early 1970s,
Fig. 1. Trends in the number of publications on ‘marine + plastic pollu
the
first accounts of microplastics at sea in the
tion’ or ‘marine debris’ or marine + litter’ using a Web of Science
search from 1972 to 2013. The publication spikes in 1985 and 1987
Atlantic Ocean emerged (Carpenter & Smith
relate to the Proceedings of the 1st International Marine Debris Con
1972, Carpenter et al. 1972, Gochfeld 1973,
ference and a special edition of Marine Pollution Bulletin covering the
Rothstein
1973, Hays & Cormons 1974), and
theme of plastics at sea from the 1986 international Ocean Dispersal
the
first
interactions
between microplastics
Symposium, respectively
RESULTS
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and marine mammals and sea turtles
were published in 1978 (Waldichuk
1978) and 1987 (Carr 1987), respec
lively, although records with marine
turtles were reported in the first mar
ine debris symposium (Balazs 1985). It
is possible that we missed some of the
early literature or literature contained
in journals that are not indexed by
online databases. However, it is evi
dent that since the 1970s, and particu
larly since the year 2000, there has
been an increasing trend in the nuni
her of publications on plastic pollution
and its relationship to marine ecosys
tems (Fig. 1).

Priority research questions
1. What are the impacts of plastic
pollution on the physical condition of
key marine habitats?
Plastic pollution now impacts all
marine and coastal habitats to varying
Fig. 2. Clockwise from top left—-beach debris from a remote beach on
degrees. In particular, there are sub
Catholic Island, Grenadines (courtesy Jennifer Layers); debris accumulation
stantial empirical data identifying,
on an urban beach (Stradhroke Island, Australia) (courtesy Kathy Townsend);
entanglement and damage to soft coral by fishing line (courtesy Stephen
and in some cases quantifying, the
Smith); and fishing line entanglement of a pier with algae and sponges grow
impacts of plastic and other debris in
inc1 on it (courtesy Kathy Townsend)
oceanic waters, on the sea floor, on
sandy beaches, and in other coastal
ruption of foraging patterns of key species (Aloy et al.
environments (Fig. 2), It is also clear that effects on
2011). On sandy beaches, the occurrence of microhabitat condition are not uniform and depend on the
plastics may change the permeability and tempera
ecological, economic, and social value attributed to
ture of sediments, with consequences for animals
the habitat, the physical environment, and the type,
with temperature-dependent sex-determination, such
size, accumulation, and/or degradation rates of plas
as some reptiles (Carson et al. 2011). In addition,
tic. In addition, there is substantial spatial and tem
heavy fouling can lead to loss of important biogenic
poral variation in accumulation patterns, polymer
habitat, which may have considerable flow-on effects
type, and source of plastics (e.g. Willoughby et al.
to broader ecosystem processes (Smith 2012). Large
1997, Ribic et al. 2010, Eriksen et al. 2013).
plastic debris may change the biodiversity of habitats
Quantifying the impact of plastic pollution on the
locally by altering the availability of refugia and pro
physical condition of habitats has received little
viding hard surfaces for taxa that would otherwise be
attention (but see Votier et al. 2011, Bond & Layers
unable to settle in such habitats (Katsanevakis et al.
2013, Layers et al. 2013, 2014) relative to the impacts
2007). Similar observations have been made in subof plastic pollution on organisms (e.g. Derraik 2002,
tidal habitats, including the deep sea (Watters et al.
Gregory 2009). However, in intertidal habitats, accu
2010, Schuining et al. 2013).
mulation of plastic debris has been shown to alter
In tropical and subtropical shallow-water coral reef
key physico-chemical processes such as light and
habitats, a decline in the condition of corals has been
oxygen availability (Goldberg 1997), as well as tem
attributed to progressive fouling caused by entan
perature and water movement (Carson et al. 2011).
gled fishing line, as well as direct suffocation, abra
This leads to alterations in macro- and meiobenthic
sion, and shading of fouled colonies caused by nets
communities (Uneputty & Evans 1997) and the inter-
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(Yoshikawa & Asoh 2004, Richards & Beger 2011).
This may contribute to ecological phase-shifts at
heavily affected sites (Asoh at al. 2004, Yoshikawa &
Asoh 2004, Richards & Beger 2011). Taxa with
branching morphologies (e.g. gorgonians, sponges,
rnilleporid and scieractinian corals, rnacroalgae, and
seagrass) are most likely to be affected by entangle
ment. While some taxa may be able to overgrow
entangling debris, it is unclear how this may affect
their integrity, longevity, and resilience to change
(Chiappone et al. 2005, Smith & Hattori 2008).
Overall, there is a general bias toward studies
reporting on how plastic pollution impacts the condi
tions of sandy beaches and urban coastlines, and less
knowledge on the conditions of other habitats (e.g.
estuaries, mangroves, benthic habitats, deep-sea
zones), especially those in remote areas with limited
human access. Hence, advancing knowledge about
how plastic pollution impacts the conditions of
diverse marine habitats remains a priority. Useful
starting points would be (1) fieldbased experimental research that
either documents change in condition!
function of habitats or establishes
thresholds of concern that can then be
used as indicators for monitoring and
(2) design and testing of survey tech
niques to deterrnin.e baseline condi
tions and/or condition changes in
remote or difficult-to-access habitats.
These could include the application of
rapid assessment techniques, remote
sensing, or citizen science. Fifing
these knowledge gaps would be
important, because information on
habitat condition can assist manage
ment agencies in quantifying the
degree of impact, in setting priorities,
and in implementing mitigation.
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occur in marine systems, and smaller (<100 pm)
diameter polymer fibers have been identified in sed
iments, suggesting that plastics exposure is occurring
at the base of the food web (Thompson et al. 2004,
Browne et al. 2011). Recent studies have identified
impacts to marine invertebrates associated with for
aging on nano- and microparticles of polystyrene
(Wegner et al. 2012, Besseing et al. 2013), and labo
ratory studies have demonstrated and examined
plastic ingestion by zooplankton (e.g. De Mott 1988,
Bern 1990, Cole et al. 2013). There is also recent evi
dence that ingested microplastics can bridge trophic
levels into crustaceans and other secondary con
sumers (Farrell & Nelson 2013). Furthermore, recent
research has detected plastic-derived compounds in
the tissues of seabirds that had consumed plastics
(Layers et al. 2013, 2014, Tanaka et al. 2013; see
Questions 4 & 5).
When taken in conjunction, it is clear that plastic
pollution is impacting food webs through ingestion

2. What are the impacts of plastic
pollution on trophic linkages?
Ingestion of microplastic has been
reported at almost every level of the
marine food web, from filter-feeding
marine invertebrates (Wright et al.
2013), to fishes (Boerger et al. 2010,
Choy & Drazen 2013), seabirds, sea
turtles, and marine mammals (Fig. 3,
see Questions 4 & 5). Plankton and
plastic particles <333 jim in size co

Fig. 3. Top left to bottom right—magnificent frigatebird Fregate magnificens

carcass from Battowio Island, Grenadines, with orange foam contained within
stomach (courtesy Jennifer Layers); Antarctic fur seal Arcfocephalus gazelle,
with plastic ring entanglement at King George Island, Antarctica (courtesy
Juliana Ivar do Sul); juvenile green turtle Ghelonia mydas trapped in dis
carded crab trap and plastic fragments recovered from the gut of a juve
nile green turtle (bottom 2 photos: courtesy Kathy Townsend)
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and bioaccumulation of particles and toxic chemicals
and thus is likely to be influencing ecosystem pro
cesses in ways that have yet to be elucidated. In par
ticular, there is a need to better understand the influ
ence of nano- and microplastics on zooplankton and
planktivorous species (especially iri a natural set
ting), the role(s) of plastic ingestion at several trophic
levels in the transfer of organic pollutants along the
food chain, and the influence of plastic pollution on
epipelagic ecosystems (e.g. Ryan & Branch 2012,
Setälä et al. 2014). Filling these knowledge gaps will
require developments in both field and laboratory
science. From a laboratory research perspective, use
ful starling points would be improving knowledge of
plastic chemistry and of the fate of chemicals in bio
logical systems, as well as identifying the thresholds
of concern. From a field science perspective more
knowledge is needed about rates and patterns of
accumulation~ a starting point could be the develop
ment of biological indicators, such as investigating
the use of ‘plastic in fish-gut treatments’ (e.g. on
large factory trawlers) that have low-labor inputs but
sample large numbers of planktivorous fish with
acceptable precision and measurable variance.

dence time at sea). For example, Whitehead et al.
(2011) determined that of stranded debris in South
Africa, kelp and plastics were the most frequently
colonized (33 and 29%, respectively). In contrast,
Widmer & Hennemann (2010) reported that only 5’Y0
of marine debris was biofouled in southern Brazil
(27°S), of which 98% of the items were plastic (Wid
mer & Hennemann 2010).
To date, relatively few published articles have
focused on rafting of introduced species on plastic
debris. Although the biomass of fouling species car
ried by plastic debris is far less than that carried on
the hulls of ships (Lewis et al. 2005), debris repre
sents a considerable amount of the surface area
available for colonization. A key starting point would
be to quantify the potential and actual contribution of
rafting on plastic debris for the primary introduction
of a species into a new region and then the secondary
spread within that region. Another key area that war
rants further investigation is to better understand the
transport of non-native biofilms; molecular science
could offer a useful starting point in this regard
(Barnes & Mimer 2005, Lewis et al. 2005, Goldstein et
al. 2012).

3. How does plastic pollution contribute
to the transfer of non-native species?

4. What are the species-level impacts of
plastic pollution, and can they be quantified?

A number of transport mechanisms exist for the
transfer of marine species to non-native environ
ments, such as hull fouling, ballast water, aquacul
ture, dry ballast, rafting, and the aquarium trade
(Orensanz et al. 2002, Hewitt et al. 2004a,b, Haydar
2012). However, relatively little is known about spe
cies rafting (as biofouling) on plastic debris or nonnative bacterial biofouling of plastics (i.e. biofilms)
(yet see Winston et al. 1997, Lobelie & Cunliffe 2011).
Introduced species have a higher propensity to foul
man-made substrates, such as plastics (Whiteheacl et
al. 2011), than native species (Wyatt et al. 2005,
Glasby et al. 2007, Tamburri et al. 2008). Couple this
propensity with the durability and persistence of
plastics, and the likelihood of plastics transporting
non-native species increases substantially. Conse
quently, species that have a propensity to foul plastic
will have a greater likelihood of dispersing further by
rafting or hitchhiking on debris.
A wide range of species is known to foul debris,
and the level and composition of fouling of debris
varies spatially and temporally (e.g. Ye & Andrady
1991, Artham et al. 2009) with the type of substrate
and the distance from source areas (and hence resi

Plastic pollution affects marine species of all tro
phic levels, ranging from zooplankton to whales
(Laist 1987, Passow & Alldredge 1999, Jacobsen et ad.
2010). Both macro- and microplastic debris can affect
individual species either through ingestion or en
tanglement (including entrapment) (Day et al. 1985,
Laist 1987, Moore 2008, Ceccareili 2009, Kaplan Dau
et al. 2009, Schuyler et al. 2012) (see Question 6).
Large plastic debris items, such as rope, cargo straps,
fishing line, fishing pots and traps, and net, are the
main contributors to entanglement, while both whole
and fragmented micro- and •macroplastic debris is
ingested across at least 170 marine vertebrate and
invertebrate species (Carr 1987, Laist 1987, Bjorndal
et al. 1994, Derraik 2002, Ceccarelli 2009, Boerger et
al. 2010, Jacobsen at al. 2010, Baulch & Perry 2012,
Fossi et al. 2012, Schuyler et al. 2012, Besseling et al.
2013). In general, the size of ingested plastic items is
related to body size (e.g. Furness 1985, Ryan 1987)
and ontogenetic phase (Ramos et al. 2012, Dantas et
al. 2013). The degree of impact is likely related to the
size, shape, and quantity of the ingested items and a
range of physiological, behavioral, and geographical
factors.
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Ingestion effects include gut perforation, gut
impaction, dietary dilution, toxin introduction, and
interference with development (Ryan 1988a, Bjorn
dal et al. 1994, McCauley & Bjorndal 1999, Mader
2006, Teuten et al, 2009, van Franeker et al. 2011,
Gray et al. 2012, Tanaka et aL 2013). Importantly,
swallowed plastic does not need to be large in quan
tity to cause serious injury to an animal (Bjorndal
et al. 1994). Gastrointestinal perforation caused by
swallowed hooks and hard plastic can cause chronic
infection, septicaemia, peritonitis, gastrointestinal
motility disorders, and eventual death (Day et al.
1985, Jungling et al, 1994, McCauley & Bjorndal
1999, Cadée 2002, Guebert-Bartholo et al. 2011).
Impaction of the gastrointestinal tract affects many
species; the offending blockage can paralyze the
gastrointestinal tract, inhibit the digestive process,
and result in symptoms such as bloating, pain, necro
sis, and mechanical abrasion or blockage of absorp
tive surfaces in the digestive tract (Mader 2006).
Nutrient dilution is the result of a reduction of nutri
tious food intake due to ingestion of non-nutritive
and space-occupying plastic reducing fitness and
affecting both adult and juvenile animals (Day et al.
1985, Ryan 1988a, Bjorndal et al. 1994, McCauley &
Bjorndal 1999, Auman et al. 2004, van Franeker et al.
2011, Gray et al. 2012).
Some species are more susceptible than others to
the ingestion of marine debris. For example, sea tur
ties are particularly susceptible due to their feeding
strategies (i.e. some specialize on jellyfish for which
floating debris may be mistaken), as well as down
ward-facing papfflae on their esophageal mucosa
that have evolved to allow efficient ingestion of food
but that inhibit the ability of sea turtles to regurgitate
(Wyneken 2001). Seabirds, especially those that feed
in oceanic convergence zones, consume plastic debris
directly, but also feed it to their chicks (Ryan 1988a,b,
Cadée 2002, Moore 2008, Ryan 2008, van Franeker et
al. 2011, Kuhn & van Franeker 2012, Verlis et al.
2013). Species that are adapted to regurgitating indi
gestible dietary items like squid beaks may off-load
ingested debris, but species that lack these adapta
tions are more vulnerable to the effects of cumulative
ingestion (Ryan 1988b). A useful starting point for
managing species—plastic interactions could be a
review that quantifies the risk each species faces
within a global setting. A proxy for this review could
be the mean load size of ingested plastic as a propor
tion of body mass or identification of long-term
trends (e.g. Schuyler et al. 2014).
Causes of ingestion and entangiernei~t~ •need to he
better understood across most marine species im
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pacted by plastic pollution. Many studies on plastic
consumption have shown species-based preferences
for different colors, tastes, types, and sizes of debris,
but evidence remains largely speculative (Day et al.
1985, Ryan 1987, De Mott 1988, Bjorndal et al. 1994,
Bugoni et al. 2001, Cliff et al. 2002, Colabuono et al.
2009, Mrosovsky et al. 2009, Boerger et al. 2010,
Denuncio et ai. 2011, Gray et al. 2012, Schuyler et al.
2012, Layers et al. 2014). Current hypotheses for why
animals consume marine debris include mistaken
identity (mimicking natural prey items), curiosity!
play, and failure of distinction (plastic debris mixed
with normal dietary items) (Balazs 1985, Eriksson &
Burton 2003, Schuyier et al. 2012). These hypotheses
need more testing across a wide range of species and
would constitute a useful starting point for future
field and laboratory research. Furthermore, because
the size categories and definitions for macro- and
microdebris vary in the literature, a review (with rec
ommendations) of ecologically relevant size classes
for plastic items, in light of research findings such as
overlap with plankton size ranges, would be useful
(Eriksson & Burton 2003, Cole et al. 2011).

5. What are the population-level impacts of
plastic pollution, and can they be quantified?
Details of long-term survivorship impacts from
marine debris are poorly known, and the links be
tween plastics and their harmful effects at the popu
lation level are not clear. Notably, survival and re
productive rates of Laysan albatrosses Diomedea
immuta bills from the early 1960s on Midway are vir
tually identical to rates today, despite increases in the
rates of plastic ingestion (Fisher 1975, van der Werf &
Young 2011). For most species it is challenging to
identify even the proportion of individuals impacted,
let alone the population mortality rate attributable to
plastic ingestion. Furthermore, most studies look at
lethal impacts, as sub-lethal impacts to populations
are likely to be harder to identify (Bauich & Perry
2012).
A further area of concern is the potential toxicologi
cal effect of plastic on growth rates, survivorship, and
reproduction, all of which are important areas for
population stability. Plastic marine debris contains not
only potentially harmful plasticizers incorporated at
manufacture (Meeker et al. 2009), but plastics can ad
sorb and accumulate additional toxic chemicals such
as poiychlorinated hiphenyls (PCBs) and heavy metals
from seawater (Mato et al. 2001, Ashton et al. 2010,
Holmes et al. 2012, Rochman et al. 2014; and see
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Question 10). Tagatz et al. (1986) showed that high
concentrations of dibutyl phthalate, a commonly used
plasticizer, significantly affected the composition and
diversity of macrobenthic communities. While chemi
cals can leach into the tissues of wildlife that ingest
plastic (Teuten et al. 2009, Tanaka et al. 2013, Layers
et al, 2014), quantification of population-scale effects
warrants further research. Animals exposed to com
pounds such as phthalates and bisphenol-A (BPA)
showed adverse impacts on reproductive functional
ity, particularly during developmental stages (Taisness
et al. 2009), and exposure to chemicals in ingested
plastic has led to hepatic stress in fish (Rochman et al.
2013a). Adsorbed chemicals from ingested plastics
such as dichlorodiphenyitrichloroethanes (DDT5)
PCBs, and other chlorinated hydrocarbons may de
crease steroid levels and lead to delayed ovulation
(Azzarello & VanVleet 1987). The potential function of
plasticizers as endocrine disruptors has been hypo
thesized to have resulted in a disproportionately
high level of mortality .in female fulmars ~Fu1rnarus
glacialis) during a 2004 stranding event (van Franeker
et al. 2011, Bouland et al. 2012). However, the links
between plastic ingestion and population drivers,
such as reproductive timing and female survivorship,
have yet to be shown conclusively.
To understand the long-term, population-scale
impacts of plastic pollution, it is critical to assess plas
tic impacts on life-history traits such as fecundity,
reproductive success, mortality rates, and even po
tential behavioral changes which might influence
courtship, migration, and other reproductive activi
ties. Useful starting points for research would be
quantifying baseline levels of chronic and acute
exposure and the degree of both direct and indirect
impact. Doing this will require both field- and labora
tory-based physiology and ecology and the design of
monitoring programs to ensure that releva~~.~t•tissue
samples and environmental information are col
lected. Furthermore, quantifying the magnitude of
impacts on different populations and life stages (e.g.
entanglement vs. ingestion; physical blockages vs.
perforations vs. toxicological effects, and how the
magnitude of these impacts compares with other
stressors) would improve the efficacy of various man
agement approaches.

6. What are the impacts of wildlife entanglement?
Marine debris entanglement is now an internation
ally recognized threat to marine taxa (Shomura &
Yoshida 1985, Kaplan Dau et al. 2009, Gilardi et al.

2010, Allen et al. 2012), with at least 135 species
recorded as ensnared in marine debris, including sea
snakes, turtles, seabirds, pinnipeds, cetaceans, and
sirenians (Laist 1997, Possatto etal. 2011, Udyaweret
al. 2013). Wildlife becomes entangled in everything
from monofilament line and rope to packing straps,
hair bands, discarded hats, and lines from crab pots.
Entanglement effects include abrasions, lesions, con
striction, scoliosis (Wegner & Cartamil 2012), or loss
of limbs, as well as increased drag, which may result
in decreased foraging efficiency (Feldkamp 1985,
Feldkamp et al. 1989) and reduced ability to avoid
predators (Gregory 1991, 2009). To date, there are
scant data overall to provide a global estimate of the
number of animals affected by entanglement, mostly
because reports are either restricted to opportunistic
observations of animals or are from heavily visited
coastal regions. Given that we likely observe only a
small fraction of entangled or injured wildlife (e.g.
scarring; B. D. Hardesty pers. ohs.), actual or total
rates of wildlife entanglement are not known.
Entanglement is a key factor threatening survival
and persistence of some species (see Question 1;
Henderson 2001, Boland & Donohue 2003, Karaman
lidis et al. 2008), including the northern fur seal
Callorhinus ursinus (Fowler 1987) and endangered
species such as Hawaiian and Mediterranean monk
seals (Mona.chus spp.) (Votier et al. 2011). Among
marine mammals there are important age-class driv
ers of entanglement ra;tes; for example, in pinnipeds,
younger animals (e.g. seal pups and juveniles) may
be more likely to become entangled in nets, whereas
subadults and adults are more likely to become
entangled in line (Henderson 2001). In general,
younger, immature animals are more often reported
as entangled, at least in pinniped studies for which
age class is reported (Fowier 1987, Hanni & Pyle
2000, Henderson 2001). Ghost nets also ensnare
cetaceans, turtles, sharks, crocodiles, crabs, lobsters,
and numerous other species (Poon 2005, Gunn et al.
2010, Wilcox et al. 2013).
Overall, we lack sufficient information to deter
mine whether injury and mortality from incidental
entanglement has population-level effects on many
marine species (Gilman et al. 2006). A priority
research avenue is to investigate whether most en
tanglement occurs when wildlife encounters lost,
abandoned, or derelict fishing gear, or ‘ghost nets’,
and if there are spatial and temporal links to species
entanglement in derelict fishing gear and other forms
of plastic debris. If so, these could have considerable
financial, environmental and safety implications for
fisheries management, as the amount of fishing gear
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lost to the ocean is estimated to be 640 000 tons yr’
(Macfadyen et al. 2009, Gilardi et al. 2010).

7. How will climate change influence
the impacts of plastic pollution?
Changes to sea level, atmospheric and sea-surface
temperatures, ocean pI-l, and rainfall patterns are all

associated with global climate change. These factors
wifi alter biophysical processes that, in turn, will influ
ence the source, transport, and degradation of plastic
debris in the ocean. Coastal cities and towns represent
one of the main sources of plastic pollution, serving as
point sources for the flow of plastic i.nto the sea via ur
ban and natural drainage systems (e.g. Fans & Hart
1994), Changes in precipitation patterns could alter
the rate and periodicity of plastic pollution transport
into the sea and/or change the functionality of stormwater filters and trash guards, reducing the ability of
these systems to remove solid debris before it enters
the ocean. Additionally, a rise in the sea level and the
increased frequency and duration of severe weather
events may inundate waste disposal sites and landfills.
Storms and rising sea levels also release litter buried
in beaches and dune systems. These factors could
lead to larger amounts of plastic debris being de
posited into the marine ecosystem through runoff, and
may introduce toxic materials into the marine envi
ronment (Derraik 2002). Thiel & I-Iaye (2006) discuss
the importance of extreme weather events, such as in
tense hurricanes/cyclones, for transporting organisms
and pollutants into and through oceanic systems.
Overall, the pattern of extreme weather events is ex
pected to change, potentially affecting the transfer of
plastic pollution and, possibly, non-native, invasive
species (see Question 3).
Ocean currents and gyres play a significant role in
the distribution and concentration of floating marine
plastics (Lebreton et al. 2012). Alterations in sea-sur
face temperatures, precipitation, salinity, terrestrial
runoff, and wind are likely to influence the speed,
direction, and upwelling or downwelling patterns of
many ocean currents. This could, in turn, influence
areas of plastic accumulation and spread plastics to
previously less affected regions, altering the expo
sure rates of marine wildlife. For example, changes in
the currents interacting with the Southern Ocean
may lead to the transport, establishment, and spread
of plastics and/or invasive species into areas such as
Antarctica (Ivar do Sul et al. 2011). In addition,
changes to ocean circulation could cause further
damage to benthic environments through increased
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deposition of plastic onto the sea floor, altering the
composition of normal ecosystems and causing
anoxic or hypoxic conditions (Goldberg 1997).
It is clear that the .impacts of climate change will
vary temporally and spatially, and will affect the
environment in a variety of ways. The interaction of
climate change and other ecosystem stressors is an
important area of research, but how climate change
affects plastic pollution has yet to be investigated.

8. What, and where, are the main sources of
plastic pollution entering the marine environment?
Sources of plastic pollution are extensive and are
generally categorized as being either ocean- or landbased (Sheavly & Register 2007), with land-based
debris recognized as the most prevalent (Gregory
1991, Nollkaemper 1994, UNESCO 1994). Landbased debris generally originates from urban and
industrial waste sites, sewage and storm-water outfalls, and terrestrial litter that is transported by river
systems or left by beach users (Pruter 1987, Wilber
1987, Karau 1992, Williams & Simmons 1997, Santos
et al. 2005, Corcoran et al. 2009, Ryan et al. 2009,
Campbell 2012, O’Shea et al. 2014). Consequently,
large urban coastal populations are the main source
of debris (Cunningham & Wilson 2003) entering the
marine environment and advected elsewhere by
ocean currents (Martinez et al. 2009). Ocean-based
marine debris is material either intentionally or unin
tentionally dumped or lost overboard from vessels
(including offshore oil and gas platforms) and in
cludes fishing gear, shipping containers, tools, and
equipment (Jones 1995, Santos et al. 2005). Specific
fishing-related debris includes plastic rope, nets
(responsible for ghost fishing; Cottingham 1988),
monofilament line, floats, and packaging bands on
bait boxes (Jones 1995, Ivar do Sul et al. 2011).
Currently we lack sufficient understanding of the
sources of plastic pollution at management-relevant
scales, such as catchments, municipal areas, or
coastal areas. If it were possible for managers to
identify the step(s) along the product disposal chain
where plastic is being lost to the environment, tar
geted mitigation approaches could be implemented
and would likely enable cost-efficient and successful
management. Key starting points for research could
include: research and development of new technolo
gies for processing waste; design and evaluation of
alternate packaging types or strategies; infrastruc
ture to prevent waste from entering the environment;
techniques to remove plastic from the environment;
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improving the ability to recycle waste, especially in
developing nations and/or remote towns and com
munities; or the development of rapid assessment
techniques to identify polymer types (see Ques
lions 11 to 13). In addition, in areas with predictable
rainfall patterns (i.e. locations with distinct wet sea
sons), research and monitoring could focus on under
standing and mitigating impacts of urban stormwater and riverine loads entering the marine
environment during the ‘first flush’.

9. What factors drive the transport and deposition
of plastic pollution in the marine environment,
and where have these factors created high
concentrations of accumulated plastic?
In the mid-1980s, Archie Carr described the con
vergence zones in the Atlantic as white lines of
expanded polystyrene and likened the plastic debris
littering the Tortuguero Beach in Costa Rica to hailstones (Carr 1986, 1987). It is now clear that plastics
are distributed throughout the world’s oceans,
deposited on most coastlines, and found in very
remote areas including the deep sea (e.g. Convey et
al. 2002, Eriksson & Burton 2003, Barnes et al. 2009;
see Question 8). The diverse physical and chemical
nature of plastic polymers affects buoyancy and,
thus, influences the transport and distribution of
plastics in the marine water column. Transport mech
anisms and the location of sources and sinks have
been a research area of interest for some time.
Indeed, a one-day workshop focusing on this topic
was held at the ~ International Marine Debris Con
ference in Hawaii (Law & Maximenko 2011). Recent
approaches to understanding the transport of debris
have used combinations of ocean circulation models,
including Lagrangian particle tracking (Lebreton et
al. 2012, Maximenko et al. 2012, Potemra 2012, Van
Sebille et al. 2012, Carson et al. 2013) and direct
tracking (e.g. using aiicraft or satellites) of ghost nets
(Pichel et al, 2012, Wilcox et al. 2013) and debris from
the 2011 Japanese tsunami (Lebreton & Borrero
2013). Central to these recent approaches has been
the rapid improvement of computing power, as well
as GIS and remote-sensing technology (Hamann et
al. 2011).
To date, most models have been developed at large
scales (global, ocean, or basin), but there is now a
need for researchers to develop localized models to
better understand near-shore transport rnechanism.s
at scales relevant to management, such as state or
national levels (e.g. Potemra 2012, Carson et al. 2013,

O’Shea et al. 2014). Furthermore, the identification of
sinks, not only for pollution within the water column,
but also for benthic debris (Schlining et al. 2013),
especially in relation to key habitat areas for marine
wildlife (such as foraging areas, migration pathways,
and breeding sites) is needed. First steps could be the
refinement of existing high-resolution hydrodynamic
models and combining these models with satellite or
aerial imagery, in order to understand river input,
wave and wind drag influence on transport, and
beaching and washing of debris back into the water.
This could include testing the influence of wind drag
on plastic with different degrees of buoyancy and the
use of 3-dimensional hydrodynamic models to im
prove modeling of the movement of less buoyant
plastics.

10. What are the chemical and physical
properties of plastics that enable their persistence
in the marine environment?
Plastics absorb ultraviolet (UV) radiation and under
go photolytic, photo-oxidative, and thermo-oxidative
reactions that result in degradation of their con
stituent polymers (Gugum.us 1993, Andrady et al.
1998). The rate and process of various types of degra
dation of synthetic polymers is likely to depend upon
a number of •factors, including the bonds present
within the material and the amount of light, heat,
ozone, mechanical stress, or number of microorgan
isms present. Overall, the structure of a polymer
determines its surface area, degree of crystallinity,
polymer orientation, material components, accessi
bility to enzymes, presence of additives, and degree
of persistence in the environment. The polymer
structure is thus critical in determining the degree of
the material’s degradability (Palmisano & Pettigrew
1992). However, there are limited data from which to
draw conclusions about degradation rates for most
polymer types. Additionally, little is known about
how physical properties such as weight and shape
determine whether or not plastics will float or be airdriven, and how long they will persist as surface pol
lution before sinking.
Environmental factors affecting the persistence of
plastics in the environment include physical and
chemical factors such as wind and wave exposure,
pH, temperature, sediment structure, oxidation po
tential, moisture, nutrients, oxygen, and the presence
of inhibitors. Microbiological factors are also likely to
affect degradation rates of plastics, and these will be
ir..fluenced by the distribution, abundance, diversity,
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activity, and adaptation of microorganisms (Pal
misano & Pettigrew 1992). Additionally, activities of
macrofauna, such as maceration of plastics by insects
or rodents, and potentially fish, may influence the
rate of degradation by increasing the surface area
available for colonization by microorganisms.
Research has also demonstrated that plastic pellets
can adsorb hydrophobic compounds such as persist
ent organic pollutants (POPs) from the water (Mato et
al. 2001, Teuten et al. 2007, Karapanagioti et al. 2011,
Holmes et al. 2012). The degree to which plastics
adsorb organic pollutants from the water is likely to
depend on the underlying chemical structure. This
also underpins the resilience and durabillty of the
plastic once in the environment and, when it breaks
down, its degree of buoyancy (Cooper & Corcoran
2010). There are likely strong links between the
chemical and physical properties of the plastic and its
persistence in the marine environment; yet, for most
polymers, these links remain to be quantified.
Research is needed to better understand the effects
of different degradation products from plastic poly
mers on manne wildlife. There is a need for further
information on the interactions between the molecu
lar structure and physical form of plastics (including
biodegradable plastics), methods of microbial attack,
and environmental factors influencing degradation.
A key area to start would be to gain an understand
ing of which polymer types have the greatest impact
on marine wildlife, and then to determine the physico
chemical factors that influence polymer degradation
in order to identify steps in the manufacturing pro
cess that might be altered to reduce the generation of
these polymer types. Such an understanding is criti
cal when conducting life-cycle assessments for prod
ucts and common types of waste and in developing
risk or threat abatement strategies. Hence, this
remains a key knowledge gap with substantial scope
for future research.

11. What are some standard approaches for
the quantification of plastic pollution in marine
and coastal habitats?
Understanding rates and patterns of dispersal,
accumulation and abundance of plastic in the envi
ronment is an important step toward understanding
habitat and species vulnerability. However, compar
isons among regions (and among studies in the same
region) are handicapped by a lack of uniformity in
approach to quantification (Ryan et al. 2009). A par
ticularly common problem is the failure to standard-
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ize, or even report, the lower size range of litter items
sampled, with drastic implications for resultant den
sity estimates (Ryan 2013).
One established method of following changes in
marine plastic abundance is by regular shoreline
(strand-line) surveying (Cheshire et al. 2009). Al
though commonly employed, the technique has
many challenges (Ribic & Ganio 1996, Velander &
Mocogni 1999). The first is that the human propensity
to stroll along beaches and pick up litter is both com
mon and laudable. More challenging factors affect
ing beach surveys are the local processes that affect
beach debris deposition, such as tides, wave surge,
wind speed, and direction, all of which increase the
temporal and spatial variances of beach surveys,
making change (e.g. due to mitigating actions)
harder to detect (Ryan et al. 2009, Kataoka et al.
2013). Though not commonly done on a daily basis,
collection of debris each day can provide improved
variance estimates (Eriksson et al. 2013, Smith &
Markic 2013). Despite being challenging, shoreline
cleanups can be used to increase social awareness of
the issue, identify particular plastic items to target
mitigation efforts (e.g. uncut strapping bands, sixpack beverage rings, plastic pellets, and weather
balloons) and, if done systematically, provide a com
parative baseline on distribution, abundance, and
accumulation of plastic debris (Edyvane et al. 2004,
Ribic et al. 2010, 2011, 2012, Eriksson et al. 2013,
Roseveit et al. 2013, Thiel et al. 2013, Wilcox et al.
2013). Improving data collection from beach surveys
and ensuring that data collection is useful for man
agers will require an improved understanding of how
local circulation and weather patterns (e.g. tide cy
cle, wind strength and direction, and storms) affect
the number and type of plastic marine debris items
that wash ashore and are washed back into the water
(i.e. can be bounced along a coastline).
While debris loads on shore can reflect debris loads
in coastal waters (Thiel et al. 2013), understanding de
bris loads in the open ocean is challenging due to eco
nomics (e.g. ship costs for dedicated surveys) and the
spatial area that needs to be surveyed (Morishige et
al. 2007). However, these issues could, at least par
tially, be overcome by implementation of techniques
that use ships of opportunity (Reisser et al. 2013, Ryan
2013), winch have been used successfully for continu
ous at-sea monitoring of parameters such as chloro
phyll, salinity, and even zooplankton. Regular data
flows from instruments deployed on commercial ves
sels that agree to participate could be used to monitor
plastic pol.lution loads. Additionally, it is possible that
relatively ‘low-tech’ sampllng can be developed to ac
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cess materials filtered from seawater intakes for en
gine cooling water used by shipping; ballast-water
sampling protocols that have been developed may be
a reasonable starting point for this. Also, field tech
niques currently used for biological oceanographic
studies could be refined or developed to quantify
debris loads, particularly microplastics, e.g. plastic
debris can be quantified in known volumes of sea wa
ter sieved by neuston net, plankton net, or even by
known surface areas and depths sampled by other
means such as by pump (e.g. Hidalgo-Ruz et al. 2012,
Howell et al. 2012, Eriksen et al. 2013). Larger
macroplastic items (too large to be sampled by nets)
can be surveyed with ship-based or aerial surveys
(e.g. Lecke-Mitchell & Mullin 1997), though under
standing the many biases associated with these types
of surveys for plastic marine debris needs develop
ment (Ryan 2013). There may be future possibilities in
using satellite imagery of the sea surface to estimate
the abundance of debris and also to characterize the
wavelength reflectance of plastics to distinguish them
from foam and organic materials.
Irrespective of the habitat being sampled the great
est limitation to the quantification of marine plastic
debris loadings remains its general dependence on
the human eye. While many other disciplines over
come similar challenges to provide quantitative meas
ures, avenues for future research would be to improve
the way data on plastic pollution are collected by vi
sual cues, the refinement of sampling techniques for
fragmented plastic pollution, and the development of
a quantitative ‘characteristic chemical signature’ ana
lysis system for plastic polymers. These would expand
our understanding of the ubiquity of plastic items and
their potential linpact on marine wildlife.

12. What are the barriers to, and opportunities for,
delivering effective educationand awareness
strategies regarding plastic pollution?
Public concern over marine debris received a
tremendous boost after the 1999 discovery of a region
in the North Pacific in which plastic litter was accu
mulating, later termed the ‘Great Pacific Garbage
Patch’ (e.g. Moore et al. 2001, Moore 2008). By the
mid-2000s the sensationalized media portrayal of a
mythical floating island of plastic waste created a
wave of outrage against the amount of plastic in the
ocean. The plastics industry, environmental organi
zations, legislators wishing to calm constituents, and
entrepreneurs of all kinds raced to understand and
explain the problem and solutions on their own

terms, creating a glut of misinformation about the
size, contents, source, and fate of plastic in the ocean.
Media strategies have ranged from. dozens of short
films, to a variety of advertising campaigns aired on
television, the web, billboards, and in print. While it
is clear that traditional and social media can work in
tandem to distribute a story widely, research in the
health sector is demonstrating that more emphasis
should be placed on the outcome evaluation of com
munication strategies (Schneider 2006).
Delivery of an education and awareness strategy to
minimize current and future impacts of plastic pollu
tion on marine wildlife and habitats requires devel
oping and distributing messages aimed at altering
human behaviors associated with the manufacture,
purchase, use, and disposal of plastic products. The
message needs to be built on a communication and
interpretation science and on accurate scientific
information and to be delivered to the public and
decision makers through traditional and social me
dia, conferences, popular press, websites, and adver
tising. However, the provision of information is only
part of the solution (Bates 2010, Weiss et al. 2012). A
key role for research in developing and communicat
ing education and awareness strategies involves
developing and testing incentives aimed at inducing
effective behavior change. There is a substantial
body of empirical literature on eliciting behavioral
change in. the public health and environmental sec
tors (see review by Darntori 2008). However, few
studies relate specifically to minimizing plastic pollu
tion (see Slavin et al. 2012 for a focus on marine
debris, including plastics). As a starting point, there
is a need for researchers to test the models used in
environmental psychology (e.g. theory of planned
behavior; Ajzen 1991), environmental economics
(see Butler et al. 2013), persuasive communication
(see Ham et al. 2008), and social marketing (e.g.
Peattie & Peattie 2009) to understand factors that will
influence changes in behavior and to test the effec
tiveness of marine debris campaigns. It is important
to involve these disciplines because they directly
provide a greater understanding of the barriers and
opportunities that drive human behavior and gover
nance, and means of determining the costs versus
benefits of these changes.

13. What are the economic and social effects of
plastic pollution in marine and coastal habitats?
One of the m.ore obvious knowledge gaps concern
ing plastic pollution mitigation relates to social and
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economic aspects. Indeed, <5% of the relevant liter
ature (i.e. in Fig. 1) comprises social or economic
studies (but see Nash 1992, Mcllgorm et al. 2011).
Changes in the condition of natural assets due to
plastic pollution can influence social and economic
systems by altering environmental quality for future
generations (e.g. beach litter; Balance et al. 2000),
decreasing the value of ecosystem services, and
potentially causing negative health implications (Tal
sness et al. 2009). The cleanup of existing debris,
which can be very costly, often falls on local authori
ties and environmental organizations, and often re
lies heavily on a volunteer workforce. For example,
the cost of debris-related damage to marine indus
tries i.n the Asia-Pacific rim countries and in Swe
den was recently estimated at US$ 1.26 billion and
US$ 3.7 million per annum., respectively (Hail 2000,

Ivlcllgorm et al. 2011). Power companies in Europe
report spending more than US$75000 each year to
keep their water intake screens clear of debris. How
ever, it is not clear how many intakes are screened
(Hall 2000).
Research is needed to examine the direct and indi
rect costs and benefits of plastic manufacture, use,
and disposal, and to enable relative comparisons
between the use of plastic and alternative materials.
Useful starting points for this research could include
surveys of people on the use and disposal of plastic
products and the collection of empirical information
on the costs of disposal and recycling gathered from
waste management companies. There is a clear need
for future research to include collaboration with
economists, neuroscientists, and psychologists to
quantify the cognitive and economic benefits pro
vided by healthy, unpolluted waterways. These ben
efits likely include relaxation, insight, self-reflection,
a sense of well-being, and creativity (White et al.
2010). Fouled environments may add to emotional
stress and diminish social well-being.

14. What are the costs and benefits of mitigating
plastic pollution, and how do we determine viable
mitigation options?
A range of tools is available to manage environ
mental issues such as plastic pollution, including
government regulation, market instruments (e.g.
incentives), and technical and operational proce
dures (Kolstad 1986). The costs and benefits of these
management options vary according to a number of
factors, which, for marine pollution, typically include
distance to point sou.rce, population size, and wealth
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(poverty) of the coastal populations. Preventative
technical measures, such as debris-retention booms
that intercept plastic debris prior to dilution at sea,
can significantly reduce damage to wildlife and eco
nomic costs to industry (Durrum 1997, Carson et al.
2013). Regulatory approaches to environmental man
agement are commonly used, as they typically have
low transaction costs due to operator compliance
(Mcllgorm et al. 2008). Legislation has been de
signed to specifically address the marine pollution
issue (e.g. MARPOL Annex V), although reductions
in the amount of debris entering the sea or the impact
of debris on marine wildlife have not been detected
(Arnould & Croxail 1995, Henderson 2001).
Economic incentives, e.g. container deposit recy
cling schemes (Bor et al. 2004) and programs that
explicitly pass costs for packaging such as shopping
bags (e.g. Ryan et al, 1996, Convery et al. 2007,
Ayalon et al. 2009, Barlow & Morgan 2013) on to the
consumer are increasingly used in environmental
management (Ferrara & Missios 2005), but their suc
cess is rarely evaluated. Operational programs such
as beach cleanups can require substantial financial
and social input to build and maintain networks, with
benefits either limited to a small area, or not
observed at all (e.g. no direct benefit for wildlife
reported; Page et al. 2004, Mcllgorm et al. 2008). A
key research question is: Do the cost—benefit ratios
differ between measures aimed at preventing plastic
pollution entering the marine system and reactive
measures (e.g. beach cleanups [Mcllgorm et al. 2008]
or derelict fishing gear recovery IGilardi et al. 2010])?
Furthermore, cleanup events are likely to have social
benefits, and these can be difficult to quantify and
may be underestimated (Topping 2000, Storrier &
McGiashan 2006). A useful starting point for research
could be to quantify the costs and benefits of remov
ing marine debris and how/if cleanup events can be
organized to achieve higher ecological, social, and
economic value (see Question 10).
The complexity and increasing scale of the marine
plastic pollution issue is too large for any single
agency or country to resolve (Donohue 2003); hence,
empirical data at scales related to management and
the development of cost-effective regulatory tools to
reduce and prevent debris at its source are needed.
Key priorities for research include developing and
testing economic and social mechanisms that can be
used to compare the relative costs and benefits of
different mitigation techniques, and research to de
velop and test new products and technologies that
may prevent the release of debris into our waterways
(see Question 16). An aspect of this could include re
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search that improves our knowledge of alternatives to
plastic use in high-risk applications (e.g. single-use
plastics), the promotion of recycle-friendly packaging
that does not generate litter-prone items, and the de
velopment of more efficient waste disposal systems.

15. How can we improve data integration to
evaluate and refine management of
plastic pollution?
One problem with combating the global issue of
plastic pollution through local or regional initiatives
is that it requires coordination and management
across a number of different fronts. This requires the
development of aligned sampling arid collection ini
tiatives coupled with the intent to share data (e.g.
Carr et al. 2011, Duffy et al. 2013, Meiner 2013, Yang
et al. 2013). For example, at a regional scale, the
United Nations Environment Program (UNEP) is
using its Regional Seas Programme (RSP) to develop
response activities to the marine debris issue (UNEP
2009) and to collect and disseminate information.
However, while 18 regional seas are recognized
within the RSP, only 12 are participating in UNEP
assisted marine litter activities, Most of these regions
have limited data on the magnitude of the problem.,
have no standardized reporting or archiving of data,
and few recognize marine debris as an emerging
issue. This lack of information needs to be addressed
in order to convey a scientifically based global under
standing of the plastic pollution issue.
First steps towards addressing this issue should
include the promulgation of standard approaches
and methods for collecting (Question 11), archiving,
and reporting data, in addition to efforts to reduce
barriers concerned with educating people and rais
ing awareness (Question 1.2). Another priority for
national and regional mitigation of plastic pollution is
the development of databases that store standard
information that can then be shared via internet (e.g.
Simpson 2004, Simpson et al. 2006, Carr et al. 2011,
Costello et al. 2013). By providing a standardized
suite of database fields, or creating open commons
data sharing, information can be made available for
national or global assessments (Simpson et al. 2006),
with appropriate strategies being developed to help
refine management of plastic pollution. For example,
in the USA, the West Coast Governor’s Agreement
Marine Debris Action Coordination Team has
recently established an online database to collate
standardized marine debris data available for the
entire US West Coast (http://debris-db.westcoast

oceans.org), and, in Australia, a non-profit organiza
tion, Tangoroa Blue, has created a similar online data
base for storing beach cleanup data (www.tangaroa
blue.org/database.html). These are relatively recent
and spatially limited initiatives; however, continued
research, monitoring, as well as the use of these data
bases and development of similar databases in addi
tional regions will enable identification of strengths,
weaknesses, and, if possible, improvements and co
ordination. This will be especially true if these and
similar databases are able to record baseline marine
wildlife impacts and thus enable identification of
future changes to impact rates of occurrence.

16. What are the alternatives to plastic?
The plastics industry is one of the largest and
fastest- growing manufacturing industries world
wide, driven to a large extent by increased global
consumerism and social pressure to favor conven
ient, single-use products. 1-lowever, although plastic
products offer short-term benefits, the longer term, or
lifetime, costs are rarely calculated (Rochman et al.
2013b). An important area for future work will be in
the development of indicators and techniques to
assess the benefits of a product relative to the costs of
its lifetime environmental, carbon, and toxic foot
prints. Single-use plastic products (e.g. packaging,
straws, disposable cutlery, cups, food trays, and bags)
may be suitable products for such a risk assessment.
Very few empirical data exist on the carbon and
toxin footprint of single-use plastics (Hendrickson et
al. 2006, Yates & Barlow 2013), but work on alterna
tives to plastic has focused on this group of products.
Included in the growing list of alternate materials are
biodegradable materials such as those made with
prodegradant concentrates (PDCs), additives known
as TDPA (totally degradable plastic additives), or
Maste.rBatch Pellets (MBP5). However, the environ
mental cost of biodegradable alternatives is rarely
assessed and warrants further research attention. As
an example, plastics made from polylactic acid (PLA),
a polymer-derived plant sugar, require a specific
controlled environment in order to degrade: temper
atures must be very high and oxygen absent for bac
teria to break down PLA plastics. The majority of
landfills and at-home composting systems cannot
provide these conditions, resulting in degradation
times for PLA products similar to those of traditional
plastic items. Other emerging problems with ‘bio
degradable plastics’ are that they often cannot be
bundled with traditional plastic items for recycling,
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and are often considered contaminants in recycling
centers, Furthermore, biodegradable plastics may
fragment at a great rate, resulting in an increase in
the environmental burden of microplastics, and
packaging labeled biodegradable may lead to
increased littering. Hence, there is a clear need for
further research to develop and test approaches for
comparing the relative life-cycle costs and benefits of
alternative materials when compared to the plastic
products they replace.
One method of reducing plastic is to use products
made from a wide range of alternative materials such
as cotton/hemp (e.g. shopping bags), stainless steel
(e.g. lunch boxes or drink containers), or glass (e.g.
straws). Yet, rarely have the efficiency and effective
ness of these alternatives been assessed (Barlow &
Morgan 2013). Moreover, while it is clear that engi.
neering and product design efforts are ongoing, and
the development of alternative products or materials
to reduce plastic footprints is gaining momentum,
there is a clear need for research on economic and
social drivers to ensure the acceptance of alterna
tives. Explicit calculations of the cradle-to-grave cost
of ‘free’ plastic packaging is an effective way of
changing consumer behavior (Ryan et al. 1996), but
there is substantial scope for further economic and
social-based research in this field.
Overall, the key challenge is to understand the rel
ative economic, environmental, and social costs and
benefits of existing products compared to those of
new alternative materials. Collectively these data are
essential to allow effective evaluation of product
changes in order to ensure a net long-term environ
mental benefit.

DISCUSSION
Harnessing the knowledge and ideas of multiple
experts on a single topic is powerful because it high
lights important research questions or topics to help
focus attention on areas considered to be issues of
immediate importance for the conservation of
affected wildlife and habitats (l-Iamann et al. 2010,
Sutherland et al. 2010, Laurance et al. 2011, Lewison
et al. 2012). Herein, we identified as critical improve
ments in our understanding of the magnitude of the
plastic pollution issue, the threats of plastic pollution
to marine wildlife and their habitats, how these
threats are currently managed, how mitigating
actions are currently implemented and evaluated,
and how mitigation measures can be improved in the
future. Collectively, the questions generated in our
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study demonstrate that understanding and mitigat
ing the impacts of plastic pollution on marine wildlife
will require a multi-disciplinary approach delivered
across various spatial and temporal scales.
While it is clear that plastic pollution impacts a
large number of marine wildlife species, our study
reveals an obvious need to (1) understand vulnerabil
ity at the level of species or other management units
(e.g. genetic stocks; Dethmers et al. 2006) or regional
management units (Wallace et al. 2010) and (2)
improve knowledge of species, populations, or habi
tats at scales relative to management. Ultimately,
understanding vulnerability to plastic pollution at a
mix of ecologically and management relevant scales
(species or geographic) can assist with both local and
regional priority setting and mitigation across a
range of pressures.
We have provided a context• •for the key research
questions to guide management of the plastic pollu
tion impacts on marine wildlife. We identified a
strong need to involve disciplines related to under
standing economic and social barriers and opportuni
ties to change behavior (individual and governance)
and markets (Stern 2000, Brulle 2010, Ham 2013),
and to evaluate the benefits. Understanding human
behavior has traditionally been the purview of psy
chology, and substantial scope exists to test and
apply behavior-change models such as the Theory of
Planned Behavior (see Darnton 2008 for a review) or
Prospect Theory (see Kahneman & Tversky 1979,
Wakker 2010) to adjust social attitudes towards man
aging plastic pollution (e.g. Tonglet et al. 2004) and
changing littering behaviors (see Cialdini 2003). Sim
ilarly, there is scope to include business themes such
as social marketing (see Peattie & Peattie 2009), viral
marketing (see Leskovec et al. 2007), social network
analysis (see Scott 1988, Weiss et al. 2012), and cost—
benefit analysis to support alterations in consump
tion, use, disposal, and recycling in order to achieve
the best outcomes (e.g. Butler et al. 2013). Research
in these social domains should increase knowledge
and allow targeted disse.mir.ation of information,
improve attitudes towards plastic pollution impacts
and the mitigation of those impacts, improve aspira
tions toward enabling changes (e.g. Ham 2013), and
enable evaluation of management instruments and
strategies (e.g. plastic bag use; Luis & Spinola 2010,
Dikgang et al. 2012) to quantify benefits.
This paper reflects ideas from an expert group of
researchers with a broad range of backgrounds. It is
the most current attempt to assemble the opinions of
experts in the field of plastic pollution and its impact
on marine wildlife and marine habitats. By focusing
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effort and expertise on what are collectively agreed
upon as priority research questions for the mitigation
of plastic pollution impacts on marine species around
the globe, we aim to move research and manage
ment forward. Although there are still many ques
tions surrounding the issue, the numerous negative
impacts of plastic pollution make it clear that we
must strive to reduce the amount of plastics reaching
our oceans. If the methods for doing so are attainable
(e.g. reducing plastic use, improvements in waste
management, better access to recycling) and the
costs are non-prohibitive, it would be feasible to
deal with what is ultimately an entirely avoidable
problem.

Acknowledgements. We acknowledge Eva Ramirez Liodra,
Ruth Kamrowski and 2 reviewers for their valuable com
ments on an earlier draft.

LITERATURE CITED
Ajzen 1(1991) The theory of planned behavior. Organ Behav
Hum Decis Process 50:179—211
~. Allen R, Jarvis U, Sayer S, Mills C (2012) Entanglement of
grey seals Halichoerus grypus at a haul out site in Corn
wall, UK. Mar Pollut Bull 64:2815—2819
~ Aloy AB, Vallejo BM, Juinio-Menez MA (2011) Increased
plastic litter cover affects the foraging activity of the
sandy intertidal gastropod Nassarius pulius. Mar Pollut
Bull 62: 1772—1779
~ Andrady AL, Hamid SH, I-lu X, Torikai A (1998) Effects
of increased solar ultraviolet radiation on materials.
J Photochem Photobiol B 46:96—103
Anon. (1955) Observations on diving of the Australian gan
net (Sula bassana serrator Gray). Notornis 6:72—76
~ Arnould JPY, Croxall JP (1995) Trends in entanglement of
Antarctic fur seals (Arctocephalus gazelle) in man-made
debris at South Georgia. Mar Pollut Bull 30:707—7 12
~. Artham T, Sudhakar M, Venkatesan R, Madhavan Nair C,
Murty KVGK, Doble M (2009) Biofoulinq and stability of
synthetic polymers in sea water. Int Biodeterior Bio
degradation 63:884—890
~ Ashton K, Holmes L, Turner A (2010) Association of metals
with plastic production pellets in the marine environ
ment. Mar Pollut Bull 60:2050—2055
~ Asoh K, Yoshikawa T, Kosaki R, Marschall EA (2004) Dam
age to cauliflower coral by monofilament fishing lines in
Hawaii, Conserv Biol 18:1645—1650
Auman HJ, Woehler EJ, Riddle MJ, Burton I-I (2004) First
evidence of ingestion of plastic debris by seabirds at sub
Antarctic Heard Island. Mar Ornithol 32:105—106
~ Ayalon 0, Goldrath T, Rosenthal G, Grossman M (2009)
Reduction of plastic carrier bag use: an analysis of alter
natives in Israel. Waste Manag 29:2025—2032
~ Azzarello MY, VanVleet ES (1987) Marine birds arid marine
pollution. Mar Ecol Prog Ser 37:295—303
Balance A, Ryan PG, Turpie JK (2000) How much is a clean
beach worth? The impact of litter on beach users in the
Cape Peninsula, South Africa. S Afr J Sci 96:210—213

)~.

Balazs G (1985) Impact of ocean debris on marine turtles:
entanglement and ingestion. In: Proceedings of the
workshop on the fate and impact of marine debris.
NOAA Tech Memo NMFS SWFSC 54:387—429
~ Barlow CY, Morgan DC (2013) Polymer finn packaging for
food: an environmental assessment. Resour Conserv
Recycling 78:74—80
~ Barnes DKA, Milner P (2005) Drifting plastic and its conse
quences for sessile organism dispersal in the Atlantic
Ocean. Mar Biol 146:815—825
~ Barnes DKA, Gaigani F, Thompson RC, Barlaz M (2009)
Accumulation and fragmentation of plastic debris in
global environments. Philos Trans R Soc Lond B Biol Sci
364:1985—19911
~ Bates CH (2010) Use of social marketing concepts to evalu
ate ocean sustainability campaigns. Soc Mar Q 16:71—96
Baulch 5, Perry C (2012) A sea of plastic: evaluating the
impacts of marine debris on cetaceans. Paper SC/64/E10,
64th Meeting of the International Whaling Commission
Science Committee, Panama City
Beall G (2009) By design: World War II, plastics, and
NPE. Available at: www.piasticstoday.com/imm/articles/
design-worlcl-war-n-plastics-and-npe (accessed June
2013)
~ Beck CA, Barros NB (1991) The impact of debris on the
Florida manatee. Ivlar Poilut Bull 22:508—5 10
~. Bern L (i990) Size-related discrimination of nutritive and
inert particles by freshwater zooplankton. J Plankton Res
12:1059—1067
~.- Besseling E, Wegner A, Foekema EM, Van Den Heuvel
Greve MJ, Koelmans AA (2013) Effects of microplastic
on fitness and PCB bioaccumulation by the lugworm
Arenicola marina (L.). Environ Sci Technol 47:593—600
~ Bjorndal KA, Bolten AB, Lagoeux CJ (1994) Ingestion of
marine debris by juvenile sea turtles in coastal Florida
habitats. Mar Pollut Bull 28:154—158
~ Boerger CM, Lattin CL, Moore SL, Moore CJ (2010) Plastic
ingestion by planktivorous fishes in the North Pacific
Central Gyre. Mar Pollut Bull 60:2275—2278
~ Boland RC, Donohue MJ (2003) Marine debris accumulation
in the nearshore marine habitat of the endangered
Hawaiian monk seal, Monechus schauinslandi 1999—
2001. Mar Pollut Bull 46: 1385—1394
~ Bond AL, Layers JL (2013) Effectiveness of emetics to study
plastic ingestion by Leach’s storm-petrels (Oceanodroma
leucorhoa). Mar Pollut Bull 70:17 1—175
~. Bor YJ, Chien YL, Hsu B (2004) The market-incentive recy
cling system for waste packaging containers in Taiwan.
Environ Sci Policy 7:509—523
~ Bouland AJ, White AE, Lonahaugh KP, Varian-Ramos CW,
Cristol DA (2012) Female-biased offspring sex ratios in
birds at a mercury-contaminated river. J Avian Biol 43:
244—25 1
~ Browne MA, Crump P, Niven SJ, Teuten E, Tonkin A, Gal
loway T, Thompson R (2011) Accumulation of microplas
tic on shorelines woldwide: sources and sinks. Environ
Sci Technol 45:9175—9179
~ Brulle RJ (2010) From environmental campaigns to advanc
ing the public dialog: environmental communication for
civic engagement. Environ Commun 4:82—98
~. Bugoni L, Krause L, Petry MV (2001) Marine debris and
human impacts on sea turtles in southern Brazil. Mar Pol
lut Bull 42:1330—1334
~ Butler JRA, Gunn R, Berry HL, Wagey GA, Hardesty BD,
Wilcox C (2013) A value chain analysis of ghost nets in

Vegter et al.: Plastic pollution impacts on marine wildlife

~

~
~

~
~

~

~-

~

~

~

~
~

~

~

~

the Arafura Sea: identifying trans-boundary stakehold
ers, intervention points and livelihood trade-offs. J Envi
ron Manag 123: 14—25
Cadée CC (2002) Seabirds and floating plastic debris. Mar
Pollut Bull 44:1294—1295
Campbell M (2012) Flood debris in central Queensland: the
social implications of the flood debris from January 2011
Queensland floods. CQ.University Technical Report, CQ
University Gladstone
Carpenter EJ, Smith KL Jr (1972) Plastic on the Sargasso Sea
surface. Science 175:1240—124 1
Carpenter EJ, Anderson SJ, Harvey CR, Mikias HP, Peck BB
(1972) Polystyrene spherules in coastal waters. Science
178:749—750
Carr A (1986) Rips, FADS, and little loggerheads. Bioscience
36:92—100
CarrA (1987) impact of nondegradable marine debris on the
ecology and survival outlook of sea turtles. Mar Pollut
Bull 18:352—356
Carr Ma Woodson CB, Cheriton OM, Malone D, McManus
MA, Raimondi PT (2011) Knowledge through partner
ships: integrating marine protected area monitoring and
ocean observing systems. Front Ecol Environ 11:342—350
Carson HS, Colbert SL, Kaylor MJ, Mcdermid KJ (2011)
Small plastic debris changes water movement and heat
transfer through beach sediments. Mar Pollut Bull 62:
1708—1713
Carson HS, Lamson MR, Nakashirisa D, Toloumu D, Hafner
J, Maxirnenko N, Mcderrnid KJ (2013) Tracking the
sources and sinks of local marine debris in Hawaii. Mar
Environ Res 84:76—83
Ceccarelli D (2009) Impacts of plastic debris on Australian
marine wildlife. Report by C&R Consult:ing to the Aus
tralian Government Department of the Environment,
Water, Heritage and the Arts, Canberra, p 1—77
Cheshire A, Adler E, Barbière J, Cohen Y and others (2009)
UNEP/IOC guidelines on survey and monitoring of mar
ine litter. UNEP Regional Seas Reports and Studies, No.
186, IOC Technical Series No. 83
Chiappone M, Dienes H, Swanson DW, Miller SL (2005)
Impacts of lost fishing gear on coral reef sessile inverte
brates in the Florida Keys National Marine Sanctuary.
Biol Conserv 121:221—230
Choy CA, Drazen JC (2013) Plastic for (Inner? Observations
of frequent debris ingestion by pelagic predatory fishes
from the central North Pacific. Mar Ecol Prog Ser 485:
155—163
Cialdini R (2003) Crafting normative messages to protect the
environment. Curr Dir Psychol Sci 12:105—109
Cliff C, Dudley SFJ, Ryan PEG, Singleton N (2002) Large
sharks and plastic debris in KwaZuiu-Natal., South
Africa. Mar Freshw Res 53:575—58 1
Colabuono Fl, Barquete V, Domingues BS, Montone RC
(2009) Plastic ingestion by Procellariiformes in southern
Brazil. Mar Pollut Bull 58:93—96
Cole M, Lindeque P, Halsband C, Galloway TS (2011.)
Microplastics as contaminants in the marine environ
ment: a review. Mar Pollut Bull 62:2588—2597
Cole M, Lindeque P, Fileman B, Halsband C, Goodhead R,
Moger J, Galloway TS (2013) Microplastic ingestion by
zooplankton. Environ Sci Technol 47:6646—6655
Convention on Biological Diversity (2012) hnpacts of marine
debris on biodiversity: current status and potential solu
tions. Tech Ser No. 67, Secretariat of the Convention on
Biological Diversity, Iviontreal

~-

~.

~

~

~

~

~

~
~

~

~.

~

~

241

Convery F, Mcdonnell 5, Ferreira S (2007) The most popular
tax in Europe? Lessons from the Irish plastic bags levy.
Environ Resour Econ 38:1—il
Convey P, Barnes DKA, Morton A (2002) Debris accumula
tion on oceanic island shores of the Scotia Arc, Antarc
tica. Polar Biol 25:612—617
Cooper DA, Corcoran PL (2010) Effects of mechanical and
chemical processes on the degradation of plastic beach
debris on the island of Kauai, Hawaii. Mar Pollut Bull 60:
650—654
Corcoran PL, Biesinger MC, Grifi M (2009) Plastics and
beaches: a degrading relationship. Mar Pollut Bull 58:
80—84
Costello MJ, Bouchet P, Boxshall C, Fauchald K and others
(2013) Global coordination and standardisation in marine
biodiversity through World Register of Marine Species
(WoRMS) and related databases. PLoS ONE 8:e5 1629
Cottinghain D (1988) Federal programs and plastics in the
oceans. Oceans 88: a partnership of marine interests,
Baltimore, MD, p 6—11
Cunningham DJ, Wilson SP (2003) Marine debris on
beaches of the Greater Sydney Region. J Coast Res 19:
421—430
Dantas D, Barletta M, Ramos J, Lime A, Costa M (2013) Sea
sonal diet shifts and overlap between two sympatric catfishes in an estuarine nursery. Estuaries Coasts 36:
237—256
Darnton A (2008) Reference report: an overview of behaviour
change models and their uses. Centre for Sustainable
Development, University of Westminster, London
Dau BK, Gilardi KVK, Gulland FM, Higgins A, Holcomb JB,
St. Leper J, Ziccardi MH (2009) Fishing gear-related
injury in California marine wildlife. J Wildl Dis 45:
355—362
Day RH, Wehle DHS, Coleman FC (1985) ingestion of plastic
pollutants by marine birds. In: Proceedings of the work
shop on the fate and impact of marine debris. NOAA
Tech Memo NMFS—SWFSC 54:344—386
De Mott W (1988) Discrimination between algae and artifi
cial particles by freshwater and marine copepods . Limnol
Oceanogr 33:397—408
Denuncio P, Bastida R, Dassis M., Giardino C, Gerpe M,
Rodriguez D (2011) Plastic ingestion in Franciscana dol
phins, Pontoporia blainvillei (Gervais and d’Orbigny,
1844), from Argentina. Mar Pollut Bull 62:1836—1841
Derraik JGB (2002) The pollution of the marine environment
by plastic debris: a review. Mar Pollut Bull 44:842—852
Dethmers KEM, Broderick D, Moritz C, Fitzsimnmons NN
and others (2006) The qenetic structure of Australasian
green turtles (Chelonia mydas): exploring the geograph
ical scale of genetic exchange. Mol Ecol 15:3931—3946
Dikgang J, Leirnan A, Visser M (2012) Analysis of the plastic
bag levy in South Africa. Resour Conserv Recycling 66:
59—65
Donlan CJ, Wingfieid DK, Crowder LB, Wilcox C (2010)
Using expert opinion surveys to rank threats to endan
gered species: a case study with sea turtles. Conserv Biol
24:1586—1595
Donohue ivIJ (2003) How multiagency partnerships can suc
cessfully address large-scale pollution problems: a
Hawaii case study. Mar Poilut Bull 46:700—702
Duffy JE, Amaral-Zettler LA, Fautin DC, Paulay C, Rynear
son TA, Sosik HM, Stachowicz JJ (2013) Envisioning and
marine biodiversity observation network. Bioscience 63:
350—361

242

Endang Species Res 25: 225—247, 2014

Durrum F (1997) The control of floating debris in an urban
river. In: Coe J, Rogers D (eds) Marine debris: sources,
impacts, and solutions. Springer-Verlag, New York, NY,
p 351—358
~.. Edyvane KS, Dalgetty A, Hone PW, Higham JS, Wace NM
(2004) Long-term marine litter monitoring in the remote
Great Australian Bight, South Australia. Mar Poilut Bull
48:1060—1075
~ Eriksen M, Maximenko N, Thiel M, Cummins A and others
(2013) Plastic pollution in the South Pacific subtropical
gyre. Mar Pollut Bull 68:71—76
~ Eriksson C, Burton H (2003) Origins and biological accumu
lation of small plastic particles in fur seals from Mac
quarie Island. Anibio 32:380—384
~ Erilcsson C, Burton H, Fitch 5, Schulz M, Van Den Hoff J
(2013) Daily accumulation rates of marine debris on sub
Antarctic island beaches. Mar Pollut Bull 66:199—208
Fans J, Hart K (1994) Seas of debris: a summary of the 3rd
international conference on marine debris. In: Proc 3rd
international conference on marine debris. NC Sea Grant
College Program and NOAA, p 54
~.. Farrell P, Nelson K (2013) Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus rnaenas (L.). Envi
ron Pollut 177:1—3
Feldkamp SD (1985) The effects of net entanglement on the
drag and power output of a California sea lion, Zalophus
californianus. Fish Bull 83:692—694
Feldkamp SD, Costa DP, Dekrey GK (1989) Energetic and
behavioral effects of net entanglement on juvenile norlh
em fur seals, Callorhinus ursinus. Fish Bull 87:85—94
~. Ferraro I, Missios P (2005) Recycling and waste diversion
effectiveness: eevidence from Canada. Environ Resour
Econ 30:221—238
Fisher HI (1975) Mortality and survival in the Laysan alba
tross, Diornedea imniuta bills. Pac Sci 29:279—300
~ Fossi MC, Panti C, Guerranti C, Coppola D, Giannetti lvi,
Marsii L, Minutoli R (2012) Are baleen whales exposed
to the threat of microplastics? A case study of the Medi
terranean fin whale (Balaenoptera physalus). Mar Pollut
Bull 64:2374—2379
~ Fowler CW (1987) Marine debris and northern fur seals: a
case study. Mar Pollut Bull 18:326—335
Furness R (1985) Ingestion of plastic particles by seabirds at
Gough Island, South Atlantic Ocean. Environ Pollut Ecol
Biol 38:261—272
~ Gilardi KVK, Carlson-Bremer D, June JA, Antonelis K,
Broadhurst G, Cowan T (2010) Marine species mortality
in derelict fishing nets in Puget Sound, WA and the
cost/benefits of derelict net removal. Mar Pollut Bull 60:
376—382
Gilman E, Brothers N, Mcpherson G, Daizell P (2006) A
review of cetacean interactions with longline gear.
3 Cetacean Res Manag 8:215—223
~ Glasby TM, Connell SD, Holloway MG, Hewitt CL (2007)
Nonindigenous biota on artificial structures: Could habi
tat creation facilitate biological invasions? Mar Biol 151:
887—895
Gochfeld M (1973) Effect of artefact pollution cm the viability
of seabird colonies on Long Island, New York. Environ
Pollut 4:1—13
~ Goldberg ED(1997) Plasticizing the seafloor: an overview.
Environ Technol 18:195—201
~,. Goldstein MC, Rosenberg M, Cheng L (2012) Increased
oceanic microplastic debris enhances oviposition in an
endemic pelagic insect. Biol Lett 8:817—820

Gorman M (1993) Environmental hazards —marine pollu
tion. ABC-CLIO, Santa Barbara, CA
~ Gray H, Lattin GL, Moore CJ (2012) Incidence, mass and
variety of plastics ingested by laysan (Phoebastria im
niutabilis) and black-footed albatrosses (P. nigripes)
recovered as by-catch in the North Pacific Ocean. Mar
Poilut Bull 64:2190—2192
~ Gregory MR (1991) The hazards of persistent marine pollu
lion—drift plastics and conservation islands. JR Soc N Z
21:83—100
~ Gregory MR (2009) Environmental implications of plastic
debris in marine settings — entanglement, ingestion,
smothering, hangers-on, hitch-hiking and alien inva sions. Philos Trans R Soc Lond B Biol Sci 364:2013—2025
Gregory MR, Ryan P (1997) Pelagic plastics and other
seaborne persistent synthetic debris: a review of South
ern Hemisphere perspectives. In: Coe J, Rogers D (ads)
Marine debris: sources, impacts, and solutions. SpringerVerlag, New York, NY, p 49—66
~ Guebert-Bartholo FM, Barletta M, Costa MF, Monteiro-Filho
ELA (2011) Using gut contents to assess foraging patterns
of juvenile green turtles Cheionia .rnydas in the Paranaguá
Estuary, Brazil. Endang Species Res 13:131—143
~ Guguinus F (1993) Re-evaluation of the stabilization mecha
nisms of various light stabifizer classes. Polym Degrad
Stabil 39:117—135
~ Gunn R, Hardesty BD, Butler J (2010) Tackling ‘ghost nets’:
local solutions to a global issue in northern Australia.
Ecol Manage Restor 11:88—98
Hall K (2000) Impacts of marine debris and oil: economic and
social costs to coastal communities. KIMO, Shetland
Islands Council, Lerwick
Ham S (2013) Interpretation, making a difference on pur
pose. Fulcrum Publishing, Golden, CO
Ham SH, Weiler B, Hughes M, Brown T, Curtis 3, Poll M
(2008) Asking visitors to help: research to guide strategic
communication for protected area management. Sustain
able Tourism CRC, Gold Coast
~ Hamann M, Godfrey MI-I, Seminoff JA, Arthur K and others
(2010) Global research priorities for sea turtles: inform
ing management and conservation in the 21st century.
Endang Species Res 11:245—269
~ Hamann M, Grech A, Wolanski B, Lambrechts J (2011)
Modelling the fate of marine turtle hatchlings. Ecol Mod
ell 222:1515—1521
~ Hanni KD, Pyle P (2000) Entanglement of pinnipeds in syn
thetic materials at South-east Farallon Island, California,
1976—1998. Mar Poliut Bull 40:1076—1081
~ Haydar D (2012) What is natural? The scale of cryptogenesis
in the North Atlantic Ocean. Divers Distrib 18:101—110
~ Hays H, Cormons G (1974) Plastic particles found in tern
pellets, on coastal beaches and at factory sites. Mar Pol
lut Bull 5:44—46
~ Henderson JR (2001) A pre- and post-MARPOL Annex V
summary of Hawaiian monk seal entanglements and
marine debris accumulation in the northwestern Hawai
ian Islands, 1982—1998. Mar Poilul Bull 42:584—589
Hendrickson CT, Lave LB, Matthews HS (2006) Environ
mental life cycle assessment of goods and services. An
input—output approach. RFF Press, Washington, DC
~ Hewitt CL, Campbell ML, Thresher RE, Martin RB and oth
ers (2004a) Introduced and cryptogenic species in Port
Phillip Bay, Victoria, Australia. Mar Biol 144:183—202
~ Hewitt CL, Willing J, Bauckham A, Cassidy AIvI, Cox CMS,
Jones L, Wotton DM (2004b) New Zealand marine bio

Vegter et a].: Plastic pollution impacts on marine wildlife

security: delivering outcomes in a fluid environment. N Z
J Mar Freshw Res 38:429—438
~ Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M (2012)
Microplastics in the marine environment: a review of the
methods used for identification and quantificmion. Envi
ronSci Technol 46:3060—3075
~ Holmes LA, Turner A, Thompson RC (2012) Adsorption of
trace metals to plastic resin pellets in the marine environ
ment. Environ Pollut 160:42—48
~ Howell EA, Bograd SJ, Morishige C, Seki MP, Polovina JJ
(2012) On North Pacific circulation and associated mar
ine debris concentration. Mar Pollut Bull 65:16—22
Ivar do Sul JA, Costa MF (2014) The present and future of
inicroplastic pollution in the marine environment. Envi
ron Pollut 185:352—364
~ Ivar do Sul JA, Barnes DKA, Costa MF, Convey P, Costa ES,
Campos L (2011) Plastics in the Antarctic environment:
Are we looking only at the tip of the iceberg? Oecol Aust
15:150—170
~. Jacobsen JK, Massey L, Gulland F (2010) Fatal ingestion of
floating net debris by two sperm whales (Physeter
macrocephalus). Mar Pollut Bull 60:765—767
~ Jones MM (1995) Fishing debris in the Australlan marine
environment. Mar Pollut Bull 30:25—33
~ Jungling C, Wiessner V, Gebhardt C, Zeitler E, Wünsch P
(1994) Enterocolic fistula caused by foreign-body perfo
ration. Dtsch Med Wochenschr 119:63—66
~ Kahneman D, Tversky A (1979) Prospect theory: an analysis
of decision under risk. Econornetrica 47:263—291
~ Karamanlidis AA, Androukaki E, Adamantopoulou 5,
Chatzispyrou A and others (2008) Assessing accidental
entanglement as a threat to the Mediterranean monk
seal Monachus monachus, Endang Species Res 5:
205—213
~ Karapanagioti HK, Endo 5, Ogata Y, Takada H (2011) Dif
fuse pollution by persistent organic pollutants as meas
ured in plastic pellets sampled from various beaches in
Greece. Mar Pollut Bull 62:312—3 17
~ Karau J (1992) The control of land based sources ot marine
pollution: recent international initiatives and prospects.
Mar Pollut Bull 25:80—81
~ Kataoka T, Hinata H, Kato 5 (2013) Analysis of a beach as a
time-invariant linear input/output system of marine litter.
Mar Pollut Bull 77:266—27 3
~ Katsanevakis 5, Verriopoulos G, Nicolaidou A, Thessalou
Legaki M (2007) Effect of marine litter on the benthic
megafauna of coastal soft bottoms: a manipulative field
experiment. Mar Pollut Bull 54:771—778
~ Kenyon K, Kridler B (1969) Laysan albatrosses swallow indi
gestible matter. Auk 86:339—343
~ Kolstad CD (1986) Empirical properties of economic incen
tives and command-and-control regulations for air-pollu
tion control. Land Econ 62:250—268
~ Kuhn 5, van Franeker JA (2012) Plastic ingestion by the
northern fulmar (Fulrnarus glacialis) in lceland. Mar Pol
lut Bull 64:1252—1254
~ Laist DW (1987) Overview of the biological effects of lost
and discarded plastic debris in the marine enviromnent.
Mar Pollut Bull 18:319—326
Laist DW (1997) Impacts of marine debris: entanglement
of marine life in marine debris including a comprehen
sive list of species with entanglement and ingestion
records. In: Coe J, Rogers D (eds) Marine debris:
sources, impacts, and solutions. Springer-Verlag, New
York, NY, p 99—139

243

Laurance WF, Dell B, Turton SM, Lawes MJ and others
(2011) The 10 Australian ecosystems most vulnerable to
tipping points. Biol Conserv 144:1472—1480
~ Layers JL, Hodgson J, Clarke RH (2013) Prevalence and com
position of marine debris in brown booby (Sula leuco
gaster) nests on Ashmore Reef. I\4ar Pollut Bull 77:320—324
~ Layers JL, Bond AL, Hutton I (2014) Plastic ingestion by
flesh-footed shearwaters (Puffin us carneipes): implica lions for chick body condition and the accumulation of
plastic-derived chemicals. Environ Pollut 187:124—129
~. Law KL, Maximenko N (2011) Understanding sources, sinks,
and transport of marine debris. Eos 92:235, doi:10.1029/
201 1E0280006
~ Law KL, Morét-Ferguson S, Maximenko NA, Proskurowski
G, Peacock BE, Hafner J, Reddy CM (2010) Plastic accu
irnilation in the North Atlantic subtropical gyre. Science
329:1185—1188
~ Lazar B, Grnian R (2011) Ingestion of marine debris by log
gerhead sea turtles, Caretfa caretla, in the Adriatic Sea.
Mar Pollut Bull 62:43—47
ls~ Lebreton LCM, Borrero JC (2013) Modeling the transport
and accumulation floating debris generated by the 11
March 2011 Tohoku tsunami. Mar Pollut Bull 66:53—58
~ Lebreton LCM, Greer SD, Borrero JC (2012) Numerical
modelling of floating debris in the world’s oceans. Mar
Pollut Bull 64:653—661
~ Lecke-Mitchell KM, Mullin K (1997) Floating marine debris
irs the US Gull of Mexico. Mar Pollut Bull 34:702—705
~ Leskovec J, Adamic L, 1-luberman B (2007) The dynamics of
viral marketing. ACM Transac Web 1:Art 5, doi:10.1145/
1232722.1232727
~ Lewis PN, Riddle MJ, Smith SDA (2005) Assisted passage or
passive drift: a comparison of alternative transport mech
anismns for non-indigenous coastal species into the
Southern Ocean. Antarct Sci 17:183—191
~.. Lewison R, Oro D, Godley BJ, Underhill L and others (2012)
Research priorities for seabirds: improving conservation
and management in the 21st century. Endang Species
Res 17:93—121
~ Lobelle D, Cunliffe M (2011) Early microbial biofilm forma
tion on marine plastic debris. Mar Pollut Bull 62:197—200
~ Luis IP, Spinola H (2010) The influence of a voluntary fee in
the consumption of plastic bags on supermarkets from
Ivladeira Island (Portugal) ..J Environ Plann Manage 53:
883—889
Macfadyen G, Huntington T, Cappeli R (2009) Abandoned,
lost or otherwise discarded fishing gear. Tech Pap 2009,
No. 523, FAO Fisheries and Aquaculture, Rome
Mader D (2006) Reptile medicine and surgery. Elsevier Inc.,
St Louis, MO
~ Martinez E, Maamaatuaiahutapu K, Taillandier V (2009)
Floating marine debris surface drift: convergence and
accumulation toward the South Pacific subtropical gyre.
Mar Poflut Bull 58:1347—1355
Mato Y, Isobe T, Takada H, Kanehiro H, Ohtake C, Kami
numa T (2001) Plastic resin pellets as a transport medium
for toxic chemicals in the marine environment. Environ
Sci Technol 35:318—324
~. Maximenko N, Hafner J, Niiler P (2012) Pathways of marine
debris derived from trajectories of Lagrangian drifters.
Mar Pollut Bull 65:51—62
~ McCauley SJ, Bjorndal KA (1999) Conservation implications
of dietary dilution from debris ingestion: sublethal effects
in post-hatchling loggerhead sea turtles. Conserv Biol
13:925—929

244

Endang Species Res 25: 225—247, 2014

Mcllgorm A, Campbell HF, Rule MJ (2008) Understanding
the economic benefits and costs of controlling marine
debris in the APEC region (MRC 02/2007). A report to
the Asia-Pacific Economic Cooperation Marine Resource
Conservation Working Group by the National Marine
Science Centre. Univ. of New England & Southern Cross
Univ., Coffs Harbour
~ Mcllgorm A, Campbell HF, Rule MJ (20i1) The economic
cost and control of marine debris damage in the AsiaPacific region. Ocean Coast Manage 54:643—651
~ Meeker JD, Sathyanarayana S, Swan SH (2009) Phthalates
and other additives in plastics: human exposure and
associated health outcomes. Phios Trans R Soc Lond B
Biol Sci 364:2097—2113
~ Meiner A (2013) Spatial data management priorities for
assessment of Europe’s coasts and seas. J Coast Conserv
17:27 1—277
~ Moore CJ (2008) Synthetic polymers in the marine environ
ment: a rapidly increasing, long-term threat. Environ Res
108:131—139
~ Moore CJ, Moore SL, Leecaster MK, Weisberg SB (2001) A
comparison of plastic and plankton in the North Pacific
central gyre. Mar Pollut Bull 42:1297—1300
~ Morishige C, Donohue MJ, Flint F, Swenson C, Woolaway C
(2007) Factors affecting marine debris deposition at
French Frigate Shoals, northwestern Hawaiian Islands
Marine National Monument, 1990—2006. Mar Pollut Bull
54:1162—1169
~ Mrosovsky N, Ryan GD, James MC (2009) Leatherback tur
tles: the menace of plastic. Mar Pollut Bull 58:287—289
~,. MUller C, Townsend K, Matschullat J (2012) Experimental
degradation of polymer shopping bags (standard and
degradable plastic, and biodegradable) in the gastro
intestinal fluids of sea turtles. Sci Total Environ 416:
464—467
~ Nash AD (1992) Impacts of marine debris on subsistence
fishermen—an exploratory study. Mar Pollut Bull 24:
150—156
~ Nolllcaemper A (1994) Land-based discharges of marine
debris: from local to global regulation. Iviar Pollut Bull 28:
649—652
O’Hara K, Iudice]lo S, Bierce R (1988) A citizen’s guide to
plastics in the ocean: more than a litter problem. Center
for Marine Conservation, Washington, DC
~ O’Shea OR, Hamann M, Smith W, Taylor H (2014) Pre
dictable pollution: an assessment of weather balloons
and associated impacts on the marine environment—an
example for the Great Barrier Reef, Australia. Mar Pollut
Bull 79:61—68
~ Orensanz JML, Schwindt E, Pastorino G, Bortolus A and
others (2002) No longer the pristine confines of the world
ocean: a survey of exotic marine species in the south
western Atlantic. Biol Invasions 4:115—143
~ Page B, Mckenzie J, Mcintosh R, Baylis A and others (2004)
Entanglement of Australian sea lions and New Zealand
fur seals in lost fishing gear and other marine debris
before and after governm..ent and industry attempts to
reduce the problem. Mar Pollut Bull 49:33—42
~ Pal.misano AC, Pettigrew CA (1992) Biodegradability of
plastics. Bioscience 42:680—685
~ Passow U, Alldredge AL (1999) Do transparent exopolymer
particles (TEP) inhibit grazing by the euphauslid
Euphausia pacifica? J Plankton Res 21:2203—2217
~ Peattie K, Peattie S (2009) Social marketing: a pathway to
consumption reduction? J Bus Res 62:260—268

PEMRG (Plastics Europe) (2011) Plastics—the facts 2011: an
analysis of European plastics production, demand and
recovery for 2010. Plastics Europe, Brussels
~ Pichel WG, Veenstra TS, Churnside Jl-I, Arabini B and oth
ers (2012) GhostNet marine debris survey in the Gulf of
Alaska — Satellite guidance and aircraft observations.
Mar Pollut Bull 65:28—4 1
Poon A (2005) Haunted waters: an estimate of ghost fishing
of crabs and lobsters by traps. Ivlasters thesis, University
of British Columbia, Vancouver
~ Possatto FE, Barletta M, Costa M, Ivar do Sul J, Dantas D
(2011) Plastic debris ingestion by marine catfish: an un
expected fisheries impact. Ivlar Poilut Bull 62:1098—1102
~ Poternra JT (2012) Numerical inccleing with application to
tracking marine debris. Mar Pollut Bull 65:42—50
~ Pruter AT (1987) Sources, quantities and distribution of per
sistent plastics in the marine environment. Mar Pollut
Bull 18:305—310
~ Ramos J, Barletta M, Costa NI (2012) Ingestion of nylon
threads by Gerreidae while using a tropical estuary as
foraging grounds. Aquat Biol 17:29—34
~ Reisser J, Shaw J, Wilcox C, Hardesty BD and others (2013)
Marine plastic pollution in waters around Australia:
characteristics, concentrations, and pathways. PLoS
ONE 8:e80466. doi: 10. 1371/journal.pone.0080466
~ Ribic CA, Ganio LM (1996) Power analysis for beach surveys
of marine debris. Mar Pollut Bull 32:554—557
~ Ribic CA, Sheavly SB, Rugg DJ, Erdmann ES (2010)
Trends and drivers of marine debris on the Atlantic
coast of the United States 1997—2007. Mar Pollut Bull
60:1231—1242
Ribic CA, Sheaviy SB, Rugg DJ (2011) Trends in marine
debris in the US Caribbean and the Gulf of Mexico
1996—2003. J lntegr Coast Zone Management 11:7—19
~ Ribic CA, Sheavly SB, Rugg DJ, Erdmann ES (2012) Trends
in marine debris along the U.S. Pacific Coast and Hawai’i
1998—2007. Mar Pollut Bull 64:994—1004
~. Richards ZT, Beger M (2011) A quantification of the stand
ing stock of macro-debns in Ivlajuro lagoon and its effect
on hard coral communities. Mar Pollut Bull 62:1693—170 1
~ Rochman CM, Hoh E, Kurobe T, Teb SJ (2013a) Ingested
plastic transfers hazardous chemicals to fish and induces
hepatic stress. Sci Rep 3:3263, doi:10.1038/srep03263
~ Rochman CM, Browne MA, Halpern BS, l-Ientschel BT and
others (2013b) Classify plastic waste as hazardous.
Nature 494:169—171
~ Rochman CM, Hentschel BT, Teh SJ (2014) Long-term sorp
tion of metals is similar among plastic types: implications
for plastic debris in aquatic environments. PLoS ONE 9:
e85433
~.. Rosevelt C, Los Huertos M, Garza C, Nevins HM (2013)
Marine debris in central California: quantifying type and
abundance of beach litter in Monterey Bay, CA. Mar P01lut Bull 71:299—306
~ Rothstein S (1973) Particle pollution of the surface of the
Atlantic Ocean: evidence from a seabird. Condor 75:
344—34 5
~ Ryan PG (1987) The incidence and characteristics of plastic
particles ingested by seabirds. Mar Environ Res 23:
175—206
~ Ryan PG (1988a) Effects of ingested plastic on seabird feed
ing: evidence from chickens. Mar Pollut Bull 19: 125—128
~ Ryan PG (1988b) Intraspecific variation in plastic ingestion
by seabirds and the flux of plastic through seabird popu
lations. Condor 90:44 6—452

Vegter et al.: Plastic pollution impacts on marine wildlife

Ryan PG (2008) Seabirds indicate changes in the composi
tion of plastic litter in the Atlantic and south-western
Indian Oceans. Mar Pollut Bull 56:1406—1409
~ Ryan PG (2013) A simple technique for counting marine
debris at sea reveals steep litter gradients between the
Straits of Malacca and the Bay of Bengal. Mar Pollut Bull
69:128—136
~ Ryan PG, Branch GM (2012) The November 2011 irruption
of buoy barnacles Doshna fascicularis in the western
Cape, South Africa. Afr J Mar Sci 34:157—162
Ryan PG, Swanepoel D, Rice N, Preston G (1996) The free’
shopping bag debate: costs and attitudes. S Afr J Sci 92:
163—165
~ Ryan PG, Moore CJ, van Franeker JA, Moloney CL (2009)
Monitoring the abundance of plastic debris in the marine
environment. Phios Trans R Soc Lond B Biol Sd 364:
1999—20 12
~ Santos IR, Friedrich AC, Barretto FP (2005) Overseas
garbage pollution on beaches of norl:heast Brazil. Mar
Pollut Bull 50:783—786
~ Schlining K, Von Thun 5, Kuhnz L, Schlining B and others
(2013) Debris in the deep: using a 22-year video annota
tion database to survey marine litter in Monterey
Canyon, central California, USA. Deep-Sea Res I 79:
96—105
~ Schneider TR (2006) Getting the biggest bang for your
health education buck. Message framing and reducing
health disparities. Am Behav Sd 49:812—822
~ Schuyler 0, I-Iardesty BD, Wilcox C, Townsend K (2012) To
eat or not to eat? Debris selectivity by marine turtles.
PLoS ONE 7:e40884
~ Schuyler Q, Hardesty B, Wilcox C, Townsend K (2014)
Global analysis of anthropoqenic debris ingestion by sea
turtles. Conserv Biol 28: 129—139
~. Scott J (1988) Social network analysis. Sociology 22:1(19—127
~ Setälä 0, Fleming-Lehtinen V, Lehtiniemi M (2014) Inges
tion and transfer of microplastics in the planktonic food
web. Environ Pollut 185:77—83
~ Sheavly SB, Register KM (2007) Marine debris & plastics:
environmental concerns, sources, impacts and solutions.
J Polymers Environ 15:30 1—305
Shomura RS, Yoshida HO (eds) (1985) Proceedings of the
workshop on the fate and impact of marine debris, 26—29
November 1984, Honolulu, Hawaii. NOAA Tech Memo
NMFS-SWFSC 54
~ Simpson A (2004) The global invasive species information
network: What’s in it for you? Bioscience 54:613—6 14
~ Simpson A, Sellers E, Grosse A, Xie Y (2006) Essential ele
ments of online information networks on invasive alien
species. Biol Invasions 8:1579—1587
~ Slavin C, Grage A, Campbell ML (2012) Linking social driv
ers of marine debris with actual marine debris on
beaches. Mar Pollut Bull 64:1580—1588
~ Smith SDA (2012) Marine debris: a proximate threat to mar
ine sustainabiity in Bootless Bay, Papua New Guinea.
Mar Pollut Bull 64:1880—1883
~ Smith SDA, Hattori H (2008) Corals versus monofiament:
corals fight back in Savusavu Bay, Fiji. Coral Reefs 27:
321
~ Smith SDA, Markic A (2013) Estimates of marine debris
accumulation on beaches are strongly affected by the
temporal scale of sampling. PLoS ONE 8:e83694
~ Stern PC (2000) New environmental theories: toward a
coherent theory of environmentally significant behavior.
J Soc Issues 56:407—424
~.

245

Stormier KL, McGlashan DJ (2006) Development and man
agement of a coastal litter campaign: the voluntary
coastal partnership approach. Mar Policy 30:189—196
~ Sutherland WJ, Clout NI, Cote IM, Daszak P and others
(2010) A horizon scan of global conservation issues for
2010. Trends Ecol Evol 25:1—7
~ Sutherland WJ, Fleishman E, Mascia MB. ,Pretty J, Rudd MA
(2011) Methods for coliaboratively identifying research
priorities and emerging issues in science and policy.
Meth Ecol Evolut 2:238—247
~ Tagatz ME, Plaia GR, Deans CH (1986) Toxicity of dibu
tyl phthalate-contaminated sediment to laboratorycolonized and field -colonized estuarine benthic commu
nities. Bull Environ Contarn Toxicol 37:141—150
~ Talsness CE, Andrade AJM, Kuriyama SN, Taylor JA, Seal
FSV (2009) Components of plastic: experimental studies
in animals and relevance for human health. Phios Trans
R Soc Land B Biol Sci 364:2079—2096
~ Tamnburri M, Luckenbach M, Breitburg D, Bonniwell S
(2008) Settlement of Crassosfrea ariakensis larvae:
effects of substrate, biofilms, sediment and adult chemi
cal cues. J Shellfish Res 27:601—608
~ Tanaka K, Takada H, Yamashita R, Mizukawa K, Fukuwaka
MA, Watanuki Y (2013) Accumulation of plastic-derived
chemicals in tissues of seabirds ingesting marine plas
tics. Mar Pollut Bull 69:219—222
~ Teuten EL, Rowland SJ, Galloway TS, Thompson RC (2007)
Potential for plastics to transport hydrophobic contami
nants. Environ Sd Technol 41:7759—7764
~ Teuten EL, Saquing JM, Knappe DRU, Barlaz MA and
others (2009) Transport and release of chemicals from
plastics to the environment and to wildlife. Flubs Trans R
Soc Land B Biol Sci 364:2027—2045
Thiel NI, Haye PA (2006) The ecology of rafting in the
marine environment. III. Biogeographical and evolu
tionary consequences. Oceanogr Mar Biol Annu Rev
44:323—4 29
~ Thiel M, 1--linojosa IA, Miranda L, Pantoja JF, Rivadeneira
MM, Vasquez N (2013) Anthropogenic marine debris in
the coastal environment: a multi-year comparison be
tween coastal waters and local shores. Mar Pollut Bull 71:
307—316
~. Thompson RC, Olson Y, Mitchell RP, Davis A and others
(2004) Lost at sea: Where is all the plastic? Science 304:
838
~. Thompson RC, Moore CJ, Vorn Seal FS, Swan SH (2009)
Plastics, the environment and human health: current
consensus and future trends. Phios Trans R Soc Lond B
Biol Sci 364:2153—2166
~ Titmus AJ, Hyrenbach KD (2011) Habitat associations of
floating debris and marine birds in the North East Pacific
Ocean at coarse and meso spatial scales. Mar Pollut Bull
62:2496—2506
~ Tomás J, Guitart R, Mateo R, Raga JA (2002) Marine debris
ingestion in loggerhead sea turtles, Caretta care ftc from
the western Mediterranean, Mar Pollut Bull 44:211—216
~ Tonglet M, Phillips PS, Bates MP (2004) Determining the
drivers for householder pro-environmental behaviour:
waste minimisation compared to recycling. Resour Con
serv Recycling 42:27—48
Topping P (2000) Marine debris: a focus for community
engagement. Coastal Zone Canada Conference, Saint
John
~ Udyawer V, Read MA, Hamann M, Simptendorfer CA,
Heupel MR (2013) First record of sea snake (Hydrophis

246

Endang Species Res 25: 225—247, 2014

elegans, Hydrophiinae) entrapped in marine debris. Mar
Pollut Bu113:336—338
UNEP (United Nations Environment Programme) (2009)
Marine litter: a global challenge. UNEP, Nairobi
~ Uneputty PA, Evans SM (1997) Accumulation of beach litter
on islands of the Pulau Seribu Archipelago, Indonesia.
Mar Pollut Bull 34:652—655
UNESCO (United Nations Educational, Scientific and Cul
tural Organization) (1994) Marine debris: solid waste
management action plan for the wider Caribbean. IOC
Tech Ser 41, UNESCO, Paris
van der Werf EA, Young LC (2011) Estimating survival and
life-stage transitions in the Laysan albatross (Phoebasfria
linni uta bills) using multistate mark-recapture models.
Auk 128:726—736
~ van Franeker JA, Blaize C, Danielsen J, Fairclough K and
others (2011) Monitoring plastic ingestion by the north
ern fulmar Fulmarus cjlacialis in the North Sea. Environ
Pollut 159:2609—2615
~ Van Sebille E, England MH, Froyland G (2012) Origin,
dynamics and evolution of ocean garbage patches from
observed surface drifters. Environ Res Lett 7:044040
~ Velander K, Mocogni M (1999) Beach litter sampling stra
tegies: Is there a ‘best’ method? Mar Pollut Bull 38:
1134—1140
Verlis KM, Campbell ML, Wilson SP (2013) Ingestion of
marine debris plastic by the wedge-tailed shearwater
Ardenna pacifica in the Great Barrier Reef, Australia.
Mar Pollut Bull 72:244—249
~ Votier SC, Archibald K, Morgan G, Morgan L (2011) The use
of plastic debris as nesting material by a colonial seabird
and associated entanglement mortality. Mar Pollut Bull
62:168—172
Wabnitz CCC, Nichols WJ (2010) Plastic pollution: an ocean
emergency. Mar Turtle Newsl 129: 1—4
Wakker PP (2010) Prospect theory: for risk and ambiguity.
Cambridge University Press, Cambridge
Waldichuk NI (1978) Plastics and seals. Mar Pollut Bull 9:197
~ Wallace BP, Dimatteo AD, Hurley BJ, Finkbeiner EM and
others (2010) Regional management units for marine tur
ties: a novel framework for prioritizing conservation and
research across multiple scales. PLoS ONE 5:e15465
~ Watters DL, Yoklavich MM, Love MS, Schroeder DM (2010)
Assessing marine debris in deep seafloor habitats off
California. Mar Pollut Bull 60: 131—138
~ Wegner NC, Cartamil DP (2012) Effects of prolonged entan
glement in discarded fishing gear with substantive bio
fouling on the health and behavior of an adult shortlin
mako shark, Isurus oxyrinchus. Mar Pollut Bull 64:391—394
~ Wegner A, Besseling B, Foekema E, Kamermans P, Koel
mans A (2012) Effects of nanopolystyrene on the feeding
behavior of the blue mussel (Mytilus edulis L). Environ
Toxicol Chem 31:2490—2497

Weiss K, Hamann M, Kinney M, Marsh H (2012) Knowledge
exchange and policy influence in a marine resource gov
ernance network. Glob Environ Change 22:178—188
~ White M, Smith A, F-Iumphryes K, Pahl S. Snelling D,
Depledge lvi (2010) Blue space: the importance of water
for preference, affect, and restorativeness ratings of nat
ural and built scenes. J Environ Psychol 30:482—493
~ Whitehead TO, Biccard A, Griffiths CL (2011) South African
pelagic goose barnacles (cirripedia thora rice): substra
tum preferences and influence of plastic debris on abun
dance and distribution. Crustaceana 84:635—649
~ Widmer WM, Hennem.ann MC (2010) Marine debris in the
Island of Santa Catarina, South Brazil: spatial patterns,
composition, and biological aspects. J Coast Res 26:
993—1000
Wilber RJ (1987) Plastic in the North Atlantic. Oceanus 30:
61—68
~ Wilcox C, Hardesty B, Sharples R, Griffin D, Lawson T,
Gunn R (2013) Ghost net impacts on globally threatened
turtles, a spatial risk analysis for northern Australia. Con
serv Lett 6:247—254
Williams AT, Simmons SL (1997) Estuarine litter at the river!
beach interface in the Bristol Channel, United Kingdom.
J Coast Res 13:1159—1165
~ Willoughby N, Sangkoyo H, Lakaseru B (1997) Beach litter:
an increasing and changing problem for Indonesia. Mar
Pollut Bull 34 :469—478
Winston J, Gregory M, Stevens L (1997) Encrusters, epi
bionts, coil other biota associated with pelagic plastics: a
review of biogeographical, environmental, and conser
vation issues. In: Coe J, Rogers D (eds) Marine debris:
sources, impacts, and solutions. Springer-Verlag, New
York, NY, p 81—97
~ Wright SL, Thompson RC, Galloway TS (2013) The physical
impacts of microplastics on marine organisms: a review.
Environ Pollut 178:483—492
~ Wyatt A.SJ, Hewitt CL, Walker DI, Ward TJ (2005) Marine
introductions in I:he Shark Bay World I—Ieritage Property,
Western Australia: a prelininary assessment. Divers
Distrib 11:33—44
Wyneken J (2001) The anatom.y of sea turtles. NOAA Tech
Memo NMFS—SEFSC 470:1—102
~.. Yang C, Xu Y, Nebert D (2013) Redefining the possibility of
digital Earth and geosciences with spatial cloud comput
ing. mt j Digital Earth 6:297—3 12
~ Yates MR, Barlow CY (2013) Life cycle assessments of bio
degradable, commercial biopolymers —a critical review.
Resour Conserv Recycling 78:54—66
~ Ye S, Andrady AL (1991) Fouling of floating plastic debris
under Biscayne Bay exposure conditions. Mar Pollut Bull
22:608—613
~ Yoshikawa T, Asoh K (2004) Entanglement of monofilament
fishing lines and coral death. hal Conserv 117:557—560

Vegter et al.: Plastic pollution impacts on marine wildlife

24?

Appendix. Complete list of author affiliations
Amanda C. Vegter’, Mario Barletta2, Cathy Beck3, Jose Borrero4, H..~~rry Burton5, Marnie L. Campbell6,
Monica F. Costa2, Marcus Eriksen7, Cecilia Eriksson5, Andres Estrades8, Kirsten V. K. Gilardi9, Britl:a D. Harclesty10,
Juliana A. Ivar do SuIH, Jennifer L. Lavers~13, Bojan Lazar14, Laurent Lebreton’5, Waliace J. Nichols16,
Christine A. Ribic17, Peter G. Ryan18, Qamar A. Schuylerm, Stephen D. A. Smith20, Hideshige Takada21,
Kathy A. Townsend22, Colette C. C. Wabnitz23, Chris Wilcox10, Lindsay C. Young24, Mark Hamann2526’
1School of Marine and Tropical Biology, James Cook University, Townsville, QLD 4811 Australia
2Laboratory of Ecology and Management of Estuarine and Coastal Ecosysterns—LEGECE, Departamento de Oceanografia,
Universidade Federal do Pernambuco, CEP 5074—550, Brazil
3US Geological Survey, Southeast Ecological Science Center, Sirenia Project, 7920 NW 71~1 Street, Gainesville, FL 32653, USA
4eCoast Marine Consulting and Research, Box 151, Raglan 3225, New Zealand
~i Mary St, Hobart, Tasnsania 7000, Australia
6School of Medical and Applied Science, Central Queensland University, Bryan Jordan Drive, Gladstone, QLD 4680, Australia
75 Gyres Institute, 2122 S. Spaulding Ave., Los Angeles, CA 90016, USA
8Karumbb, Av, Giannattasio km. 30.5, El Pinar, Canelones 15008, Uruguay
9School of Veterinary Medicine, University of California, Davis, 1 Shields Ave., Davis, CA 95616, USA
10Wealth from Oceans Flagship, Marine and Atmospheric Research, Comnsonwealth Scientific and Industrial Research
Organisation, Hobart, TAS 7000, Australia
~Oceanography Department, Federal University of Pernambuco, Av. Arquitetura s/n Cidade U~~niversit~ria~Recife, PE
50740—550, Brazil
‘2lnstitute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania 7005, Australia
13School of Biological Sciences, Monash University, Clayton, VIC 3800, Australia
14Department of Biodiversity, Faculty of Mathematics, Natural Sciences and Information Technologies, University of Pri
morska, Glagoljaska 8, 6000 Koper, Slovenia
‘5Dunspark Ltd., Data Science, Raglan 3225, New Zealand
16California Academy of Sciences, San Francisco, CA 94118, USA
17US Geological Survey, Wisconsin Cooperative Wildlife Research Unit, University of Wisconsin, Madison, WI 53706, USA
18Percy FitzPatrick Institute, DST/NRF Centre of Excellence, University of Cape Town, Rondebosch 7701, South Africa
tm9School of Biological Sciences, The University of Queensland, Brisbane, QLD 4072, Auslralia
20National Marine Science Centre, Southern Cross University, P0 Box 4321, Coffs Harbour, NSW 2450, Australia
21Laboratory of Organic Geochemistry (LOG), Tokyo University of Agriculture and Technology, Fuchu, Tokyo 183-8509,
Japan
22School of Biological Sciences, Moreton :Bay Research Station, The University of Queensland, P0 Box 138, Dunwich, North
Stradbroke island, QLD 4180, Australia
235ecretarhut of the Pacific Community, B.P. D5, 98848, Noumea, New Caledonia
24Pacific Rim Conservation, Honolulu, HI 96815, USA
25Schoolot Earth and Environmental Sciences, James Cook University, Townsville, QLI) 4811, Australia
26TropWater, James Cook University, Townsville, QLD 4811, Australia

Editorial responsibility: Brendan Godley,
University of Exeter, Cornwall Campus, UK

Submitted: February 10, 20l4~ Accepted: June 4, 2014
Proofs received from author(s~: August 23, 2014

Eiivii our000ta) Pollution 388 ~!Oi~!4n- 4!)

Contents lists available at ScienceDirect

ENVIRONMENTP,L

POLLUTION

Environmental Pollution
journal homepage: www.elsevier.com/locate/envpol

ELSLVJU<

Regional distribution of styrene analogues generated from polystyrene
degradation along the coastlines of the North-East Pacific Ocean and
Hawaii
Bum Gun Kwon a,b, Katsuhiko Saido C.~ Koshiro Koizumi d, Hideto Sato
Seon -Yong chung ~, Talcashi Kusui ~, Yoichi Kodera c, Kazuhio Kogure g

~

Naoto Ogawa

Gyeongnam Department of Environmental Toxicology and Chemistry, Korea Institute of Toxicology (KITf l7Jeigok-gil, Munsan-eup, Jinju,
Gyeongsangnam-do 660-844, Republic of Korea
bDepart?nellt of Environment and Energy Engineering, College of Engineering, Chonnam Notional University, 77 Yongbong-ro, Buk-gu, Cwangju 500-757,
Republic of Korea
cNatioIsal Institute of Advanced Industrial Science and Technology (AISTJ, 16-I Onogawa Stikuba, Ibaraki 305-8569, Japan
“College of Science & Technology, Nihon University, 7-24-1, Narashinodai, Funabashi-shi, Chiba 274-8501, Japan
CShiZuol~a University, 836, Ohyo, Suruga-ku, Shizuoka-shi, Shizuoka-ken 422-8529, Japan
tToyama Prefecture University, 5180 Kurokawa, hnizu-shi, Toyama 939-0398, Japan
~At,nosphere and Ocean Research Institute, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-shi. Chiba 277-8564, Japan

ARTICLEINFO

ABSTRACT

Article history:
Received 4 November 2013
Received in revised form
20 January 2014
Accepted 24 January 2014

sand and seawater taken from the coastlines of the North-East Pacific Ocean and Hawaii State were
investigated to determine the causes of global chemical contamination from polystyrene (PS). All sampies were found to contain styrene monomer (SM), styrene dimers (SD), and styrene trimers (ST) with a
concentration distribution of styrene analogues in the order of ST > SD > SM. The contamination by
styrene analogues along the West Coast proved more severe than in Alaska and other regions. The
Western Coastlines of the USA seem be affected by both land- and ocean-based pollution sources, which
might result from it being a heavily populated area as the data suggest a possible proportional rela
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tionship between PS pollution and population. Our results suggest the presence of new global chemical
contaminants derived from PS in the ocean, and along coasts.
© 2014 Elsevier Ltd. All rights reserved.

Plastics

1. Introduction
Plastics have become indispensable for modern life and, over
the past six decades the rapid expansion of human activities has
increased plastic production significantly, making the disposal of
plastic materials a huge waste management problem (Rechman
Ct al. 2013). The ocean now serves as the ultimate sinlc for plastic
waste as well as a host of other synthetic chemicals. in the ocean
discarded plastic breaks into smaller plastic debris, which frag
ments into microplastics (- .tm particles: <1 mm) that directly
affect animal life and increase human health risks (Browne et al.,
~9.Q~: I 0022 Q.o!~3LJQQ4). Plastic fragments pose a significant
hazard to many marine animals, through entanglement, smoth
ering, and ingestion (Avc~y-Qomm el: al., 2012: Dcrraii4. 2002: ~
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1987; Stophanis ci al,, 2013). Plastic debris can also act as a vector
for transporting persistent, bio-accumulating and toxic substances
(i~ii.~s cLol. ~.PJ~i Co1abuonoet~Qj0’, Keclmanseta~0L3:
:!~ot~I~ el].,; UNE1~ 2011). Unfortunately, plastic debris is
found everywhere in the oceans and coastal seawaters. The ubiq
uitous presence of anthropogenic plastic wastes must be recog
nized as an urgent global environmental issue (UNEP, 20.11).
Despite the growing concern of plastic marine contamination as
a major environmental problem no quantitative description exists
for the extent of plastic pollution in the ocean (Rochj~~jjj~,,~1<2
~).!3;. UNER 2011). The only indicator for quantitatively explain
ing plastic marine pollution is the concentration (or density) of
plastic debris, established by counting the number of plastic debris
per unit area (Brownc et al.. 2010: LawctaL201~ Rccs and Pont
1995; Ryan, 2013; lhompson Ct a]., 2004). This counting technique
assumes the detection of all floating debris within a fixed distance
of a ship, however, the detection is easily influenced by differences
in the sampling techniques and detection of plastic debris due to

46

8G. Kwon et al. / Environmental Pollution 188 (2014) 45—49

size, type and density (Rees and Pond. 1995). The extent of viola
tions of this assumption varies among the studies, producing many
biases (Law el
2Ql~ Ryan 2013). In particular, the method
suggests a greater abundance of small debris compared to large
debris ((~y99. 2Q13). Using counting this technique on the surface
seawaters of the western North Atlantic Ocean and the Caribbean
Sea, during 22-year period from 1986 to 2008 showed no signifi
cant increase or strong temporal trend in the concentration of
plastic debris (Law Ct aLJOiO). As a result, there are no data
available to confirm oceanic sinks caused by visible plastic debris;
explaining the presence of unknown sinks of plastic debris in the
marine environment requires a new indicator or data.
Due to their resistance to physical, chemical and biological
degradation, plastics (as polymers) are considered to be stable ma
terials (Lithner et al. 2011: Lucas cI al., 2008) and are widely
considered to not decompose at low temperature, through light or
wave action. However, there remains a significant absence of
quantitative information on the sinks of plastic debris in the ocean,
i.e., the degradation of plastic debris. Recently the authors of this
study have discovered that even in daily life polystyrene (PS) as a
plastic polymer can decompose even at low temperatures (Saido
etal, 2003. 2012). Therefore, it is likely the huge quantities of PS
plastic waste scattered throughout oceans generate copious quan
tities of degraded and eluted products, which may dissolve in any
body of water or adsorb on the surface of sandy soil (Saido eual.,
2014). Furthermore, although plastic polymers do not interfere
with biochemical activity, such as a biodegradation (Gould: et aL,
1974: J~pes of al,, 197-4: Lucas ci aL, 200$; Premruj and Robk’,
2005), when they degrade into low molecular weight chemicals,
such as styrene monomer (SM) and styrene analogues or oligomers
(styrene dimer: SD; styrene trimer: ST), plastic polymers may pose a
significantthreat to living organisms (Kitamura et al. 2003; Ohuama
etaL.200l ). This study examines this aspect in detail, to determine
the mechanism or the process by which the decomposition of PS
generates chemicals. This represents a first step in establishing the
relationship between plastic pollution from PS in the ocean and
styrene analogues as low molecular weight chemicals.
This study reports on the regional distribution of styrene ana
logues originating from PS decomposition as a sink in the coastline
of the North-East Pacific Ocean and Hawaiian Islands. This study
relied on a practical sampling technique applicable to seawater and
sand sample, to measure the extent of PS pollution in those regions.

2.2. Field sampling and preparation
Seawater and sand samples were collected from each coast of the region
selected in this study (see lOg. I and Supplementary Maicrial [able SI and fig. Si
S4); sampling method used at each coast sampling point is described in detail in
previous studies (~sido ci aL 2001. 2014), with sand samples taken from the surface
at low and high tides and from a 30 cm depth along the seashore. Approximately
100 g sand was collected, and stored in a glass container.
Seawater samples were taken from a water depth of 40 cm, and subjected to
cotton plug filtration using a stainless steel beaker. The volume of seawater sampled
was 2.5 L; in the field the seawater sample spiked with surrogate BP was immedi
ately extracted with a portable shaker (Sanada Co., Tokyo, Japan) with an extraction
condition of 40 stroke mm ~; each sample was extracted four times, with a total
100 mL 0CM. Equipment containing plastic material was excluded from all exper
imental procedures to eliminate any errors in the sampling and extraction.
2.3. Sam pIe preparation in the laboratory
Subsequent to dehydration by freeze-drying overnight, the sand samples were
measured to within 5.0 g using a balance and spliced with surrogate BP prior to
extraction (SaLe ci aL2003, 21114). Each sand sample was extracted with 5 mL
benzene by ultrasonication for 1 mm. This extraction step was repeated four times
and the extracts combined to 20 mL and evaporated to dryness by a rotary evapo
rator at 30 ‘C. After adding 0.5 mg L 1 PH as an internal standard, the eluate was
completely dissolved into I mnL of benzene.
For seawater samples, in the field about 100 mL of the DCM extract was
mixed with approximately 10 g anhydrous sodium sulfate overnight. The extract
was evaporated to dryness by a rotary evaporator at 30 ‘C. After adding
0.5 rig L 1 PH as an internal standard, the eluate was completely dissolved into
1 rnL of benzene.
2.4. Analytical nsethod
Previous studies describe the analytical method used in this study in detail
(SaLes-I 0.. ‘1103. .101) using an HP 6890 GC with aJEOLAuto MS-Il equipped with
a 30 m x 0.32 mm i.d. (0.25 pm film thickness) 08-1 capillary column (J&W Sci
entific, Folsom, CA). The MS was operated at 70 ev in the electron ionization mode.
The mass scanning range for styrene analogues was from mhz 78 to 312. The ion
source temperature was maintained at 200 ‘C with an interface temperature of
250 ‘C. The injector was held at 250 ‘C with 1 aL of extract injected in splitless mode.
Helium was used as a carrier gas with a constant flow of 1.4 mL mm1. The oven
temperatures were: standby at 40 ‘C for 5 mm, ramped to 290 ‘C at 15 ‘C mmt. and
held for 5 mm. The total run time was 30 mm. BP and PH were used as surrogate and
internal standard, respectively.
2.5. Calibration and recovery test
Serial dilutions of the stock standard solution produced a standard mixed so
lution containing SM, SD, and ST. The MS of each standard substance was obtained in
the total ion monitor of GCIMS scanning mode. The monitoring channel for target
chemicals in the selected ion detection was set by determining the rn/s of the main
fragmented ions. The calibration curve of each target chemical was obtained using

2. Materials and methods
2.1, Chemicals and materials
Previous studies provide detailed description of the standard preparation ofSM.
2,4-diphenyl-1-butene (sol), 1,3-diphenyl propane (SD2), and 2,4,6-triphenyl-lhexene (ST) used in this study (SsOio ci al.,2003, 2011). Briefly, commercial PS virgin
pellets (average number of molecular weight: 500,000. Teijin Chem., Japan) were
dissolved in 500 i-nL benzene, precipitated in 1500 mL methanol, and allowed to dry
in vacua (3 mm Torr). Precipitated PS and a heating medium, polyethylene glycol
(PEG, reagent grade, Wako Chem., Tokyo,Japan), were added in a submerged roundbottomed flask and thermally decomposed at 280 ‘C for 120 mm. Thermally
decomposed products were dissolved and recovered in 10 rnL benzene, which was
transferred into a separatory funnel, and washed three times with 10 mL pure water
to remove PEG. After freezing for 3 h at —80 ‘C to facilitate the precipitation, the
mixture was thawed and centrifuged at 5000 rpm for 10 mm. Mixing the super
natant with approximately 10 g of anhydrous sodium sulfate removed the water
content overnight. The standard working materials, including SM, SD1, SD2, and ST.
were prepared after filtering. The standard materials were determined quantita
tively by a gas chromatograph/mass spectrophotometer (GC/MS) adopted internal
standard method. Hereafter, the sum of the concentrations ofSDl and SD2 will be
referred to as SD.
The dichloromethane (0CM) extraction solvent, biphenyl (BP) surrogate and
phenanthrene (PH) used as an internal standard were of reagent grade and pur
chased from Wako Chem. (Tokyo, Japan). The study also used ACS grade reagents
obtained from Sigma—Aldrich. All solutions were made with high-purity water from
a Millipore ultrapurification system (>18 MO cm).
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Fig. 1. Regions for monitoring the concentrations of styrene analogues (Detailed
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surrogate BP and the standard chemicals synthesized in this study, and their pre
cisions evaluated with an internal standardization method by using CC/MS. The
correlation coefficient CR2) for calibration of each target chemical was 0.9996—
0.9999 in the range of 10—3000 pg L1. The limit of detection was determined as
3.3 pg L1, based on a signal-to-noise ratio of three. The relative standard deviation
of peak area of the PH as an internal standard was — 2%.
Assessing the recovery of the method of solvent extraction from the artificial
seawater of 2.5 L (n = 5) and artificial sand of 5.000 g (n = 5) verified the sampling
and analytical methods. Aquamarins S (Yashima, Sakai, Japan) served as an element
of artificial Seawater and artificial sand (Kanto Chem., Tokyo,Japan), respectively and
sequentially washed before use with benzene and methanol and then dried for 6 hat
300 ~C. In accordance with the manual of Hashu (Sakai, Japan), 40.6 g aquamarine
constituents for artificial seawater were dissolved in 1000 mL water. These samples
were spliced with a known amount of surrogate BP (= 1 pg mL~), which was
extracted with 100 mL 0CM and analyzed by CC/MS using both internal and external
standardization methods.

3. Results
3.1. Verification of analytical method
This study verified the method through recovery tests, using
artificial seawater and sand. In assessing a series of experiments
with surrogate BP (1 jig mL’) recovery of the spiked BP ranged
from 90.3 ± 3.6% for artificial seawater to 96.5 ± 1.6% for artificial
sand. The precisions of the analyses for artificial seawater and sand.
as represented by the relative standard deviation, were 5.2 and
4.8%, respectively, indicating that the analytical method used in this
study accurately determines with a precision of —‘10% for SM, SD,
and ST compounds.
3.2. Concentrations of styrene analogues in the seawater samples
The real samples examined in this study came from 215 points
on solitary islands in the North-East Pacific Ocean. The mean and
median concentrations of styrene analogues in seawater and sand
samples collected from Alaska, the West Coast of the USA, Hawaii
Island, and O’ahu Island are shown in ‘l2bles I and 2.
Of the 38 seawater samples analyzed, 36 sampling sites (95%)
contained ST at concentrations ranging from trace (= less than
detection limit) to 861 jig L1 (l’ahle 1). The highest concentrations
of ST with the mean value were found in seawater from the West
Coast of the USA (mean: 119.89 ± 57.84 jig L1, median:
40.25 jig L~). followed by Hawaii Island (mean:
41.87 ± 16.86 pg L1, median: 51.40 jig L~), Alaslca (trace levels),
and O’ahu Island (trace levels). In particular, the highest concen
tration (861 jig L~) of ST in seawater found at Long Beach, Cali
fornia on the West Coast of the USA.
Table I shows that 36 sampling sites (95%) contained SD at
concentrations ranging from trace (~ less than detection limit) to
27.4 jig L~. The highest concentration of SD was found in seawater
from Hawaii Island (mean: 13.15 ± 5.18 jig L1, median:
12.60 pg L1), followed by the West Coast of the USA (mean:

6.40 + 4.23 jig L~, median: 5.02 jig L~); Alaska and O’ahu Island
showed trace levels.
As shown in Table 1, 36 sampling sites (95%) contained SM at
concentrations ranging from trace (= less than detection limit) to
37.9 jig L~. The highest concentration of SM was found in seawater
from the West Coast of the USA (mean: 10.39 ± 15.72 jig L~, me
dian: 5.52 jig L~). SM concentrations at the other islands were at
trace levels. Overall, the concentration distribution of styrene an
alogues in the seawater samples was in the order of ST> SD > SM.
3.3.

Concentrations of styrene analogues in the sand samples

As shown in Table 2, of the 38 sand samples analyzed, 32 sites
(89%) contained ST at concentrations ranging from trace (= less
than detection limit) to 9630 jig L1. The highest concentration of
ST with the mean value was found in sand from the West Coast of
the USA (mean: 963.8 ± 3311 pg L1, median: 297.0 jig L~), fol
lowed by O’ahu Island (mean: 9.56 ± 5.98 jig L~, median:
8.00 pg L~). Hawaii Island and Alaska showed trace levels.
Of the 38 sampling sites, 32 sampling sites (89%) contained SD at
concentrations ranging from trace (= less than detection limit) to
963 jig L1. The highest concentration of ST was found in sand from
the West Coast of the USA (mean: 99.79 ± 327.7 jig L1, median:
40.60 pg L1). O’ahu Island, Hawaii Island, and Alaska showed trace
levels (Table 2).
32 sampling sites (89%) contained SM at concentrations ranging
from trace to 234.0 jig L~. The highest concentration of SM was
found in seawater from the West Coast of the USA (mean:
49.37 ± 79.05 jig L~, median: 27.40 jig L~). O’ahu Island, Hawaii
Island, and Alaska showed trace levels (Table 2). Overall, the con
centration distribution of styrene analogues was in the order of
ST > SD > SM, and this distribution order was the same as the
concentrations of styrene analogues in the seawater samples.
4. Discussion
4.1. Formations of styrene analogues as new pollutants produced
from PS debris
Our society has widely used PS as a common food paclcing
material and for consumer products (Halclen, 2010; Rochmanetal.,
~ In 2008, the global production of PS reached 15.4 million
tons, and around 20% of this was consumed in China (Feng et al.,
21)1)). Discarded plastic debris has washed up onto the shores of
countries throughout the world (Ban
2002~ Carpenter, 1972;
cc~~~.L’~fr!i ~ol~o_
.
Rochmanetal.,20l3;
Tbompsoneial.2Q0
c~gej 11974). Drifting plastic waste
from the Asian continent may reach the coasts of Japan within one
week to ten days (l<a etaL2iO), by physical processes such as
wind, current, wave and tidal action (Cooper and Coi an 2010:
Corcoran et aL 2009: Eriksenet a! 2013: Thieletal.L2013).

Table I
Concentrations of styrene analogues in seawater samples collected from Alaska, the West Coast of the USA, Hawaii Island and O’ahu Island.
Sampling sites

Seawater, pg L’
SM (95%)
Range

Alaska (n = 8)
West Coast of the USA (is
Hawaii Island (is = 5)
O’ahu Island (n = 9)

=

16)

Trate~
Trace—37.9
Trace
Trace

SD (95%)
Meanc

std

Median

—

—

10.39

15.72

5.52

—

—

—

—

—

—

Range
Trace
Trace—27.4
Trace—19.0
Trace

Detection rate (DR, %); Note that data not analyzed were excluded in this calculation.
Less than detection limits.
In the calculation of the mean concentration, ‘trace’ was considered to be ‘zero’.

ST (95%)
Mean

std

Median

—

—

—

6.40
13.15

4.23
5.18

5.02
12.60

—

—

—

Range
Trace
Trace—861
Trace—51.8
Trace

Mean

std

Median

—

—

—

119.89
41.87

57.84
16.86

40.25
51.40

—

—

—
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Table 2
Concentrations of styrene analogues in sand samples collected from Alaska, the West Coast of the USA, Hawaii Island and O’ahu Island.
Sampling sites

Sand, pg L1
SM (89%)”
Range

Alaska (n = 8)
West Coast of the USA
Hawaii island (a = 5)
O’ahu island (n = 9)

(ii

=

16)

Trace’
11.0—234
Trace
Trace

SD (89%)
Mean’

std

Median

—

—

—

49.37

79.05

27.40

—

—

—

—

—

—

Range
Trace
15.2—963
Trace
Trace

ST (89%)
Mean

std

Median

—

—

—

99.79

327.7

40.60

—

—

—

—

—

—

Range
Trace
126—9630
Trace
Trace—i 8.01

Mean

std

Median

—

—

—

963.8

3311

297.0

—

—

—

9.56

5.98

8.00

Detection rate (DR. %); Note chat data not analyzed were excluded in this calculation.
Less than detection limits.
In the calculation of the mean concentration, ‘trace’ was considered to be ‘zero’.
Waikiki Beach only.

Plastic debris can be spread by the clockwise rotating ocean cur
rents in the North Pacific Garbage Patch (NPGP, Fig. 1), and by those
traveling in the West Coast of the USA and the Hawaii Islands
~ Corcoran eta!.. 2009). In this process,
under the effects of thermal UV degradation and hydrolysis, pho
todegraded and oxidized plastic debris gradually becomes brittle,
due to chemical weathering and mechanical processes, i.e., traction
(or dragging) and saltation on beaches (Cooper and Corcoran. 2OiQ
Corcoranetal.,2009). However, there are no reports on the fate of
oxidized microplastic after it has fragmented to a fine powder. To
determine whether PS debris is a new source of global contami
nation, this study investigated samples of sand and seawater.
In similar fashion, PS debris may be transported by clockwise
rotating ocean currents, probably producing styrene analogues
through physicochemical processes, as shown in’Oible 1. SM may be
produced naturally as a raw material of PS polymer resulting from
the activities of microorganisms, in the presence of cinnamic, p
hydroxycinnamic, p-coumaric, ferulic, and caffeic acids (Pu and
Alexandei~ 1992). In contrast, the formation of SD and ST in the
natural environment is new and there is no information on the
physicochemical properties of SD and ST (HSDB. 21)13). In partic
ular, the specific use of SD and ST has not been reported. Under
experimental conditions, PS decomposed, even at 30 °C, into ST
(Saicloetal.,2003). Various styrene analogues are known to result
from PS degradation, i.e., four isomers as a styrene dimer, and seven
isomers as a styrene trimer (Kitarnura etal., 2003: Klä roes eta!.,
1998: Qjy~issa~,~I.20W: Yana~ib of aL 2008). Saiclo et a!.
~ Madras of a!. (1 997) also reported the thermal decom
position of PS at high temperature (240—300 °C). Thus, SD and ST.
as well as SM, can be a new global source of PS pollution.
4.2. Regional distribution of styrene analogues and their
implications
Tables I and 2 show SM, SD and ST as the main products of PS
decomposition detected in this study as low molecular weight
chemicals. In all cases, the presence of styrene analogues appears to
be regional, rather than local, and is more abundant in sand than in
seawater. Among the styrene analogues, the most abundant
component at each site was ST, followed by SD and SM. The highest
concentration of ST was on the West Coast of the USA, with a
maximum value of 9630 jig L’1 (San Clemente beach: ‘o’,
Supporting lnf ‘mation ‘Fable Si ant! Fig. SI). The ST concentrations
in sand samples along the West Coast, except for San Clemente
beach, ranged from 126 (Santa Monica: rn’) to 856 jig L~ (Pacific
City: ‘d’). SD and SM showed similar results along the West Coast.
On the Western Coastlines of USA, the ST concentrations in
seawater were relatively lower than those in sand, which ranged
from trace levels (only Santa Barbara: .1’; Santa Monica: ‘m’) to
861 jig L~ (Long Beach: jc’). The concentrations of styrene

analogues in Alaska, O’ahu and Hawaii were less than trace levels,
except for seawater in Hawaii, and sand in O’ahu. On O’ahu Island,
the ST concentrations in sand samples only were 18.0 jig L~
(Yokohama Beach), 14.0 jig L1 (Waimea Bay), 16.0 jig L1 (Kailua
Beach), and 14.0 jig L”1 (Wailciki Beach). On Hawaii Island, however,
the mean concentrations of SD and ST in seawater only were 13.2
and 41.9 jig L~, respectively. Overall, the contamination of styrene
analogues in seawater and in sand along the West Coast proved
more severe than those in Alaslca and other regions.
In our results, the distribution patterns of the concentrations of
styrene analogues differed for seawater and sand. This suggests
that beach sand serves as excellent depositional loci for the dimi
nution of PS debris, which may have derived from the formation of
styrene analogues through chemical weathering and the mechan
ical erosion of beach sand. This hypothesis could provide a crucial
clue concerning the behavior (i.e., land- and ocean-based sources)
of PS pollution under natural weathering conditions and environ
ments. Simply put, beach deposition might prove an important sink
that explains the fate of PS debris. Even though a large proportion of
PS pollution is likely deposited on nearby shores, a considerable
fraction may escape shore deposition, and finally accumulate in the
NPGP. For instance, the Hawaii, O’ahu and Hawaii Islands, examined
in this study, are located within the NPGP (Fig. I) areas with no
notably large factories.
In order to further test this hypothesis, because PS plastic has
became an indispensable necessity in modern human life, we
intuitively investigated the relationship between the concentration
of styrene analogues and population density. To explain the extent
of PS pollution depending on sources, we examined the mean
concentrations of styrene analogues monitored from the Western
Coastlines of the USA, Alaska, and Hawaiian Islands, and their
population densities. As shown in Fig. 2, using the mean concen
tration of styrene analogues as a logarithmic scale corresponding to
orders of magnitude, PS pollution can be analyzed according to the
regions. To support this result, we investigated the local population
densities (Wikipedia internet homepage, littp:j/www.wikipeclia.
org/, searched August 20 2013). O’ahu Island has a high concen
tration of styrene analogues in its sand and a relatively high pop
ulation density (617 population km’2). The neighboring Hawaii
Island has a relatively low population density (18 population km”2)
and relatively low concentrations of styrene analogues in its
sand. The West Coast of the USA is, however, a heavily populated
area. For example, the population density in Seattle is
2858 population km’2; San Francisco 6800 population km’2; Los
Angeles 3176 population km2. Therefore, beaches along the West
Coast reflect a large populated. These data suggest a possible pro
portional relationship between PS pollution and population.
However, more data are needed to examine this relationship
thoroughly, i.e., talcing into account differences between land- and
ocean-based sources of pollution.
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Fig. 2. The mean concentrations of styrene analogues in seawater and sand samples
from Alaska, the West Coast of the USA, Hawaii Island and O’ahu Island.

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/ i0.1016/j.envpol.2014.0 1.019.
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Plastic pollution has biological, chemical, and physical effects on marine environments and economic
effects on coastal communities. These effects are acute on southeastern Hawaii Island, where volunteers
remove 16 metric tons of debris annually from a 15 km coastline. Although the majority is foreign-origin,
a portion is locally-generated. We used floating debris-retention booms in two urban waterways to
measure the input of debris from Hilo, the island’s largest community, and released wooden drifters in
nearby coastal waters to track the fate of that debris. In 205 days, 30 kilograms of debris (73.6% plastic)
were retained from two watersheds comprising 10.2% of Hilo’s developed land area. Of 851 wooden
drifters released offshore of Hilo in four events, 23.3% were recovered locally, 1.4% at distant locations,
and 6.5% on other islands. Comparisons with modeled surface currents and wind were mixed, indicating
the importance of nearshore and tidal dynamics not included in the model. This study demonstrated that
local pollutants can be retained nearby, contribute to the island’s debris-accumulation area, and quickly
contaminate other islands.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Plastic pollution in the marine environment impacts human
communities directly through reduced tourism income, increased
cost of cleanup, threats to navigation and safety, contamination of
food sources, loss of aesthetic value, and other public health
hazards (reviewed in Thompson et al. 2009). It impacts those same
communities indirectly by threatening marine organisms and
habitats though entanglement and ingestion by invertebrates,
fishes, birds, turtles, and marine mammals, smothering of the
benthos, leaching of plasticizers, concentration of persistent
organic pollutants in seawater, changing the physical properties of
sediment, and the transport of organisms via rafting (reviewed in
Cole et al. 2011, Gregory 2009).
These effects are particularly acute in the Hawaiian Archipelago,
in part because of its location proximal to the major debris accu
mulation zone of the North Pacific Gyre (Howell et al. 2012).
In the northwestern portion of the island chain, the sensitive
habitats of the Papahanaumokuakea Marine National Monument
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are threatened by marine debris, especially derelict fishing gear
(Donohue et al. 2001). Marine debris also affects the marine envi
ronment and human communities on the southeastern inhabited
islands. Residents are tied to the ocean, not only through a depen
dence on tourism and shipping, but also via aquatic activities (such
as fishing, surfing, and canoeing) that are integral to their lifestyle
and culture. Near the southern end of the archipelago’s largest
island, Hawaii, lies Kamilo Point, an area famous for debris accu
mulation (Fig. 1). Since 2003, the Hawai’i Wildlife Fund (www.
wildhawaii.org) has removed an average of 16 metric tons of
debris per year from this 15 kilometer coastline.
The plastic debris at Kamilo consists of derelict fishing gear,
miscellaneous large items, and a high, but patchily distributed,
concentration of polyethylene and polypropylene fragments
(Carson et al. 2011). The majority of identifiable items appear to be
of non-Hawaii origin, as evidenced by heavily degraded or fouled
surfaces, foreign-language labels, markings, and logos on items not
labeled for sale in the United States, or aquaculture and fishing
industry equipment not in use on the islands (e.g. Ebbesmeyer et al.
2012). However, some items do appear to be of local origin, as
evidenced by fresh, unfouled surfaces, and commonly used brand
names. The local-origin debris is unlikely to have been littered
directly on the coastline because the area is difficult to access and
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Pig 1. Map of the study areas around Hawaii Island, and inset picture of typical debris accumulation on Kamilo Point.

not a tourist destination. Therefore, the same hydrodynamic forces
which deposit large amounts of foreign debris on this coastline may
also carry local debris. We hypothesize that prevailing northeast
erly trade winds, and their associated surface currents (Jia et al.
2012), make the east coast of Hawai’i Island the most likely
source of local debris to the Kamilo area.
Although plastic pollution from distant locations in the Pacific
poses a great threat to Hawai’i (Brainard et a!. 2001, Donohue 2005,
Ebbesmeyer et al. 2012), this pollution is also more difficult to
prevent with local action than Hawai’i-sourced debris. In this study,
we test whether or not waste from the island’s large population
centers washes up on the island’s main debris accumulation areas.
Specifically, we investigate the following two questions:
1) What is the amount, composition, and timing of debris reach
ing the ocean from the island’s largest population center, as
measured by floating debris retention booms in two urban
waterways?
2) What are the pathways of Hilo debris and debris from other
island areas once it reaches the ocean, as traced by drifters and
simulated by ocean models?
2. Design of experiments
2.1. Debris-retention Booms
One floating debris-retention boom was placed in each of two
waterways in Hilo (Fig. 2), the largest population center on the
island of Hawai’i (43,263 people as of the 2010 census). The first (#1
in Fig. 2) was placed in the Wailoa River watershed, which drains
the predominantly residential southern portion of the city. The
watershed area is 255.4 km2 extending to the top of the massive
Mauna Loa volcano; however, due to the highly porous nature of
the basaltic rock, surface runoff only becomes a relevant factor in
the movement of debris in the lower, developed 10.0 km2 of the
watershed (Parham et al. 2008). The boom spanned a 25-meterwide concrete flood-control channel at the mouth of the river as it

flows into Waiãkea Pond. The pond is a brackish-water, tidallyinfluenced water body that opens to Hilo Bay 1.5 km north of the
boom.
The second boom (#2 in Fig. 2) was placed in the ‘Alenaio
Stream watershed, which drains a smaller portion of urban Hilo,
including the southern end of the downtown commercial district.
The watershed area extends 187.3 km2 up the slopes of the Mauna
Loa volcano; however, only the developed lower 4.3 km2 (Parham
et a!. 2008) is likely to produce significant synthetic debris runoff.
The boom crossed a six-meter-wide stone flood-control channel as
the stream empties into Waiãkea Pond. The bay entrance is located
1.2 km east of the boom.
The booms collected debris from only 10.2% of Hilo’s developed
land area, representing approximately 4,400 people. Northern
portions of the city are drained by the Wailuku River, a large
watershed (653.2 km2) of forested land that experiences extreme
flows during frequent storm events which would be likely to
destroy attempted boom placements with the force of water and
drifting logs. The majority of runoff from the downtown commer
cial district reaches the bay via a decentralized network of under
ground storm drains which are difficult to sample effectively. To the
south of the study area, the Keaukaha area is also drained via
groundwater and decentralized channels that would be impossible
to sample effectively for debris. These logistical considerations
prevented more of Hilo’s drainage area from being studied. The
boom placements at the point where the two study watersheds
empty into Waiãkea Pond are advantageous because standing
water supports the booms during low flow while dissipating some
of the energy from high flow events.
The booms were anchored to either side of the two drainage
channels, and remained in place for 205 days from September 2011
to April2012. They consisted of flotation chambers extending about
0.3 m above the water surface (Fig. 2), and a solid, impermeable
curtain weighted with chain extending about 0.3 m below the
water surface. Debris was removed twice a week during the study
period, with additional checks after storm events. To collect the
debris, the booms were detached from one shoreline and pulled
across to encircle the debris close to the other shoreline where it
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I. \Vailoa River Boom
2. ‘Alenslo Slream Boom
3. Wailiken Pond
4. Keaukalsa Area
5. Downkswn 1-bib

6. Waibuku River
7. Hibo P”

Fig 2. Satellite photo of the study area in Nib, Hawaii Island, and pictures of the Wailoa River Boom (left) and Alenaio Stream Boom (right) with typical debris shown in the
foreground.

could be easily removed with a dip net. In the laboratory, captured
items were separated from organic debris, rinsed, and then dried
for weighing and classification into one of ten categories (Table 1).
We have no quantitative data on the efficiency of debris capture by
the booms. Visual observations showed that the booms were most
efficient at capturing high-buoyancy items such as plastic bottles,
and could not always retain low-buoyancy items such as plastic
bags, especially during high flow conditions.
We used linear regression to test for a relationship between the
timing of plastic captures and local precipitation, as measured by
National Weather Service rainfall gauges. Cumulative rainfall that
occurred between debris samplings was compared to the total
weight of debris found in the booms during the corresponding
sampling period.

2.2. Drifter Experiments

Degradable wooden drifters were constructed to approximate
the movement of Hawai’i-sourced debris. The drifters were made of
pine blocks approximately 7.6 cm long, 8.9 cm wide, and 3.8 cm
high, branded with a message including release location code,
contact phone number, and email address. In seawater, the blocks
initially floated with approximately 1 cm of windage, which was
reduced to almost zero after several hours of water absorption. A
test block placed in a bucket of seawater remained positively
buoyant for approximately 80 days before sinking.
We released 851 blocks at the same Hilo Bay location (19° 45’
06” N, 155° 03’ 51W) in two deployments, one in October 2011 and
another irs March 2012. To assess the effect of hypothetical along-

Table I
Dry weight of debris captured by two floating retention booms in Hilo, HI, USA over 205 days. Numerals in parenthesis below the weights are the number of Items of that
category. ‘Misc.” miscellaneous items that rIo not belong in the other categories, including plastic items and items made of niultiple materials: PET = polyethylene tere
phthalate: PC = polyethylene.
boom
Waiboa River
‘Alenaio Stream
Total

plastic items (kg)

aluminum

glass

misc,

total

PET bottles

cigarettes

PE packaging

bags

cups / lids

footwear

styrofoam

(kg)

(kg)

(lcg)

(kg)

1.79 (69)
330 (121)
5.09(190)

0.34 (1004)
0.07 (263)
0.41 (1267)

0.80
1.05
1.85

0.43 (50)
1.83 (121)
2.26 (171)

0.50 (15)
1.05 (53)
1.55 (68)

0.15(1)
2.04 (8)
2.19 (9)

0.76
0.63
1.39

0.13
1.08
1.21

0.01
2.08
2.09

5.60
6.29
11.89

10.52
19.43
29.95
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shore jets, induced by tides, each event was split into two tide-state
releases: at slack-before-flood (low tide) and at slack-before-ebb
(high tide). Prevailing westward flow around Hawaiian Islands
(Jia et al. 2012) reduces the probability of debris transport from the
west coast of Hawai’i Island to the Kamilo accumulation area. To
verify this hypothesis, we also released drifters near the island’s
second-largest population center at Kailua-Kona. We placed 230
drifters offshore of lCailua-Kona (19° 40’ 2” N, 156° 2’ 15” W) in two
tide-state releases in October 2011. Two additional release locations
not near population centers were used to help describe the
movement of debris around the island. We deployed 236 drifters
offshore of Pohoiki, near the eastern tip of the island, and 230
blocks offshore of Kaulana, near the southern tip of the island
(Fig. 1), each in two tide-state releases in October 2011. All releases
were made from watercraft approximately 1 km offshore, because
we were not interested in studying surf zone debris-movement
processes.
The telephone hotline and email account were monitored
continuously after releases to receive reports of recoveries.
Members of the public that located blocks were asked to report the
time, date, and location of the recovery event, as well as block
release code and whether or not they removed the block from the
shore (to prevent duplicate reports). First reports from certain areas
were used to calculate maximum drift speeds from release to
destination, and subsequent recoveries were assumed to have been
beached nearby and not recovered immediately.
2.3. Ocean Model of Surface Currents
The SCUD (Surface CUrrents from Diagnostics) model was
developed at the International Pacific Research Center (IPRC) to
assess surface velocities using global, near-real time satellite data of
altimetric sea level anomaly and scaterometric vector wind
(Maximenko and Hafner 2010). Sea level anomaly, referenced to the
mean dynamic topography found in Maximenko et al. (2009), was
used to compute absolute geostrophic velocity and wind to assess
Ekman currents. Geographically-varying coefficients of the model
were tuned using trajectories of almost 15,000 satellite-tracked
drifting buoys of the Surface Velocity Program and Global Drifter
Program (http://www.aoml.noaa.gov/phod/dac/index.php). Model
velocities are calculated daily, on a 1/4° global grid. The accuracy of
the model deteriorates near shore due to higher errors in satellite
data and increased complexity of dynamics. It is challenging to use
the SCUD model to assess the movement of a wooden block, whose
design is very different from the drifters employed by the Global
Drifter Program. However, SCUD currents were found informative
to trace such differently shaped instruments as the whale-tracking
gear, operated by the US National Oceanic and Atmospheric
Administration’s (NOAA) Hawaiian Islands Humpback Whale
Sanctuary, and the experimental profiling float (during its visits to
the ocean surface) of the US National Aeronautics and Space
Administration’s (NASA) Jet Propulsion Laboratory. Specific to
marine debris, the solution of the statistical version of the model
corresponds satisfactorily to the distribution of plastic fragments in
open waters (Maximenico et a!. 2012). Additionally, SCUD was
found helpful in simulating the motion of heterogeneous tsunami
debris from Japan, including its circulation in the North Pacific and
landing on shorelines of different countries (Maximenko and Hat
ner, unpublished data1). Despite the limited applicability of the
SCUD model to the motion of wooden blocks in the nearshore area,
the overall simplistic formulation of the drifter exchange between

Model results available at: http:/fiprc.soest.hawaii.edu/news/rnarine.an&
tsunainLdebris/ll’RC~tsunarnLdebrisjnodels.phpl.
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different islands, and limited instrumental power, make reasonable
the use of the readily-available SCUD model as a framework for the
project.
The virtual release point for simulations was moved 24 km
offshore of the drifter release point to conform to the model space
of SCUD. 10,000 virtual drifters were randomly placed within the 1/
4° squared grid cell offshore of Hilo Bay on the October and March
drifter release dates. Their trajectories were computed for 14 days
to encompass the approximate period of first recoveries for the
wooden drifters. Duplicate simulations were run for each release
including a 2% windage factor to compare with the previous
simulations.
3. Results and Discussion
3.1. Debris-retention Booms
In 205 days, the two booms captured 29.9 kg of anthropogenic
debris, 73.6% of which was plastic by weight (Table 1). The largest
defined category was polyethylene terephthalate (PET, “#1”)
bottles, which comprised 17% of the total by weight. They were
followed by disposable plastic bags (7.5%), footwear (7.3%), glass
(7.0%), and polyethylene (PE) packaging (6.2%). A large portion of
the total debris was miscellaneous items, including sports equip
ment, fishing gear, toiletries, household items, and fabrics. The
most numerous category was cigarette butts (1267 items), although
they only made up 1.4% of the debris by weight. Over a third (35.6%)
of the material included plastic, aluminum, and glass packaging for
which recycling facilities are readily available.
The accumulation of debris at the booms was significantly
related (p < 0.001) to precipitation events in a linear regression
(Fig. 3), although rainfall did not explain the variation in debris
weight collected to the extent that might be expected given that
surface runoff is the most likely transport mechanism to water
ways. Only 37% of the variation in total debris weight collected
could be explained by variation in rainfall. However, if littering
rates are more or less constant in time (Seco Pon and Becherucci
2012), the first precipitation event after a dry period is likely to
carry a disproportionate amount of debris compared to subsequent
rainfall events, regardless of their magnitude, that occur before new
litter can accumulate (Moore et al. 2011).
The amount of debris collected at each boom did not correspond
to the land area drained by the waterway. The Wailoa River drains
over twice the developed land area as ‘Alenaio Stream, but collected
half the debris (Table 1). Differing land-use within the urban area is
the most likely explanation (Seco Pon and Becherucci 2012), with
400
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Fig 3. Total anthropogenic debris (filled diamonds, solid lines) at debris retention
booms in two watersheds and accumulated rainfall (open squares, dashed lines) in
between monitoring events at the booms. The r2 and p-values are from a linear
regression between accumulated debris and rainfall at each sampling.
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higher littering rates possible in the downtown commercial district,
partially drained by the ‘Alenaio Stream, compared to residential
districts. Because of the potential variation in litter by specific landuse, it is difficult to calculate the total input of debris from an urban
area on the basis of two retention booms. However, under the
reasonable assumption that littering rates do not vary significantly
with season (Seco Pon and Becherucci 2012), the booms captured
debris at a rate of 53.3 kg per year. Extrapolating that collection rate
from 10.2% of the city’s land area to the entire city yields more than
500 kg of marine debris produced each year for a city of over 43,000
people. This estimate does not include litter that is blown into the
ocean by wind, or litter directly deposited into the marine envi
ronment on beaches or from boats.
There are many reasons why that rough calculation may be
a significant underestimate of debris produced, and chief among
them is the inefficiency of capture by the booms. During high flow
events that are common in Hilo, we observed low-buoyancy items
such as plastic bags slide underneath the booms and avoid capture.
Estimates of the amount of high-buoyancy items such as capped
PET bottles are probably more accurate, as they seemed to be
retained on the surface even during high-flow conditions. Floating
retention booms with subsurface netting anchored to the bottom
would perform better at both quantifying debris and preventing its
entry into the ocean. Such devices were not possible at these
locations due to risk of sea turtle entanglement and other threats to
wildlife.
Several studies have attempted to quantify marine debris inputs
from stormwater runoff using a variety of capture devices, but few
are published in the primary literature (reviewed in Ryan et al.
2009). Our impermeable curtains across entire drainage channels
were better suited to prevent buoyant debris from entering the
ocean in moderate flows than they were to quantify all debris
inputs accurately under a variety of conditions. Sampling a portion
of the stream with fine-mesh netting, as did Moore et al. (2011) in
Los Angeles, would provide more accurate estimates of input rates,
especially for micro-debris in high flow regimes.
3.2. Drifter Experiments
Of the 1547 wood-block drifters released at four locations
around the island, 387 (25%) were reported recovered. Of those
recovered, 302 (78%) were found within 25 1cm of the release point.
The remaining 85 (22%) were found at distant locations on Hawaii
Island or on one of three other Hawaiian islands (Table 2, Fig. 4).
The two October 2011 releases from Hilo Bay had markedly
different outcomes. No recoveries were made from the low-tide
release, whereas 24.3% of the bloclcs released at high-tide were
recovered on the islands of Maui (42 bloclcs), Lana’i (8 bloclcs), and

uninhabited Kaho’olawe (5 blocks). The Maui recoveries, in
particular, were spread over the entire island, although a majority
were encountered in the Malcena (22 bloclcs) and Kahikinui (10
blocics) portions of the southern coastline. The first recovery, at
Hana on the eastern tip of Maui, occurred eight days after release.
This corresponds to a 23 cm s~ mean drift speed. The first recovery
on the north coast of Lanai occurred 10 days after release (30 cm
s~ drift speed).
The two March 2012 releases from Hilo Bay had similar
outcomes, although they did not match the results of the earlier
releases. A large proportion of both the low-tide (51.5%) and hightide (46.8%) releases were retained within the bay, recovered on the
bay’s southern Keaukaha coastline (Fig. 2) as soon as two days after
release. Only thirteen blocks from the high-tide release were
recovered outside the bay. One block drifted north to the north
ernmost tip of the island, and the other twelve drifted south,
reaching as far as Kamilo Point near South Point (Fig. 4).
Releases from the island’s other major population center,
Kailua-Kona, had no reported recoveries. Both releases from
Pohoilci on the eastern tip of the island were recovered locally
(within 10 1cm) in large numbers, 49.6% and 37.4% for the low- and
high-tide events, respectively (Table 2). Thirteen bloclcs from the
high-tide release traveled southwest and were found at the major
debris-accumulation area at Kamilo Point (Fig. 4). Only four drifters
were reported from the Kaulana releases at the southern tip of the
island. Two each from the high- and low-tide releases were
encountered on the island of Lana’i. In contrast to other drift block
recoveries on Lanai, these were all found 61 or more days after
release. These blocks, drifting at a considerably slower speed (5 cm/
s) than other Lanai recoveries, could have talcen an offshore path
through the field of eddies which often form in the lee of Hawai’i
Island (Jia et al. 2012).
The drifter results show that buoyant pollution from Hawai’i
Island’s largest population center can take a variety of paths. Tidal
cycles or other variations that occur on the timescale of hours can
cause strong dispersion of blocks released together, or result in
completely different trajectories. Hilo Bay drift bloclcs traveled
northwest, quiclcly beaching on three other islands, and they were
also retained locally, washing up at local beach parlcs after a short
residence in the bay. Although only one drifter out of over 800
released was recovered at Kamilo, this block establishes the drift
path for Hilo debris to beach at the island’s debris-accumulation
area. The same path was also demonstrated in two steps - Hilo
Bay bloclcs found at Pohoilci near the eastern tip of the island, and
bloclcs released at Pohoiki found at Kamilo (Fig. 4). Ongoing
experiments carried out while this manuscript was in review
support the Hilo to Kamilo pathway. Six of 200 blocks released from
Hilo Bay in late October 2012 have been recovered at Kamilo or

Table 2
wood-block drifter releases and reported recoveries in the Hawaiian Islands.
release
location

recovery
tide

number

date

total

Hawaii Island
local

Hilo Bay 1
Hilo Bay 2
Pohoiki (East Point)
Kaulana (South Point)
Kailua-Kona
total

low
high
low
high
low
high
low
high
low
high

220
226
200
205
121
115
115
115
115
115
1547

10/24/11
03/23/12
10/24/11
10/27/11
10/26/11

0.0%
24.3%
51.5%
53.2%
60.3%
37.4%
1.7%
1.7%
0.0%
0.0%
25.0%

51.5%
46.8%
49.6%
37.4%

Maui

Lanai

Kahoolawe

18.6%

3.5%

2.2%

distant

6.3%
10.7%
1.7%
1.7%

19.5%

1.7%

2.7%

0.8%

0.3%
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Fig 4. Locations of all reported drifter recoveries. Multiple recoveries in one area are
represented by one symbol, with the adjacent numeral denoting the number of
recoveries in that area. Numbers in parenthesis in the figure legend are the total
number of blocks released at that event. Arrows connect release and recovery loca
tions, and do not represent drift paths. Not all of the release-recovery connections are
shown for clarity.

along this coastline at press time, with no recoveries elsewhere.
The eastern half of the island, including Hilo, remains the most
probable source of the local debris that arrives at Kamilo.
No drift bloclcs were recovered from the Kailua-Kona releases,
and only four were recovered from Kaulana releases. The paucity of
recoveries for blocks released on the leeward (i.e. westward) side of
the island is not surprising. The same prevailing currents that
sweep debris from east Hawai’i westward would send west Hawai’i
debris toward open water and keep leeward beaches relatively
clean. This finding matches the observation of larval dispersal by
direct detection of parent-offspring pairs in reef fish on Hawai’i
Island (Christie et al. 2010). Parents located on the eastern and
southern coasts of the island seeded recruits to the western coast,
but the reverse was not detected.
The 75% of bloclcs not reported recovered could have traveled to
a variety of destinations. SCUD model results (see below and Fig. 5)
show many could have been advected away from the islands into
the open ocean. These drifters will likely degrade or sink within
months. Others may have landed on seldom-visited parts of the
state such as much of the coastline of Kaho’olawe Island. Others
could be lodged or buried in sediment, rocks, or crevices and
difficult to see. Still others may have been found and not reported,
as suggested by some who called many weeks after recovery
because they forgot about the block for some time. Many blocks
may have beached one or more times, been refloated, and beached
in secondary locations, as evidenced by some blocks that appeared
more abraded (in pictures sent by recoverers) than others.
Although difficult to quantify, beaching and refloating is a common
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Fig 5. Results of SCUD model particle releases corresponding to the drifter releases in Hilo Bay. Particle trajectories represent drift pathways during the first two weeks after release.
The virtual release point was moved 24 km offshore of the drifter release points to allow for model function. Top panels show model runs without any windage factor included. The
bottom panels depict identical model runs with the addition of a 2% windage factor.
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behavior of the plastic debris the blocks are meant to represent
(Garrity and Levings 1993).
How representative our drifter results are to the drift of marine
debris depends on how well their trajectories reproduce the
motion of plastic pollution. Matching the ratio of surface area
exposed to the wind to the submerged drag area is the key criterion
for similarity (Wiese and Jones 2001). The complication with plastic
litter, of course, is the diversity of shapes and buoyancies repre
sented. We designed our drifters with minimal windage, similar to
a large amount of the debris captured by our booms (Table 1) such
as bags, fragments, and packaging. However, more buoyant items
with more windage such as capped PET bottles are likely not well
represented by the drift blocks. Heterogeneity of debris found on
some beaches and missing from others indicates significant
robustness of pathways of different objects on a local scale and
justifies the design of our drifter experiment.
3.3. Comparison with Ocean Model
The results of SCUD model simulation for Hilo Bay releases
(Fig. 5) corresponded generally to the observed drifter recoveries in
some cases. In October 2011, both the modeled particles and the
drifters were quickly transported northward. In the model,
however, they were swept past Maui toward the subtropical gyre
accumulation zone and did not make landfall. It is possible that
many blocks from both tide-state releases traveled the modeled
path, especially from the low-tide release for which no blocks were
recovered. Model-predicted current speeds of 20 - 30 cm/s corre
sponded well to the timing of first recoveries on the islands of Maui
and Lanai. Including an estimate of the direct impact of the wind
changed the modeled results considerably, as the onshore winds
pushed most of the particles onto the shoreline north of Hilo (Fig. 5)
where no blocks were recovered. The actual block recoveries in
Maui represent a middle ground between the two scenarios, sug
gesting that both wind and surface currents affected the bloclcs’
drift. A small number of particles in SCUD traveled toward actual
block recovery locations on Maui (Fig. 5).
Ironically, the surface current model did predict a large amount
of Maui recoveries for the March 2012 release (Fig. 5), when there
were none. One block, recovered on the northern tip of Hawai’i
Island, conformed to the model prediction. The other 211 recov
eries, however, were local or southward. A major possible reason
for the discrepancy between model predictions and drifter obser
vations was the need to move the virtual release point offshore of
the actual release point. The SCUD model does not include nearshore processes, the same processes which necessarily transport
land-sourced debris for at least a portion of their journey. In the
case of the March release, many blocks retained in the bay probably
did not ever enter the model space of SCUD. In October, the blocks
were apparently quickly moved offshore and into the modeled
current area. Adding the effect of windage to the SCUD model for
the March release (Fig. 5) shows increased transport of the particles
onshore, closer to realized drift of the blocks.
The differences between the modeled particles and the drift
blocks can be partially attributed to the uncertain effects of
windage, especially before the bloclcs waterlogged and floated
lower in the water. This uncertainty increases when the shape or
buoyancy of the floating object is unknown, as is often the case for
the variety of objects that constitute marine debris. Other
discrepancies may result because the SCUD model is a daily product
and does not account for differences in mixed, semi-diurnal tidal
state, which probably affected the drifter results considerably.
Most ocean models used to predict the spread of marine debris
operate on a larger-scale than the questions presented here
(reviewed in Potemra 2012). The development of ocean models that

accurately describe the nearshore environment around Hawai’i
would aid in the study of the transport of marine debris around the
islands. Particles which enter the nearshore environment in the
SCUD model are considered beached (Fig. 5), despite the fact that
they are kilometers from shore in reality and would likely continue
their drift. Drifter experiments are useful tools, but cannot be
deployed continuously to describe hourly or daily fluctuations in
surface currents throughout the year as models can. With more
nearshore data from high-frequency radar or current meters,
models validated with episodic drifter experiments could better
describe the factors that control the local sources and sinlcs of
marine debris.
4. Implications
These results demonstrate the increased importance of East
Hawai’i’s waste management practices to the rest of the state. In the
prevailing currents, Hilo lies “upstream” of the state’s other
communities and habitats, and material entering the ocean there
can begin to pollute other islands quickly. Our October release of
drift blocks shows that pollutants entering the ocean at Hilo can
reach widespread locations around the islands of Maui County in as
little as eight days. Hilo is the only deepwater port for the island of
Hawai’i, and as such receives a large amount of shipping, cruise
liner, and oil barge traffic. Of course, the results of this study cannot
be automatically extrapolated to all kinds of pollution. For example,
oil spilled originally at the sea surface is known to gradually
evaporate, dissolve, change chemically, and, finally, sink. Based on
our observations, any pollutant surviving on the ocean surface for
a period of weeks has a good chance to spread among the Hawaiian
Islands.
The steady stream of plastic debris from HiIo and many
communities is an ongoing spill of solid-phase petroleum that
occurs with each rain storm. This spill is quite preventable. There
are no fees for domestic waste disposal at island transfer stations.
Several private and public recycling facilities in Hilo accept or
purchase materials that made up a third of the debris collected in
the booms. Much of the waste collected was single-use containers
or bags, most likely used for a short period of time (minutes or
hours) before being discarded. If such containers were designed for
multiple reuses, both the volume of waste and the impacts to
habitats and communities could be reduced. All four counties of the
State of Hawaii, for instance, have each recently passed legislation
to limit the use of disposable plastic shopping bags (Bly 2012).
Although waste that travels from local sources to local sinks is
the easiest to track and potentially mitigate, it is often a small
portion of both pollution produced and pollution received by
a given area. Even if all of the minimum 0.5 metric tons of marine
debris from Hilo traveled to I(amilo Point each year, it would only
make up 3% of the total debris removed from that coastline annu
ally. Similarly, plastic waste from Hilo, other parts of the island, or
the rest of the state still persists in the ocean even if it is not
beached on one of the inhabited or uninhabited islands of the
Hawaiian Archipelago. Local waste-management and consumer
choices that reduce the amount of plastic entering the ocean will
certainly reduce local impacts, but of equal importance is reducing
each community’s contribution to the global marine debris
problem.
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ABSTRACT
Marine debris, particularly plastic, is an identified concern for coastal areas and is known to accumulate in large
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amounts of marine debris on l\ulaui shorelines. Surveys were conducted monthly between May2013 and Decem
bet 2014, with additional daily surveys conducted on Maui’s north shore duringJanuary 2015. Debris accumula
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Gyre and northerly trade winds. Daily surveys resulted in a significantly higher rate of debris deposition than
monthly surveys. The efficacy of local policy in debris mitigation showed promise, but was dependent UPOiI
the level of enforcement and consumer responsibility.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

convergence that is located at the northern terminus of tile STG
(Pichel et al., 2007; U.S. EPA, 2011; Howell et al., 2012). Along with

Marine debris is a serious concern for coastal communities across
the world. Not only does marine debris pose considerable threat to ma
rine life, biodiversity, and ecosystems, but additionally impacts human
health, safety, and local and national economies (Sheavly and Register,
2007; Gregory, 2009; Secretariat of the Convention on Biological
Diversity (SCBD), 2012). Marine debris can further translate into loss
of tourism revenue and recreation value, as well as affect coastal indus
tries such as shipping and commercial fishing (Sheavly and Register,
2007; SCBD, 2012). Overall, plastics are considered the nlost common
type of marine debris (Coe and Rogers, 1997: Derraik, 2002), with re
cent studies estimating the amount of plastic currently in the ocean at
5.25 trillion particles (Eriksen et al., 2014). Buoyant, lightweight, and
slow to degrade, plastics have the ability to travel thousands of miles
on ocean currents and can be deposited even on remote, uninhabited
shorelines (Slip antI Burton, 1991; Barnes, 2002; Morishige et al., 2007).
In the North Pacific Ocean, significant amounts of plastics and other
debris have been discovered to accumulate in zones of regional surface
Current convergence that result from tile clockwise rotation of the North
Pacific Subtropical Gyre (STG) (lKubota, 1994: U.S. EPA, 2011: Howell
et al., 2012; Law et al., 2014). Colloquially termed “garbage patches”,
these areas have been identified in both the Eastern and Western
North Pacific Ocean (Moore et al., 2001; Howell et al., 2012; Law et al.,
2014). The Eastern and Western garbage patches themselves are linked
by tile Subtropical Convergence Zone (STCZ), a band of surface layer

the garbage patches, the STCZ is known to concentrate marine debris
(Pichel et al., 2007; U.S. EPA, 2011). In addition to surface currents, accu
mulation of debris on beaches is strongly influenced by wind speed and
direction (Walker et aL, 2006; Garcon et al., 2009; Eriksson et al., 2013).
The Hawaiian Archipelago is found within the STG and in close
proximity to the STCZ, which likely contributes to the large amount of
marine debris documented along Hawaiian shorelines (Ribic et al.,
2012a). To date, the majority of marine debris accumulation studies in
the Archipelago have focused on sites in the Northwestern Hawaiian
Islands (NWHI), a string of uninhabited atolls stretching 1500 km
northwest of the Main Hawaiian Islands (MHI) (Donohue ct al., 2001;

corresponding author.
E-mail address: LcBlickley@gmail.com (Lc. Blicldey).
http://dx.doi.org/10.i0l6/j.rnarpolbuL20l6.02007
0025-326X/© 2016 Elsevier Ltd. All rights reserved.

Henderson, 2001: Bolancl and Donohue, 2003; Dameron et al.. 2007;
Morishige et al., 2007: Ebbesmeyer et al., 2012: Ribic et al., 2012b). De
spite the lack of large-scale human development, thousands of pounds
of ocean-based marine debris have been removed from NWHI coastal

areas (Donohue et al., 2001; Donohue, 2003).
Although fewer studies have been conducted on marine debris in
the MHI, results indicate that debris accumulation is an issue
(McDermirl and McMullen, 2004; Corcoran et al., 2009: Cooper and

Corcoran, 2010; Ribic et al., 2012a). Long-term data sets from O’ahu
demonstrate that Hawaiian shorelines experience higher debris loads
than coastal areas along the U.S. Pacific Coast, particularly ocean-based
debris such as fishing nets and floats/buoys (Ribic et al., 2012a). Varia
tion in debris loads on O’ahu were further linlced to environmental
drivers, particularly fluctuations in the regional El Nino Southern

Oscillation cycle (ENSO) (Ribic et al., 2012a). Small-plastic debris has
also been recorded on remote beaches in both the NWHI and MHI
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(McDermid and McMullen, 2004). Although studies have demonstrated
that local debris inputs can contribute to local debris accumulation in
Hawaii (Carson etal., 2013), there is little understanding of how local
environmental conditions influence accumulation rates and debris
loads in the MHI. In addition, the impact of sampling interval on esti
mated accumulation rate remains to be explored, not only in the MHI
but on shorelines worldwide (Ryan et aL, 2009).
This is the first study to quantify the types and amounts of marine
debris found on Maui shorelines antI the main objectives were: 1) to
identify localized environmental factors that influence marine debris
accumulation on Maui beaches; 2) investigate the effects of temporal
scale on accumulation rates; 3) characterize the type of marine debris
most prevalent on Maui beaches; 4) evaluate the effectiveness of local
marine debris policy and programs in Maui County. It was hypothesized
that a higher debris load and rate of debris accumulation would occur at
sites situated along Maui’s windward coastline, due to the shorelines
orientation to trade winds and/or large wave events.
2. Methods
2.1. Site selection
Maui’s climate is dominated by northeasterly trade winds experi
enced approximately 80% of the year, with stronger more consistent
winds during the summer months (Sanclerson, 1993). To account for
environmental variations across the island, three study sites were
chosen to represent shorelines from three of the four main geographical
areas of the island: Site 1 (Pu’unoa Beach) (20.88421; —156.68681) on
the West Shore, Site 2 (Po’olenalena Beach) (20.66310; — 156.44164)
on the South shore antI Site 3 (Lower Waichu Beach) (20.9241 77;
—156.493389) on the North shore (Fig, 1). Study constraints prohibited
the ability to select an East Maui site. Survey sites were chosen accord
ing to the criteria of the NOAA Marine Debris Shoreline Survey Field
Guide (Opfer et al., 2012). Furthermore, sites were chosen that did not
immediately front resorts, and best attempts were made to survey
beaches that were less impacted by human traffic.
2.2. Site surveys
Monthly and daily site surveys were conducted following the accu
mulation survey protocol outlined in the NOAA Marine Debris Shoreline
Survey Field Guide (Opter ci al., 2012). Prior to initial surveys, debris
TradG Winds N

21~10’0’N

21

0’liii
Situ
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from each site was collected and removed to develop a baseline for
accumulation. After the initial cleanup, all collected debris items were
sorted and classified according to the following general categories:
plastic, rubber, processed lumber, clothing/fabric, metal, large debris
(>30 cm) which were further broken down into 66 subcategories.
Only debris items measuring greater than 2.5 cm were collected. To de
termine the origin of debris, items were divided into three indicator de
bris categories based on their likely source. Categories were based on
Ribic et al. (2012a) and are presented in Table 1.
2.2.1. Monthly accumulation
Monthly surveys took place at each site once every 28 days
(± 3 days) within ± 30 mm of low tide. Surveys were conducted within
an established 100 jn transect. Date, time, weather conditions, width of
shoreline, and presence of storm activity within the past week were re
corded for each survey. Each transect was traversed perpendicular to
the water in 5 m increments, and covered the entire beach width from
the water’s edge to the vegetation line. Beach slope for each site was
calculated using methods presented in Emery (1961). Surveys were
conducted on a monthly basis from May 2013 through August 2014
for both Site 1 and Site 2 (17 total surveys) and from October 2013
through December 2014 for Site 3 (16 total surveys).
2.2.2. Daily accumulation
Site 3 was selected for additional daily accumulation surveys due to
the large debris loads observed during monthly surveys. Accumulation
surveys followed the same protocol as monthly surveys and were
conducted daily for 28 consecutive days at Site 3 from January 2,2015
through January 29, 2015.

2.3. Analysis
2.3.1. Monthly accumulation
A total of three monthly indices were calculated for each survey
site to explain potential debris accumulation and retention. To sum
marize monthly wind speed and direction, a Relative Exposure Index
(REI) was modified from Walker er al. (2006). A total of8 wind direc
tions determined by beach orientation were analyzed per site, each
encompassing a total of 180’:
REI

$

~

v.P.!:.

where V1 is the mean monthly wind speed (km h 1) for wind direc
tions categorized in 45’ increments; P1 is the percent frequency from
which the wind blew within each increment; and F~ is the fetch
(USACERS, 1977) distance (1cm). Fetch lengths greater than or
equal to 100 km were all set to 100 km and assumed to represent

Sitel
Table I
Indicator debris items classified by source category, as adapted from kibic eta?., 2012a.
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Ocean-based

Land-based

General-source

Nylon rope/net fragments
Btioys/floats
Fishing lures/line
Spools
Light stints
Oyster spacer tubes
(large and small)’
Hagfish traps’

cigarette filters/cigars
Straws
Balloons
Ficewocks
Golf balls
Golf tees

Beverage bottles
Plastic bags
Packing straps
Bottle/container raps
Other jugs/containers

O~.12 185.1 33 l’~’rneters
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Fig.1. Mapshowingthedirectionofprevailingtradewindcaitd location ofthe threestudy
sites on Maui. Site I = Pu’unoa Beach; Site 2 = Po olenalena Beach Site 3
Lower
Waiehu Beach.

Syringes
Personal care products
Flip-flops/slippers
l’ires

Food wrappers
clothing/shoes
‘

Used only for analysis of daily accumulation debris.
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unlimited fetch in the ith direction (Puotinen, 2005; Garcon et al.,
2009).
To summarize monthly tide and wave activity, a Relative Tidal Range
(RTR) was modified from Short (1996) and an Intertidal Area (IA)
adapted from McLachlan and Dorvlo (2005):
RTR

=

Akaike Information Criterion, AIC (Sakamoto et al., 1986). Multi
collinearity among predictor variables was tested by calculating the cor
relation coefficient and variables showing significant correlation
were dropped. To ensure proper model fit and adherence to assump
tions, model residuals were graphed and checked for violations
(Augustin et a]., 2012).

Hw

3. Results
IA=~

3.1. Monthly accumulation
where H~ is mean monthly tide height in meters (m), H00 is the mean
monthly wave height (m) and S is the beach slope. The initial model
used to investigate debris per unit effort (DPUE) (count/i 00 in) includ
ed explanatory variables REI, RTR and IA, and non-significant variables
that did not improve model fit were subsequently dropped.
Tide and wave height data for each site were extracted from the
Center for Operational Oceanographic Products and Services (2015).
Wind speed and directions were extracted for each site using the
weatherData package (Narasimhan, 2014) in R.
To evaluate the efficacy of a recently introduced tobacco free
beaches policy, which prohibits tobacco use on Maui beaches (County
of Maui, 2014), the monthly accumulation of cigarette biter debris be
fore and after the April 22, 2014 ban were compared. Owing to small
sample size, a two sample equal variance t-test was used to determine
if the mean monthly cigarette counts differed significantly before anti
after the ban.
2.3.2. Doily accumulation
The major daily beach forces of tide and wind (Eriksson et al.. 2013)
were recorded during debris collection to investigate environmental
effects. Mean and max title heights (in) as well as mean wave height
(m), period (sec), anti direction were obtained from Pacific Islands
Ocean Observing System (PaclOOS) waverider buoy (Coastal Data
Information Program, 2015). The buoy was located at N21.018°,
Wi 56.425°, approximately 10 km from the study site in 193 in of
water. Daily wind data, including average wind speed (mph), highest
wind speed (mph), anti wind direction, were obtained from the Nation
al Climatic Data Center’s (NCDC) automated weather observing system
station (NCDC, 2015).
2.3.3. Model fitting
Generalized Linear Models (GLM5) were used to model the relation
ship between debris accumulation and environmental variables
(McCullagh and Nelder, 1989):
=

f3g

+

I~Xi

A total of 17 surveys were conducted at Sites 1 (May 16, 201 3—Au
gust 29, 2014) and 2 (May 10, 2013—August 19, 2014), and a total of
16 surveys were conducted at Site 3 (October 4, 2013—December 22,
2014). Site 3 had the highest rate of debris accumulation per month
(197.5 debris items/month) compared to Site 1 (96.76 debris items/
month) and Site 2 (25.35 debris items/month). Surveys coincided
between sites from October 2013 through August 2014. Due to the
28 day (+3 days) sampling interval, sites were sometimes sampled
twice during a single month. Surveying Overlal) between sites is
therefore shown graphically from October 2013—September 2014.
Debris accumulation did not appear to show trends across months or
seasons, and peak debris loads at each site did not overlap (Fig. 2).
Cumulative debris counts over the twelve month period (October
2013—September 2014) varied notably between sites (Fig. 3). The total
number of debris items collected at Site 3 within this period (2446)
was nearly twice the amount of debris collected at Site 1 (1232) and
over nine times the amount collected at Site 2 (263) (Fig. 3).
Debris composition was similar among beaches, with plastic items
being the most prevalent type of debris collected at each site: Site I
(80%); Site 2 (71%); Site 3 (94%). Site 1 debris, however, was character
ized by a significantly larger amount of cigarette filters (746) than either
Site 2 (95) or Site 3 (102), with cigarette filters alone constituting 45% of
Site i’s total debris load. In addition, Site 3 had larger amounts of hard,
plastic fragments (1859) than either Site 1(197) or Site 2 (60).
3.1.1. Site 1
The Relative Exposure Index (REI) at Site I averaged -.0.126 from
June to November, after which it increased threefold to —0.418 from De
cember to May. Relative Tidal Range (RTR) and Intertidal Area (IA)
showed no seasonal trends and had an average of 1.177 and 0.056 re
spectively. Results from General Linear Model (GLM) analysis showed
a significant relationship between monthly debris accumulation and
IA (Table 2).

+

wherey~, I = I n is the response variable modeled as a linear function
of the explanatory variable Ix~; lb is the intercept; and ~ is the random
error. Two different data sets were used in the GLM analysis, one for
monthly debris accumulation at 3 sites and another at a selected site
for daily accumulation. The response variable for the monthly analysis
was a count of debris accumulation over —30 days per 100 m of shore
line. The explanatory variables were all based on monthly summaries
averaged over the 30 days prior to sample date and included REI, RTR
and IA. The response variable for the daily analysis was a count of debris
items collected per 100 m of shoreline each day. The explanatory
variables were all summarized by day and included mean and max
wind speeds, prevailing wind direction treated as factor, mean and
max tide height, mean swell height, inean swell period and prevailing
swell direction (treated as a factor). Models were initially fit assuming
a Poisson distribution with a logarithmic link function. A Quasi Poisson
distribution was fit when data were over-dispersed.
All computations were completed using the “mgcv” package in R
(Wood, 2011). Final model selection was based on minimizing the
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Fig. 2. comparison of monthly debris counls at all sampling sites from October2013
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Table 3
Summary results ol Site 2 GLM monthly accumulation analysis for best fitting model (Qua
si Poisson family, log link function).
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3.1.2. Site 2

The REI for Site 2 showed a clear increasing trend from April to Au
gust, peaking at 4.44. The lowest REI, of 2.54, was observed in February.
RTR and IA showed no seasonal trends and ranged from 0.55—3.47 and
0.11—0.13 respectively. The CLM analysis on monthly debris accumula
tion found all three indexes to be significant (Table 3), with the nlost
signification term being RTR.
3.1.3. Site 3
REI ranged from 6.2 (March) to 13.5 (August) with no clear sea
sonal trends. Site 3 experienced higher RTR from May to November
(RTR — 0.38) and lower values from December to April (RTR — 0.24).
Similar trends were observed for IA with a max of 0.06 occurring in No
vember and a minimum of 0.05 occurring in May. None of the calculated
indexes were found to significantly impact total monthly count.
3.1.4. Indicator debris
The total number of indicator debris items varied across sites. Site 1
had over twice as many indicator debris items (949) than Site 3 (551),
and more than twelve times the amount as Site 2 (114). The increased
number of indicator debris items at Site 1 is attributed to the significant
ly larger number of cigarette filters found at Site I as compared to Sites 2
and 3. Land-based debris items represented the highest proportion of
debris items for both Site 1 (89%) and Site 2 (86%) (Fig. 4A antI B). In
contrast, Site 3 indicator debris was primarily ocean-based (54%),
followed by land-based (26%) and general-source (20%) (Fig. 4C).
3.1.5. Tobaccofree beaches policy
Mean monthly cigarette filter counts were not significantly different
for Site 1: t(15) = 0.38, p = 0.71 and Sites 3: t(15) = —0.65, p 0.52
before and after the county-wide ban on tobacco use at Maui beaches.
Site 2 showed a significant decrease in mean monthly cigarette count
(t(15) = 2.68, p = 0.02) after the ban was imposed.
3.2. Daily accumulation
A total of 5864 pieces of debris were collected during daily sampling
of Site 3. Plastics accounted for 88% of the total debris collected, followed
Table 2
Summary results of Site I GI.3’A monthly accumulation analysis for best fitting model (Qua
si Poisson family, log link function).
SE

T

Pr(>ItI)

—1.111

0.290

1.224

0.246

—1.268

0.23!

Intercept
RTR
REt

—2.106
—0.673
—0.156

1.895
0.549
0.123

IA

124.802

30.985

4.028

0.002

—

SE

Pr(>ItJ)

2.00
0.130
0.222

0.045
3.649
—2.623

0.964
0.002
0.021

38.723

16.272

2.380

0.033

~y

~

Month

Estimate

T

0.091
0.473
—0.583

by glass (7%). Together, rubber, processed lumber, clothing/fabric, and
large debris accounted for less than 5% of the total debris count. Hard
plastic fragments comprised the greatest proportion of plastic debris
(53%), along with fishing/aquaculture/shipping-related debris (23.7%)
and food/beverage debris (9.8%). Specific plastic debris types, besides
plastic fragments, accounted for 2059 debris items, with the most com
mon being nylon rope/net (911), bottle/container caps (375), oyster
spacer tubes (157), straws (77), and fishing line (70).
3.2.1. Indicator debris
A total of 1930 indicator items were collected during daily surveys at
Site 3. Ocean-based indicator items represented 62% of all indicator
items, followed by general-source items at 24% and land-based sources
at 14% (Fig. 5).
3.22. Modelfitting
The GEM analysis ~n daily debris accumulation revealed mean wind
speed to be the most significant explanatory variables with wind direc
tion (NE) anti tide height less significant, but still selected in the final
model (Table 4).
Model predictions based on mean tide heights and NE wind direc
tion showed an increasing trend in debris accumulation with wind
speeds. Model predictions based on mean wind speed and NE wind
direction revealed a decreasing trend in debris accumulation with in
creasing title heights (Fig. 6).
3.3. comparison of monthly and daily accumulation rates
Debris counts at Site 3 averaged 197.5 items per month when
sampled once every 30 days over a 16 month period. Increasing the
sampling frequency to once per day at the same site resulted in a sig
nificantly higher nlonthly debris coLlnt of 5864 items.
4. Discussion
Debris accumulation rates, loads, and sources varied between study
sites due to differences in environmental factors including geographic
location, wind speed, wind direction, and tidal height, all of which
have been shown to influence debris deposition (Coe and Rogers,
1997; Ribic et al., 201 2a). An evaluation of debtis loads between survey
sites showed that the orientation of shorelines to the Subtropical Con
vergence Zone (STCZ) and trade winds influence debris accumulation.
Site 3, which is most exposed to prevailing trade winds and the STCZ,
exhibited the largest debris loads and the greatest proportion of
ocean-based debris when compared to Sites I and 2. both of which
are located on Maui’s leeward shoreline and were dominated by landbased debris. These results correspond with findings from debris accu
mulation studies in the Northwest Hawaiian Island (NWHI) (Donohue
et al., 2001; Ribic et al., 2012b). The high proportion of ocean-based de
bris at Site 3, particularly debris items such as oyster spacer tubes and
hagfish traps that originate beyond the Hawaiian Archipelago, further
speaks to the regional nature of marine debris. Differences between de
bris composition in the NWHI and MHI nevertheless suggest the need to
better understand the influence of additional drivers (e.g. localized cur
rents) on debris deposition, as well as the behavior of varying debris
items within the marine environment. Plastics were the most common
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Fig. 4. Debris sources (%) as determined using indicator debris loads from Site 1(A), Site 2 (B), and Site 3 (C).

debris item at each site, coiToborating the prevalence of plastic debris in
marine and coastal environments, as well as specifically within the MHI.
4.1. Monthly debt-is accumulation
Monthly debris surveys at Sites I and 2 were dominated by land
based debris, likely deposited by the movement of northeasterly trade
winds across the island. This may explain the observed increase in de
bris deposition with decreased Relative Exposure Index (REI) at Site 1.
Previous debris accumulation studies have noted that the proximity
of beaches to urban areas can influence debris loads (Ribic et al., 201 2a;
Carson et al., 2013; Leite et al., 2014). However despite its proximity to
Maui’s largest population center, Site 3 exhibited the least amount of
land-based debris as compared to Sites I and 2. It is therefore likely
that environmental variables, specifically trade winds, play a more
significant role in debris deposition at the selected survey sites than
proximity to urban areas, although debris deposition as it relates to
local debris sources and sinks should be further explored.
Intertidal Area (IA) appears to influence debris accumulation
through a combination of deposition of debris above the average tide
height and removal of debris that is found below the high tide line.
Increases in monthly IA, for example, were found to increase debris
deposition at Sites 1 and 2, as higher tides deposited debris above the
average tide line. The opposite trend was observed, however, during
daily accumulation surveys at Site 3, where increased IA resulted in a
decrease in debris deposition. These differences highlight the impor
tance of temporal scale of sampling and the variation in results that
are obtained when evaluating debris accumulation on a monthly versus
daily basis (Smith and Markic, 2013).

Unlike Sites 1 and 2, none of the calculated indexes were found to
significantly impact monthly debris loads at Site 3. This result is attrib
utecl to the frequent, large-scale changes in environmental conditions
at Site 3, where northeasterly trade winds can vary daily from —5
knots to —30 knots. Drivers such as RTR and IA appear to average out
over a monthly timeframe, as do the cumulative seasonal effects of
large wave events and/or strong trade winds.
Debt-is accumulation did not exhibit seasonal trends at any site, de
spite the distinct seasonality of environmental variables such as large
north swell events that occur in the winter and stronger, more consis
tent trade wind events that occur in the summer. Long-term accumula
tion studies conducted in the NWHI also found no link between debris
deposition and seasonality, yet did find a positive relationship between
debt-is deposition and El Niflo events (Morishige et al., 2007). Additional
studies have noted the seasonal migration of ocean fronts that tend to
concentrate marine debris in the North Pacific, and suggest that shore
lines in the Hawaiian Archipelago would experience higher debris
loads during the winter (when fronts are closer to the islands) than in
the summer (Pichel et al., 2007). It is likely, though, that seasonal vari
ability has a more profound effect on debris loads in the NWHI than
the MHI, as the NWHI are located in closer proximity to these fronts.
Further studies should evaluate the potential of seasonal debris
trends in terms of increased sampling frequency, for example from
monthly surveys to bi-monthly or weekly surveys, while also exploring
the impact of decadal events such as El Niflo and the seasonal migration
of debt-is fronts.
4.2. Daily debris accumulation
Mean daily wind speed, direction, and tidal height were all deter
mined to be significant factors when evaluating daily debris trends at
Site 3. This supports the results presented in Eriksson et al. (2013),
which identified wind and tide as the major drivers for daily debris
accumulation. In this study, stronger winds appeared to transport a
greater amount of debris from ocean areas with high debris concentra
tion (such as the STCZ) to Maui’s exposed shorelines, whereas higher
Table 4
Summary results of GLM daily accumulation analysis for best fitting model (Quasi Poisson

family, tog link function).

Fig. 5. Debris sources (%) as determised using indicator debris loads from daily
accumulation surveys at Site 3.

Intercept
Wind speed
Wind direction
Wind direction
Wind direction
Wind direction
Wind direction
Wind direction
Wind direction
‘tide height

(NE)
(NNE)
(NW)
(5)
(SSW)
(SW)
(WSW)

Estimate

SE

T

Pr(cItI)

3.654
0.207
1.379
0.194
0.039
—0.641
— 1.143
—0.245
--0.365
—4.120

0572
0.044
0.396
0.478
1,147
0.717
0.685
1.196
1.268
1.843

6.391
4,649
3.479
0.406
0.034
—0.894
— 1.669
—0.205
—0.288
—2.235

<0.001
<0,001
<0,01
0.690
0.974
0.383
0.112
0.840
0.777
<0.01
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Fig. 6. Prediction of debris counts based on best fitting GLM for environmental covariates (A) wind speed and (B) tide height, where gray shaded areas represent confidence inteR’als.

tides redeposited debris back into the ocean, thereby decreasing debris
deposition.
While Maui experienced large swell events at Site 3 during winter
months, it is likely that daily sampling within this timeframe had mini
mal impact on data collection, and in fact may unclerrepresent debris
loads. As wind, rather than tide height or wave height, was shown to
be the most significant factor influencing daily debris accumulation at
Site 3, authors postulate that large wave events may actually serve to re
move debris from Maui shorelines, rather than deposit greater amounts
of debris.
4.3. Impact of tempoi-al sampling on accumulation rates
Monthly debris counts and proportion of ocean-based debris in
creased when sampling was undertaken on a daily versus monthly
basis at Site 3. These findings support previous conclusions that debris
turnover can occur rapidly anti may be particularly influenced by varia
tions in local conditions (Bowman et al., 1998; Ryan et al.. 2009; Smith
and Markic, 2013). The high turnover rate observed at Site 3 additional
ly supports the conclusion that tides serve to redeposit debris back into
the ocean, and further reiterates the importance of daily sampling in not
only assessing environmental variables, but also calculating at-sea
debris loads.
4.4. Mitigation strategies
Results from this study indicate that local policies have varying suc
cess in mitigating marine debris. For example, although plastic grocery
bags continue to rank as one of the top forms of litter in the state of
Hawaii (Ocean Conservancy, 2014), no plastic grocery bags were
recorded in this study, a finding attributed to Maui’s 2011 plastic bag
ban. On the other hand, Maui’s 2014 tobacco free beaches bill has had
a variable impact on the amount of tobacco related debris items, with
only Site 2 showing a significant decrease in cigarette filters after the
bill’s passage. The tobacco free beaches bill is inherently more difficult
to implement as it relies heavily on local enforcement and a shift in so
cial norms. This may explain the lack of reduced tobacco debris items
found in this study. It is nevertheless recommended that the baseline
cigarette filter loads established in this study be used to implement
ongoing monitoring efforts, and that outreach and enforcement efforts
target those beaches that are known to have a large amount of tobacco
related debris (e.g. Site 1).
Some municipalities have moved to regulate marine debris as local
level pollution in order to reduce the discharge of land-based debris,
and the effectiveness of these types of efforts requires baseline debris
loads (Ribic et al., 2012a). Community-based programs also show
promise in terms of reducinglocal debris inputs. In 2013, a pilot fishing
line recycling network was implemented at select Maui harbors for the

disposal of discarded or unused fishing line (Pacific Whale Foundation,
nd.). Although bins were not located near study sites, and thus did
not likely influence data collection, bins have been shown to be utilized
by local fishers (pers. comm.), and expansion of the networlc could de
crease fishing line debris on Maui beaches. Although the effectiveness
of litter awareness campaigns were not evaluated in this study, it is like
ly that a reduction in local debris inputs will require a combination of
targeted legislation, community-based waste reduction measures, and
public outreach.
On a regional scale, previous studies suggest that North Pacific
Ocean fisheries and ocean-based activities represent a primary
input of debris to the NWHI (Donohue et al., 2001; Ribic et al.,
2012b). From our results, it is clear that debris sources from the
North Pacific also impact debris loads in the MHI. Elimination of
these types of debris will require widespread action across hundreds
of local municipalities, but efforts to address specific debris items,
such as minimizing the loss of derelict fishing gear, will represent
significant first steps.
5. Conclusions and recommendations
Results from this study demonstrate that a shoreline’s orientation to
the Subtropical Convergence Zone (STCZ) and local, environmental
conditions (particularly wind speed anti direction) drive debris
deposition on Maui. The high incidence of ocean-based debris at sites
exposed to the STCZ is further indication that debris originating from
outside the Hawaiian Islands impacts local debris loads. Variations in
debris deposition among sites are attributed to differences in both
geographical location and local conditions between sites. Daily variation
in environmental conditions showed to significantly impact debris ac
cumulation rates. Comparisons between monthly and daily sampling
reveal a high rate of debris turnover, attributed to extreme variation
in local conditions, anti also demonstrate the importance of sampling
interval.
While not unattainable, solving the marine debris problem will
require a holistic approach, one that combines debris removal projects,
legislation, public outreach, anti industry engagement with an en
hanced understanding of marine debris and human behavior (Coe and
Rogers, 1997; Sheavly and Register. 2007; Derraik, 2002). As knowledge
gaps remain, it is recommended that long-term debris monitoring
programs are established throughout the MHI to enhance our under
standing of debris dynamics, monitor the efficacy of policy and local de
bris reduction efforts, anti determine the fate and transport of common
consumer debris items. Local mitigation actions should further be com
bined with regional efforts to address large debris item and those items
(particularly plastics) that persist in the marine environment for ex
tended periods of time.
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H I C H L I C H T S
• This study reports a new threat of global contamination in lhe oceans.
Styrene oligorners (SO) can be originated from chemical degradation of polystyrene.
• The levels of SO from sand were found higher than those from seawater.
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A B S T K A C T
The pollution caused by plastic debris is an environmental problem with increasing concern in the oceans.
Among the plastic polymers, polystyrene (PS) is one of the most problematic plastics due to the direct public
health risk associated with theic dispersion, as well as the numerous adverse environmental impacts which
arise both clirectlyfrom the plastics and from theirdegradation products. Little is known about theirpotential dis
tribution characteristics throughout tile oceans. For the first time, we report here on tile regional distribution of
styrene monomer (SM), styrene dimers (SD; 2.4-diphenyl-l -hutene, SDI; I ,3-diphenyl propane, SD2), and
styrenc trimer (2.4,6-triphenyl-1-hexene: STI), as products of PS decomposition determined from samples of
sand and seawater from the shorelines of the North-West Pacific ocean. In order to quantitatively determine
SM, SD (= SW -1- SD2), and ST1, a new analytical method was developed. The detection limit was 3.3 pg L ‘,
based on a signal-to-noise ratio of three, which was well-suited to quantify levels of SM, SD, and STI in samples.
Surprisingly, the concentrations ofSM, SD, and Sri in sand samples from the shorelines were consistently greater
than those in seawater samples from the same location. The results of this study suggest that SM, SD, and STI can

he widely dispersed throughout the North-West Pacific oceans.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The production of synthetic plastics (or polymers) has increased
dramatically since the 1950s. There are now 20 different main groups
of plastics which are being produced (Halden, 2010), and their global
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production in 2012 was 280 million tons, of which approximately

150 million tons may still be in use, with the rest littering continents
and oceans (Rochman etal., 2013). Besides the huge problems associat
ed with plastic waste discarded directly into the ocean, plastic debris
has also been becoming a significant environmental problem through
out oceans antI coastal wateis (Carpenter, 1972; Colton et al., 1974;
Wong et al.. 1974; Rees and Pond, 1995: Barnes, 2002: Thompson
et al.. 2004: Law of al., 2010). For example, plastic debris in Earth oceans
poses a potential hazard to many marine animals, including fish,
seabirds, turtles, and other marine mammals, through entanglement
and/or ingestion (Laist, 1987; Derraik, 2002: Pierce Ct al., 2004:
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Corcoran et aL, 2009; Avery-Gomm eta]., 2012). Furthermore, plastics
act as a carrier of persistent organic pollutants (POPs) such as polycyclic
aromatic hydrocarbons (PAHs), polychiorinated biphenyls (PCB5), and
pesticides in marine ecosystems (Carpenter anti Smith, 1972; Teuten
eta]., 2007; Frias et al., 2010; Culabuonu eta]., 2010; Koclmans et al.,
2013). Rochman et a]. (2013) reported that at least 78% of priority p01lutants listed by the EPA antI 61% listed by the EU are associated with
plastic debris. Thus, the omnipresence of anthropogenic plastics has
been recognized as an important global environmental issue, and is be
coming more and more severe.
Up to now, it has been considered that most of the plastics, even
No-plastics, are resistant to chemical, physical, and biological degra
dation due to their molecular size (Halden, 2010; Cressey, 2011;
Feng et a]., 2011). The accumulation of plastics in the form of debris
or fragments (or micro—plastics) in the environment received a sub
stantial amount of media coverage, and it is well known that they
may persist for hundreds or even thousands of years (Weisman,
2007). Although previous studies on size, type, amount, composi
tion, and distribution of plastic debris for the purposes of monitoring
in the oceans have been reported (Carpenter, 1972; Colton eta].,
1974; Wong et a]., 1974; Rees and Pond, 1995; Barnes, 2002;
Thompson et al., 2004; Law et aT., 2010; Rochman et al., 2013), no
standard technique for assessing plastic debris can be employed for
monitoring studies on a large scale, sLich as that of oceans or coun
tries, due to differences in the detection of plastic debris such as sea
state, light conditions, observer experience, and so on (Rees and Pond,
1995; Derraik, 2002; Ryan, 2013). Furthermore, there are no published
estimates of plastic debris around tile world ocean, aiid the environmen
tal effects of plastics have been comparatively overlooked (Rochman
eta]., 2013). For these reasons, regulation of the disposal of plastics has
not been attempted at an international level (Rochman eta]., 2013).
First of all, there is no attempt to monitor the extent of chemical break
down of plastics ill the environment, i.e., about products that originated
from the decay of plastics.
The most problematic materials are four plastics, polystyrene (PS),
polyvinyl chloride, polyurethane and polycarbonate (Rochman Ct a].,
201 3). Among these plastics, PS is widely used as a packing material
for food and consumer products (Halden, 2010; NTP, 2011). The global
production of PS in 2008 reached 15.4 million tons, anti around 20% of
this arose fi’om China (Feng et a]., 2011). In addition, tile Asia-Pacific
region, including Korea, Japan, and China, has shown the most rapidly
growing consumption of PS in the past decade. Hence, PS is one of the
major components of plastic wastes in this area.
Tile public health risks resulted from PS pollution and its adverse
environmental impacts should be considered, with more stringent
usage of such products by today’s society. In particular, of prillcipal
concern are endocrine disrupting substances. PS has been known
to release styrene ohgomers, which can hind to tile estrogen recep
tor or exhibit estrogen—like activity, even though tlleir activities
are a matter of debate (KUrner ci aT., 1996: Ohyama ci al., 20(11;
Date eta]., 2002; Ohno eta]., 2003). Styrene monomer (SM) is antic
ipated to be a human carcinogen according to NTP (2011). whereas
the effects of styrene oligomers such as styrene dimer (SD) and
trimer (ST) are not yet clear. Furthermore, various styrene ohgomers
have been reported. For example, four isomers as a SD have been
known: 2,4-dipllenyl-1 -butene (SD]), I ,3-diphenyl propane (SD2), cis
1,2-diphenyl cyclobutane, and trans-1,2-diphenyl cyclobutane; seven
isomers as a ST: 2,4,6-triphenyl-1-hexene (ST1), la-pllenyl-4a(1 ‘-phenylethyl)tetralin, 1 a-phenyl-4e-( 1 -phenylethyl)tetralin,
1 e-phenyl-4a-(1 ‘-phenylethyi)tetralin, I e-phenyl-4e-( I ‘-phenyletilyl)
tetralin, I e,3e,5a-tripllenylcyclohexane, I e,3e,5e-tnphenylcyclohexane
(Ohyama eta]., 2001 and 2007). As a result, as of yet there is insufficient
knowledge on tile monitoring of styrene oligomers originating from
PS decomposition in the ocean, as is tile case for SM. Thus, tile fates for
PS and its products, such as SM and styrerie oligomers, Ilave to be
globally investigated in the long-term.

491

To date, there have not been any reports on PS degradation in
the natural environment including the oceans of the world. The
objective of the present study is to directly monitor the persistence
of SM, SD (= SD] + SD2), and STI in the shorelines of the Nortil
West Pacific Ocean, by using a new analytical method for the deter
nlination of sucil samples in seawater and sand. This study is part
of an ongoing research program on the investigation of global
distributioll of styrelle-related compounds, Therefore, these data are
very important for assessing the fate of PS throughout tile global
environment.

2. Materials and methods
2.1. Chemicals and materials
Standard preparation of SM, SD1, SD2, and STI used in this study
is described in details in the previous study (Saidoetal.,2003).
Briefly, commercial PS virgin pellets (average number of molecular
weight: 500,000, Teijin Chem., Japan) were dissolved ill 500 mL
benzene, which were reprecipitated two times in 1500 mL nlethanoi
and allowed to dry for 10 days in vacuo (3 mm Torr) at 25 °C.
Reprecipitatecl PS chips were cut into small pieces with scissors, and
these chips and heating mediLim (polyethylene glycol: PEG, reagent
grade, Wako, Tokyo, Japan) were added into a round-bottomed flask
whicil was submerged in a silicone oil bath, allowing for the chips to
be thermally decomposed at 280 ~C for 120 mm. After thermal decom
position, tIle PS itself and its unknown products were dissolved and
recovered in 10 mL henzene. This mixture was transferred into a
separatory funnel and was washed three tinles with 10 mL pure
water to remove PEG. Then, the washed mixture was added to 10 mL
methanol, and the portion of polymer was frozen at —80 ~C to facilitate
tIle precipitation and was then thawed and centrifuged at 5000 rpm
for 10 mm. Tile supernatant was mixed with approximately 10 g of
all]lyd]rous sodium sulfate and was allowed to stand overilight. After
filtering, working standard materials, including SM, SDI, SD2 and STI
were prepared. These materials were determined quantitatively by
gas chromatograpil/mass spectrometer (GC/MS), adopting an internal
standard nlethodl. Finally, the purity of each fractionation was con
firmed after boihng point fractionation.
Dicilloromethane (DCM) as an extraction solvent, biphenyl (BP)
as a surrogate, and pilenanthrene (PH) as all internal standard
were purcllased from Walco Chem (Tokyo, Japan) at reagent grade.
Otiler chemicals used in this study were ACS grade reagents aild
obtained from Sigma-Aidricll. All the solutions were made with highpurity water from a Millipore ultrapurification system (>18 Mti cm).

22. Field sampling and preparation
Seawater and sand samples were collected from each coastal region
selected in this study (see Table 1 and Fig. 4), and sampling method
used on each coast sampling point is shown in Fig. 1. Sand samples
were taken from the surface of the coast at low and high tides (a and
1 points in Fig. 1) and] from a 30 cm depth (c and d points in Fig. I)
along tile seashore. At four sampling points, about 100 g sand was
collected using a stainless steel shovel, and was stored in a glass
container.
As shown in Fig. I, considering safety, the water samples were taken
at a water depth of 40 cm and subjected to cotton plug filtration using a
stainless steel bealcer. The volume of water sampled was 2.5 1., which
was then extracted with DCM with BP as the surrogate standard. Tile
water samples in the field were immediately extracted using a portable
shaker (Sanada Co., iolcyo, Japan). Here, the extraction condition was
40 strolces rnin1 for 10 miLl and each sample was extracted four
times with a total of 100 mL DCM.
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Table 1
Comparison of SM, 501. and Sil concenirations in seawaterand sand samples analyzed in this study.
location

year

n~

Water, pg L’

Risiri island,Japan (A)
Rebun island,Japan (B)
Tobishinsa island, Japan (C)
Sado island,Japan (0)
Tsushima island, Japan (B)
Fukuejima island.Japan (F)
Okinawa island,Japan (C)
lriomote island,Japao (H)
Sanbanze seaside pant
Tokyo,japan (I)
Jeju island. Korea

2010—2012
2010—2012
2010—2012
2010—2012
2010—2012
2010—2012
2010—2012
21)10—2012
2008—2012

6
6
4
12
24
12
34
32
28

2010—2012

6T race)—)

Sand, ~ig kg’

SM

SD1

ST1

SM

SDI

ST1

Trace5(—)~
N/A’-trace)—)
Trace)—)
Trace)—)
trace)—)
N/A-trace(—)
N/A-trace(—)
N/A-trace)—)
Trace)—)

Trace(—)
N/A-trace(—)
Trace)—)
Trace(—)
trace)—)
N/A-crace(—)
N/A-trace(—)
N/A-crace(—)
Trace)—)

Trace(-.)
N/A-trace)—)
Trace)—)
Trace)—)
Trace(—)
N/A-trace)—)
N/A-trace)—)
N/A-trace(—)
Trace-10.25)2.65)”

22.0—66.0(47.0)
Trace)—)

21.0—90.0(61.7)

538.0—736.0(6093)

N/A

2.6—182.0(65.9)
N/A

9,1—532,0(344.7)
N/A

N/A-lO.0)3.12)
Trace-30.0(S.2)
N/A-trace(—)
N/A-8000(547.4)
N/A-517.4(79.2)
N/A- 1350.0(158.6)

N/A-30.0(l0.5)
Trace-275.0(89.3)
N/A-12.2(9.0)
N/A-t095(97.8)
N/A-l25,0(35,7)
N/A-468.0(71.l)

N/A-186.0(76,5)
Trace-3990(1053)
N/A-19.6(162)
N/A-$000)545.8)
N/A-337,9(134.7)
N/A-i 140.0)2363)

Trace(—)

Trace)—)

Trace-23.8(10.2)

12.6—40.6(26.4)

72.2—356(164.6)

The sum of the number of seawater and sand samples.
l,ess than detection limit.
Mean.
a No analysis, not considered in the mean calculation.
In the calculation of the mean concentration. ‘trace’ was considered as ‘zero’.

2.3. Sample preparation in tile laboratoly
Subsequent to dehydration by freeze-drying overnight, the sand
sample was accurately weighed to 5.0 g subsamples in a balance, and
surrogate BP was then spilced into the sand samples prior to extraction.
The sand samples were extracted with 5 mL benzene by ultrasonication
for 1 mm. The extraction step was repeated four tinles, anti tile extracts
were conlbined to 20 ml. and evaporated to dryness using a rotary
evaporator at 30 “C. After the addition of 0.5 ppm PH as an internal
standard, the eluate was completely dissolved ill 1 ml. of benzene.
If tile concentratioll was relatively high, tllis extract was diluted to
10 mLor 100 ml. benzene,
About 100 ml. of DCM extract in tile field was mixed with approxi
Illately lOg of anhydrous sodium sulfate, and was allowed to stand
overnight. Tile extract was evaporated to dryness using a rotary evapo
rator at 30 “C. After tile additioll of 0.5 ppm PH as an internal standard,
the eiuate was completely dissolved in 1 ml. of benzene. If tile concen
tration was relatively higil, this extract was diluted to 10 ml. or 100 nil.
benzene.
Data quality assurance anti quality control included laboratory and
field blank samples consisting of deionized water in order to monitor
changes in the sample preparation and tile sensitivity of the instrument.
2.4. Analytical method
An HP 6890 GC with a quadrupole mass analyzer (Jeoi Auto MS-Il
model, JEOL, Japan) was equipped with a 30 11 x 0.32 mm i.cl.
(0.25 pm film thickness) DB-1 capillary column U&W Scientific, Folsom,
CA). Tile MS was operated at 70 eV in the electron ionization mode. A
mass scanning range for styrene oligolllers was fl’om m/z 7$ to 312.
The ion source temperature was maintained at 200 “C, and interface
temperature was 250 “C. The injector was kept at 250 “C, and an extract

of i pL was injected in splitless mode. Helium was used as a carrier gas,
with a constant flow of 1.4 ml. min ‘.The following oven temperature
was used: standby at 40 “C for 5 nlin, ramped to 290 “C at 15 “C nlin
and then Ileld for 5 mm. The total run time was 30 mi BP and PH were
used as surrogate and internal standards, respectively.
2.5. calibration and recovery test
A stantiard mixed solution containing SM, SD and S’I’l was pi’epared
by serial dilutions of tile stock standard mixed solution whicil was syn
thesized from Ihe thermal decomposition of PS virgin pellets and distil
lation ullder reduced pressul’e. The limit of detection was calculated
from an analysis of laboratory blank sanlpies (deionized water). The
MS of each standard substance was obtained in tile selective ion moni
torillg (SIM) mode during the whole cllromatographic run. The calibl’a—
Lion curve was estabiisiled for each compound, anti the precision of SM,
SD, alld STI analyses was evaluated for the internal standardization
method by using Gc/MS.
The recovery of tile method of solvent extraction from tile seawater of
2.5 l. (n = 5) and sand of 5.000 g (n = 5) was assessed. Tilese samples
were then spiked with a known amoullt of surrogate BP (1 ~ig lllL 1)
Then, BP was extracted with 100 ml. DCM, and was analyzed by GC/MS
after extraction, using both the internal anti the external standardiza
tion methods.
3. Results and discussion
3.1. Decomposition of PS and its products
Artificially thel’lllal decomposition of PS using a new heating medi
um (PEG) was carried out using a batch system at 190 280 “C to ill
vestigate its products in tile previous study. In tllis study, the major
Highertide line

SeawaterSampling (depth)

Lowertide line

b

Fig. 1. Seawater and sand sampling method at each site (Saido Cr a]., 2012).
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decomposition products were consistently SM, SD, and STI, whereas
ethylbenzene, propylbenzene, naphthalene, benzaldehyde, and BH
were detected as minor products (data not shown). This result was
the same as those of a previous study (Saido et al., 2003).
Among the major products, SM, a major industriol chemical, is wide
ly used for the manufacture of PS (NTP, 2011), and thus, was detected in
natural environments (Feng et aL 2011). Furthermore, SM may be pro
duced naturally through the activities of microorganisms in the pres
ence of cinnamic, p-hydroxycinnamic, p-coumaric, ferulic, and caffeic
acids (Fu and Alexander, 1992). Howevei-, SM can also be decomposed
by aerobic microbes (Pu and Alexander, 1992). On the contrary, the ac
tual formation of SD, and STI from PS decomposition in the natural en
vironment has not been reported so far to the best of our knowledge.
In particular, SM may lose through air—water exchange because of
vapor pressure (6.4 mm Hg at 25 °C) (NIP, 2011). In addition, Fu and
Alexander (1992) reported that loss of SM in environmental samples
is much slower in the soil than in the water. Thus, the physical and
chemical properties of SM, SD, anti ST1 should be considered for envi
ronmental sampling, even though there is no information on the phys
icochemical properties of SD and 511.
32. calibration curve
To investigate the linearity of the response, a standard solution was
injected into the CC/MS. The correlation coefficients of the calibration
curves were 0.9966 to 0.9999 over a range of concentrations
(10—3000 ~tg L’) for most of SM, SD, and ST1. The precision of the
analysis, represented as relative standard deviation (RSD), was less
than 10% at the range of 10 pg L7 to 3000 pg L1. Furthermore, the
RSD of the PH (internal standard) based on peak area was —2%. These re
sults were determined by internal standardization with CC/MS for SM,
SD, and ST1.The detection limit was determined as 3.3 pg
°, which
was defined as the concentration based on the signal-to-noise three
(S/N = 3). The limit of quantification was 10 pg 1z . According to
these results mentioned above, the analytical monitoring of SM, SDI,
SD2, and STI can be accurately determined with a precision of—I 0%
for most compounds.
3.3. Recovery test
The recoveries of [he spiked! SM, SD, and STI on the seawater
(n
5) were 90.3%, 97.5%, and 94.1%, respectively, and the mean re
covery was 94%. The recoveries of the spiked SM, SD, and STI on the
sand sample (n = 5) were 97%, 97.8%, and 94.7%, respectively, and
the mean recovery was 96.5%. In particular, seawater samples were ex
tracted using a portable shaker (Sanada Co., Tokyo, Japan) in the field,
which was used in order to reduce errors by ensuring the same condi
tions. As a result, the experimental result showed a reproducible recov
eoy efficiency from this study and the method was deemed to be
appropriate for the monitoring of SM, SD, and STI in the seashore. In
this context, we have recently noted that solid phase extraction (SPE)
by using both solvent extraction and solid phase adsorption is common
ly used, but is not appropriate in our study as the apparatus of this
method is made of various plastic materials, i.e., syringe-shaped car
tridge body. No equipments or materials composed of plastic materials
were used in this study.
3.4. Chromatographic separation

in

493

[Itt I

0.60+07
0.4007

rev
-

.01+07
0.00407

so’

0.00+06
S02

1.tt406
4.00+06

I

SM

0. 00 406
LT~>

6:00

6:00

00:00

00:00

04:00

/

I

~

/

RCA

or’

j,..L 0:00~

00:00

I

6:00

Relantion time
Fig, 2. 5IM chromatogram derived from a 1 p1. injection of seawater extract from Sanbanze
seaside park.

3.5. Coonparison of SM, SDI, and STI concentrations ito seawater and sand
samples in floe shorelines of tile North-West Pacific oceans
Occasional accidents and improper handling lead to the improper
disposal of plastics, which subsequently enter the oceans, washing—up
plastic debris onto shorelines. In the sampling site, marine plastic debris
was mostly present as small particles and/or resin-pellet forms of raw
materials or manufactured products. in particular, marine plastic debris
in the amounts of 50,000 to 150,000 metric tons are washed up onto the
shores of Japan each yeat’, of which 70% has been shown to be PS (l<ako
eta!., 2010). Drift plastics from the Asian continental region can reach
the coasts of Japan in a period of one week to ten days (Kako et al.,
2010). Typical examples for washed-up debris plastics in the sampling
site of iriomote and Tsushima islands in the North-West Pacific oceans
surrounding ocean currents al’e shown in Fig. 3. Considering these re
sults, the sampling sites were selected throughout Japan and Korea.
As shown in Fig. 4, the sampling sites include the islands of Rishiri
(A), Rebun (B), Tobishima (C), Sado (D), Tsushima (E), Fukue (F),
Okinawa (C), and iriomote (H), located at about 1000 km North-West
and 2100 1cm South-West of Tolcyo (I). Also, Jeju Island in Korea was se
lecteci due to its location adjacent to the North-West Pacific oceans.
Sand and seawater samples were examined in these regions, and the re
sults are shown in Table 1. Especially, in these legions, foamed PS is
widely used as containers within the fisheries industry, and in tile con
struction of buoys to mark channels along coastal regions, and alongside
various fishing sto’ategies. Sanbanze seaside park (I in Fig. 4) exists at tile
bacic of Tolcyo Bay in Chiba district, Tokyo. 12,000,000 humans live in
Tokyo, Japan, md several rivers, such as the Arakawa and Tamagawa,
flow into Tokyo Bay. Land-based wastes and a number of contaminants

sample

As can be seen in Fig. 2, the chosen chromatographic conditions
yielded baseline separation for all the investigated compounds, includ
ing SM, SDI, SD2, and ST1 .The excellent chromatographic resolution al
lows for the simultaneous detection of additional compounds which
have not been in the focal point of the method, such as phthalic acid
ester (PAE) and bisphenoI-A (BPA).

Fig. 3. Photographs of typical washed-up plastic debris in the sansplin,g site ofTsushima
Island.
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limits: 10 jag [T1). As a result, these results suggest that the concentra
tions of SD are tremendously much lower in seawater than in sand.
Furthermore, similar trends to those mentioned above were also
found in the cases of measured SM concentrations. As shown in
Table 1, the concentrations of SM in sand samples were always anti sur
prisingly higher than the concentrations measured for seawater sam
ples. The overall concentrations of SM in sand samples were much
higher than those in seawater samples. Okinawa (<8000 pg kg—1;
mean, 547.4 pg kg”1) was the highest SM concentration in sand samples,
which was significantly greater than those fi’om Risiri (22—66 pg kg—’;
mean, 47.0 pg kg”t), Rebun (trace levels; trace), Sado (<10.0 pg kg”1;
3.12 pg kg ), Tsushima (<30.0 pg kg 1; 8.2 pg kg I) Fukue Jima
(trace levels; trace), Iriomote (<517.4 ag kg1; 79.2 pg kg~), Sanbanze
seaside park (<1350 pg lcg~; 158.6 pg kg—1), and Jeju Island
(<23.8 pg kgT 10.2 pg kg”) (Table 1). The overall concentrations of
SM in seawater samples were in the range of trace (<detection limits).
As a result, these results suggest that the concentrations of SM ale much
lower in seawater than in sand.
3.6. Poten do! of Ellis study

5

~

Pig.4.sampling locations of seawater and sand samples to monitorSM, SD1 and 511 com
pounds. Note that a detailed description of tire symbol on the map indicated in Tablet.

are fed through these rivers into Tokyo Bay, anti are then accumulated
in Tokyo Bay.
In this study, we have compiled the determined concentration infor
mation (Table 1). First ofall, Sf1 as a styrene trimer was considered, be
cause this compound can be detected firstly from the decomposition
order of PS after mechanical breakdown. The overall concentrations of
STI in seawater samples from Sanbanze seaside park, Tokyo, were in
the range of trace to 10.25 pg iT’ (Table 1). The concentrations of ST1
in seawater samples from the islands of Sado, Tsushima, Fukue Jima,
Okinawa, anti Iriomote were relatively lower to be trace level with
detection limits, compared with the sampling sites mentioned above.
Surprisingly, the concentrations of STI in the sand samples from Risiri,
Rebun, Tobishima, Sado, Tsushima, Fukue Jima, Okinawa, Iriomote,
Sanbanze seaside park, and Jeju Island were consistently higher than
the concentrations measured for seawater samples from the same places
mentioned above. For example, STI concentration (mean, 236 pg kgt)
in sand samples from Sanbanze seaside park was up to about 90 times
higher than that (mean, 2.65 pg L1) of seawater samples. Similarly,
the mean concentrations of Sf1 in sand samples from other areas
were higher in the range of 6 times to 397 times than that in seawater
samples from Sanbanze seaside park. STI was most abundant in sand,
i.e., 8000 pg kgt (Okinawa) anti 3990 pg kgt (‘l’sushima) (Table 1).
As a result, the concentrations of STI were much lower in seawater
than in sand. Overall, our findings suggest that STI adsorbs to the
sand surfaces with high concentration in comparison with seawater,
where it may persist for some time.
Similar results were obtained from the determination of SD (=
SD I + SD2). SD is likely formed by the decomposition of ST1 .The over
all concentrations of SD in sand samples were much higher than those
in seawater samples (trace levels), except for Tobishima (not analysis).
Okinawa (<1095 pg kg’: mean, 97.8 pg kg’’) exhibited one of the
highest SD concentrations of all sand samples, which was significantly
greater than those from Saclo (<30.0 pg kg
mean, 10.5 pg kg ‘),
Fukue Jima (<12.0 pg kg 1; less than detection limit), and lriomote
(<125.0 pg kg’; 35.7 pg kg 1) (Table 1). The overall concentrations
of SD in seawater samples were in the range of trace (<detection

First of all, this study is the first tune that SM, SD, and ST1 were found
to adsorb to sand surfaces with high concentration. Monitoring results
of seawater anti sand on the oceans clearly show a new threat of global
contamination by styrene-related compounds, i.e., SM and styrene
oligomers, generated from the decomposition and/or elution of PS
debris. Further studies are needed to assess the global distribution of
these contaminants, as well as the environmental risks of styrene
analogs in the oceans. In addition, this study can provide a clue regard
ing the extent of chemical tlegradation of PS in the natural environment.
4. Conclusion
A new analytical method for the quantitative determination of the
concentrations of SM, SD, and STI as a useful indicator for PS pollution
was developed in this study. This method has been applied to various
environmental samples of the North-West pacific oceanic coasts. The
results of SM, SD, and Sf1 measured in this study clearly show that
the concentrations ofSM, SD, and ST1 in sand samples on the shorelines
were always and surprisingly greater than those of seawater samples
from the same place. In particular, it suggests that ST1, as a styrene
trimer, is adsorbed onto the sand surfaces, with the highest concentra
tion in comparison with seawater, and its persistence can be extended
as a result. SM, SD, and Sf1 are widely distributed in the North-West
Pacific oceanic coast determined through this study.
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Committee Report CR-I 6-205, Item 4.
Authorizing Site Lease related to an Electricity
generating facility at the Wailuku-Kahului
Wastewater Reclamation Facility.
Prior to the first Committee meeting on
October II, 2016, Committee Chair Cochran
submitted questions dated September 27,
2016. As a result of the questions, Corporation
Counsel submitted a revised resolution on
October 10, 2016.
At the October II, 2016 meeting, our
Department gave a presentation that discussed
the project, its goals and benefits. The
presentation contained pictures of the types of
equipment that will be utilized in the project. We
then discussed the process of the project and
how it would generate electricity to power the
wastewater facility and how the excess heat
from the turbine system would be utilized to dry
the sludge from all three of the County’s
wastewater treatment plants. We also talked
about the benefits of the project which included

cost savings in sludge disposal, stability of the
price of electricity, compliance with State goals
of 100% self-sustaining energy and the side
benefit of keeping some 500 acres of former
sugar cane land green with bio-crops. Although
requested, this item never made it into
Executive session. The item was deferred to
the November 28, 2016
On October 20, 2016 additional questions
were sent. All of the questions were answered
and requested info submitted. At the November
28, 2016 meeting the project was again
discussed with additional information also
provided by the County’s Energy Commissioner
Frederick Redell. Once again this item never
made it into Executive session. The last action
on the resolution was a referral to Council Chair
Mike White for the term beginning January 2,
2017.
This lease is an essential component to
keeping the costs of the project feasible, and
the time delay in consideration of the lease may
jeopardize the underlying agreement and
project. The Request for Proposals was

published in March 2016, and the underlying
contract has undergone extensive review and
negotiations by the contractor, the Department
of Environmental Management, Counties
Energy Commissioner and Corporation
Counsel. The approval of the lease will trigger
the start of the process to construct the project.
The lease has been in committee for 6 months
I ask that when this item comes up today
that the council move to approve this lease so
this project can begin.
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Confidential Attorney Work Product
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Energy: $0.2948/kWh
~ Escalates at 2.2%/yr from first year of operation

Sludge: $80/ton
Escalate at 2.2%/yr from first year of operation

~ Supplemental Fuel Hedge: capped at $1 50,000/yr

Confidential Attorney Work Product
-
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ee

Energy: 3,850 MWh/yr
~ If MANA doesn’t provide that, they pay for any excess cost
we have over MECO’s price

~

Renewable
~ Target is 100% on electricity
~ To the maximum extent practical for sludge drying

•

Confidential Attorney Work Product
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Annual Sludge
processed
______

If y> 22,000 to s

_______

~ Notrue-upoccu

________

Processed
by MANA
(C)
______________________
Deemed processed
by MANA*
(B)

*Note: “Deemed processed
is where MANA could proces
sludge but County did not
deliver sludge

Processed
elsewhere
(A)

Rejected by
MANA
(risk)

=

.:

If y

<

22,000 tons

~22~~OOO ~

MANA receives
atrue-up

Confidential Attorney Work Product
-

X

(B + C)
(A + B + C)

(4500 x)

MAN

receives

-

X

(A

+

B

+

C)

Annual energy
consumed
Ifx>4500MW

X______

________

:.........

Notrue-upocc

Supplied
byMANA
(C)
*Note: “Deemed delivered’.
Deemed delivered
b MANA*
‘B’
‘ ‘

:

is where MANA couLd supply en- g
but KahuLut Waste Water
Treatment PLantit.could not recei~
~,

SuppLied by
MECO
(A)

If x

<

“true-up”=:
(B + C)

4500 MWh

a true-up
Confidential Attorney Work Product
-

x mp[e Sc nario

MECO/EKO
Rate ($/ton or
$/kWh)(1)
Sludge Processing
Electrical Service

Minimum
.

Cost per Year

($)

80.00
0.2948

21,780
4,455,000

Subtotal

1,742,400
1,313,334
3,055,734

Schedule “P’ Demand Charge (5)
Schedule “P” Customer Charge (6)

168,000
3,600

Pass-through Fuel (7)
Fertilizer Value
Total (pre-risk)
Diverted Sludge
Unserved Energy
True upSludge
True up Electricity
Total (with availability)

150,000
(163,350)
3,213,984
249,260
120,533

103.00
0.2435
80.00
0.2948

2,420
495,000

Rate ($/ton or
$/kWh)(3)

Quantity (ton
orkWh)

103.00
0.2435

24,200
4,950,000

ost($)
2492600
1, 05 325
3,697,925

3,697,925

-

-

3,583,777
Gain (loss)

Confidential Attorney Work Product
-

3,697,925
114,149

Scen rios St ded

Gain (loss)
Yearl($)

Current Cost Economics
2010-2015 Average Electricity Cost Average Sludge Cost
2010-2015 Peak Electricity Cost Average Sludge Cost
2010-2015 Peak Electricity 20l6Peak Sludge Cost

118,550
(6,000)
130,800
570,800

-

-

Gain (loss) in
Year2O($)(1)

93,220
(99,249)
112,150
792,090

Gain (loss) in
Yearl($)
Including
MANA
.

availability
and90%
demand
(215,093)
(315,979)
(205,171)
151,229

al
~ I
Year ($)
aludi g
valiab lit
a
0%
demand
114,149
6
126,276
56 87

(1): Assumes all prices MECO/EKO/MANA escalate at 2.2% per year from base cases.
Other notes:
a. Project is 85% guaranteed renewable electrical energy.
b. Project uses renewable energy to the maximum extent practicable for drying sludge.
c. Interconnection cost are not determined, MANA reserves $200K, COM has option to pay excess or cancel. To be closed as a CP~. ~
d. Subsurface conditions and associated costs are not determined, COM has option to pay excess or cancel. To be closed as a CP~’~
e. Differences in trucking costs are ignored but likley a wash. Labor differences on COM side not analyzed.
f. Anaergia accepts to include a bond for site restoration during construction and term of contract upon termination.
g. Anaergia reserves the right to cancel contract without penalty if crop availability or cost is not feasible.
h. MANA has 2 years to complete CP5 and up to 2 years to extend if mutually agreed putting construction start as late as 4 years.
i. Sludge drying cost structure has risk of rejected sludge.

j.

Pass-through fuel cost structure and cap closed at $150,000/yr.
h. MANA seeks a property tax exeption.
j. Dried sludge product estimated to be valued at $50/ton.

Confidential Attorney Work Product
-

•st sc. a.n

sk

°ga.

Concept:

Status,

• Interconnection costs
unknown

• Detailed soils
analyses not
performed yet.

o

Cost of crops/labor

.

MANA reserves 200K

County
•

o ition:

County can accept or
reject additonat
costs as a CP

MANA may ask for
additional costs later

County can accept or
reject additional
costs as a cp.

MA A notes the risk
in contract

County is not
obligated to renew r
adjust the price.

Confidential Attorney Work Product
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County oslo:

Concept

Status:

• MANA has 2 years to complete
the CPs (start construction)

• MANA can extend CP period by
2 years (if mutually agreed)

• MANA guarantees renewable
electricity

• MANA must be >85% renewable
electricity

• Bond for performance that
pays delay damages

• $750/day after 30 months of
construction

• Favorable to County

• Bond for construction period
and for duration of operations
to cover decommissioning
costs.

• MANA must have an IE/PE
determine decommissioning
costs and bond is 1 .2X that
determination.

• County has final appio~t.

• Termination for convenience.

• County can terminate the
contract in future.

• Countypaysnon-amo ized
debt but no futui- an icipated
profits.

• County must a ee
extension.
Damages paid to u ty if
<85%. Project in D a
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Testimony on CR 16-204
Re: Polystyrene Disposable Food Service Containers
Before the Maui County Council
Friday, December 16, 2016

Dear Chair White, Vice-Chair Guzman &
County Council Members,
Aloha and Mahalo for providing the opportunity to ring in on this bill regarding polystyrene disposable food
service containers.
We have heard that our earlier testimony has been characterized as opposing this bill. However, what we
have offered are points for consideration and comments on the draft bill, as things have and are continuing to
change since the bill was last heard in 2014. Here are the key points we would like to leave you with:
• The premise for this bill is about protecting the environment and there are many restaurants
already moving towards the recyclable/compostable alternative. Even those who have moved to
alternatives indicate that they understand that smaller restaurants and/or those that sell very hot
items or items with gravy/sauce may still need to use polystyrene materials in their operations and
such a ban would be harmful to those businesses.
• We appreciate the exemption provisions in the bill that allow businesses who are harmed by it to
file for an exemption, however, the process for this is unclear and government processes for
exemptions can often be unruly and time consuming.
• We appreciate that the Council is further looking into the exemption that involves imported
polystyrene as we do see both sides of this point. Many packaged items do come in from Qahu
and other neighbor islands in polystyrene and many items found in our grocery stores are also
brought in with polystyrene. We feel while saimin seems to be the one product addressed, there
are far more products than this that need to be considered and the public should be made aware
of this before such a ban is enacted.
• We understand the cost to initiate a program like this under the Environmental Management
Department for a business and public education and awareness program is around $50,000. Yet
the hope is to not fine any businesses, which we appreciate. However, that means this is a hard
cost to the County as we hope not to collect fines to recoup these amounts. While some may say
that a $50,000 cost to eliminate polystyrene is justified, we believe there are higher environmental
priorities than this as this is already moving in the right direction. We see litter control overall as a
much bigger issue. We also see additional efforts needed on little fire ants, coqui frogs, deer
control, and now feral cats. The deadly disease found only in feral cat feces has already killed 8 of
our monk seals, can cause sickness in adults, and can cause birth defects if a mother comes in
contact with it, along with feral cats killing our seabirds. We do not see enough attention on the
feral cat issue yet.
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Testimony on CR 16-204 Regarding Polystyrene
Friday, December 16, 2016
Page 2
• Further, this is about priorities. Beyond a feeling that the money could be better spent on the
environmental priorities named above, we also feel that $50,000 could be better spent with the
County instituting recycling receptacles at County facilities and adding water filling stations to
reduce litter overall.
• Lastly, while this issue seems to be a top priority for some groups, we are not hearing and do not
feel it has been proven as a top community priority. Therefore, we feel this Council could find
better uses for the time, money, and other resources that would be spent on such an initiative. This
seems to be low hanging fruit when the real issue the advocates are seeking is a zero waste
environment and we feel a litter control initiative would be a bigger step towards that end.
Mahalo for your consideration on this important matter.
Sincerely,

Pamela Tumpap
President

To advance and promote a healthy economic environment
for business, advocating for a responsive government and
quality education, while preserving Maui’s unique
community characteristics.
95 Mahalani Street, Suite 22A, Wailuku, Hawaii 96793

808-244-0081 info@MauiChamber.com MauiChamber.con]

Marjorie Bonar,

~

I apologize for my repetitious testimony. I will be brief.

Those of us who have been active in bringing this subject before the council are basically a
group of loosely aligned, grass roots voices for the health of Maui Nul. We do not have access
to paid professionals who can create ad campaigns for saving plate lunches” or deliver
testimony, nor do we have industry representatives with a financial interest in seeing the
continued use of single use plastic food service products.
“

We all recognize the difference in roadside litter since the bag reduction bill. Broken pieces of
eps foam clamshells are now the most obvious litter and the most deleterious to our
environment. The occasional paper bag is soon degraded into soil building fibers.
In addition to the Ocean Friendly Restaurant list, I have a number of statements from
restaurants that have made, or are in the process of making this change. There are others, the
Farmacy, Café o Lel venues and Da Kitchen, where the owners were not available to sign the
statement at the time I visited...but will. Most of the “white table cloth” restaurants, like
Fleetwoods on Front Street ceased using foam containers long ago. This change, out of respect
for both the environment and their diners is appreciated.
There may be industry funded studies into the leaching of styrenes by acidic, hot or alcoholic
foods and liquids, but those I have seen are pretty much of the Ri Reynolds type : our scientists
see no definitive connection between smoking and lung cancer. As the societal problems with
eps food ware extend beyond toxicity and the NIH determination that this is a highly potential
carcinogen and neurotoxin, is it necessary to dig any deeper? Mr Parsons submitted a list of
studies, among them findings of leaching from the very things that the greatest proponents of
continuing foam products promote: hot beverages and soup. Didn’t the McDonalds law suit
over hot coffee make any impression?
With all of the places that have eliminated foam, no wide scale closures have happened. The
worst case scenario is that the pass through costs are noticed by patrons. It would be a greater
cost if the taxpayer funded disposal of throwaway containers were loaded into the up front cost
of these items.
I wish we could follow France and eliminate all single use plastics, but for now, I encourage you
to do the pono thing and pass this bill.

Paia Town Association + P.O. Box 791333 Paia, HI 96779 ‘~w~paMiij~ui.com
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The Honorable Mike White, Council Chair
Maui County Council
2200 South High Street
Wailuku, HI 96793

— -

RE: Support for Bill 115 Special Improvement Districts for Maui County
Aloha Maui County Council:
Mahalo Councilmember Couch and Councilmember Victorino for your service. My name is Noelani Sugata,
and I am the Executive Director for the Paia Town Association. Mahalo for the opportunity to submit
testimony for Bill 115.
In 2014, the Paia Town Association completed its strategic plan that was funded by the county and community.
The plan recommended Paia become a Special Improvement District, also known as a SID in order enhance
County services in order to make improvements to better the town. We have been very involved in the process
of the bill because we feel the bill is a tool for enhancing services to better our town.
We were able to make minor, but significant improvements to Paia with funding from the Office of Economic
Development. For example, I’ve mentioned the rubbish removal program, which creates a clean and beautiful
Paia. We’ve created marketing opportunities for our merchants such as promoting “Small Business Saturday”
which is a national campaign to encourage customers to shop small and shop local. However, we need long
term funding for long-term projects, for example, creating a parking management district for our visitors and
employees.
Finally, I want to thank the Council for moving the bill forward. I have been to every hearing, read through the
testimony that has been submitted, and most of the testimonies submitted are in favor. Hawaii already has
SIDs, and hopefully Paia will be the first on Maui. I humbly ask the Council to support Bill 115.
Mahalo,

Noelani Sugata,
Executive Director

KCA testimony to Council for 9 AM 12/16/?~ttam16~32O4
Mike Moran <mmmmahalo2000@aol.com>
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KCA TESTIMONY TO COUNTY COUNCIL DEC 16 2016 ITEM 16-204

16--204 restrict the use and sale of disposable polystyrene (think brand name
Styrofoam) food service containers in the county
Aloha Chair White and council members
Merry Christmas to all from the Kihei Community Association
Mike Moran for the KCA testifying on item 16-204
Voltaire said that “perfect is the enemy of good,” and the possibly more familiar
expression is “great is the enemy of good. “As we look at this measure, maybe not
perfect, but certainly great would be ridding out environment of all plastic waste.
Maybe closer to perfect would all litter, regardless of composition.
Great would even be ridding our County of all polystyrene like materials regardless
of local or beyond origin or their proposed use
So do we abandon a good action because it is not perfect or even great, but
“merely” good? Do we say this will only help the health of the kai, whereas more
could & should be done, so let’s not do good while we dream of great of even
perfect? NO!
We say yes to this measure today as making progress. We say yes to placing the
heath of our natural environment ahead of a small monetary expense. We say yes
to improving the outlook for future generations. We say yes to supporting the visitor
industry, strongly dependent of a healthy kal. We say yes to helping the coral reef
system rather than concern for some inconvenience. We say yes to our health now.
We say please pass 16-204 in this first reading to close out 2016, setting up early
2ed reading in 2017 to start off a good new year.
Mahalo,
Mike Moran for KCA

Styrofoam bill
RECE1~VEtY
Katie Christofferson <thetriviagirl@gmail.com>
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To:County Clerk <County.Clerk@mauicounty.us>;
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Aloha Respected Council Members,
Pm in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and land to make more
earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,
Katie Christofferson
p hoto

Katie
Kauai Christofferson
Events Calendar
(808) 431-1196 thetriviagirl@gmail.com
www.kauaieventscalendar.com Kauai, Hawaii

Get a signature like this: Click herel

Styrofoam ban

RECEIVED
~.üi6 IJEt 12 PH 2:

I

Rick Atwell <rgatwell@twc.com>
Sat 12/1O/20168:48AM
To:COuflty Clerk <County.Clerk@mauicounty.us>;

I think this an excellent idea to ban Styrofoam use. Please pass this ban
Richard Atwell
Kalaheo, HI

OFrIL,tzOr
mc.
COUNTY
CLERK

Styrofoam Free
L~6

UEC ~2 PH 2: I

Daniel Balogh <skysea44@gmail.com>
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Sat 12/10/2016 8:08 PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Hi, I’m a Kauai resident who would like to see this legislation pass on banning styrofoam. Maui could be a great example for the
rest of the islands. As a consumer, I’d be willing to pay the extra money for biodegradable packaging and keep styrofoam off our
planet. Lets make all of Hawaii Styrofoam Free.
Mahalo,
Daniel Balogh, registered voter

Agenda Item 16-204
Sharon Goodwin <sharonmokihana@gmail.com>
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To:COUflty Clerk <County.Clerk@mauicounty.us>;

Dear Maui Councilmembers,
We am heartily in favor of prohibiting the use of disposable polystyrene food service containers on your beautiful Island, Council
Agenda item 16-204.
Hopefully, your action will result in Kau&i Island taking up the same issue.
Mahalo.
Our best,
Michael K Goodwin
Sharon L Goodwin
808-822-7646

agenda 16-204
Esti Grinpas <esti@bobstropicals.com>
Sat 12/1O/2016854PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support ofAgenda Item 1 6-204, prohibiting the use of
disposable polystyrenefood service containers.
We have environmentally better options for our restaurants and an
obligation to our communities, visitors, ocean and land to make more
earth friendly choices.
We can and must do betterfor our Islands--please pass this very
important measure!!
Mahalo for your consideration,
Esti Grinpas
Kapaa, Kauai

Possible styrofoam food containers ban...
Jim Littlefield <scseasurfer@gmail.com>
Sat 12/1O/20168:43AM

RECEIVED
~U16 DEC 12 P11 2:
OFFiCE OF THE
COUNTY CLERK

To:County Clerk <County.Clerk@mauicounty.us>;

SURFERS’ ENVIRONMENTAL ALLIANCE (SEA)
The Leading Edge of Coastal Activism
Aloha Honorable Council Members,
I’m Jim Littlefield, the West Coast Director of Surfers’ Environmental Alliance (SEA), and I’m contacting you to support a ban on
polystyrene food containers on Maui. Many, many cities and counties have banned these dangerous products, and we sincerely
hope you will, too.
Styrofoam is a product that never breaks down or degrades under normal conditions.-- This means it is forever with us-- and it is
frequently eaten by countless marine and land critters who mistake it for food, resulting in sickness and death. It is a notorious
source of littler and trash on our highways, in our neighborhoods, and in our public places. Please, ban these dangerous products
NOW!
As a preliminary matter, Surfers’ Environmental Alliance (SEA) is committed to the preservation and protection of

the environmental and cultural elements that are inherent to the sport of surfing. Our goals are achieved through
grassroots activism, community involvement, education and humanitarian efforts. We engage in projects that
strive to conserve the quality of our marine environment, preserve or enhance surf breaks, protect beach access
rights, and safeguard the coastal surf zone from unnecessary development. www.seasurfer.org
As you may know, Surfers’ Environmental Alliance is headquartered in California on the west coast and in New Jersey on
the east coast. We are the people in the water, and we support actions which tend to promote clean waters and free
coastal access. Any actions which tend to negatively effect these goals is actively opposed by all SEA members. so we are
very interested in this matter.
Sincerely,
Jim Littlefield
West Coast Director
Surfers Environmental Alliance
www.seasurfer.org

Foam Bill
Kahi Pacarro <kahi@sustainabiecoastIineshawaii.org>
Sat 12/1O/20169:28AM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
As an avid community organizer focused around keeping our oceans clean, I am in full support
of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service
containers. Styrofoam on our beaches remains in the top 5 items found on beaches
statewide, especially where locals and visitors congregate.
Styrofoam (EPS) is MADE OUT OF OIL! When hot foods and oily foods are put in it,
styrene leaches into the food. Styrene is a carcinogen. This alone should be enough to
ban the foam.
We have environmentally better options for our restaurants and an obligation to our
communities, visitors, ocean and land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,

Kahi Pacarro
Executive Director
kahic~sustainab1ecoastlineshawaii.org
808.221.7678

www.sustainablecoastlineshawaii.org

You can find us on Facebook and Instagram @sustainablecoastlineshawaii.

Agenda Item 16-204: Stop the Foam....
SFMC Treasurer <treasurer@maui.surfrider.org>
Sat 12/1O/20162:18PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support ofAgenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors,
ocean and land to make more earth friendly choices.
We can and must do betterfor our Islands--please pass this very important measure!!
Mahalo for your consideration,

SURFRIDER
FOUNDA)GN

Charlie Quesnel
SF Maui Chapter
Treasurer
808-280-6627
[www.surfrider.org/maui/Jwww.surfrider.org/mauil
WANTTO JOIN? BECOME A MEMBER: Click Here
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Ban the Foam...

Maui Pacific Solar, inc. <sales@mauisolar.com>
Mon 12/12/2016 1:48 PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food sei’vice
containers.
We have environmentally better options for our restaurants and an obligation to our communities,
visitors, ocean and land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration on this.
Mou~ Poc~c
Sc~

Charlie Quesnel
Sales Manager
Maui Pacific Solar, Inc.
(808) 280-6627
www.mauisolar.com
Watch Our Video

Visit our warehouse at:
251 Lab St., F-i
Kah u/ui
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I support the Ban of Styrofoam on Maui
‘L~6 ~EC t2 P~ 2: 12
Nico’e Busto <mauinutritionaltherapy@gmail.com>
Sun 12/11/20161007AM
To:COuflty

Clerk <County.Clerk@mauicounty.us>;

Dear County Clerk,
I support a ban on styrofoam containers.
There is no need where there are so many better options available these days.
Thank you for your consideration.

Maui Nutritional Therapy
Nicole Busto NTP, CGP
808-463-7783
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Styrofoam Ban Agenda Item 16-204
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Alexa Deike <alexadeike808@gmail.com>
Mon 12/12/20161202 PM
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To:County Oerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service
containers.
We have environmentally better options for our restaurants and an obligation to our
communities, visitors, ocean and land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,
Alexa Deike

Agenda Item 16-204
~i6 DEC 12 PH 2~ 12
scott farese <scottfarese@hotmail.com>
~

Sun 12/11/20164:12 AM

COUNñ

~

LL~c\~\

To:CoUnty Clerk <County.Clerk@mauicounty.us>;
Cc:Laura Scher <ll2blondes@bellsouth.net>;

Aloha Respected Council Members,
Tm in support ofAgenda Item 16-204 prohibiting the use ofdisposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and land to
make more earth friendly choices.
We can and must do better for our Islands--please pass this ve,y important measure!!
Mahalo foryour consideration,

M. Scott Farese
Chelsea Partners LLC
Princeville, HI. 96722
772-532-9817
This electronic message including any attachment is a privileged communication and may contain confidential or proprietary
information and/or work product. All privileges are asserted. This message is the property of the sender. If you receive this
message in error you must destroy it and all copies whether intangible or electronic form. Be warned that any distribution or
copying of this message or any part of it is absolutely prohibited.

Hold the Foam!

RC~EiVED
L~6 ~EC 12 PN 2~ ~2

jeanne.gallagher@verizon.net
r~r~P~

Sun 12/11/2016 12:32 PM
To:County

(~

c~ERK

Clerk <County.Clerk@mauicounty.us>;

Cc:rob.parsons@mauicounty.us <rob.parsons©mauicounty.us>;

Although I don’t officially work for Algalita Marine Reserach and Education in Long Beach, Callifornia any longer, I
do still work with Captain Charles Moore who founded the Organization. .They continue to work tirelessly on the
plastic and foam debris issues. Captain Moore is presently at sea on Algalita’s 2016 0 17 South Pacific Gyre
Expedition. http://www.algalita.org/sp-expedition/
We support Hold the Foam.
I have met numerous times with Rob Parsons and count him as one of the greatest environmental activists I
know.
Sincerely,
Jeanne Gallagher

Fwd: Petition• Maui County Council: Stop The Foam! Support a
phase out of polystyrene (“Styrofoam”) food service containers’
Change.org
C) C)

cheter Mazurowski <chetkapaa@grnail corn>
Sun 12/11/2016 7.15 PM

:~“,
C)

-ø

To:County Clerk <County.Clerk@mauicounty.us>;

Dear Maui Council Members,
I am a resident and voter in Kauai County and support this bill and am hopeful we will have the same bill to pass in Kauai County.
Respectfully,
Chester Mazurowski
5358 Makaloa St.

Sent from my iPad
Begin forwarded message:
From: Cheter Mazurowski <chetkapaa~amail.com>
Date: December 11, 2016, 7:08:39 PM HST
To: Chester Mazurowski <chetkapaa@gmail.com>
Subject: Petition Maui county Council: Stop The Foam! Support a phase out of polystyrene (“Styrofoam’)
food service containers Chanae.org

httøs://www.chanpe.orp,
food-service-containers

Sent from my iPad

Testimony for agenda item 16-204
Gerry <lavaboy458@gmail.com>

RECEI\/ED
‘LU~6 DEC 12 P11 2: 12
OFF~CE OF THE
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Mon 12/12/2016 2:04 PM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Councilors

I’m
in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service
containers. It is my understanding that to-go containers made from paper and paper laminates (with a much shorter and
My name is Gerry Ross and I am an organic farmer in Kula dedicated to composting and reducing waste on our island.

less noxious half-life) are now on par with polystyrene as far as cost goes and so that cost is not an issue for consideration.

Abraham
Lincoln once said “You cannot escape the responsibility of
tomorrow by evading it today”. I always bring cleaned reuseable containers with me for take

We can always appeal to convenience and when we do it is always the environment that loses.

out whether it is from poke bar or salad bar. It just takes a little planning and after a week or two of training yourself it becomes
habit in the same way that we now bring reuseable shopping bags with us wherever we go. Please support the ban on the
polystyrene!
Mahalo for your consideration,

Foam Free Future
~

~ 2~ ~2

Rucynski, Tanek <tarucynski@kiheicharter.org>
~_.-,,

Mon 12/12/2016 1245 PM

—~c-~~’

To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food
sen/ice containers.
We have environmentally better options for our restaurants and an obligation to our
communities, visitors, ocean and land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,

Tariek Rucynski

Item # 16-204 prohibiting use of disposable polystyrene
containers
I~6 UEC 12 PH 2: !Z~
Valerie Simmons <valerie.massage@gmail.com>
Sunl2/11/201611:18AM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha respected council members,
I am in support of Agenda Item # 16-204 as we have can make better choices for the island
and our future generations to come. Thank you for this consideration.
Mahalo Valerie Simmpns

v (~ ~

banning stryofoam
LIZ STAHL <Iovethesea998Ol @yahoo.com>

rr
L~ô &~

Mon 12/12/20169:54AM

T1-~E

To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I am so pleased to see that an Agenda item is being considered to ban
polystyrene from Maui. This is a veiy responsible move on your part to protect
the environment from a substance that lingers for ever in the environment.
I am in support of Agenda Item 16-204, prohibiting the use of disposable
polystyrene food sei’vice containers.
There are many environmentally safe options for our restaurants and we all
have an obligation to our communities, visitors, ocean and land to make more
earth friendly choices.
We must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,
Elizabeth S. Stahl

Stryo Ban

r

~i

t::

~-‘

L~\6 tIEC ~2 P~t 2: ~2
Erin Stanley <erinstanleyll@yahoo.com>
Mon 12/12/2016 6:31 AM
To:County

Clerk <County.Clerk@mauicounty.us>;

Sir/Madam,
Please not my support of the proposed ban of styrofoam on Maui County.
Sincerely,
Erin Stanley
Sent from my iPhone

~ç

Support for Agenda Item 16-204
~
Natalie Wohner <natalie.wohner@googlemail.com>
Sun 12/11/2016935 PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Strong Support for Agenda Item 16-204, prohibiting the use of of disposable polystyrene food service containers.

Maui County Hearing on Friday, Dec. 16, 9am

Dear Council Members,

I am writing in strong support For Agenda Item 16-204, the bill to prohibit the use of polystyrene food containers.
Expanded polystyrene (BPS) foam containers are the least recycled form of plastic and the most littering items found at beach
cleanups. BPS foam is also the most toxic food container according to numerous studies, especially when served with hot liquids.
I am very confident in saying that such food containers are simply still in usage because of the lower cost compared to compostable
food containers. The main argument in keeping BPS foams around is usually that small businesses could not afford alternatives. But
this is wrong. In the state of Hawaii the number of BPS foam free restaurants is steadily increasing. These restaurants are conciously
not using BPS foams because of the above reasons. The Surfrider Foundation initiated a movement called Ocean Friendly Restaurants
where such restaurants are certified as being BPS foam free. In the past few month 93 restaurants on the hawaiian islands have been
certified, mostly small businesses. It is not acceptable to risk the health of the consumer and the health of the environment by using
BPS foam simply because of saving money.
The Ama and our health should be our highest priority and it is our role to protect it. I am very optimistic that Maui can play a leader
role in protecting our environment from such health and environmental hazards by reducing or better banning BPS foam containers.
Thank you very much for considering my testimony and thank you for your time.

Mahalo nui ba,
Natalie Wohner

New petition to you: Stop The Foam! Support a phase out of
polystyrene (“Styrofoam”) food service containers
Surfrider Foundation: Maui Chapter
Sat 12/10/2016 9:23 AM
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C

To:COUflty Clerk <County.Clerk@mauicounty.us>;

~
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—~

changeorq

New petition

rci

0~
~Ti~

Mike White

—

Surfrider Foundation: Maui Chapter started a petition

on Change.org and listed you as a decision maker. Learn more
about Surfrider Foundation: Maui Chapter’s petition and how you can
respond.

Maui County Council: Stop The Foam!
Support a phase out of polystyrene
(“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter Started
Dec 10, 2016
STOP THE FOAM! Please support a phase out of polystyrene food service
containers. Polystyrene foam products are bad for human health and the
environment: Polystyrene... Read more
View the petition

WHAT YOU CAN DO
1. View the petition
Learn about the petition and its supporters. You will receive updates
as new supporters sign the petition so you can see who is signing

and why.
2.

Respond to the petition

~

~‘

~?
—.

~11

Post a response to let the petition supporters know you’re listening,
say whether you agree with their call to action, or ask them for more
information.
3. Continue the dialogue

Read the comments posted by petition supporters and continue the
dialogue so that others can see you’re an engaged leader who is
willing to participate in open discussion.
CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with
people around the world to resolve issues. Learn more
This notification was sent to county.clerk@mauicounty.us, the address listed as
the decision maker contact by the petition starter. If this is incorrect, please ~
a response to let the petition starter know.
Change.org

548M

?

4c~f!.:~O

5 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam~) food service
conta i n e rs”
ma i @ change ma i 1.0 rg
Satl2/1O/201610:18AM
To:County Clerk <County.Clerk@mauicounty.us>;

C
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change.org

New signatures

fl~

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter

5 supporters

5 more people signed
in the last 14 minutes
View petition activity

RECENT SUPPORTERS

Annalea Fink
~

Australia

Dec 10, 2016

Because if there was ever a time to take important steps to protect the land
a water of Hawai’i, it’s right now.

—
~

r~’~

Brian Sato
Makawao, HI

Dec 10, 2016

As a person who devotes much of my free time picking up trash, around
the island, I see how much of it is polystyrene. Please, ban the further use
of this product.

•

~

brian caudill

Casper,WY

Dec 10, 2016

Jake Miller
~

•
‘~

Paia,HI

DeclO,2016

Erin lberg Ward law
Paia, HI Dec 10, 2016

View all 5 supporters

CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk©mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
resoonse to let the petition starter know.
Change.org

548M

~

E941P~&~0

5 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail@changemail.org
Sat 12/10/2016 10:44AM
To:County Clerk <County.Clerk©mauicountyus>;
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change.org

New signatures

~

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter

5 supporters

5 more people signed
in the last 15 minutes
View petition activity

RECENT SUPPORTERS

~
~

cody lang
maui, HI

Dec 10, 2016

Our ocean needs it!

ID

~]
—

George Burnette
Wailuku, OH

Dec 10, 2016

Styrofoam is clearly bad for the environment and there are cost effective
substitutes.

Jill Wirt
Pukalani, HI

Dec 10, 2016

The oceans need our help!

Torsten Durkan
~

Haiku,HI

Dec 10, 2016

County Council, If you supported the plastic bag ban, this is the same
cause. Polystyrene is a waste and is unhealthy for our people, animals, and
environment.

~ Morgan Abel
~

Milford,CT

Dec10, 2016

View all 5 supporters

CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk@mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
Change.org
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5 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
()(~
.~
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mail@changemail.org
C)
Satl2/1O/201611:14AM
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To:County Clerk <County.Clerk@mauicounty.us>;
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change.org

New signatures

Mike White — This petition addressed to you on Change.org has new
activity. See progress and respond to the campaignTs supporters.
Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam~’) food service containers
Petition by Surfrider Foundation: Maui Chapter

5 supporters

5 more people signed
in the last 29 minutes
View petition activity

RECENT SUPPORTERS

Zena Kreider
~

Kula, Hi

Dec 10, 2016

How can we use a container for a fleeting moment that will last millions of
years?

c:r~

m

0

jessica white
coronado,CA

Dec 10,2016

Jesse Lang
~

Makawao, HI

g~

lsisArjeta

~

~
~

Kihel, HI

-

Dec 10, 2016

Dec 10, 2016

Kyle Buckley
Paia, HI

Dec 10, 2016

View all 5 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.cIerk~mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please Dost a
response to let the petition starter know.
Change.org

-

548 Market St #29993, San Francisco, CA 94104-5401, USA

10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
~o

mail@changemaiI.org
Sat 12/10/2016 12:16 PM

~
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To County Clerk <County Clerk@mauicounty us>
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~
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chanqe.org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter 10 supporters

10 more people signed
in the last 2 hours
View petition activity

RECENT SUPPORTERS

g~

Amy Fonarow

~

Haiku, HI

Dec 10, 2016

I support cleaner waterways, and there are many safer options for to-go
containers.

P.)

C)

Owen Durkan
Haiku, HI

Dec 10, 2016

Too much trash in our ocean, don’t need anymore.

•
~

Rachel Graham
Kula,HI Dec 10, 2016

This needs to come to fruition not only for the sake of our oceans and land,
but for our health as well. Kudos to those spearheading this cause!

•
~

Jacque Schoenherr
Waimea, HI Dec 10, 2016

Liat Miller
Honolulu, HI

Dec 10, 2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk@mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
resionse to let the petition starter know.
Change.org

548M

~t.S ~

10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (~Styrofoam”) food service
containers”
mail@changemail.org
Sat 12/10/2016 1:04 PM
~‘)

Q

To:County Clerk <County.Clerk@mauicounty.us>;

(Th
(~)

change.org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter

10 supporters

10 more people signed
in the last hour
View petition activity

RECENT SUPPORTERS

PEACE

Erica Lamar

~

Anchorage, AK

Dec 10, 2016

I Want to keep Maui beautiful for years to come

2cm

C’)

Elizabeth Russell
‘~‘

Kihei, HI

Dec 10, 2016

I’m tired of the trash on the beaches and along the roads..

•

~

francofornero
Paia, HI

Dec 10, 2016

Scott lacasse
W Makawao, HI Dec 10. 2016

Anna Garner
~ Anchorage,AK Dec 10, 2016
View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk~mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
Change.org

548 Market St #29993, San Francisco, CA 941 04-5401, USA

10 more people signed “Maui County Council: Stop The Foam! Support a phase out of
polystyrene (“Styrofoam”) food service containers”
,—~

~—‘

mail@changemail org

° :~

Sat 12/10/2016 3~00 PM
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To:Couflty Clerk <County.Clerk©mauicounty.us>;

change..org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter 10 supporters

10 more people signed
in the last 2 hours
View petition activity

RECENT SUPPORTERS
~
~

Meagen Kerris
Paia,Hl Dec11, 2016

There are simple replacements for this and it benefits everyone.

•

Charlie Quesnel
Makawao,HI Decll,2016

I’m in support of Agenda Item 16-204, prohibiting the use of disposable
polystyrene food service containers. We have environmentally better
options for our restaurants and an obligation to our communities, visitors,
ocean and land to make more earth friendly choices. We can and must do
better for our Islands--please pass this very important measure!! Mahalo
for your consideration,

~
W

Joseph Corley
Ukiah, CA Dec 11,2016

This is bad stuff and we can afford another $.5o for bio containers or
better yet, bring your own!

~

i:ii

r.~3

Robin Bisel
Lahaina, HI Dec11, 2016

I don’t want to boycott businesses that use them, but I will if I have to!

Nikki Russell
Dec 11, 2016

W Kihei, HI

I love our island. I love our marine animals. Keep styrofoam out of our
landfill, out of our oceans and out of our animals.

View all 10 supporters

CHANGEORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.cIerk@mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please ~
response to let the petition starter know.
Change.org

548 Market St #29993. San Francisco, CA 94104-5401, USA

10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail@changemail.org
Sat 12/10/20164:48 PM
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Clerk <County Clerk@mauicounty us>
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change.org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter

10 supporters

10 more people signed
in the last 2 hours
View petition activity

RECENT SUPPORTERS

Yuri Cardenas
~IW SF,CA

Dec11, 2016

There are many alternatives to styrofoam these days. Three vendors on
Maui provide compostable alternatives. It’s 2016, time to protect our
environment and keep Maui beautiful for future generations.

Kathy Goldberg
Norwalk, CT

Dec 11,2016

•

bill parker

•

Carrie trujillo

~

~

•

~

Kapaa,Hl

kihei,Hl

-

Dec 11,2016

Decll,2016

Susan Thomas
Portland,ME

Dec11, 2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to countyclerk@mauicountyus, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
Change.org

-

~

10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail@changemail.org

c:

Sat 12/10/2016 7:02 PM
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To:COUflty Clerk <County.Clerk@mauicounty.us>;
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change.org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter 10 supporters

10 more people signed
in the last3 hours
View petition activity

RECENT SUPPORTERS

~

Al Janneck
Haiku,Hl Decll,2016

Let’s save our environment. Cheaper is not an acceptable excuse!

—
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Emma StoNer Whitney
KulaHi

Decll,2016

The use of this material is devastating to our planet, we. It may be
convenient, but that is no longer an acceptable answer. Please do
something that will have a massive positive impact, ban this.

Natalie Snyder
W Centerville, OH Dec 11,2016

Nana Clemons
~

Honolulu,HI

Dec11, 2016

sue stokeld

W

san francisco, CA

Dec 11, 2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.cIerk~mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please cost a
response to let the petition starter know.

Change.org

~i~ccc411Y~

10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail © change mail .0 rg
Sat 12/10/2016 9:21 PM
To:County Clerk <County.Clerk@mauicounty.us>;
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chanqe.org

New signatures
C’)

Mike White This petition addressed to you on Change org has new H
activity. See progress and respond to the campaign’s supporters.
~
—

~
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Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter

10 supporters

10 more people signed
in the last 3 hours
View petition activity

RECENT SUPPORTERS

Richard Atwell
‘~

Kalaheo,HI

~

Dec11, 2016

Aloha Respected Council Members, I’m in support of Agenda Item 16-204,
prohibiting the use of disposable polystyrene food service containers. We
have environmentally better options for our restaurants and an obligation
to our communities, visitors, ocean and land to make more earth friendly

~

—

choices. We can and must do better for our Islands--please pass this very
important measure!! Mahalo for your consideration,

•

~

Holly Drawbaugh
Kekaha,Hl

Dec11, 2016

Because... .why wouldn’t I! Everyone should

,

luciana baccarat
paia,HI

Dec11, 2016

We live in an island and we don’t want to have trash in our own place!

~ john carty
~

Lahaina,HI

Decll,2016

Marisa Provost

W

Haiku,Hl

Dec 11, 2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS
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New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter 10 supporters

10 more people signed
in the last 3 hours
View petition activity

RECENT SUPPORTERS

Kevin Hagan
~

Paia, HI

~

Dec 11,2016

Polystyrene does not biodegrade

t

U

Lauren Fritz
Wailuku, HI

Dec 11,2016

This needs to stop! We need to respect our resources and make conscious,
eco-friendly decisions everyday.

•

~

$Ii

Adam Powell
Covina, CA

Dec 11,2016

Bryan Barr

~ Wailuku,HI

Decll,2016

Jonathan Walczak
Haiku, HI

Dec 11,2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk~mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please Dost a
response to let the petition starter know.
Change.org
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10 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail@changemail.org
Sun 12/11/2016 6:33 AM
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~

To:County Clerk <County.Clerk@mauicounty.us>;
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change.org
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New signatures
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—

This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.
Mike White

—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Surfrider Foundation: Maui Chapter

10 supporters

10 more people signed
in the last 6 hours
View petition activity

RECENT SUPPORTERS
~
~

Erynn Fernandez
Honolulu, HI Dec 11,2016

Because Mother Earth called me last night (don’t know how she got my
phone number) .and damn, she want this pollution to stop.
. .

U

•

~

Barb Childers
Kekaha,HI

Decll,2016

william sands
~

•

~

Paia, HI

Dec 11,2016

mary lane
paia,Hl

Dec11, 2016

Alexandra Jamar
~

TempeAZ,GB

Dec 11,2016

View all 10 supporters

CHANGE.ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.cIerk@mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
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100 more people signed “Maui County Council: Stop The Foam!
Support a phase out of polystyrene (“Styrofoam”) food service
containers”
mail@changemail.org
Mon 12/12/2016 10:38 AM

To:County Clerk <County.Clerk@mauicounty.us>;

U

~

~
~C)

r~i

U

change.org

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaignTs supporters.
—

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (HStyrofoamll) food service containers
Petition by Surfrider Foundation: Maui Chapter 100 supporters

100 more people signed
in the last 2 days
View petition activity

RECENT SUPPORTERS

Glenn James
Honolulu, HI

~

)

~
nH

•
‘~ô

~

_

Dec 12, 2016

Actually I live here in Kula, Maui. I absolutely support the phasing out of
food service foam contairs!

r’~

U

Andrew O’Riordan
Lahaina, HI

Dec 12, 2016

I want Maui to be a model for America and the world of sustainable
practices.

Jau Sistik
~

Kihei, HI

Dec 12, 2016

No more styrofoam!!

W

Eric Cannon
Kapaa, HI Dec 12, 2016

I walk the beach at least once a week and see styrofoam mixed in with the
sand every time.

Denise Labarre
~

Haiku, HI

Dec 12, 2016

I care about the environment that we and all creatures live in.

View all 100 supporters

CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk~mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
Change.org
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100 more people signed “Maui County Council: Stop The Foam! Support a phase out
of polystyrene (“Styrofoam”) food service containers”
mail@changemail.org
Tue 12/13/2016
To:COUflty

2:49 AM

—

~

Clerk <County.Clerk@mau,county.us>;
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New signatures

Mike White — This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (Styrofoam’) food service containers
Petition by Surfrider Foundation: Maui Chapter 100 supporters

100 more people signed
in the last day
View petition activity

RECENT SUPPORTERS

Jane Purtee
Nashville, TN

Dec 13, 2016

Stop making all that cancer crap

Shawn Schmidt
~

SpokaneWA

Dec 13, 2016

A change needs to be made.

Paula Elizabeth
~

Cebu. HI
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change.org
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Dec 13, 2016

There are better alternatives! Please, County Council. Take this small
initiative to make a big change for the ‘ama. It’s these small changes that
make big differences! We need the political will before anything else, step
up Maui leaders. Mahalo

Mary Kerstulovich

Kihei, HI

Dec 13, 2016

Because I own a food truck and I believe all things should be sustainable. I
am also a mother who wants to see Mother Earth survive humans

~

Jenna de Buretel
Paia, HI Dec 13, 2016

Styrofoam products are mostly one time use products- we use them
sometimes for just seconds or minutes, yet when discarded they stay in the
environment for pretty much forever, with small bits ending up ingested
by birds, fish etc. We can find better alternatives that don’t have such a
high environmental cost.

View all 100 supporters

CHANGE.ORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to countyclerk@mauieounty.us. the address listed as the
decision maker contact by the petition starter. If this is incorrect, please ~
response to let the petition starter know.
Change.org

548 Market St #29993, San Francisco, CA 94104-5401, USA

100 more people signed “Maui County Council: Stop The Foam! Sup
~F~k~Pjt
of polystyrene (“Styrofoam”) food service containers”
B. ~
i~\6 ~.IEC ~
mail@changemaiLorg
Wed 12/14/2016749 AM
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Clerk <County.Clerk@mauicounty.us>;

chanqeorg

New signatures

Mike White This petition addressed to you on Change.org has new
activity. See progress and respond to the campaign’s supporters.

Maui County Council: Stop The Foam! Support a phase
out of polystyrene (Styrofoam’) food service containers
Petition by Surf rider Foundation: Maui Chapter 100 supporters

100 more people signed
in the last 2 days
View petition activity

RECENT SUPPORTERS
Tara Michelle
~

Paia, HI

Dec 14, 2016

we have earth su~tainable options these MUST go

~

Absalon Figueroa
Makawao, HI Dec 14, 2016

It’s appaulling how far behind Maui is on environmental issues. However,
we got rid of plastic bags, now let’s do the same to styrofoam!

~

Mitchell Sanders
Paia.HI Decl4,2016

styrofoam is evil! tired of seeing bits and pieces on the beach!!

Samantha Vahi
~

Haiku, HI

Dec 14, 2016

Lets get the ultimate green maui by doing something for the land

Matthew Nail
West Hills, CA Dec 14, 2016
Many counties and cities have already taken this step - It’s time Maui
county does too. Polystyrene is non-biodegradable and produces
unnecessary landfill waste. Protect our island home; malarna ama, reduce
pollution in our oceans, streams and land with this ban on polystyrene.
Mahalo Maui County Council! ALOHA NUT

View all 100 supporters

CHANGEORG FOR DECISION MAKERS
On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.cIerk@mauicounty.us. the address listed as the
decision maker contact by the petition starter. If this is incorrect, please ~g
response to let the petition starter know.
Change.org

100 more people signed “Maui County Council:
b~pam!
Support a phase out of polystyrene (“Styrofoan~’~)1oc~d ~e~v~e
•L~cr~) ~r~
containers”
Ltht’
rr~~

mail@changemail.org
Thu 12/15/2016 7:57 AM
To:Couflty Clerk <County.Clerk@mauicounty.us>;

change.org
Mike White

—

New signatures

This petition addressed to you on Change.org has new

activity. See progress and respond to the campaign’s supporters.
Maui County Council: Stop The Foam! Support a phase
out of polystyrene (“Styrofoam”) food service containers
Petition by Suririder Foundation: Maui Chapter 100 supporters

100 more people signed
in the last day
View petition activity

RECENT

.

SUPPORTERS

Patrick Twohig
San Diego, CA Dec 15, 2016
-

I’m signing because small disposable plastic items are a threat to the
ocean’s ecosystem. It takes years to degrade and there’s literally tons of it
littering the ocean interfering with the ecosystem.

Heidi Hoffman
~

Seaside, OR

Dec 15, 2016

I love Maui. Keep it beautiful and healthy. Stop the foam!

Tulsi Greenlee

‘~V

Haiku, HI

Dec 15, 2016

It’s time to use more earth friendly products. Please ban the foam. Thank
you Tulsi

Ed Dille
Kihei, HI

Dec 15, 2016

I am a hawkbil dawn patrol volunteer and walk the beaches
week picking up trash and it is ridiculous!

2-4

times a

Rebecca Dille
Kihei, HI

Dec 15, 2016

We need to preserve our land and resources. We also need to stop creating
trash by manufacturing plants be use containers of any kind.

View all 100 supporters

CHANGE ORG FOR DECISION MAKERS

On Change.org, decision makers like you connect directly with people
around the world to resolve issues. Respond to let the people petitioning
you know you’re listening, say whether you agree with their call to action,
or ask them for more information. Learn more.

This notification was sent to county.clerk@mauicounty.us, the address listed as the
decision maker contact by the petition starter. If this is incorrect, please post a
response to let the petition starter know.
Change.org

548 Market St #29993, San Francisco, CA 941 045401, USA

Testimony for Banning Styrofoam on Maui
supermaddie@gmail.com on behalf of
Madeline Buresh <madeline.buresh@gmail.com>
Mon 12/12/20162:32 PM

LUt6 ~Fr 12 PM 2~ ~I
(~Q~:~Ty’

TH~
J~RK

To:COUflty Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and land to
make more earth friendly choices.
Styrofoam is plastic, which does not biodegrade but simply breaks down into smaller and smaller pieces, and ultimately ends up
either in a landfill or in our oceans, where it, along with other plastics, cause disastrous impacts that, in turn, affect us. By banning
styrofoam, we are forced to consider more sustainable and environmentally sound options. We are not separate from the
ecosystem; we are a part of it. Thus, is is our responsibility to help protect it.
We can and must do better for our Islands--please pass this very important measureil
Mahalo for your consideration,

Madeline Buresh

styrafome ban
William Greenleaf <bgreenleaf.maui@yahoo.com>
Mon 12/12/2016 2:22 PM

RECEIVED
~i1~6 DEC I 2 PM 2 LILt
-

.-~

~

To:County

Clerk <County.Clerk@mauicounty.us>;

r~r’~

u~-

~

~IT’.J f~1 ~

‘-~

Aloha Committee:
I strongly support banning all styrafome in Maui Country. This material does not breakdown so when it’s discarded it
fills up the landfill with bulk
or blows around until it ends up on the Ocean where it degrades into small particles that negatively impact marine
life.
Thank you for taking on this very important topic...the time to ban this material is now.
Sincerely,
Bill Greenleaf
Makawao

in support of Agenda Item 16-204

p~Ec:~’ED
~ii~6 DEC 12 P~ 2:

14L1

Chelsea Huddleston <chelseahuddleston@gmail.com>
Mon 12/12/2016227 PM

~

LOtJ~ t

~:

To:COUnty Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support ofAgenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.

We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and
land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo foryour consideration,

Thanks!
Chelsea

Chelsea Huddleston
(p.) 8048.868.1884
(e.) chelseahuddleston~gmail.com
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Testimony in Support for IEM 5: Bill Relating to Reduction of
Polystyrene Disposable Food Containers
Natalie Bertha <nataliecbertha@me.com>
Tue

—~

12/13/2016 12:42AM
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To:County Clerk <County.Clerk@mauicounty.us>;

C
Ii

E~
Hello!

—

__

c~

Q

My name is Natalie Bertha, I live in Laie and am a student at BYUH, representing myself and my four roommates.
I am writing in strong support of IEM-5, the bill to reduce polystyrene food containers in Maui County.
I think reducing foam from Mauis food establishments has reached a point where it is absolutely necessary if we
want the future generations to find washed up shells instead of washed of styrofoam. I live in front of the beach and
it is covered in plastic, it breaks my heart because this is our home and we need to protect it. I bring my own
packaging when I go to eat out, utensils and all, but I really think it is time the food establishments start making small
changes as well. No convenience is worth exploiting our home environment. All she does is give.
I fully support this cause because I love the islands and we all should care and protect them too.

support of Agenda Item 16~2O4, prohibiting the use of
disposable polystyrene food service containers.
malibu <malibu@surfclinics corn>
Mon 12/12/20167:32 PM
To:County Clerk <County.Clerk@mauicounty.us>;

~
~

z—~fl
~
C)

I have lived on Maui from 1969 for many decades now more on Oahu, but
PLEASE PLEASE RECONSIDER! You are going to kill Maui and the beautiful
Ocean in Hawaii following through on a huge mistake!
I’m in support of Agenda Item 16-204, prohibiting the use of disposable
polystyrene food service containers.
We have environmentally better options for our restaurants and an
obligation to our communities, visitors, ocean and land to make more
earth friendly choices.
We can and must do better for our Islands--please pass this very
important measure!!
Mahalo for your consideration,
Sincerely Aloha!
Nancy Emerson
Nancy Emerson School of Surfing
Aloha Surf Clinics with Nancy Emerson
Island Vision Productions
Hawaiian Reservations:
MAUI, Hawaii:
Aloha Surf Clinics With Nancy Emerson
www.surfmauihawaii.com
email: nancy@surfclinics.com
+1(808) 294-5544 fax: (808) 356-0700
OAHU, Hawaii:
Nancy Emerson School of Surfing
www.surfclinics.com
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Aloha Respected Council Members of Maui.
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Styrofoan Ban
talitom@aol.com
Mon 12/12/2016 9:58 PM

To:County Clerk <County~Clerk@mauicounty.us>;

I support this bill to be passed.
Tali McCall
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Testimony in Support for IEM 5: Bill Relating to Reduction of
Polystyrene Disposable Food Containers

,~
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C.,

Cathy Roberts <cputnarnroberts@grnail corn>

~

i’-’-’

~-

Tue 12/13/20164:42AM
To:Couflty Clerk <County.Clerk@mauicounty.us>;

‘:;~ç ~i1

~

Aloha,

I am writing in strong support of IEM-5, the bill to reduce
polystyrene food containers in Maui County.
My name is Cathy Roberts and I live in Honolulu, HI.

I have two children who both have sustainability class in school. This issue is a concern for them and
passing this bill will have a positive impact on their future. It’s especially concerning here on Oahu
where trash is being burned without the separation of plastics and polystyrene.

It’s unfortunate that just about every take out or plate lunch restaurant has every meal in a Styrofoam
container. There are many good alternative containers for establishments to use that are compostable.
We as customers, and I know many other families who feel the same, choose not to get take out from
these restaurants because we don’t want to contribute to more toxic waste. We would actually do more
business with these restaurants if they had environmently friendly containers. We also wouldn’t mind
the slight price increase for such containers.

Our hope is that Maui County will set the example for the rest of our state by passing this important bill,
prompting other counties to follow your lead.

Mahalo,

Cathy Roberts

BAN Styrofoam
svickery@hawaii.rr.com

RECEiVED
tU~ô DEC 13

AM & 00

Tue 12/13/2016 7:38 AM
~

r”~ ~

To:County Clerk <County.Clerk@mauicounty.us>;

Ban it now. Enough opala blowing around our islands into the ocean and waterways. Landfills are full of it and it doesn’t
decompose for many many years. Toxic when heat is applied to it. Protect our natural resources with bio-degradable
containers that are earth friendly.
Mahalo,
Susan Vickery
Makawao
Sent from Mail for Windows 10

Avast logo

This email has been checked for viruses by Avast antivirus software.
www.avast.com

“Testimony in Support for IEM 5: Bill Relating to Red~pn~f ~
Polystyrene Disposable Food Containers”
Robyn Vierra <rvierra@punahou.edu>

~

t3

Mon 12/12/20168:01 PM

To:County Clerk <County.Clerk@mauicounty.us>;

Dear City Council,
I am writing to lend my support and urge you also to support the ban of foam containers. We have plenty of alternatives to foam
and we know the harmful impact it has on our planet. Hawaii is an extremely delicate ecosystem and we feel the impact of a
increasingly polluted environment.
Please take action and help us make good choices as a State.
Best,
Robyn Vierra

Styrofoam
Liz Stuart <Iiz.akstuart@gmail.com>
Mon 12/12/2016 6:14 PM
To:Couflty Clerk <County.Clerk@mauicounty.us>;

To
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Whom It May Concern:

Thank you for taking the time to read this. I plead for the ban of styrofoam. It’s such an unnecessary and wasteful
product. It harms the ama, our wildlife, and our own health. Can we please rise above this and begin to care for
ourselves and our future generations? Let us, in Maui, be the brace ones to stand up and inspire others.
Mahalo nui ba,
Liz Yannell
Sent from my iPhone

Testimony in Support for IEM 5: Bill Relating to Reduction of
Polystyrene Disposable Food Containers
.~-.

Kirsten Moy <kirstenvmoy@oikonos.org>
Tue 12/13/20169:36AM
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To:County Clerk <County.Clerk@mauicounty.us>;

To Environmental Committee of the Maui County Council,

My name is Kirsten Moy. I am the serving Chair of the Research Hui for the Hawaii Marine Debris Action Plan with NOAA and was
the Statewide Marine Debris Coordinator at DLNR. Thank you for your time considering feedback from your neighbor islands, as
the issue you address on Friday will affect the greater collective.
I am writing in strong support of IEM-5, the bill to reduce polystyrene food containers in Maui County. Solving our microplastic
problem, particularly the pollution that bioaccumulates in our food webs and amasses in our oceans, must begin with our
consumers and our businesses and industry. Consumers are making a demand to remove polystyrene from their economy and
their ecosystems. We are doing our part. Government aspires to reflect the demands of the people. Please, we urge you to give
this call to action your most thorough consideration.
I have personally participated in international seminars and conferences where microplastics, polystyrene, plastic bags, etc. etc. are
thoroughly discussed and the consensus is consistent- we must phase out our heavy reliance on these products and our throw
away culture. Maui could lead the way in a stagnating movement, reinvigorating our environmental convictions and inspiring your
neighbor islands, neighboring states, and kindred nations.
I appreciate the time you take considering the voices, the statistics, the opposition, and your dedication to making the best
decision for Maui Nui and the Hawaiian people. Please also consider the passion and the persistence of the communitywho have
submitted testimony to date.

Mahalo nui ba,

-KirstenV. Moy
><(((°> ><(((°>

><(((°> ><(((°> ><(((°> ><(((°>

Development Coordinator
kirstenvmov(~oikonos.org
(919) 928-1851
Olkonos Ecosystem Knowledge
PC Box 1918, Kailua, HI 96734 USA
501 (c) (3) Non-profit Organization
-

www.oikonos.org

Testimony in Support for IEM 5: Bill Relating to Reduction of
Polystyrene Disposable Food Containers
Amber Moorhead <ambermoorhead@hotmail.com>
Tue 12/13/2016 10:17

AM

To:COuflty Clerk <County.Clerk@mauicounty.us>;
Cc:alderolive@gmail.com <alderolive@gmail.com>;
~ 1 attachments (1 MB)
Olomana School Breakfast 12.13.16.jpg;

Aloha,
I am a Department of Education teacher at Olomana School on Oahu. I live in Kailua and am in strong support of
IEM-5 the bill to reduce polystyrene food containers in Maui County-the county that has taken the lead on many
pertinent environmental issues. Polystyrene never biodegrades, and everyday at my school students are served
breakfast and lunch on polystyrene plates, often the salad and fruit come in their own separate polystyrene bowls
with plastic lids that are placed on polystyrene plates. This is a huge issue because 35% of one time use plastic winds
up in the ocean, not to mention we are using oil to make these plates. It is contradictory that my curriculum includes
asking students to engineer a new technology to solve the problem of plastics in our oceans while serving them 2
meals a day on polystyrene containers. This is a first step in the effort to get back in harmony with our environmentthe plastic straw that comes with their daily juice boxes is among one of the top 10 plastic items found in the ocean.
Lets do good!! MahaIo~
Attached is a picture of today’s breakfast.
Amber Moorhead
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HAWAI I FOOD INDUSTRY ASSOCIATION
~

Execut:ve Officers:
Stan Brown, Acosta — Advisor
Paul Kosasa, ABC Stores — Advisor
Barry Schilf,
Taniguchi,
KTA Sales
Superstores
— Advisor
John
Rainbow
and Marketing
- Advisor
Derek Kurisu, KTA Superstores — Immediate Past Chair
Lauren Zirbel, Executive Director

1050 Bishop St. PMB 235
Honolulu, HI 96813
Fax: 808-791-0702
Telephone: 808-533-1292
http://www.hawaiifood.com

TO MAUI COUNTY COUNCIL

Councilmember Mike White, Chair
Councilmember Don Guzman, Vice-Chair
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FROM: HAWAII FOOD INDUSTRY ASSOCIATION
Lauren Zirbel, Executive Director
DATE:
TIME:
PLACE:
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Dec. 16, 2016
9:00 a.m.
Council Chamber, 200 S. High Street, Wailuku, Hawaii

RE: Bill 16-204
Position: Oppose
The Hawaii Food Industry Association is comprised of two hundred member companies
representing retailers, suppliers, producers, and distributors of food and beverage related
products in the State of Hawaii.

HFIA is in opposition to this measure, as it is a mandate on businesses that will
increase costs for consumers and provide no upside for the environment, as Maui
County does not have a commercial composting facility. Please allow consumer
demand and behavior change to determine product offerings.
Landfills are designed to protect the environment from the liquids and gases produced
by reducing the exposure of garbage to air, water and sunlight conditions essential for
—

degradation. Without an investment in commercial composting facilities, this increased

cost for food establishments and consumers will result in negligible environmental
benefits. Leaks from compostable containers may burn customers, leaving retailers
liable when they are unable to supply suitable containers.

Most of the trash debris seen on beaches is the result of haphazard disposal of waste
from all over the world and on the seas, which are brought here by currents. Many

~—

products do not biodegrade which is why waste management is such an important
issue.
Hundreds of jobs may be eliminated if legislation continues to threaten this locally
produced, favorably priced, FDA approved product. Passing this measure will ban a safe,
locally created product and mandate the use of a product that must be shipped from
China to the mainland and from the mainland to Hawaii. The environmental footprint of
transporting these products far outweighs using them!
The market is creating its own commercially viable and money generating solutions to
the problem— solutions that don’t put people out of work or force the market to act in
premature ways, but instead generate jobs and profit for government and private
enterprise. These solutions are especially promising given the need for energy
sustainability, especially in Hawaii, and the rising cost of fuel. Technology is now
available and widely used in Japan to turn plastics into high-grade diesel oil.
While polystyrene is a petroleum byproduct, it is also a resource. It is currently being
recycled in Kalihi on a small scale, and is becoming a major recyclable resource in
schools on the mainland. In fact, more that 57 million pounds of packaging were
recycled in 2004. Also, in accordance with EPA priorities, polystyrene manufactures have
placed precedence on source reduction and reuse as well as recycling, locally here in
Hawaii and nationally.
There are very real concerns associated with the manufacturing of biodegradable
packaging. A Smithsonian Magazine article (2006) wrote that biodegradable
alternatives have considerable drawbacks that haven’t been publicized for example
the cultivation of corn uses more nitrogen fertilizer, more herbicides and more
insecticides than any other U.S. crop; those practices contribute to soil erosion and
water pollution when nitrogen runoff enters streams and rivers. One must acknowledge
the environmental trade-offs associated with the use of any packaging material and
whether a mandate to use one particular type of container or product will have the
desired result of reducing litter and/or marine debris.
...

All foodservice products regardless of the material from which they are made
require the use of various natural resources (i.e., energy, water). A 2006 Life Cycle
Inventory study by Franklin and Associates showed that polystyrene, when compared
to other food service containers, is very efficient in minimizing air emissions and
energy used in the manufacturing process and in reducing the amount of waterborne
waste generated during the manufacturing process.
—

—

This bill makes the false assumption that products that would replace polystyrene are
somehow manufactured in a vacuum without the use of any raw materials, energy, or
water, or fuel to deliver the product. This is especially important considering many bio
degradable options are produced in China where labor, quality and environmental

4%’,

standards are known to be well below the labor, quality and environmental standards
practiced in plants which produce polystyrene in the State of Hawaii.
It is important to consider the carbon footprint of shipping supplies from China,
especially given that local businesses currently produce a more economically viable
product while also providing hundreds of jobs to the community.
Extensive studies from the FDA, Health Canada and Environment Canada concluded
that polystyrene is “non-toxic” and that styrene “does not constitute a danger to
human life and health” and “does not constitute a danger to the environment on which
human life depends.”
We are also concerned about the bill’s impact on valued entities in the Maui
community, including non-profits, which rely heavily on food fundraisers, and locally
owned “plate lunch” businesses that already operate at small profit margins. In general,
food retailers operate at a profit margin of around one percent and small businesses,
grocers and non-profits have comparably low or non-existent profit margins. With
Hawaii’s high prices, they struggle everyday to survive.
These businesses and organizations use polystyrene products as a primary means of
dispensing food because polystyrene is cost effective and sanitary and its sturdiness
protects customers from spills and burns. In addition to being FDA approved,
polystyrene containers promote food safety and help to keep food fresh for longer
periods of time by insulating and maintaining appropriate temperature.
While we understand the environmental concerns, there is currently no comparable,
cost effective alternative available that provides the same level of durability,
temperature regulation and overall efficacy as polystyrene.
We believe it is unfair to require local businesses to use packaging alternatives that cost
two to three times more than polystyrene products. The only ways to offset this
proposed prohibition are to increase prices or to take a substantial financial loss, which
may lead to layoffs or closures and leaving people without jobs. Increases to the price of
food will also impact Hawaii families and individuals who are already struggling to pay
for basic living necessities.
We strongly encourage the County of Maui to look into establishing a polystyrene
recycling program, which would mitigate environmental concerns and reduce solid
waste on the island.
Please remember that the proposed ban will not be a negligible cost against a large
company; rather it will hurt non-profits, school cafeterias, grocers, restaurants, small
mom and pop establishments and local families- all struggling with high food and living
costs.

Financially hurting non-profits and small businesses, fostering job layoffs and closures in
the food industry and driving up the price of food for families is not the right choice for
Maui County and for these reasons we ask that this measure be held.
Thank you for the opportunity to submit testimony.

Testimony in support of Council Bill 119
Scott Crawford <scott@aloha.net>
Tue 12/13/2016 2:43 PM
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As a member of the Hana Advisory Committee for the last several years, I support Bill 119 introduced by
Councilmember Cochran to require that Maui, Molokai and Lanai Planning Commissions and the Hana Advisory
Committee members attend a training course in Native Hawaiian Law, conducted by the Ka Huh Ao Center for
Excellence in Native Hawaiian Law. I believe it is wise for everyone involved in planning and related issues that impact
our communities to be familiar with traditional and customary practice and law, and how our decisions are affected
by Hawaiian history and Native Hawaiian law.
My only concern would be that the course be offered either online or in the remote areas of these Commissions and
Committee. It would be an undue burden on those who take their time to serve in these volunteer capacities to
require us the time and expense to travel to central Maui from Hana or neighbor islands of Maui Nui to take such a
course. As long as the course offers remote participation, or can be taken through a library of recorded trainings,
then I support this requirement.
Mahalo,
Scott Crawford
453 Haneoo Road
Hana, HI 96713
808-248-8808

Polystyrene Testimony
Alicia Rittenberry <ar31@hawaii.edu>

r~’

r~

i~

~
3 p~ 2: LI I

~

~

~

~

Tue 12/13/2016 2:39 PM

To:County Clerk <County.Clerk@mauicounty.us>;
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Good afternoon. I am a student at University of Hawaii Maui College and I support the bill to ban single use
polystyrene food containers in order to protect our marine environment.
EPS foam foodware is very cheap to manufacture and cheap to buy for restaurants, but can wreak havoc on the
marine environment:

1. EPS foam does not biodegrade in our lifetimes. It may photodegrade and/or break into small pieces if littered, which
are harder to clean up.
2. EPS foam is typically made from non-renewable fossil fuels and synthetic chemicals that may leach out over time,
especially if in contact with hot, greasy or acidic food.
3. Animals can mistake EPS foam for food or nesting materials.[iJ
4. Although inexpensive to buy, EPS can be expensive to clean up. Since they are so inexpensive, polystyrene products
are often thrown away or littered after a single use. Many municipalities that have to comply with storm water
regulations limiting trash in waterways have already spent substantial taxpayer dollars trying to control, capture, and
remove trash, including EPS.
5. EPS recycling is often not economical, so most of it gets landfilled or littered. Very few communities have access to
polystyrene recycling. This form of plastic pollution should be addressed at the source instead of relying on more
trashcans and ‘end of the pipe’ solutions of capturing and removing litter.
6. The ‘Two Rivers’ study in Los Angeles found that over 1.6 billion pieces of plastic foam were headed to the ocean over
a three-day period during surveys in 2004/5. 71% of 2.3 billion plastic items in the survey were foam items and that
made up 11% of the overall weight of plastic pollution collected during the surveys. [2]
7. And there is concern regarding human health impacts. Research published in 2014 describes how polystyrene debris
polluting Hawaii’s beaches breaks down into the monomer styrene, a suspected human carcinogen.
gathered from http://www.beachapedia.org/Polystyrene
There are people that sell polystyrene who claim “Melted-down polystyrene is reusable.” However, there is no
facility that on Maui that has the capability to reuse polystyrene containers but there is one capable of breaking
down compostable containers (Maui EKO systems). There are local companies that sell biodegradable/compostable
containers at competitive pricing, which include VIP Maui, Sustainable Island Products, and Hansen Maui.
So, the cost of biodegradable containers has gone down, those that are part of the 3 can plan can easily put
biodegradable/compostable containers in their green waste can, and businesses can charge a small fee for
takeaway containers to cover any additional cost. This is already done at Coconut’s and there is no backlash from
customers. They also encourage people to bring in their own takeaway containers for a discount. Many businesses
were nervous about the plastic bag ban as well but in the end the only businesses that ended up hurting were the
ones that sold the plastic bags.
Mahalo
Alicia Wood
Below is a price sheet for one certain kind of compostable containers.

EW: Anaergia issue
Maui_County Council_mailbox
Tue 12/13/2016316 PM
To County Clerk <County Clerk@mauicounty us>
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From: Sandi loakimi [mailto:sioakimi@gmail.com]
Sent: Tuesday, December 13, 2016 3:04 PM
To: Maui_County Council_mailbox <county.council@mauicounty.us>
Subject: Anaergia issue

Aloha,
Please do not allow this resolution to pass on Friday.
There are too many un-answered questions and does not allow the county to go through
the proper channels and circumvents the committee. Please refer to the next session.
Mahalo for your time and consideration.
Sandi loakimi
Kihei

GLEN A. UENO, P.E.
Development Services Administration

ALAN M. ARAKAWA
Mayor
~ ~Ik 1
t~ L’~, ~ I V

DAVID C. GOODE
Director

7016 DF~ f3

ROWENA M. DAGDAG-ANDAYA
Deputy Director
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COUNTY OF MAUI~,..:c~
DEPARTMENT OF PUBLIC WORKS
ENGINEERING DIVISION

CARY YAMASHITA, P.E.
Engineering Division

L
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~ESLIL.OTANI,PE,LS
Highways D~iision
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Telephone: (808) 270-7745
Fax: (808) 270-7975

200 SOUTH HIGH STREET
WAILUKU, MAUI, HAWAII 96793

December 13, 2016
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Honorable Alan M. Arakawa
Mayor, County of Maui
200 South High Street
Wailuku, Maui, Hawaii 96793
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For Transmittal to:
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Honorable Mike White, Council Chair
and Members of Maui County Council
200 South High Street
Wailuku, Maui, Hawaii 96793
Dear Council Chair White and Members:
•SUBJECT:

TESTIMONY ON COUNTY COMMUNICATION NO. 16-324 REGARDING
LETTER DATED NOVEMBER 30, 2016 REQUESTING
AUTHORIZATION OF PROCEEDINGS IN EMINENT DOMAIN FOR THE
ACQUISITION OF REAL PROPERTY INTERESTS FOR MAKANI ROAD
IMPROVEMENTS INVOLVING TMK: 2-3-033:004

On November 30, 2016 a proposed resolution entitled, “AUTHORIZING PROCEEDINGS
IN EMINENT DOMAIN FOR THE ACQUISITION OF REAL PROPERTY INTERESTS AT
MAKAWAO, MAUI, HAWAII FOR MAKANI ROAD IMPROVEMENTS” was transmitted. Today, the
owners of the subject real property accepted a cash offer and signed a Warranty Deed for the
desired road widening lot. Thus, the request for proceedings in eminent domain is now moot and
we hereby rescind our proposed resolution. We request the filing of said communication at the
December 16, 2016 Council meeting.
Thank you for your attention to this matter. Should you have any questions, please contact
Linda Monden in our Engineering Division at Ext. 7271.
Sincere)I~

DAV/D C. GOODE
Direbtor of Public Works
DCG:LM
Enclosure
(ED 16-1181)
S:\ENG~ALL\Inm\DGLtr-RescindMakani
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Hold the foam
alexa caskey <mauitropsicles@gmail.com>
Wed 12/14/20166:36 AM
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Ta:County Clerk <County.Clerk@mauicounty.us>;

Its time we get rid of styrofoam, the worst possible option in a sea of poor one time use choices. We need to start
somewhere to protect the oceans for future generations. Oahu has already led this movement and maui should be
next. You dont want to be on the wrong side of history and hold on to terrible practices that in the future will be
looked back on with ire.
We can do it Maui! Lets do something positive for the ama and the keiki
Aloha
Alexa
Sent from my iPhone

K

Testimony in Support of IEM 5.
John Elkjer <john@sustainableislandproducts.com>
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Aloha,
My name is John and I am one of the owners of Sustainable Island Products. We are Hawaiis Fortunately we have a number of
clients in Maui county on the islands of Molokai and Maui. We find that our clients have not only been successful by not using
foam as well as other plastics. They have grown to be quite succesfull. While I will not fill you with their names I will say they come
from all forms. grocery, restaurants, catering and food packaging.
They have found that being environmentally conscious is also a smart business decision. While their is a cost increase to convert to
compostables. We have found that other options in packaging which are not EPS are very competitive. Paper containers compete
quite well as do some recyclable plastics. In other words, it does not cost much more if any more to move away from using EPS.
You simply need to be willing to spend the time to find the products that work best for your particular use. We talk with daily with
customers from all around the state as well as remote area such as Molokai. We see all of the products and pricing and know it
can work and be affordable for even the smallest establishment. I am confident that as a governing body you will make decisions
which will benefit our land and our people. Your opportunity is now and the choice is yours.
Thank you for your time.
John

John Elkjer
Owner
Sustainable Island Products
831 Leilani Street
Hilo, HI 96720
Phone 808 769 4905
Mobile 808 769 1966
Fax 808 769 4910

Styrofoam ban
r(~~\iFD
JPB7032. <jpb7032@gmail.com>
Wed 12/14/20164:13 PM
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To County Clerk <County Clerk@mauicounty us>

Thank you for reading my testimony in this matter.
I oppose all of this legislation. these requirements raise the cost on consumers and businesses operators
unjustly. Styrofoam is a legal product is the USA. It is not the place of the county government to ban any
consumer products. the federal government, to an extent, haso that legal authority not the county. The
county can’t even manage to have a full recycling pickup on the west side. It is sad and disgraceful when
people pose as environmental saviors but don’t do the minimum, please sick to voting yourselves unearned
secret pay increases and leave us Tax payers alone.
Jordan Bartkus Esquire

Testimony on polystyrene container ban
Mark Joiner <joinertrust@hotmail.com>
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To:County Clerk <County.Clerk@mauicountyus>;

Aloha
I am a homeowner and freediver from Kihei who spends many hours in the ocean each week. I am very
concerned about polystyrene containers and would advocate strongly that they be phased out:

Polystyrene foam products are bad for human health and the environment:
o

o

o

o

o

Polystyrene does not biodegrade, but instead breaks down
into micro-plastics that are often consumed by seabirds and
other marine animals;
Polystyrene products are more than 90% air, causing them
to break apart easily and litter waterways or blow out to sea;
Polystyrene products are made from styrene, a known
carcinogen and neurotoxin that leaches into hot, greasy
food;
According to the U.S. Environmental Protection Agency,
100% of Americans have styrene in their bodies.
Polystyrene foam products are the most toxic and least
recycled (less than 1%) type of plastic;
The resources and energy to make I polystyrene container
could make 3 compostable containers;

Compostable products are an economical and eco-friendly alternative to
polystyrene. They are non-toxic, plant-based and carried by every
distributor in Hawai’i.

~

In many cases, the price difference between compostable and polystyrene
is negligible, and there are, in fact, a number of compostable products that
are cheaper than their polystyrene counterparts.
To date, there are have been no documented cases of restaurants or
food providers going out of business because of similar phase outs.
Recognizing the environmental and human health impacts of polystyrene, a
number of local, Maui-based restaurants have switched to compostable
products.
Maui County’s environment and community would greatly benefit from a
phase out of polystyrene food containers.
Thank you.
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December 13, 2016
Expanded polystyrene foam testimony: I support this bill!
My name is Cheryl King and I run the SHARKastics Project, which is
based here on Maui, but I conduct marine debris cleanups wherever I
go. Since 2003, I’ve been documenting the debris that has bite
marks (left from animals that are likely ingesting our litter). As an
educational technique, I created the word “SHARKastics” by
combining the words “shark” and “plastic”. This issue fascinates
people when they see this firsthand and learn that it’s not just sharks
who are mistaking our litter for their food; it’s many other species of
animals too: from the tiniest microplankton to the great whales. It
becomes even more of a wake-up-call to seafood lovers who make
the connection that they could be eating animals that have toxins in
their bodies from the marine litter they’ve consumed (since plastics,
including polystyrene, act as sponges that absorb toxic compounds in
the ocean)...
Expanded polystyrene foam, a form of plastic, is a significant
contributor to the serious problem of marine litter worldwide. We find
it during our coastal cleanups far too often.
It’s not always
immediately recognizable as a plate lunch container, coffee cup or
other single use product. Polystyrene doesn’t biodegrade, but many
of the pieces are tiny since they’re easily broken apart by the ocean
conditions. They don’t go away though. And their smaller size
doesn’t make them any less lethal to marine animals that confuse
them for food.
We spearhead marine debris cleanups on the 4th Sunday of every
month at Ka’ehu, in Waiehu, to help restore this important habitat for
the marine and terrestrial resources that utilize this special place. We
remove marine debris from a -~100-yard stretch of this rocky/sandy

coast. The effort varies depending on the participants, not due to the
shortage of marine debris- it’s always washing ashore! It comes from
all over the Pacific Ocean and from Hawai’i-based sources. To bring
this global issue into context with this Maui County bill, here are some
numbers to quantify this pollution problem we’re dealing with:
• We collected, sorted and counted each piece of marine debris
at our monthly cleanups from July 22, 2012 through June 28,
2015
• 3 years of removing and sorting/counting (which is very time
consuming) from 36 cleanups yielded these results:
o 13,377 total pieces of expanded polystyrene foam
382.2 pieces of polystyrene on average per cleanup
o 148,553 pieces of marine debris total
4,244.4 pieces of marine debris on average per
cleanup
o This equates to a depressing reality that expanded
polystyrene foam pieces have been -9% of the total
marine debris items we’ve removed from Ka’ehu.
o By comparison, I’ve personally only found one
polystyrene alternative container in all of the coastal
cleanups I’ve done in 13 years... It was an “Earth Choice”
product, which isn’t an ideal solution either, but it’s better
than polystyrene.
It’s past time for Maui to move away from products made from non
renewable fossil fuels and synthetic chemicals, and switch to
healthier single use alternatives that are readily available within the
price points of polystyrene. Litter will still be a problem, but this bill
will help reduce the wasteful, persistent polystyrene products that are
harming our environment and filling our landfills. Multiple large cities
have done this successfully: Portland, Seattle, San Francisco, Miami,
Washington DC, Manhattan, etc. The impressive list is growing, so
please add Maui County to it!
Sincerely,
~Ck~r~L 5.
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Cheryl S. King, MSc.

UNIVERSITY OF CALIFORNIA, SANTA BARBARA
BERKELEY DAVIS

IRVINE

LOS ANGELES

MERCED

RiVERSIDE

SAN DIEGO

SAN FRANCISCO
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SANTA BARBAN&UI~AN~eEUZ

DouG~sJ MCCAULEY
ASSISTANTPROFESSOR
DEPARTMENT OF ECOLOGY, EVOLUTION, AND MARINE BIOLOGY

14 Dec 2016
Dear Council Members,
Thank you for your willingness to review my testimony. I am a Professor of Marine Biology at UC Santa
Barbara. I have been studying ocean ecosystems for over 10 years, largely in the Pacific, including in
areas around Hawai’i. I am writing in strong support of IEM-5, the bill to ban polystyrene food containers
in Maui County. Plastic pollution, including EPS, is entering the oceans at an alarming rate and affecting
ocean health. I have had the unfortunate ability to observe this occur in the sites where I conduct my
research. I draw your attention to three important points regarding the negative impacts of EPS and plastic
pollution in Maui’s water:
•

Plastic is known to negatively impact some of Maui’s most charismatic, economically valuable,
and ecologically important marine animals: sea turtle, manta rays, seabird, and fish. Scientists
project that EPS and other plastics will be found in 99% of seabirds by 2050 (Proceedings from
the National Academy of Sciences 2015).

•

Ocean species are harmed by ingested plastic pollution causing mechanical blockages [e.g.,
gastrointestinal obstruction in seabirds] and chemical poisoning. Deleterious chemical effects are
caused because fragments of this pollution can contain contaminants added during plastic
manufacture or acquired from seawater through absorption processes.

•

Research is continuing to highlight plastic pollution entering into marine food chains and human
seafood systems. This includes both the BPS/plastic fragments themselves and the chemical
toxins they have absorbed. This affects a range of species including a number of iconic seafood
species in Maui, such as mahi-mahi.

Thank you for taking this positive step forward not only for the present-day ocean and human health, but
for future generations. I am pleased that your council is cognizant and reactive to the important linkages
between human health and ocean health.

Regards,

Dr. Douglas McCauley

Professor Douglas McCauley
Marine Science Institute
University of California, Santa Barbara
Santa Barbara, California 93 106-6150
December 14, 2016
Dear Council Members,
I and my colleagues listed here would like to voice our support for the County of Maui
Agenda Item 16-204, the ordinance to reduce expanded polystyrene “styrofoam” food
containers and food service ware.
Agenda Item 16-204 would phase out the use of single-use styrofoam food containers on
Maui over a multi-year period and greatly reduce threats to Hawaii’s oceans and most iconic
marine animals (like sea turtles, seabirds, manta rays), protect the island’s economic interests
as a clean and healthy coastal tourist destination, and align the island more closely with the
Environmental Management Committee’s own Zero Waste goals.
The passage of this bill is enthusiastically supported by local citizens, business owners,
environmental groups, education organizations, legislators, and scientists across the Hawaiian
Islands we represent a handful of these community leaders in the attached informational
packet.
—

We are very excited that the Maui is considering joining more than 60 other states and cities
across the United States and internationally that have passed almost identical ordinances
against styrofoam products. These bans are quickly being adopted as local communities
realize the inherent value (environmental, economic, human health) in transitioning to
sustainable, biodegradable alternatives. Our marine ecology group recently organized a
science education program to explore these issues with students from Waimea, HI
(https://youtu.bc/YGBpHYLNtRA). It is these Maui youth who will be forced to inherit the
pollution we leave for them on these lands and in this ocean. We surely have a better legacy
to pass down to these future generations.
We ask that you examine some of the compelling science and economic reasons compiled
here that motivated previous styrofoam bans, and consider how they align with Hawaii’s
traditions of environmental stewardship and value in showcasing the pristine nature of
Hawaii’s beaches and ocean to those that visit as tourists.
—

—

Thank you to your committee for the great work you do in managing Maui’s incredible
environmental treasures and taking bold leadership to ensure the continued stewardship of
Hawaii for current and future generations. Please do not hesitate to contact us if any of the
specialists in our delegation can assist in further answering any of your questions.
Sincerely,

J4~i~J~
Dr. D%~glas McCau’Yey
Professor of Biology, UC Santa Barbara

EXPLORING THE IMPACTS OF EXPANDED POLYSTRENE (EPS)
OR “STYROFOAM” IN HAWAII
Dr. Douglas McCauley, Professor of Marine Science, UC Santa Barbara
“Polystyrene plastics have been shown to incorporate into
marine food webs, and as humans sitting atop these food
webs we have good reason to be concerned.”
Dr. McCauley studies how marine ecosystemsfunction and
how human disturbances may affect healthy functioning of
these communities. He has worked in Hawaii and the central
Pacific Ocean while at Stanford University, UC Berkeley, and
now UC Santa Barbara.

Expanded polystyrene (EPS) plastic or “styrofoam”, is a class of single-use plastics that
has been shown to negatively impact a wide variety of marine organisms from manta rays
to turtles to fish, but these are only a handful of the more than 660 species that have been
scientifically documented to have encountered marine plastic debris (United Nations
Environmental Programme Report 2012).
The styrene monomers that make up styrofoam were deemed by the US National
Academy of Sciences to be “reasonably anticipated to be a human carcinogen based on
limited evidence of carcinogenicity from studies in humans.. (Report on Carcinogens
2014).
Polystyrene plastics have been shown to incorporate into marine food webs, and
as humans sitting atop these food webs we have good reason to be concerned. A recent
paper published in the scientific literature from a researcher at the University of Hawaii
examined hundreds of pelagic fishes off Hawaii and found that a high percentage of them
had ingested single-use plastics (Marine Ecology Progress Series 2013). These were
caught by commercial fishermen and included prize food fish like mahi mahi and
opah. Science tells us that styrofoam is capable of being incorporated into marine food
webs and transferred between species.
.“

Dr. Michele Barnes, National Science Foundation Research Fellow
.the majority of respondents (81%) are in favor of a
ban on EPS [styrofoam] takeout food containers”
“. .

Dr. Barnes is an environmental social scientist whose work
focuses on the intersections between sociology and
economics. She has previously worked in the Department of
Natural Resources and Environmental Management at

University ofHawaii Manoa and is currently an National Science Foundation
Postdoctoral Research Fellow.

Expanded polystyrene (EPS), or “styrofoam”, is a rapidly growing class of ocean
pollution with estimates of more than 840,000 tons of EPS being used in the United
States annually for food containers alone (EPA Municipal Solid Waste 2011). Residents
and visitors to Hawaii consume the highest amount of takeout food per capita in the US,
and frequently encounter styrofoam food containers. Thus consumers’ willingness and
preference for using non-styrofoam products should be an important factor in any
decision related to styrofoam product usage.
Dr. Barnes published a study in the peer-reviewed Journal of Environmental
Protection in 2011 that examined the willingness of consumers in Honolulu (the highest
users of styrofoam in the state) to pay for non-styrofoam food containers. The study
concluded that “the majority of respondents (81%) are in favor of a ban on EPS takeout
food containers”. The study’s results suggest that “local residents may be ready and
willing to pay for alternative products that focus on long-term efforts to increase
sustainability and reduce pollution”.
The study concludes by noting “making a switch to EPS alternatives could have
an enormous effect on landfill capacity, could reduce oceanic debris, and improve air
quality. Even a small decrease in magnitude of EPS production and waste could help
to reduce the global carbon footprint”.
Tapani Vuori, General Manager, Maui Ocean Center, the Aquarium of Hawaii
“The negative environmental impact of this material and
its detrimental effect on Hawai’i’s marine life on both
land and sea is irrefutable and the choice was clear.”

Tapani is the General Manager of the Maui Ocean Center,
the Aquarium of Hawaii. He has 13 years of service with the
aquarium.
Maui Ocean Center dining establishments eliminated polystyrene disposable food
containers four years ago to advance the center’s vision of preserving our island
ecosystem. The negative environmental impact of this material and its detrimental effect
on Hawai’i’s marine life on both land and sea is irrefutable and the choice was clear. In
addition, we changed our disposable containers to compressed fibers and compostable
plastics two years ago. These “plastics” are made entirely from corn byproducts and start
to decompose as soon as they are exposed to heat and liquid. We did initially feel an
impact on our bottom line, but the cost of compostable and biodegradable products has
flat lined so that the financial impact has become negligible. These types of alternative
products are continually being improved and are becoming more readily available all the
time.

We at Maui Ocean Center believe that this ban is long overdue. There is no
reason to have packaging that is not at the very least compostabie. Our future generations
are depending on us to make this change and we respectfully ask that the IEM committee
consider the merits of this Bill.
Elizabeth Elkjer, Director of Marketing, Sustainable Island Products
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“...all realize the value and logic behind using
compostable products and often tell us that
their businesses have not only grown but
flourished since switching to compostables”
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Elizabeth has her degree in Environmental
Science and her Master’s degree in Global
Leadership and Sustainable Development as well
as a Certificate in Environmental Policyfrom
Hawaii Pac~flc University.

Sustainable Island Products is located in Hilo with state-wide distribution and we
specialize in providing a wide range of compostable products that can be easily
substituted for our islands’ current styrofoam uses. Unlike styrofoam which can easily
take several hundred years or longer to break down, compostable products are plant
based, made from agricultural by-products and renewable resources, and are non-toxic
and non-polluting, and they could easily be incorporated into Hawaii’s green waste
stream. Additionally, unlike styrofoam, compostable products actually adhere to the
County of Hawaii’s Department of Environmental Management Committee’s own Zero
Waste plans.
Sustainable Island Products has been awarded the Hawaii Green Business Award
three times. It is our mission to care for our island home by providing the community
with eco-minded products that have little to no life cycle impact. Since 2007, we have
grown to have almost 300 customers throughout the Hawaiian Islands. Our customers,
such as Island Naturals, Kilauea Lodge, Island Lava Java, Kohala Coffee Mill, Sweet
Cane Café, Kaya’s, Naung Mai Thai, Lilikoi Café, and Body Glove all realize the value
and logic behind using compostable products and often tell us that their businesses have
not only grown but flourished since switching to compostables. In fact, the majority of
consumers are more than willing to absorb the cost difference between styrofoam
and the compostable alternatives. There is often a misconception that compostable
disposables are cost prohibitive, and in their infancy they were substantially more
expensive. However, today the majority of our new customers are pleasantly
surprised at how reasonable and cost efficient the switch to compostable products is;
for most it’s a no-brainer decision.

Dr. Hillary Young, Professor of Biology, UC Santa Barbara
“More than 180 marine species are known to eat
plastics, and some of Hawaii’s most charismatic and
endemic species are highly vulnerable to plastics,
including EPS styrofoam.”
Dr. Young researches the ecology ofseabirds and has
worked extensively with iconic seabird species in the central
PacUlc Ocean while at UC Santa Barbara andpreviously at
Harvard and Stanford University.

Expanded polystyrene or “styrofoam” is an important class of plastics that has a range of
very negative environmental features for wildlife. It is highly resistant to biodegradation
easily persisting for 500 years and longer after manufacture. Seabirds, like most marine
animals, are completely naive to polystyrene and other plastics and easily mistake it for
food to them it can look much like squid, fish, or fish eggs. Because styrofoam quickly
breaks down to small pieces, even small prey can consume it, and so the plastics can even
accumulate in seabirds and large marine animals even when consuming their normal
prey. For these reasons scientists project that styrofoam and other plastics will be
found in 99% of seabirds by 2050 (Proceedings from the National Academy of
Sciences 2015).
Plastic consumption can harm seabirds, and other marine wildlife in many ways.
It can be immediately lethal if the plastic blocks their ability to breathe or feed chicks,
thus reducing both adult survivorship and fledging success. Also, styrofoam in
particular is a sponge for extremely damaging toxins like mercury and
polychlorinated biphenyls (PCBs) that can cause secondary poisoning. More than 180
marine species are known to eat plastics, and some of Hawaii’s most charismatic and
endemic species are highly vulnerable to plastics, including EPS styrofoam.

—

—

Dr. Lida Teneva, Science Advisor, Conservation International
“...bold leadership from national governments, state
governments, and mayors is much needed to solve the
problem”
Dr. Lida Teneva is a marine scientist with 10 years ofexperience in
marine ecosystems, particularly the impacts ofclimate change,
overjlshing, and marine pollution on coral reefs, in Hawaii,
Central, Western, and South Pac~fic, with her work through
Stanford University and Conservation International.

Many studies have shown the longevity and durability of expanded polystyrene (EPS), or
“styrofoam”, in the environment and the associated harmful effects on animals, water
quality, and coastal and marine habitats broadly.
EPS also has been shown to be very harmful to human health, as a neurotoxin and
potential carcinogen, according to the US Department of Health and Human Services and
the International Agency for Research on Cancer.
Conservation International is a member of the Plastics Pollution Coalition, which
works on a variety of programs, including collaborating with private business on plasticreduction solutions.
The plastic problem, including the persistence of EPS, in our global oceans,
begins on land, with how much EPS is produced, used, and how it is dealt with after use.
The problem is solvable and alliances of international non-profit organizations, private
sector companies, and governments can work together to solve it, for the benefit of both
people and oceans. While voluntary over-compliance from progressive environmentallyconscious businesses is necessary to stem the tide of EPS and other plastics, bold
leadership from national governments, state governments, and mayors is much needed to
solve the problem.
EPS ban policies in the United States have been shown to be effective. After
one year of an EPS ban implementation in San Francisco, California, there was a
30% decrease in EPS litter, according to the City of San Francisco Streets Litter ReAudit in 2008.
Megan Lamson, Hawaii Island Program Director, Hawaii Wildlife Fund
over 186 tons of marine debris were removed from
Hawaii Island alone and this figure includes thousands of
fragments of EPS foam!”
“. . .

Megan is HWF’s Vice President and has coordinated the Hawaii
Island Marine Debris Removal Project in southeast Hawaii since
2008. She has degrees in marine biology and conservation
biology and environmental science from UC Santa Cruz and UH
Hilo.

Hawaii Wildlife Fund (HWF) is a community-driven and volunteer-based non
governmental organization. Founded in 1996 by two former National Marine Fisheries
Service scientists, we are committed to protecting native wildlife in Hawaiian coastal and
marine ecosystems. For 20 years, we have been involved in dozens of projects to
conserve native flora and fauna, educate and share mana’o with community members and
local businesses, promote community based management, and to advocate for a healthier
natural environment here in Hawaii nei.
Two of these projects include marine debris removal and prevention. Over the
years, HWF and volunteers have collected and removed at least 204 tons of marine debris
(or 408,000 lbs!) from the shores of Hawaii Island, Maui, Midway, and French Frigate
Shoals. Of that, over 186 tons of marine debris were removed from Hawaii Island alone

and this figure includes thousands of fragments of EPS foam! We estimate that 85—
90% of all the marine debris we’ve collected to date is made of plastic, including
styrofoam buoys, cups, bits and pieces.
This is especially frightening because the vast majority of plastics do not
biodegrade. Instead, they photodegrade, get brittle and break into smaller and smaller
pieces; pieces that resemble and are often mistaken for food by fish, seabirds, marine
mammals, and sea turtles. Marine debris and plastic pollution are people problems that
can be resolved by the steadfast commitment of people.
Kahi Pacarro, Executive Director, Sustainable Coastlines Hawaii
“highlights the harmful effects of marine debris on our
coastal environments and focuses on the very real impacts
that single-use plastics and styrofoam can have on Hawaii’s
coasts”
Kahi is the Executive Director ofSustainable Coastlines
Hawaii.

Sustainable Coastlines Hawaii is a grassroots, local nonprofit centered around inspiring
local communities to care for Hawaii’s coastlines and keep its beaches clean. As one of
the state’s largest beach-cleaning organizations, we coordinate educational programs and
public awareness campaigns like waste diversion education and our Ocean Plastics
Program. This program is an interactive experience that highlights the harmful effects of
marine debris on our coastal environments and focuses on the very real impacts that
single-use plastics and styrofoam can have on Hawaii’s coasts.
Sustainable Coastlines Hawaii believes that education is essential for the health
and sustainability of Hawaii’s coastlines as a means of highlighting the myriad effects of
trash on marine environments and also as a way to motivate communities to work on
simple solutions to address these problems.
Doorae Shin, Waste Reduction Coordinator, KOkua Hawaii Foundation
“...educating communities about the environmental and
health benefits of going without plastics like styrofoam”
Doorae is community organizerfor social and environmental
justice. She served as University ofHawaii system ‘s Student
Sustainability Coordinator and has a degree in Sustainability
Studies from UH Manoa.

The Kökua Hawaii Foundation supports environmental education in the schools and
communities of Hawaii. Our mission is to provide students with experiences that will

enhance their appreciation for and understanding of their environment so they will be
lifelong stewards of the earth.
Kökua’s programs include engaging with school communities on the importance
of the 3R’s (reduce-reuse-recycling) as a means of reducing Hawaii’s waste output.
Our Plastic Free Hawaii program likewise promotes the benefits of a Hawaii free
from single-use plastics like those commonly used in styrofoam food containers. This
includes educating communities about the environmental and health benefits of going
without plastics like styrofoam, and beach clean-ups of these single-use plastics
commonly found on our island beaches.

Sarah Rafferty, Rise Above Plastics Coordinator, Surfrider Foundation Kona
“Making the switch to biodegradable containers is not oniy
environmentally responsible, but economically feasible for
establishments of all sizes.”
Sarah is the Rise Above Plastics Coordinator with the Surfrider
Foundation, Kona chapter.

The Surfrider Foundation seeks to find lasting solutions to the threats our ocean faces.
Our Rise Above Plastics mission is to reduce the impacts of plastics in the marine
environment by raising awareness about the dangers of plastic pollution and by
advocating for a reduction of single-use plastics and the recycling of all plastics.
We are comprised of over 80 chapters and 250,000 supporters nationwide.
The Kona Kai Ea Chapter believes that as an archipelago, waste reduction is especially
relevant to Hawaii. Not only do our beaches suffer the effects of local single-use plastic
consumption, but are also subjected to receiving discarded plastics from across the
Pacific. In 2015, Hawaii’s Surfrider chapters collectively retrieved over 50,000
pounds of debris from Hawaii’s beaches. Of the various types of plastic found on our
beautiful coastlines, EPS styrofoam is an especially harmful form that can wreak
havoc on birds and marine life, impacting our ecosystem for years to come.
Our Ocean Friendly Restaurant Campaign seeks to reward restaurants that agree
to self-regulated practices that decrease the amount of disposable plastic foodservice
items that ultimately wind up as pollution on our beaches and in the ocean. A primary
criterion for receiving this rating is being an EPS-free establishment. Over 150
restaurants on Oahu, Kauai, and Maui are already foam-free. Over 100 cities and
counties nationwide have already successfully eliminated single-use EPS styrofoam
containers at their eateries. Making the switch to biodegradable containers is not only
environmentally responsible, but economically feasible for establishments of all sizes.

Julia Person, Sustainability Manager, Kona Brewing Company
“...our commitment to preserving Hawaii’s natural resources.
Kona Brewing Co. supports working with the local community
to address the timely problem of styrofoam use.”
Julia is the Sustainability Managerfor the Kona Brewing Company.

For the past 22 years, the natural wonder of Hawaii and its remarkable people have made
Kona Brewing Co. who we are. An integral component of our business plan is to grow
with ecological integrity, reducing our environmental impact wherever possible.
Kona’s pubs are Green Restaurant Association certified, earning 4-star
designation for environmentally friendly practices. Ensuring we use compostable to-go
products rather than other materials is key to our green accolades. Our commitment is
further visible through over 50% of our power generated from 990 solar panels, capturing
irrigation water from air conditioning condensate, and maximizing natural lighting or
LED lighting. We understand the importance of viewing our operations through the lens
of a life cycle impact, and addressing the impact of material choices in the supply
chain as well as end of life.
We know our non-profit partners throughout Hawaii, such as the Surfrider
Foundation and Sustainable Coastlines Hawaii, share our commitment to preserving
Hawaii’s natural resources. Kona Brewing Co. supports working with the local
community to address the timely problem of styrofoam use.

PLASTIC WASTE
•
•

An estimated 275 million metric tons of plastic waste was generated in 192 coastal
countries in 2010, with 4.8 to 12.7 million tons entering the ocean (Jambeck 2015).
A 2014 study published in the Proceedings of the National Academy of Sciences
estimated the amount of plastic in the open-ocean surface to be between 7,000 and
35,000 tons. That is the equivalent weight of between 212 1,060 adult humpback
whales in pure plastic floating at the ocean’s surface (Cózar 2014).
Plastic tends to naturally accumulate in the global ocean gyres, or current zones. The
North Pacific Gyre, of which Hawaii is at the center, contributes importantly to the
global plastic load (between 33 and 35%) (Cózar 2014).
—

•

EXPANDED POLYSTYRENE (EPS) OR “STYROFOAM”
Expanded polystyrene foam (EPS), or “styrofoam”, is a single-use plastic made from
non-renewable petroleum sources. It is manufactured by linking styrene molecules
together and expanding them with air. Styrofoam became increasingly popular during the
1950’s a time when single-use plastics were considered a “modern convenience” and
the take-out food and beverage culture was increasing. Today, there is an increasing
body of scientific evidence that point to the dangers, both to humans and animals, of
styrofoam products. To compound problems, styrofoam can take upwards of several
hundred years to degrade. Fortunately, we have an increasingly wide availability of
substitute products for our food ware and beverage needs. These substitutes have
virtually the same functional properties as styrofoam, but are made from renewable,
biodegradable materials and can be incorporated into many green waste streams.
—

Science

—

styrofoam versus animals

Badfor humans

The National Academy of Sciences ruled that the synthetic styrene monomers that make
up styrofoam are “reasonably anticipated to be a human carcinogen based on limited
evidence of carcinogenicity from studies in humans...” (Report on Carcinogens 2014).
Badfor marine animals

There are two primary pathways by which styrofoam can be harmful
chemical.

—

mechanical and

Mechanical causes intestinal occlusion or blockage that can outright kill marine
animals (e.g. sea turtles and seabirds; Fry 1987, Sileo 1990, Auman 1997, Lazar
2011, Gray 2012, Wilcox 2015).
—

e.g. loggerhead sea turtles are an endangered species. 35% of loggerhead sea turtles
in one study were determined to have eaten some kind of marine debris, 15% of
these contaminated turtles had eaten styrofoam (Lazar 2011).

Chemical poisoning from contaminants native to styrofoam or much more
commonly via pollutants that end up collecting on the styrofoam; e.g. mercury
(Graca 2013) and polychlorinated biphenyls (PCBs). Styrofoam pieces essentially
act like little pollution sponges, picking up and concentrating hazardous
contaminants in the ocean then something like a sea turtle comes along and eats
this thinking it is a jellyfish. We have a lot yet to learn about the potential lethal and
sub-lethal chemical poisoning effects of styrofoam.
—

—

Major US states and cities with styrofoam bans
For an extensive list visit http://www.surfrider.o.rg/pages/polystyrene-ordjnances
• Berkeley 1988.
• Maine, statewide 1993.
• San Francisco & Oakland 2007.
• Portland 2008.
• Seattle 2009.
• Miami Beach 2014.
• Washington, DC 2014.
• Massachusetts, statewide. In consideration at the House under Bill H.2066.
Internationally:
• Antarctica 1992. Adopted under The Madrid Protocol.
o The Protocol relates to the protection of the Antarctic environment. Annex
III, Waste Disposal and Waste Management, prohibits polystyrene use as a
“particularly harmful product” (The Madrid Protocol 1998).
• Toronto, Canada. 2008.
• Haiti2Ol2&2013.
• Manila, Philippines 2013.
• Guyana 2016.
• Canberra, Australia. In consideration by the Australian Capital Territory and
Municipal Services Minister.
o ACT and Municipal Services Minister Rattenbury: “US cities such as New
York have found that single-use polystyrene containers cannot be recycled
economically. They’re bulky and they’re non-degradable so they take up a
significant amount of landfill” (Shirley 2015).
Styrofoam use and waste output in Hawaii
• Styrofoam products in Hawaii are either sourced from the mainland US, China, or
from a few local Hawaiian producers.
o “The American Chemistry Council which represents chemical
manufacturers estimates that the United States produces about 850,000
tons of polystyrene [styrofoam] each year” (Castele 2011).
• In 2006, the City and County of Honolulu commissioned a study on island waste
streams it estimated 7,056 ± 1,371 tons of polystyrene [styrofoam] waste was
produced every year. That’s about 38,6631bs of polystyrene [styrofoam] waste
—

—

—

per day. And Oahu is only about 70% of the total population of Hawaii (Final
Report: 2006 Waste Characterization Study 2006).
Can styrofoam be recycled?
Yes, it is technically possible to recycle styrofoam, BUT recycling styrofoam is
economically unfeasible and rarely done. It is simply cheaper to produce new
styrofoam, most processing stations cannot accept soiled styrofoam (e.g. if
food has even touched it), and there is virtually no market for recycled
product. Recycling styrofoam requires collection and shipping, which is very
expensive due to its low density. It just burns more fossil fuels to transport it to
the handful (none of which are in the state of Hawaii) of facilities that can recycle
clean styrofoam. And usually it can only be remade into a handful of items with
little market demand.
• The nearest place to Hawaii that recycles styrofoam is California and most
places in California will only accept styrofoam packing “filler” or clean (non-food
contaminated) styrofoam.
• “[New York City] officials said on Wednesday that the foam [styrofoam], known
as expanded polystyrene, was not recyclable and that they had not found any
established markets where it could be sold” (Flegenheimer 2015).
• “There’s not a single major city in the nation that has successfully implemented a
recycling program for used polystyrene [styrofoam] food containers, and the
reason is simple: It doesn’t make economic sense,” Mr. Goldstein (National
Resources Defense Council; Mueller 2015).
• See “Containing the Containers” article by L. Consentino 2015, for additional
information about the non-feasibility of recycling styrofoam.
—

Alternatives to styrofoam food and beverage containers
The best non-reusable alternatives are biodegradable, compostable paper or plant-based
materials: sugarcane, plant starch, PLA (polydactyl acid) from cornstarch, wheat straw,
etc. Some of these products handle much like petroleum-based EPS, are soak proof, and
can handle temperatures up to 220F (>boiling temp of H20), and are microwave safe.
Elizabeth Elkjer, Director ofMarketing, Sustainable Island Products
Sustainable Island Products is located on the Big Island and is a family owned and
operated business that first began selling compostable disposable products in 2007 and
now serves over 300 customers. My parents purchased the business in October and we
have since seen a 40% growth. We attribute this growth to a change in our island
consciousness. As a company, we have the most diverse inventory of compostable
products in the state and we are constantly bringing in new items that have been
requested by our customers, from cups and plates, to sushi trays and grocery
packaging. We carry products for all current consumers of polystyrene to
seamlessly transition to compostable products.
While, and although that may have been true in the infancy of compo stable
packaging, the increase in demand for compostable products has driven the cost

down substantially enabling them to be competitively priced. Additionally, many of
our customers have seen an increase in profitability after switching to our products
because their clients want to support businesses that believe in sustainability.
Our compostable products require less energy to produce than their polystyrene
counterparts, they are non-toxic and non-polluting, and they are made from agricultural
by products and renewable resources. This means that regardless of whether or not
our island has commercial composting facilities in place, compostable products are
still better for the planet from start to finish. If one of our cups finds its way into the
ocean, it will degrade and disappear, unlike all polystyrene “styrofoam” which simply
breaks into smaller and smaller pieces, impacting the planet forever.
EPS Free Maui Restaurants include, but not limited to:
Choice Health Bar, Maui Brewing Company, Monkeypod Kitchen, Farmacy Wailuku,
Milagro’s, Kihei Cafe, Flatbread, Paia Fish Market
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SUPPLEMENTAL INFORMATION
Consumer preferences and willingness to pay for non-plastic food containers in
Honolulu, USA. 2011. Michelle Barnes et al. Journal of Environmental Protection.
This study was published in the international, peer-reviewed Journal of Environmental
Protection. Dr. Barnes and her colleagues used rigorous sampling methods to quantify
support amongst Honolulu residents to pay more for non-styrofoam containers. They
found that over 80% of respondents were in favor of a ban against styrofoam food
containers and were willing to pay extra for biodegradable containers.
Containing the Containers. 2015. Lawrence Cosentino. City Pulse.
This article explores the realities of why so few places in the United States recycle
styrofoam it is just economically unfeasible. Even in the backyard of the major
styrofoam producer, Dart Container Co., few recycling centers will even accept
styrofoam waste, especially soiled (or food contaminated) styrofoam.
—

Styrene reasonably anticipated to be a human carcinogen, new report confirms.
2014. National Academy of Sciences.
Press release from the National Academies which upheld the listing of styrene (the
chemical component of sytrofoam) as “reasonably anticipated to be a human carcinogen”.
The committee considered available scientific research on the matter and concluded that
“compelling evidence exists in human, animal, and mechanistic studies to support listing
styrene, at a minimum, as reasonably anticipated to be a human carcinogen”.
The 25ft-high tidal wave of rubbish that highlights just why plastic shopping bags
and Styrofoam food containers are banned in Manila from today. 2013. July Reilly.
Daily Mail.
News report highlighting Manila, Philippines ban on styrofoam food containers and
single-use plastic bags. The magnitude of single-use plastics here has become especially
visible, in the form of a 25-foot high wave of plastic trash. Tourism in this island nation,
like Hawaii, plays an important role in the economy and is most successful with a clean
and healthy ocean and beaches.
Change.org petition for a Maui county-wide ban on single-use “styrofoam”
containers.
Petition to ban styrofoam containers on Maui signed by over 500 supporters in 5 days.

Change.org petition for a Big Island county-wide ban on single-use “styrofoam”
containers.
Petition to ban styrofoam containers on the Big Island signed by over 4,000 supporters
across the Big Island and neighboring Hawaiian Islands.

Testimony in Support for IEM 5: Bill Relating to Reductiojiçf~
Polystyrene Disposable Food Containers
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Jennifer MiIhoien <milholen.jennifer@gmail.com>
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha, my name is Jennifer Milholen and I am writing in strong support of IEM-5, the bill to reduce polystyrene
food containers in Maui County. Mahalo for taking the time and energy to consider this item.

Jennifer Milholen

Friends of Moku~uIa
abner nakthei <hangloosesurfclub@gmail.com>
Wed 12/14/201612:17 PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha
My name is Abner Nakihei Jr. I am in favor of the Friends of Mokuula to continue to manage the parking lot in
Lahaina, Maui. I believe the money generated from the parking lot is a vital way to restore the Mokuula land. From
reading the report my understanding is FOM were unfortunately unable to present paperwork. My suggestion is to
put in a place rules for FOM to show documents for the next months and if broken then deny management to the
parking lot.
Mahalo,
Abner Nakihei Jr.

Please BAN Polystyrene
nallstudios@gmail.com on behalf of
Maui Creative Photography <mauicreativephoto@grnail corn>
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Tue 12/13/2016 9:40 PM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha County Clerk and County Council,
Mahalo for your service to our community...
Many counties and cities have already taken this step it’s time Maui county does too.
-

Polystyrene is non-biodegradable and produces unnecessary landfill waste. Protect our island home;
malama ama, reduce pollution in our oceans, streams and land. Please vote to ban polystyrene.
Mahaio!
Aloha,
Matthew Nail
Haiku, Maui
808-344-6098
mauicreativephoto@gmail.com
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RE: Testimony in Support of CR 16-192
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Autumn R. Ness
Wed 12/14/2016

11:09 AM
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roMelody Kapilialoha MacKenzie <mkmacken@hawaii.edu>; D. Kapua Sproat <kapuas@hawaii.edu>;
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COUNT’~’ CLERK

CcCounty Clerk <County.Clerk@mauicounty.us>;

Thanks so much for this ladies.
I think we have the votes, but in this crazy environment you never know. We have some pretty fickle members, so let’s hope they all get up on the
right side of the bed FridayG
I’ll let you know how it goes,
Autumn
From: Melody Kapilialoha MacKenzie [mailto:mkmacken@hawaii.edu]
Sent: Wednesday, December 14, 2016 10:40 AM
To: D. Kapua Sproat <kapuas@hawaii.edu>
Cc: Autumn R. Ness <Autumn.Ness@mauicounty.us>; County Clerk <County.Clerk@lmauicounty.us>
Subject: Re: Testimony in Support of CR 16-192

Aloha,
With regard to our NHwn Law Trainings, they are generally targeted to decision-makers (law makers, board & comm’n.
members, etc.) but if we have room, we have been able to accommodate a few community members.
As Kapua noted, we also have more general informational sessions for communities and in addition to the Treatise, we have
4 primers available (Trad. & Customary Rights, Iwi KOpuna, Water & Quiet Title to Ancestral Lands). All of these can also be
found on our website at: https://www.law.hawaii.edu/kahuliao/leqal-resources
-

Hope this is helpful and mahalo for sharing the exciting news regarding CR 16-192!
Melody
On Wed, Dec 14, 2016 at 10:31 AM, D. Kapua Sproat <kapuas~hawaii.edu> wrote:
Aloha Autumn!
How exciting! Do u folks have the votes?
Our workshops are not generally open to the public, but we do community trainings from time to time. In addition, our Native Hawaiian
Law treatise is a GREAT resource for folks!
Mahalo nui
Sent from my iPhone
On Dec 14, 2016, at 10:09 AM, Autumn R. Ness <Aurnmn.Ness(ä~mauicounty.us> wrote:
Hi Melody,
Just wanted to let you know that our item is up for second and final reading tomorrow. Fingers crossed©
We had a question from a constituent asking if this course is or would be available to the general public? If not, can you recommend a
resource for anyone who might be interested?
Mahalo,
Autumn Ness
Executive Assistant
Council Member Elle Cochran
8082705512
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The William S. Richardson School of Law
Ka Hull Ao Center for Excellence in Native Hawaiian Law
Melody Kapilialoha MacKenzie

Director and Professor of Law

COUNCIL OF THE COUNTY OF MAUI
POLICY AND INTERGOVERNMENTAL AFFAIRS COMMITTEE
ATTN: CHAIR MICHAEL P. VICTORINO
Testimony in Support of CR 16-192:
Supporting a Native Hawaiian Law Training
for the Maui County Planning Commissions
December 2, 2016,
9:00 a.m.
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Aloha Chair Victorino and Members of the Committee.
Mahalo to the Maui County Council for recognizing the importance of the Native
Hawaiian Law Training Course and for considering its requirement for Maui County’s
Planning Commissions! Ka Huh Ao Center for Excellence in Native Hawaiian Law
strongly supports the intent of this bill.
Ka Huh Ao is an academic center at the University of Hawai’i at Mänoa’s William S.
Richardson School of Law. We promote education, scholarship, community outreach and
collaboration on issues of law, culture, and justice for Native Hawaiians and other Pacific
and Indigenous People. Since 2013, we have partnered with the Office of Hawaiian
Affairs to provide annual training courses in Native Hawaiian Law with a focus on the
public land trust, fresh water resources, traditional and customary Native Hawaiian rights,
and iwi kupuna or ancestral remains. Over 500 people have attended more than seven
trainings. Most attendees were members of state and county boards, councils, and
commissions or staff members, although a number of state legislators and county
councilmembers have also participated. The response to our trainings has been
overwhelmingly positive. Evaluations indicate that 75-80% of those responding believed
that the training improved their knowledge of their trust duties and responsibilities in each
of the training’s vital subject areas. In 2015, Governor Ige signed Act 169, which makes
our training mandatory for members of various state and county boards and commissions.
We are grateful that you are taking the initiative to consider requiring a Native Hawaiian
Law Training for your Planning Commissions. We are, however, sensitive to some of the
logistical and other challenges that may arise, including concerns about travel costs for the
Moloka’i and Lana’i Planning Conimission members and for the members of the Hana
Advisory Council. Given those concerns, we encourage the committee to incorporate
language that would enable the requirement to be satisfied creatively while also being
responsive to changing needs and resources, e.g., remote participation in training courses.
Tel: (808) 956-0828
Fax: (808) 956-5569
Email: mkmacken@hawaii.edu
An Equal Opportunity/Affirmative Action Institution

2515 Dole Street
Honolulu, Hawai’i 96822
www.law.hawaii.edu

Testimony in Support of CR 16-192
December 2, 2016
Page Two
Ka Huh Ao is also willing to work with the County to coordinate a training on Maui in
2017. Because our funding for the Native Hawaiian Law Trainings is currently provided
on an annual basis, we cannot make commitments beyond our current budget. That said,
we are happy to work with the County to ensure that the trainings can continue. And, if we
have the resources to facilitate future trainings, partnership with and participation from the
County is most welcome.
Mahalo for this opportunity to testif~r. We are happy to address any questions or concerns
that you may have.
Mahalo piha,

Melody Kapilialoha MacKenzie
Professor of Law and Director
Ka Huh Ao Center for Excellence in Native
Hawaiian Law

Strong Support of Agenda Item 16-204
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Nami Nielipinski <nami.nielipinski@gmail.com>
Wed 12/14/2016 1:39 PM
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To:COuflty Clerk <County.Clerk@mauicounty.us>;

Aloha Honorable Council Members,
I’m in strong support ofAgenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.

Foam/styrene is a health hazard which must be eradicated at all cost There are affordable and reasonable sustainable
alternatives for packaging/containers. No one wants to be sick. No one wants our Earth to be polluted knowing the facts.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo foryour consideration,
Nami Nielioinski

Testimony Supporting Agenda Item 16-204
Kenyon Smith <kenyonsmith@live.com>
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha,
I’m in support of agenda item 16-204, prohibiting the use of disposable polystyrene food service
containers.
I was born and raised in Hawaii and have spent most of my life on the island of Maui. I believe that
eliminating polystyrene containers will help us be better stewards of our islands and surrounding
waters, and will reduce the accumulation of non-biodegradable waste in our environment. Please vote
to help us preserve Maui for generations to come!
Thank you for your consideration and please pass this important legislation.
Ma halo,
Kenyon Smith

FW: Anaergia Resolution

Dcc~r1~iED
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Maui_County Council_mailbox
Wed 12/14/2016 12:44 PM
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To:County Clerk <County.Clerk@mauicounty.us>;
Cc:mwukelic@yahoo.com <mwukelic@yahoo.com>;

FYIFrom: M Wukelic [mailto:mwukelic@yahoo.com]
Sent: Wednesday, December 14, 2016 12:04 PM
To: Maui_County Council_mailbox <county.council@mauicounty.us>
Subject: Anaergia Resolution

Aloha,
I am writing to voice my support for NOT allowing the resolution that would enable Anaergia to
have the site lease approved without proper vetting by the entire council.
For the record, I am a fairly middle-of-the-road resident/voter who believes in smart
development, but is alarmed at measures designed to short circuit procedures that may take
longer, but may also identify good reasons to step back.
“Don’t it always seem to go, that you don’t know what you’ve got till it’s gone?” Joni Mitchell,
Big Yellow Taxi. Please don’t continue to do that to our island.
Respectfully,
Marti Wukelic

martiwrites.com

Ban Polystyrene

~
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Morgan Andaluz <morgandaluz42@gmail.com>
Wed 12/14/2016545 PM
To:County Clerk <County.Clerk@mauicounty.us>;

To whom it may concern,
Please ban the use of polystyrene in Maui.
Thank you.

~E~ouNTY

CLERK

Strong Support for Bill to Ban Polystyrene Food COç~n~S,~F~
(Agenda Item 16-204)
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Stuart Coleman <scoleman@surfrider.org>
Wed 12/14/20164:07 PM
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To:County Clerk <County.Clerk@mauicounty.us>;
@1 1 attachments (165 KB)
SF-FoamBan-Facts16.pdf;

Dec. 14, 2016
RE: Support for Bill Relating to Polystyrene Disposable Food Containers (Agenda Item 16-204)

Maui County Hearing on Fri., Dec. 16, 9:00am.

Dear Council Members,

As the Hawaii Manager of the Surfrider Foundation, I am writing in strong support of Agenda Item 16-204, the bill to prohibit the use of
polystyrene food containers. With thousands of Surfrider members in Hawaii, we are committed to reducing the litter and environmental
hazards of single-use plastics as part of our popular Rise Above Plastics campaign.

Polystyrene food products are one of the most littered items in our Islands, and Maui is no exception. Our Hawaii Chapters support this bill
because of the health and environmental threats that affect all of us in Hawaii. Expanded polystyrene (EPS) foam containers are the most
toxic and least recycled form of plastic, yet Hawaii has the highest per capita use in the country.

The foam industry opponents will say it’s recyclable, but less than 1% is ever recycled. They will also say that it’s a “litter problem,” but
the plastics industry’ has been using this tactic and blaming the public for decades without producing products that are actually recyclable.
An EPS foam ban was implemented in San Francisco. and there was a 30% decrease in EPS litter within one year (San Francisco Street
Litter Re-Audit, 2008). Over 100 cities and counties across the country’ have enacted EPS foam bans. For an extensive list see:
http://ww~v.surfrider.oru/naues/polvstyrene-ordinaiices.

They will also say that banning polystyrene food containers will hurt small businesses, but there are many restaurants that have dropped
these products and are doing just fine. In fact, the new Ocean Friendly Restaurants Hawaii program has certified almost 100 restaurants
that are foam-free just in the last seven months!

During our monthly beach cleanups around the state. EPS foam products are among the top items we find every time. In fact, as Part of
International Coastal Cleanup Day last year. 17.383 cups. plates and pieces of EPS foam were removed from Hawaii’s beaches in a sinele
da~ on Sat.. Sept. 9~. 2015! That’s why we need this bill, which would help reduce these litter problems and environmental issues by
requiring restaurants and food service vendors to stop using toxic EPS foam containers.

We embrace a policy of “1, 2. C,” meaning products should he recyclable 41 & #2 plastics or compostable. which is in line with the
County’s Zero-Waste Policy. There are man~• compostable or non-toxic plastic alternatives that can be recycled. This bill provides vendors
and restaurants enough time to use their remaining inventory and transition to safer products, which hundreds of restaurants have already
done without any problems. Although foam products may be cheaper to buy, they have a hidden cost that counties and citizens have to pay
to clean them up.

Although the FDA approved EPS foam products in 1958, the science since then has shown that these are toxic products. Here are some top
reasons why EPS foam food service products are dangerous and wasteful:

I. EPS foam is a toxic form of plastic made from non-renewable fossil fuels and synthetic chemicals like styrene that leach out over time,
especially in contact with hot, greasy or acidic food.
2. According to the National Institutes of Health (NIH), styrene is a dangerous carcinogen and neurotoxin that can lead to cancer.
lymphoma and leukemia. The EPA says 100% of humans have styrene in their fat tissues.
3. Because EPS foam food service products are more than 90% air, they break apart easily and are often blown into our coastal areas and
out to sea, where they are listed as one of the top 10 items collected at beach cleanups.
4. EPS foam never hiodeerades hut only breaks into smaller micro-plastics. These pieces act like sponges for toxic chemicals in the ocean
and are consumed by marine creatures who mistake them for food. More than 180 marine species are known to eat plastics, including
endangered species like sea turtles and albatross.
5. Hawaii has one of the highest per capita rates of take-out food in the country. and many food containers are made of EPS foam products
whose toxic chemicals threaten the health of humans and the environment.
6. Most of these products are hauled to our overflowing landfills where they never degrade but begin to leach toxic chemicals like styrene.
a known carcinogen.

Along with the facts above, there have been many scientific studies showing the harmful effects of polystyrene foam. That is why we don’t
~ant to delay taking action to reduce foam use and litter. In 2008, the Hawaii Senate passed SR78 SDI to create a voluntary compliance
program to switch from foam products to healthier alternatives, but nothing was ever done to move this forward. And in 2014, the
Honolulu City Council passed Resolution 14-175, to study the effects of foam and other single-use products, but the study was never done.

The amount of testimony in both resolutions was overwhelmingly in favor of bills to reduce polystyrene food containers. But those
legislative bodies seemed to have been swayed by the exaggerated claims of lobbyists for local foam producers and distributors, The irony
is that these same companies already carry and distribute more eco-friendly recyclable and compostable products because they see the
writing on the wall against foam litter. Scientific research and public sentiment have created a compelling case against their foam products.
and more than 100 cities and counties have already enacted successful foam bans.

Maui County’s own Integrated Solid Waste Management Plan has stipulated that “source reduction” is the top priority. This bill would
help move that plan forward and save the County money in cleanup costs,

We appreciate that this County Council has been an environmental leader in the state in moving forward policies like the bills to ban plastic
bans and create smoke-free parks & beaches, and we ask you to assert that same leadership on this issue. Because Polystyrene food service
products are toxic to the environment and human health, their use should be banned. There are many available and affordable alternatives
that are non-toxic, biodegradable and pose no threats to the environment or human health and will cost the counties less to clean up.

Protecting our land and people should be our top priority, not allowing a few companies to profit from outmoded products that harm the
environment and our wildlife. Mahalo for your time and leadership on this issue and please feel free to contact me if you have any
questions.

Sincerely,
Stuart H. Coleman

Stuart H. Coleman I Hawaiian Islands Manager I Surfrider Foundation
808-381-6220 I scoleman~surfrider.or
Help keep the coastline clean, healthy and accessible...join Surfrider Foundation today!
Check out my new gift book Eddie Aikau: Hawaiian Hero!
Author of Fierce Heart and Eddie Would Go
www.stuart-colemancom
www.EddieWouldGo.com
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I support the ban on polystyrene
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Honored Council Members,
I would like to submit my testimony in support of the proposed ban on polystyrene. Surfrider Foundation and the
Sierra Club have presented an excellent rationale for this action, so I will add my voice in support of this request. As
someone who has coordinated and participated in many beach cleanups, and knowing the constraints Maui County
already faces with its waste disposal and recycling programs, I can only conclude that this is the right course of action
for a sustainable future. Please support this proposed ordinance.
Mahalo,
Liz Foote
Wailuku, Maui
(808) 283-1631

I SUPPORT Agenda Item 16-204 to REDUCE foam food service
containers on Maui County!
lamson@hawaii.edu on behalf of Megan Lamson <meg.HWF@gmaiI.con~
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To:County Clerk <County.Clerk@mauicounty.us>;
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Cc Robert Parsons <Robert Parsons©co maui hi us>
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HWF_maui.foam_nov2Ol6.pdf; PUBLlSHED_Blickley et_al_2016_Marine Pollution Bulletin.pdf;Carson et a!. 2013b.pdf;

Aloha Maui County Council Members,
I am in FULL support ofAgenda Item 16-204, prohibiting the use of disposable polystyrene food service containers (as
was noted in our testimony to the Infrastructure & Environmental Management Committee last month, see attached). It does
our ‘ama and our ocean ~ good to continue to~po~ products that have no viable or pono disposal
mechanisms.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and land to
make more earth friendly choices. There are several local vendors that are already selling eco-friendly, compostable foam food
service alternatives, including both Sustainable Island Products, KYD, Suisan, FFF Distributors, and Styrophobia, and these
options are usually at a cost difference of a dime or so more than the traditional more wasteful single-use plastic options.
I hope that you take the time to consider the full “life” cycle of these products when making your decision. A negligible cost
difference now can mean a world of hurt for marine wildlife and human health in the very near future.
Furthermore, I am including a couple scientific journal articles that were published in recent years from studies on Hawai’i
Island and Maui. Both of which prove that land-based debris from local sources can and DO end up as marine
debris along our shorelines. Plus, for the past 20 years, Hawai’i Wildlife Fund has removed over 200 metric tons of
marine debris from the shores of Hawai’i nei, most of which was PLASTIC. This large amount highlights that this plastic
pollution problem is not something we can ignore any longer.
We have to get better at taking some responsibility for our own LOCAL input and sources of marine debris, and to stop only
pointing the finger at faraway places and commercial fishing industries. This proposed bill would be a great step in the right
direction and I urge you to move towards this more this zero waste pathway.
We can and must do better for our Islands--please pass this very important measure!!
Please vote to SUPPORT the foam bifi (Item
ecosystems and our keiki into the future.
Mahalo for your time and consideration,
Megan R. Lamson, M.S.
Hawai’i Wildlife Fund (wildhawaii.org)
Hawai’i Island Program Director
me~.HWF~i)gmail.com
808-217-5777
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at this Friday’s hearing for the health of our island
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Maui County Council (iem.committee~mauicounty.gov)
25 November2016
Re: County of Maui Polystyrene Foam Reduction Bill
Aloha County Council members,
Hawai’i Wildlife Fund is in unanimous support of the proposed County of Maui bill for an
ordinance (IEM-05) regarding polystyrene food service containers. As you know, the
Hawaiian Archipelago is the most isolated island chain in the world. As such, we need to protect
the natural and cultural resources that these lands and seas provide, and avoid bringing in
products (like polystyrene foam) that are environmentally toxic, bad for wildlife and human health,
and difficult to dispose of.
It’s simple, really. We live on an island. If we cannot properly recycle or reuse items in a safe way
for our communities, then what are we doing bringing them here in the first place?
Hawai’i Wildlife Fund (HWF) is a community-driven and volunteered-based non-governmental
organization. Founded in 1996 by two National Marine Fisheries Service scientists, we are
committed to protecting native wildlife in Hawaiian coastal and marine ecosystems. For 20 years,
we have been involved in dozens of projects to conserve native flora and fauna, educate and share
mana’o with community members and local businesses, and to advocate for a healthier natural
environment here in Hawai’i nei.
Two of these projects include marine debris removal and prevention. Over the years, HWF and
4,000+ volunteers have collected and removed over 211 tons of marine debris (or 465,000+
pounds!!) from the shores of Hawai’i Island, Maui, Midway, and French Frigate Shoals. In fact,
over 5 metric tons (11,763 lbs.) were removed in the last 3 months on Maui and Hawai’i
Island alone. We estimate that 85—90% of all the marine debris we’ve collected to date is made
of plastic, including foam buoys, cups, bits and pieces.
This> 85% figure is especially scary because the vast majority of plastics do not biodegrade.
Instead, they photodegrade, then get brittle and break into smaller and smaller pieces; pieces that
resemble and are often mistaken for food by fish, seabirds, marine mammals and sea turtles.
Microplastic debris, including tiny pieces of polystyrene, may be the most ecologically harmful
marine debris constituents of all as they are more easily incorporated into the marine food web. A

www. wuld/,a wall. org

recent journal article stated that over 690 different species of marine life were affected by marine
debris (Gall and Thompson 20151), and polystrene foam is a likely culprit.
Over this past school year, we visited 34 elementary-school classrooms on Hawai’i Island and
reached over
733 students with our newly developed “Marine Debris Keiki Education & Outreach” curriculum
(avail for download on our website) and we hope to bring this program to Maui County in the next
year. Our children are advocating protecting our oceans by reducing our single-usage plastics
consumption. In addition, we are continuing to educate community members and visitors alike on
Maui and Hawaii Island by hosting community cleanup efforts on debris-laden shorelines. We feel
strongly that this bill is in concert with all these efforts, and in leading the state in bringing this
innovative (but not novel!) reduction bill to the table.
The fact remains that as our islands population continues to increase, more people will create
more waste, and unfortunately much of this waste is plastic debris. We are mindlessly using
products like polystyrene
foam clamshells and plastic utensils for five minutes (or less!), and then throwing them “away” (out
of sight and mind) where they will stay for generations.
Plastic pollution and marine debris are very serious and global problems. But they are people
problems, and can be resolved by the steadfast commitment of people. As representatives of our
island community, you are charged with protecting the interests of all of our residents and visitors
alike. So we ask you to think twice about this important bill.
Yes, compostable, cardboard, or plant-based materials might be slightly more expensive initially.
However, if we truly consider the exponential cost of environmental degradation, threats to native
wildlife and
human health, plus the burden of our overflowing landfills, and continuous solid waste
management challenges on this island, then we think not. It’s all about planning for a circular
economy, and designing with zero waste in mind. Reducing polystyrene foam usage is an
environmental necessity and an economically sound decision.
...

We urge you to push this bill forward for the health of both our native wildlife and community
members. HWF stands in strong support of IEM-05!
Thank you for your kind consideration.
Mahalo nui ba!
Me ke aloha pumehana,

Hannah Bernard (wiId~aloha.net) &

Megan Lamson (meq.HWF~qmail.com)

Executive Director & Co-founder

Vice President & Hawai’i Program Director

808-280-8124

808-217-5777

‘Avail from: http:llwww.sciencedirect.com!science/article/pii/S0025326X1 4008571
www. wi/c/hawa IL org
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ABSTRACT

Plastic pollution has biological, chemical, and physical effects on marine environments and economic
effects on coastal communities. These effects are acute on southeastern Hawai’i Island, where volunteers
remove 16 metric tons of debris annually from a 15 km coastline. Although the majority is foreign-origin,
a portion is locally-generated. We used floating debris-retention booms in two urban waterways to
measure the input of debris from Hilo, the island’s largest community, and released wooden drifters in
nearby coastal waters to track the fate of that debris. In 205 days, 30 kilograms of debris (73.6% plastic)
were retained from two watersheds comprising 10.2% of Hilo’s developed land area. Of 851 wooden
drifters released offshore of Hilo in four events, 23.3% were recovered locally, 1.4% at distant locations,
and 6.5% on other islands. Comparisons with modeled surface currents and wind were mixed, indicating
the importance of nearshore and tidal dynamics not included in the model. This study demonstrated that
local pollutants can be retained nearby, contribute to the island’s debris-accumulation area, and quickly
contaminate other islands.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Plastic pollution in the marine environment impacts human
communities directly through reduced tourism income, increased
cost of cleanup, threats to navigation and safety, contamination of
food sources, loss of aesthetic value, and other public health
hazards (reviewed in Thompson et al. 2009). It impacts those same
communities indirectly by threatening marine organisms and
habitats though entanglement and ingestion by invertebrates,
fishes, birds, turtles, and marine mammals, smothering of the
benthos, leaching of plasticizers, concentration of persistent
organic pollutants in seawater, changing the physical properties of
sediment, and the transport of organisms via rafting (reviewed in
Cole et al. 2011, Gregory 2009).
These effects are particularly acute in the Hawaiian Archipelago,
in part because of its location proximal to the major debris accu
mulation zone of the North Pacific Gyre (Howell et al. 2012).
In the northwestern portion of the island chain, the sensitive
habitats of the Papahanaumokuakea Marine National Monument
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are threatened by marine debris, especially derelict fishing gear
(Donohue et al. 2001). Marine debris also affects the marine envi
ronment and human communities on the southeastern inhabited
islands. Residents are tied to the ocean, not only through a depen
dence on tourism and shipping, but also via aquatic activities (such
as fishing, surfing, and canoeing) that are integral to their lifestyle
and culture. Near the southern end of the archipelago’s largest
island, Hawai’i, lies Kamilo Point, an area famous for debris accu
mulation (Fig. 1). Since 2003, the Hawai’i Wildlife Fund (www.
wildhawaii.org) has removed an average of 16 metric tons of
debris per year from this 15 kilometer coastline.
The plastic debris at Kamilo consists of derelict fishing gear,
miscellaneous large items, and a high, but patchily distributed,
concentration of polyethylene and polypropylene fragments
(Carson et al. 2011). The majority of identifiable items appear to be
of non-Hawai’i origin, as evidenced by heavily degraded or fouled
surfaces, foreign-language labels, markings, and logos on items not
labeled for sale in the United States, or aquaculture and fishing
industry equipment not in use on the islands (e.g. Ebbesmeyer et al.
2012). However, some items do appear to be of local origin, as
evidenced by fresh, unfouled surfaces, and commonly used brand
names. The local-origin debris is unlikely to have been littered
directly on the coastline because the area is difficult to access and
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Fig 1. Map of the study areas around Hawaii Island, and inset picture of typical debris accumulation on Kamilo Point.

not a tourist destination. Therefore, the same hydrodynamic forces
which deposit large amounts of foreign debris on this coastline may
also carry local debris. We hypothesize that prevailing northeast
erly trade winds, and their associated surface currents (jia et al.
2012), make the east coast of Hawai’i Island the most likely
source of local debris to the Kamilo area.
Although plastic pollution from distant locations in the Pacific
poses a great threat to Hawai’i (Brainard et al. 2001, Donohue 2005,
Ebbesmeyer et al. 2012), this pollution is also more difficult to
prevent with local action than Hawai’i-sourced debris. In this study,
we test whether or not waste from the island’s large population
centers washes up on the island’s main debris accumulation areas.
Specifically, we investigate the following two questions:
1) What is the amount, composition, and timing of debris reach
ing the ocean from the island’s largest population center, as
measured by floating debris retention booms in two urban
waterways?
2) What are the pathways of Hilo debris and debris from other
island areas once it reaches the ocean, as traced by drifters and
simulated by ocean models?

2. Design of experiments
2.1. Debris-retention Booms
One floating debris-retention boom was placed in each of two
waterways in Hilo (Fig. 2), the largest population center on the
island of Hawai’i (43,263 people as of the 2010 census). The first (#1
in Fig. 2) was placed in the Wailoa River watershed, which drains
the predominantly residential southern portion of the city. The
watershed area is 255.4 km2 extending to the top of the massive
Mauna Loa volcano; however, due to the highly porous nature of
the basaltic rock, surface runoff only becomes a relevant factor in
the movement of debris in the lower, developed 10.0 km2 of the
watershed (Parham et al. 2008). The boom spanned a 25-meterwide concrete flood-control channel at the mouth of the river as it

flows into Waiãkea Pond. The pond is a brackish-water, tidallyinfluenced water body that opens to Hilo Bay 1.5 km north of the
boom.
The second boom (#2 in Fig. 2) was placed in the ‘Alenaio
Stream watershed, which drains a smaller portion of urban Hilo,
including the southern end of the downtown commercial district.
The watershed area extends 187.3 km2 up the slopes of the Mauna
Loa volcano; however, only the developed lower 4.3 km2 (Parham
et al. 2008) is likely to produce significant synthetic debris runoff.
The boom crossed a six-meter-wide stone flood-control channel as
the stream empties into Waiäkea Pond. The bay entrance is located
12 km east of the boom.
The booms collected debris from only 10.2% of Hilo’s developed
land area, representing approximately 4,400 people. Northern
portions of the city are drained by the Wailuku River, a large
watershed (653.2 km2) of forested land that experiences extreme
flows during frequent storm events which would be likely to
destroy attempted boom placements with the force of water and
drifting logs. The majority of runoff from the downtown commer
cial district reaches the bay via a decentralized network of under
ground storm drains which are difficult to sample effectively. To the
south of the study area, the Keaukaha area is also drained via
groundwater and decentralized channels that would be impossible
to sample effectively for debris. These logistical considerations
prevented more of Rib’s drainage area from being studied. The
boom placements at the point where the two study watersheds
empty into Waiäkea Pond are advantageous because standing
water supports the booms during low flow while dissipating some
of the energy from high flow events.
The booms were anchored to either side of the two drainage
channels, and remained in place for 205 days from September 2011
to April2012. They consisted of flotation chambers extending about
0.3 m above the water surface (Fig. 2), and a solid, impermeable
curtain weighted with chain extending about 0.3 m below the
water surface. Debris was removed twice a week during the study
period, with additional checks after storm events. To collect the
debris, the booms were detached from one shoreline and pulled
across to encircle the debris cJose to the other shoreline where it
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14g 2. Satellite photo of the study area in Hilo, Hawaii Island, and pictures of the Wailoa River Boom (left) and Alenaio Stream Boom (right) with typical debris shown in the
foreground.

could be easily removed with a dip net. In the laboratory, captured
items were separated from organic debris, rinsed, and then dried
for weighing and classification into one of ten categories (Table 1).
We have no quantitative data on the efficiency of debris capture by
the booms. Visual observations showed that the booms were most
efficient at capturing high-buoyancy items such as plastic bottles,
and could not always retain low-buoyancy items such as plastic
bags, especially during high flow conditions.
We used linear regression to test for a relationship between the
timing of plastic captures and local precipitation, as measured by
National Weather Service rainfall gauges. Cumulative rainfall that
occurred between debris samplings was compared to the total
weight of debris found in the booms during the corresponding
sampling period.

2.2. Drifter Experiments
Degradable wooden drifters were constructed to approximate
the movement of Hawai’i-sourced debris. The drifters were made of
pine blocks approximately 7.6 cm long, 8.9 cm wide, and 3.8 cm
high, branded with a message including release location code,
contact phone number, and email address. In seawater, the blocks
initially floated with approximately 1 cm of windage, which was
reduced to almost zero after several hours of water absorption. A
test block placed in a bucket of seawater remained positively
buoyant for approximately 80 days before sinking.
We released 851 blocks at the same Hilo Bay location (19° 45’
06” N, 155° 03’ 51” W) in two deployments, one in October 2011 and
another in March 2012. To assess the effect of hypothetical along-

Table 1
Dry weight of debris captured by two floating retention booms in Rib, HI, USA over 205 days. Numerals in parenthesis below the weights are the number of items of that
category. “Misc.” = miscellaneous items that do not belong in the other categories, including plastic items and items made of multiple materials; PET = polyethylene tore
phthalate; PE polyethylene.
boom

Waiboa River
‘Alenaio Stream
Total

plastic items (kg)

/ lids

PET bottles

cigarettes

PE packaging

bags

cups

1.79 (69)
3.30(121)
5.09 (190)

0.34(1004)
0.07 (263)
0.41 (1267)

0.80
1.05
1.85

0.43 (50)
1.83 (121)
226 (171)

0.50 (15)
1.05 (53)
1.55 (68)

aluminum

glass

misc,

total

footwear

styrofoam

(kg)

(kg)

(kg)

(kg)

0.15 (1)
2.04(8)
2.19(9)

0.76
0.63
1.39

0.13
1.08
1.21

0.01
2.08
2.09

5.60
6.29
11.89

10.52
19.43
29.95
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shore jets, induced by tides, each event was split into two tide-state
releases: at slack-before-flood (low tide) and at slack-before-ebb
(high tide). Prevailing westward flow around Hawaiian Islands
(jia eta!. 2012) reduces the probability of debris transport from the
west coast of Hawai’i Island to the Kamilo accumulation area. To
verify this hypothesis, we also released drifters near the island’s
second-largest population center at Kailua-Kona. We placed 230
drifters offshore of Kailua-Kona (19° 40’ 2” N, 156° 2’ 15” W) in two
tide-state releases in October2011. Two additional release locations
not near population centers were used to help describe the
movement of debris around the island. We deployed 236 drifters
offshore of Pohoiki, near the eastern tip of the island, and 230
blocks offshore of Kaulana, near the southern tip of the island
(Fig. 1), each in two tide-state releases in October 2011. All releases
were made from watercraft approximately 1 km offshore, because
we were not interested in studying surf zone debris-movement
processes.
The telephone hotline and email account were monitored
continuously after releases to receive reports of recoveries.
Members of the public that located blocks were asked to report the
time, date, and location of the recovery event, as well as block
release code and whether or not they removed the block from the
shore (to prevent duplicate reports). First reports from certain areas
were used to calculate maximum drift speeds from release to
destination, and subsequent recoveries were assumed to have been
beached nearby and not recovered immediately.
2.3. Ocean Model of Surface Currents
The SCUD (Surface CUrrents from Diagnostics) model was
developed at the International Pacific Research Center (IPRC) to
assess surface velocities using global, near-real time satellite data of
altimetric sea level anomaly and scaterometric vector wind
(Maximenko and Hafner 2010). Sea level anomaly, referenced to the
mean dynamic topography found in Maximenko et al. (2009), was
used to compute absolute geostrophic velocity and wind to assess
Ekman currents. Geographically-varying coefficients of the model
were tuned using trajectories of almost 15,000 satellite-tracked
drifting buoys of the Surface Velocity Program and Global Drifter
Program (http://www.aoml.noaa.gov/phod/dac/index.php). Model
velocities are calculated daily, on a 1/4° global grid. The accuracy of
the model deteriorates near shore due to higher errors in satellite
data and increased complexity of dynamics. It is challenging to use
the SCUD model to assess the movement of a wooden block, whose
design is very different from the drifters employed by the Global
Drifter Program. However, SCUD currents were found informative
to trace such differently shaped instruments as the whale-tracking
gear, operated by the US National Oceanic and Atmospheric
Administration’s (NOAA) Hawaiian Islands Humpback Whale
Sanctuary, and the experimental profiling float (during its visits to
the ocean surface) of the US National Aeronautics and Space
Administration’s (NASA) Jet Propulsion Laboratory. Specific to
marine debris, the solution of the statistical version of the model
corresponds satisfactorily to the distribution of plastic fragments in
open waters (Maximenko et a!. 2012). Additionally, SCUD was
found helpful in simulating the motion of heterogeneous tsunami
debris from Japan, including its circulation in the North Pacific and
landing on shorelines of different countries (Maximenko and Haf
ner, unpublished data1). Despite the limited applicability of the
SCUD model to the motion of wooden blocks in the nearshore area,
the overall simplistic formulation of the drifter exchange between

Model results available at: http://iprc.soest.hawaii.edu/news/marine_and_
tsunamLdebris/IPRC_tsunami_debris_models.phpl.
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different islands, and limited instrumental power, make reasonable
the use of the readily-available SCUD model as a framework for the
project.
The virtual release point for simulations was moved 24 km
offshore of the drifter release point to conform to the model space
of SCUD. 10,000 virtual drifters were randomly placed within the 1/
4° squared grid cell offshore of Hilo Bay on the October and March
drifter release dates. Their trajectories were computed for 14 days
to encompass the approximate period of first recoveries for the
wooden drifters. Duplicate simulations were run for each release
including a 2% windage factor to compare with the previous
simulations.
3. Results and Discussion
3.1. Debris-retention Booms
In 205 days, the two booms captured 29.9 kg of anthropogenic
debris, 73.6% of which was plastic by weight (Table 1). The largest
defined category was polyethylene terephthalate (PET, “#1”)
bottles, which comprised 17% of the total by weight. They were
followed by disposable plastic bags (7.5%), footwear (7.3%), glass
(7.0%), and polyethylene (PE) packaging (6.2%). A large portion of
the total debris was miscellaneous items, including sports equip
ment, fishing gear, toiletries, household items, and fabrics. The
most numerous category was cigarette butts (1267 items), although
they only made up 1.4% of the debris by weight. Over a third (35.6%)
of the material included plastic, aluminum, and glass packaging for
which recycling facilities are readily available.
The accumulation of debris at the booms was significantly
related (p < 0.001) to precipitation events in a linear regression
(Fig. 3), although rainfall did not explain the variation in debris
weight collected to the extent that might be expected given that
surface runoff is the most likely transport mechanism to water
ways. Only 37% of the variation in total debris weight collected
could be explained by variation in rainfall. However, if littering
rates are more or less constant in time (Seco Pon and Becherucci
2012), the first precipitation event after a dry period is likely to
carry a disproportionate amount of debris compared to subsequent
rainfall events, regardless of their magnitude, that occur before new
litter can accumulate (Moore et al. 2011).
The amount of debris collected at each boom did not correspond
to the land area drained by the waterway. The Wailoa River drains
over twice the developed land area as ‘Alenaio Stream, but collected
half the debris (Table 1). Differing land-use within the urban area is
the most likely explanation (Seco Pon and Becherucci 2012), with
3.5
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Fig 3. Total anthropogenic debris (filled diamonds, solid lines) at debris retention
booms in two watersheds and accumulated rainfall (open squares, dashed lines) in
between monitoring events at the booms. The r2 and p-values are from a linear
regression between accumulated debris and rainfall at each sampling.
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higher littering rates possible in the downtown commercial district,
partially drained by the ‘Alenaio Stream, compared to residential
districts. Because of the potential variation in litter by specific landuse, it is difficult to calculate the total input of debris from an urban
area on the basis of two retention booms. However, under the
reasonable assumption that littering rates do not vary significantly
with season (Seco Pon and Becherucci 2012), the booms captured
debris at a rate of 53.3 kg per year. Extrapolating that collection rate
from 10.2% of the city’s land area to the entire city yields more than
500 kg of marine debris produced each year for a city of over 43,000
people. This estimate does not include litter that is blown into the
ocean by wind, or litter directly deposited into the marine envi
ronment on beaches or from boats.
There are many reasons why that rough calculation may be
a significant underestimate of debris produced, and chief among
them is the inefficiency of capture by the booms. During high flow
events that are common in Hilo, we observed low-buoyancy items
such as plastic bags slide underneath the booms and avoid capture.
Estimates of the amount of high-buoyancy items such as capped
PET bottles are probably more accurate, as they seemed to be
retained on the surface even during high-flow conditions. Floating
retention booms with subsurface netting anchored to the bottom
would perform better at both quantifying debris and preventing its
entry into the ocean. Such devices were not possible at these
locations due to risk of sea turtle entanglement and other threats to
wildlife.
Several studies have attempted to quantify marine debris inputs
from stormwater runoff using a variety of capture devices, but few
are published in the primary literature (reviewed in Ryan et al.
2009). Our impermeable curtains across entire drainage channels
were better suited to prevent buoyant debris from entering the
ocean in moderate flows than they were to quantify all debris
inputs accurately under a variety of conditions. Sampling a portion
of the stream with fine-mesh netting, as did Moore et al. (2011) in
Los Angeles, would provide more accurate estimates of input rates,
especially for micro-debris in high flow regimes.
32. Drifter Experiments
Of the 1547 wood-block drifters released at four locations
around the island, 387 (25%) were reported recovered. Of those
recovered, 302 (78%) were found within 25 km of the release point.
The remaining 85 (22%) were found at distant locations on Hawai’i
Island or on one of three other Hawaiian islands (Table 2, Fig. 4).
The two October 2011 releases from Hilo Bay had markedly
different outcomes. No recoveries were made from the low-tide
release, whereas 24.3% of the blocks released at high-tide were
recovered on the islands of Maui (42 blocks), Lana’i (8 blocks), and

uninhabited Kaho’olawe (5 blocks). The Maui recoveries, in
particular, were spread over the entire island, although a majority
were encountered in the Makena (22 blocks) and Kahikinui (10
blocks) portions of the southern coastline. The first recovery, at
Hana on the eastern tip of Maui, occurred eight days after release.
This corresponds to a 23 cm s~ mean drift speed. The first recovery
on the north coast of Lana’i occurred 10 days after release (30 cm
s~ drift speed).
The two March 2012 releases from Hilo Bay had similar
outcomes, although they did not match the results of the earlier
releases. A large proportion of both the low-tide (51.5%) and hightide (46.8%) releases were retained within the bay, recovered on the
bay’s southern Keaukaha coastline (Fig. 2) as soon as two days after
release. Only thirteen blocks from the high-tide release were
recovered outside the bay. One block drifted north to the north
ernmost tip of the island, and the other twelve drifted south,
reaching as far as Kamilo Point near South Point (Fig. 4).
Releases from the island’s other major population center,
Kailua-Kona, had no reported recoveries. Both releases from
Pohoiki on the eastern tip of the island were recovered locally
(within 10 km) in large numbers, 49.6% and 37.4% for the low- and
high-tide events, respectively (Table 2). Thirteen blocks from the
high-tide release traveled southwest and were found at the major
debris-accumulation area at Kamilo Point (Fig. 4). Only four drifters
were reported from the Kaulana releases at the southern tip of the
island. Two each from the high- and low-tide releases were
encountered on the island of Lana~i. In contrast to other drift block
recoveries on Lana’i, these were all found 61 or more days after
release. These blocks, drifting at a considerably slower speed (5 cm!
s) than other Lana’i recoveries, could have taken an offshore path
through the field of eddies which often form in the lee of Hawai’i
Island (Jia et al. 2012).
The drifter results show that buoyant pollution from Hawai’i
Island’s largest population center can take a variety of paths. Tidal
cycles or other variations that occur on the timescale of hours can
cause strong dispersion of blocks released together, or result in
completely different trajectories. Hilo Bay drift blocks traveled
northwest, quickly beaching on three other islands, and they were
also retained locally, washing up at local beach parks after a short
residence in the bay. Although only one drifter out of over 800
released was recovered at Kamilo, this block establishes the drift
path for Hilo debris to beach at the island’s debris-accumulation
area. The same path was also demonstrated in two steps - Hilo
Bay blocks found at Pohoiki near the eastern tip of the island, and
blocks released at Pohoiki found at Kamilo (Fig. 4). Ongoing
experiments carried out while this manuscript was in review
support the Hilo to Kamilo pathway. Six of 200 blocks released from
Hilo Bay in late October 2012 have been recovered at Kamilo or

Table 2
Wood-block drifter releases and reported recoveries in the Hawaiian Islands.
release
location

recovery
tide

number

date

total

Hawai’i Island
local

Hilo Bay 1
Hilo Bay 2
Pohoiki (East Point)
Kaulana (South Point)
Kailua-Kona
total

low
high
low
high
low
high
low
high
low
high

220
226
200
205
121
115
115
115
115
115
1547

10/24/11
03/23/12
10/24/11
10/27/11
10/26/11

0.0%
24.3%
51.5%
53.2%
60.3%
37.4%
1.7%
1.7%
0.0%
0.0%
25.0%

51.5%
46.8%
49.6%
37.4%

Maui

Lanai

Kaho’olawe

18.6%

3.5%

22%

distant

6.3%
10.7%
1.7%
1.7%

19.5%

1.7%

2.7%

0.8%

0.3%
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Fig 4. Locations of all reported drifter recoveries. Multiple recoveries in one area are
represented by one symbol, with the adjacent numeral denoting the number of
recoveries in that area. Numbers in parenthesis in the figure legend are the total
number of blocks released at that event. Arrows connect release and recovery loca
tions, and do not represent drift paths. Not all of the release-recovery connections are
shown for clarity.

along this coastline at press time, with no recoveries elsewhere.
The eastern half of the island, including Hilo, remains the most
probable source of the local debris that arrives at Kamilo.
No drift blocks were recovered from the Kailua-Kona releases,
and only four were recovered from Kaulana releases. The paucity of
recoveries for blocks released on the leeward (i.e. westward) side of
the island is not surprising. The same prevailing currents that
sweep debris from east Hawai’i westward would send west Hawai’i
debris toward open water and keep leeward beaches relatively
clean. This finding matches the observation of larval dispersal by
direct detection of parent-offspring pairs in reef fish on Hawai’i
Island (Christie et al. 2010). Parents located on the eastern and
southern coasts of the island seeded recruits to the western coast,
but the reverse was not detected.
The 75% of blocks not reported recovered could have traveled to
a variety of destinations. SCUD model results (see below and Fig. 5)
show many could have been advected away from the islands into
the open ocean. These drifters will likely degrade or sink within
months. Others may have landed on seldom-visited parts of the
state such as much of the coastline of Kaho’olawe Island. Others
could be lodged or buried in sediment, rocks, or crevices and
difficult to see. Still others may have been found and not reported,
as suggested by some who called many weeks after recovery
because they forgot about the block for some time. Many blocks
may have beached one or more times, been refloated, and beached
in secondary locations, as evidenced by some blocks that appeared
more abraded (in pictures sent by recoverers) than others.
Although difficult to quantify, beaching and refloating is a common
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Fig 5. Results of SCUD model particle releases corresponding to the drifter releases in Hilo Bay. Particle trajectories represent drift pathways during the first two weeks after release.
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behavior of the plastic debris the blocks are meant to represent
(Garrity and Levings 1993).
How representative our drifter results are to the drift of marine
debris depends on how well their trajectories reproduce the
motion of plastic pollution. Matching the ratio of surface area
exposed to the wind to the submerged drag area is the key criterion
for similarity (Wiese and Jones 2001). The complication with plastic
litter, of course, is the diversity of shapes and buoyancies repre
sented. We designed our drifters with minimal windage, similar to
a large amount of the debris captured by our booms (Table 1) such
as bags, fragments, and packaging. However, more buoyant items
with more windage such as capped PET bottles are likely not well
represented by the drift blocks. Heterogeneity of debris found on
some beaches and missing from others indicates significant
robustness of pathways of different objects on a local scale and
justifies the design of our drifter experiment.
3.3. Comparison with Ocean Model
The results of SCUD model simulation for Rib Bay releases
(Fig. 5) corresponded generally to the observed drifter recoveries in
some cases. In October 2011, both the modeled particles and the
drifters were quickly transported northward. In the model,
however, they were swept past Maui toward the subtropical gyre
accumulation zone and did not make landfall. It is possible that
many blocks from both tide-state releases traveled the modeled
path, especially from the low-tide release for which no blocks were
recovered. Model-predicted current speeds of 20 - 30 cm/s corre
sponded well to the timing of first recoveries on the islands of Maui
and Lana’i. Including an estimate of the direct impact of the wind
changed the modeled results considerably, as the onshore winds
pushed most of the particles onto the shoreline north of Rib (Fig. 5)
where no blocks were recovered. The actual block recoveries in
Maui represent a middle ground between the two scenarios, sug
gesting that both wind and surface currents affected the blocks’
drift. A small number of particles in SCUD traveled toward actual
block recovery locations on Maui (Fig. 5).
Ironically, the surface current model did predict a large amount
of Maui recoveries for the March 2012 release (Fig. 5), when there
were none. One block, recovered on the northern tip of Hawai’i
Island, conformed to the model prediction. The other 211 recov
eries, however, were local or southward. A major possible reason
for the discrepancy between model predictions and drifter obser
vations was the need to move the virtual release point offshore of
the actual release point. The SCUD model does not include nearshore processes, the same processes which necessarily transport
land-sourced debris for at least a portion of their journey. In the
case of the March release, many blocks retained in the bay probably
did not ever enter the model space of SCUD. In October, the blocks
were apparently quickly moved offshore and into the modeled
current area. Adding the effect of windage to the SCUD model for
the March release (Fig. 5) shows increased transport of the particles
onshore, closer to realized drift of the blocks.
The differences between the modeled particles and the drift
blocks can be partially attributed to the uncertain effects of
windage, especially before the blocks waterlogged and floated
lower in the water. This uncertainty increases when the shape or
buoyancy of the floating object is unknown, as is often the case for
the variety of objects that constitute marine debris. Other
discrepancies may result because the SCUD model is a daily product
and does not account for differences in mixed, semi-diurnal tidal
state, which probably affected the drifter results considerably.
Most ocean models used to predict the spread of marine debris
operate on a larger-scale than the questions presented here
(reviewed in Potemra 2012). The development of ocean models that

accurately describe the nearshore environment around Hawaii
would aid in the study of the transport of marine debris around the
islands. Particles which enter the nearshore environment in the
SCUD model are considered beached (Fig. 5), despite the fact that
they are kilometers from shore in reality and would likely continue
their drift. Drifter experiments are useful tools, but cannot be
deployed continuously to describe hourly or daily fluctuations in
surface currents throughout the year as models can. With more
nearshore data from high-frequency radar or current meters,
models validated with episodic drifter experiments could better
describe the factors that control the local sources and sinks of
marine debris.
4. Implications
These results demonstrate the increased importance of East
Hawai’i’s waste management practices to the rest of the state. In the
prevailing currents, Hilo lies “upstream” of the state’s other
communities and habitats, and material entering the ocean there
can begin to pollute other islands quickly. Our October release of
drift blocks shows that pollutants entering the ocean at Hibo can
reach widespread locations around the islands of Maui County in as
little as eight days. Rib is the only deepwater port for the island of
Hawai’i, and as such receives a large amount of shipping, cruise
liner, and oil barge traffic. Of course, the results of this study cannot
be automatically extrapolated to all kinds of pollution. For example,
oil spilled originally at the sea surface is known to gradually
evaporate, dissolve, change chemically, and, finally, sink. Based on
our observations, any pollutant surviving on the ocean surface for
a period of weeks has a good chance to spread among the Hawaiian
Islands.
The steady stream of plastic debris from Hibo and many
communities is an ongoing spill of solid-phase petroleum that
occurs with each rain storm. This spill is quite preventable. There
are no fees for domestic waste disposal at island transfer stations.
Several private and public recycling facilities in Hibo accept or
purchase materials that made up a third of the debris collected in
the booms. Much of the waste collected was single-use containers
or bags, most likely used for a short period of time (minutes or
hours) before being discarded. If such containers were designed for
multiple reuses, both the volume of waste and the impacts to
habitats and communities could be reduced. All four counties of the
State of Hawai’i, for instance, have each recently passed legislation
to limit the use of disposable plastic shopping bags (Bly 2012).
Although waste that travels from local sources to local sinks is
the easiest to track and potentially mitigate, it is often a small
portion of both pollution produced and pollution received by
a given area. Even if all of the minimum 0.5 metric tons of marine
debris from Hibo traveled to Kamilo Point each year, it would only
make up 3% of the total debris removed from that coastline annu
ally. Similarly, plastic waste from Hibo, other parts of the island, or
the rest of the state still persists in the ocean even if it is not
beached on one of the inhabited or uninhabited islands of the
Hawaiian Archipelago. Local waste-management and consumer
choices that reduce the amount of plastic entering the ocean will
certainly reduce local impacts, but of equal importance is reducing
each community’s contribution to the global marine debris
problem.
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Polystyrene ban
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Ardie Zamani Zamani <ardiezarnani@hotmail corn>

-~

~

~25

-

Wed 12/14/201611:05 PM
To:CoLJnty Clerk <County.Clerk@mauicounty.us>;

Dear County Council,
My name is Ardie Zamani. I own Nikki’s Pizza Restaurant in Kaanapali, at Whalers Village Food Court.
We are a small business restaurant and I work very hard —7 days a week just to stay in business. I am
against the polystyrene ban. I can’t afford to use the alternative products. They are too expensive 2.5
to 3 times more expensive. See the price comparison below I received from my food supplier HFM
Morrad:
—

Earthchoice 3 compartment 8 inches by 8 inches: $61.76 for 200
Bridgegate 3 compartment 8 inches by 8 inches: $54.53 for 200
Polystyrene 3 compartment 8 inches by 8 inches: $21.95 for 200
These are very big price differences! I do mostly takeout food services and if I can’t use polystyrene any
more, then you will increase my expenses by thousands of dollars. You will put all the small restaurants
out of business.
Please do not pass this ban!
Sincerely,
Ardie Zamani
Nikki’s Pizza Owner
Whalers Village Food Court
Lahaina, HI 96761
Sent from Outlook
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Testimony Submitted to the Maui County Council
By the Conservation Council for Hawai’i
December 16, 2016 9 am

~tC ~) ~
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—
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Chair White, Vice-Chair Guzman, and Members of the Maui County Council,
Aloha. My name is Marjorie Ziegler, and I am submitting this testimony on behalf of the
Conservation Council for Hawai’i. CCH is a statewide nonprofit environmental organization formed
in 1950 and based in Honolulu. CCH supports IEM 5 and a reduction of polystyrene disposal food
containers.
Polystyrene foam does not breakdown it never goes away. It just breaks down into smaller and
smaller pieces and is ingested by our seabirds and probably other animals.
—

Polystyrene foam is mostly made of air, causing them to break apart easily and litter our streams or
blow out to sea. Food containers made from polystyrene foam are a significant component of our
trash. They take up landfill space, and are unsightly when littered on our beaches and in other
areas.
Polystyrene foam products are made from styrene, a known carcinogen and neurotoxin that leaches
into hot, greasy food. Such containers are the most toxic of good containers and the least recycled
type of plastic (less than 1%).
There are reasonably priced alternatives to polystyrene foam food containers. Let’s encourage
their use. The difference in price between polystyrene containers and compostable ones is
negligible, and will not reduce food sales. No one is going to forego purchasing a plate lunch if it
costs a few cents more to come in a biodegradable container as opposed to the slightly cheaper
harmful polystyrene foam container.
Reducing polystyrene foam products is good for the good for people, good for the economy, good
for tourism, good for the environment, and good for wildlife. Please pass IEM 5. It’s time.
Mahalo nui ba for the opportunity to testi1~.

Sincerely,

Marjorie Ziegler

Telephone/Fax: 808.593.0255 I email: info@conservefli.org I web: www@conservehi.org
P.O. Box 2923 Honolulu, HI 96802 Office: 250 Ward Ave., Suite 220 I Honolulu, HI 96814
President: Julie Leialoha I Vice President: Koalani Kaulukukul Secretary: Wayne Tanaka
Treasurer: Ryan Belcher Directors: Rick Barboza Anne Huggins Walton
Executive Director: Marjorie Ziegler I Administrator: Jonnetta Peters

Support Polystyrene Foodservice Container Ban
Arianna Feinberg <ariannafeinberg@gmail.com>
Thu 12/15/2016 8:52 AM
To:County Clerk <County.Clerk@mauicounty.us>;
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Aloha County Council members,

‘o

fli

I am very thankful that this bill made it out of committee and is being heard by the full council. Please accept this wri~t~n
testimony in favor of the proposed polystyrene foodservice container ban.
As a busy small business owner, I find myself eating out for lunch and dinner nearly everyday. I would like to avoid using single use
polystyrene foodservice containers but it is nearly impossible. Restaurants use these containers because they are the cheapest but
the price does not account for the externalities that our community will eventually pay for. These polystyrene single use
foodservice containers fill up our landfill or eventually end up in our ocean due to their lightweight nature. These plastic containers
are eaten by marine life that are already suffering due to overfishing, erosion, climate change, modified habitat and invasive
species. Banning polystyrene single use containers will not fix all of Hawaii’s marine life’s problems or our issues with our quickly
filling landfill but it will make a positive impact.
In the short term it may cost restaurant owners and customers slightly more money but in the long term it was save tax payers
money dealing with our land fill and allow our grandchildren to enjoy the many benefits of a thriving and biodiverse marine
ecosystem.
Thank you for your consideration of this issue and I hope you will make our future generations proud with your bold decision
making.
Mahalo,
Arianna
Arianna Feinberg
ariannafeinberg~amail.com
808-280-0988

Agenda Item 16-204
Diana Islas <info@buckinghamlawhi.com>
Thu 12/15/2016902AM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,

I’m in support ofAgenda Item 16-204, prohibiting the use ofdisposable polystyrene food
service containers.
We have environmentally better optionsfor our restaurants and an obligation to our
communities, visitors, ocean and land to make more earth friendly choices.

We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,
Gloria
Navarro-Buckingham
A Limited Liability Law Company
89 Ho’okele Street, Suite 201
Kahului, Hawaii 96732
808.873.5900 Office
866.935.4861 Fax
buckinahamlawhi.com
CONFIDENTIAL NOTICE
The information in this e-mail is intended only for the named recipient(s) above, It may contain confidential information that is privileged or that
constitutes attorney work product. If you are not the intended recipient, you are hereby notified that any dissemination, distribution or copying of this
e-mail and any attachment(s) is strictly prohibited. If you have received this e-mail in error, please notii~’ the sender by replying to this e-mail or by
telephone, delete this e-mail message from your computer and any attachment(s) from your system, and destroy any printed copies.
CIRCULAR 230 DISCLOSURE
To ensure compliance with requirements imposed by the IRS and in accordance with 31 C.F.R. Section 10.35(b), we inform you that any written tax
advice contained in this communication (including attachments) is not intended or written to be used, and cannot be used, for the purpose of (I)
avoiding penalties under the Internal Revenue Code or (II) promoting, marketing or recommending to another party any transaction or matter
addressed herein.

PLEASE! ‘1prohibit the use of disposable polystyr~e fc~d service
containers by food providers in the County of M~~” ~
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Beiia Paul <beiiapaui@yahoo.com>
Thu 12/15/2016 941 AM
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To:County Clerk <County.Clerk@mauicounty.us>; IEM Committee <lEM.Committee@mauicounty.us>; Mike White
<Mike.White@mauicounty.us>; Donald S. Guzman <Donald.Guzman@mauicounty.us>; Michael Victorino
<Michael.Victorino@mauicounty.us>; Gladys Baisa <Gladys.Baisa@mauicounty.us>; robert.carrol@mauicounty.us
<robert.carrol@mauicounty.us>; Don Couch <Don.Couch©mauicounty.us>; Stacy S. Crivello
<Stacy.Crivello@mauicounty.us>; Elle Cochran <Elle.Cochran@mauicounty.us>; Riki Hokama
<RikLHokama@mauicounty.us>; johnfitzpatrick@kiheicharter.org <johnfitzpatrick@kiheicharter.org>; IEM Committee
<lEM.Committee@mauicounty.us>;
Cc:Douglas Paul <douglas.paul©sodexo.com>; Kalani Ho-Nikaido <kho.nikaido@gmail.com>;

Aloha and Thank You for your service to our community.
As you already know, each year countless animals die from ingesting
plastics of all types including Styrofoam. It takes Styrofoam 50+ years to
breakdown and the particles that end up in our environment are filled with
toxic chemicals.
Recycling centers do not accept Styrofoam in their recycling program. That
means that virtually every Styrofoam cup and food container that is sold,
ends up in our taxed landfills, beautiful neighborhoods, flowing rivers, small
streams and of course our sacred oceans. Because Styrofoam breaks
apart into smaller pieces easily, many of these pieces end up being
ingested by birds, mammals and marine life with devastating
consequences. Let alone the opala that builds up in our parks and streets.
Bio-degradable products are an alternative, although the cost is higher, if
everyone used them it should go down!
Please do the right thing and PASS IEM-05, it may not save our island, but
will help for a better future of our lifestyle here in Hawaii.
Mahalo, Belia

Polystyrene
Tulsi Greenlee <tulsigreenlee@icloud.com>
Thu 12/15/20169:51 AM
To:COunty Clerk <County.Clerk@mauicounty.us>;

Aloha county council,
I have been heard that everyday we throw away over 50,000 pounds of polystyrene in Hawaii. I support a ban on
polystyrene food containers!
Its time we malama the Ama and do what we can to help make less waste.
Thank you for your time and consideration,
Tulsi
Sent from my iPhone
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Say no to styrofoam
Detphinesb <delphinesb@gmail.com>
Thu 12/15/2016 10:51 AM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and
land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,
Delphine Berbigier
Kihei
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Support a bill to ban polystyrene food containers
Judith Eagle <eaglaw2@gmail.com>

LU~6 DEC I 5 PM 1: t48

Thu 12/15/2016 12:31 PM

To:County Clerk <County.Clerk@mauicounty.us>;
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Mahalo for this gift of a minute or two. Research on this handy for us but horrible stuff for the country shows the
following.
Recycling is only possible in bulk. Then it is cost effective. Yet even cost effectiveness hardly justifies producing this
ubiquitous substance with no known healthy long term use.
One might say that of many things, particularly plastic. Yet...please...it makes sense to support a reasonable bill to
ban polystyrene food containers. Polystyrene is not only a threat to human health, but also has major environmental
impacts. Many environmentally preferable alternatives to polystyrene containers abound.
Supporting a bill supports a healthy environment for future generations. A sunshine provision could give the chance
to review recycling methods in five or ten years.
Maui is a paragon in many ways, a prototype at least for relatively affluent areas. Maui has been to its credit a just
say yes place. This is a way to say a modified yes. With enough laws which come up for review later, Maui can keep
on keepin on as a moderate, lovely, almost trashfree place.
In sum, who wants to live in a dumpster diver? Why have containers sit around that become part of the lives of all?
J. Eagle
Eagle Employment Consulting
2034 A Pakolu Street
Wailuku, HI. 96793-2213
808.633.4109
FAX 808.242.8288. (w/call)

Support for 16-204
Theresa Nakagawa <nakagatal5@gmaiLcom>
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support ofAgenda Item 16-204, prohibiting the use of disposable polystyrene food seivice containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and land to
make more earth friendly choices.
We can and must do better for our Islands--please pass this veiy important measure!!
Mahalo foryour consideration,
Aiko Nakagawa

Bill 119
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Linda Norrington <Insaill@yahoo corn>
Thu 12/15/2016 12:35 PM
Fo:County Clerk <County.Clerk@mauicounty.us>;
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I believe it is very important to require Maui, Moloka’i and Lanai Planning Commissions and Hana Advisory
Committee members to attend a training course in Native Hawaiian Law (conducted by the Ka Huh Ao Center for
Excellence in Native Hawaiian Law).

Those who have decision making authority in our County regarding land and water use should be aware of
traditional Native Hawaiian Law, public trust doctrine, access rights and iwi kupuna.

I urge that this measure be passed to assure that modern rulings take into account the historic and cultural
background of this land we live on.
Sincerely,
Linda Norrington

65 Hahihi Lane
Kihei, HI 96753

December 16 Mtg Testimony Relating to 8111119, Support
Jonathan Starr <kalepa@icloud.com>
Thu 12/15/2016 12:38 PM
To County Clerk <County Clerk©mauicounty us>
~

Testimony of Jonathan Starr Relating to:
BILL NO. 119 (2016)

—
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“A BILL FOR AN ORDINANCE AMENDING CHAPTER 2.28, MAUI COUNTY CODE, RELATING TO PLANNING COMMISSIc~
AND HANA ADVISORY COMMITTEE TRAINING REQUIREMENTS”

Honorable Maui County Council Members,
I wish to offer testimony in strong support for the passage on Second Reading of Bill 119. My understanding is
that this Bill would create a requirement for Members of the Planning Commissions and the Hana Advisory
Committee to attend a training course in Native Hawaiian Law, conducted by the Ka Huh Ao Center
for Excellence in Native Hawaiian Law.
I recently completed a term as a member of the State Commission on Water Resource Management. In
previous years, I have served on the Maui Planning Commission, as it’s Chair, and on the Board of Water Supply
and the Hana Advisory Committee. I feel certain that the function of these bodies would have been greatly
improved and, with less subsequent uncertainty and litigation and with greater coherence to State
Constitutional and legal mandates, had Commissioners been receiving this training during my terms of service.
An understanding of the basis and history of Hawaii’s unique land and water codes and rights, land tenure in
Hawaii and the nature of our ceded crown and government lands, kuleana lands, DHHL lands and mandates,
PASH, the Great Mahele, and our Constitutional and customary and cultural uses and practices is essential for
Commissioners serving on these important decision and policy making bodies.
During my term of service on the State Water Commission, training in these subjects and more was made
available to us by the Ka Huh Ao Center for Excellence in Native Hawaiian Law on the campus of the University
of Hawaii’s William S. Richardson School of Law. Instructors included Hawaii’s most knowledgeable
and inspiring scholars in these subjects, including Kapua Sproat and Melody Kapihialoha MacKenzie. These
sessions were informative, interesting, enjoyable and relevant. So much so that I felt privileged to attend several
years in a row, and each time gained an increased knowledge and understanding. My only criticisms were that I
wished these trainings could be made available in every County, to enable more people to attend, and that an
advanced session in these same subjects could be made available for those wishing to delve deeper. The
instructors certainly had a wonderful depth of knowledge and experience to impart that was only limited by the
seemingly short hours available for the training.
It is excellent news that these sessions will be made available for the first time on Maui; an opportunity that a
number of us attendees had requested for the Counties in years past.

Maui County is raising the bar significantly by the passage of Bill 119.
Mahalo for your support, and your service to the Maui Community in 2016.
Best Wishes for a Merry Christmas and a wonderful 2017.

Styrofoam feedback.
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james adamus <chefmoose25@gmail.com>
Thu 12/15/2016245 PM
To:County Clerk <County.Clerk@mauicounty.us>;

My boss said I might lose my job if you ban Styrofoam. I would hate that. Please think about my kids going hungry and present
less for christmas before you bow down to hipster tree huggers and more needless legislation.

Testimony in Support for IEM 5: Bill Relating ~ of
Polystyrene Disposable Food Containers
~ 214
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Thu 12/15/2016 2:47 PM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha,
My name is Vanessa Cass and I live on Oahu, 96822. I represent myself and want to protect the beauty of the islands.
I am writing in strong support of IEM-5, the bill to reduce polystyrene food containers in Maui County.
There are many alternatives to the use of foam. Personally, I do not support restaurants and places of business that use foam
containers. It is very discouraging to see how much foam ends up on the streets and in our water; especially when Hawaii is such a
beautiful place. There is plenty of research on how detrimental foam is to our health and the health of the planet. I ask you to
consider the responsibility of your position and to vote in support of reducing and banning polystyrene food containers in Maui
County.
Mahalo,
vanessa

Support a bill to ban polystyrene food contai~ar~.1~r~
Danielle Enright <denright@hawaii.edu>
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To:County Clerk <County.Clerk@mauicounty.us>;

(~

-_ru~

—

Please support a bill to ban polystyrene food containers. Polystyrene is not only a threat to human health, but also has major
environmental impacts. There are many environmentally preferable alternatives to polystyrene containers. Supporting this bill
supports a healthy environment for future generations.
BAN POLYSTRENE CONTAINERS!

Maui County Council

~ ~5 ~ ~ 2q

Re: Polystyrene Bill

Dec. 15, 2016

I live in Ka’anapali Resort and often strike up a conversation’ t b’ist’s,~m~L ~ypf spreading Aloha
Spirit. Much of the time they complain about the price of food at restaurants and even Walmart. I’ve
gotten quotes about bottled water....see Y.E.L.P. I then explain that they are 3,000 miles from land. The
next question is what reasonably priced restaurants can I recommend?
Most tourists either eat breakfast & lunch at their timeshare or eat a large breakfast at the hotel, skip
lunch except for shaved ice or Mimosa, and for dinner, cook in their suite, eat in the hotel, or get take
out.
In short, the ban on polystyrene containers, replaced by biodegradable food containers with a 20-40%
increase in cost, is a burden for small, locally owned restaurants, take-out, & food trucks. Owners face
extreme competition in the market place and doing everything they can to keep costs down,
overburdened with regulations, and absorbing the expense for replacing plastics to paper already.
My husband and I are one of the few permanent Maui residents who eat out for lunch most days,
usually on Lahaina side. The lunch crowd away from hotels, is mostly the workforce engine that keeps
West Maui moving forward, people on tight budgets themselves, and take out. So please reconsider
voting for this change for the welfare of your constituents or there will be far less local food choices
available at reasonable prices. A dollar only goes so far.
Mahalo for your time.
Diane Pure
2560 Kekaa Dr. C-303, Lahaina, HI 96761

-

667-7234

-

Fax: 661-3307

-

dpure@hawaii.rr.com

I SUPPORT Agenda Item 16-204 to REDUC~~~&~ service
containers on Maui County!
rc~, ~s ~
LISI6 u~

Au <allisonemillerO8@gmail corn>
Thu 12/15/2016 3:01 PM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service containers.
We have environmentally better options for our restaurants and an obligation to our communities, visitors, ocean and
land to make more earth friendly choices.
We can and must do better for our Islands--please pass this very important measure!!
Mahalo for your consideration,

Sent from my iPhone

Styrofoam BAN Testimony
iannah Pu~kar <jannahmp@gmail.com>
Thu 12/15/2016 332PM
To:County Clerk <County.Clerk@mauicounty.us>;

YES
I vote to ban styrofoaml
Jannah M Puskar

I support the ban on Polystyrene Food Contairw~rs-~!ED
Jillian \Alirt <jillwirt@gmaii.com>
Thu 12/15/2016418 PM
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To:County Clerk <County.Cierk@mauicounty.us>;

PLEASE BAN POLYSTYRENE FOOD CONTAINERS! If you banned plastic bags, you should ban polystyrene. Let’s keep
making steps in the right direction to keep Maui County beautiful!
Sincerely,
Jill Wirt

Ban Styrofoam
U~~C \ ~
John Carty Honolua Farms <john@honoluafarms.com>
-

0ç::

Thul2/15/20167:44PM
To:County Clerk <County.Clerk@mauicounty.us>;

Thank you for accepting testimony in favor of BANNING STYROFOAM. These single use convenience items are made from toxic
materials and never break down. One persons single lunch container will last forever. Terrible.
I own and operate a food truck and I use service items that are made from sustainable and compostable materials. I find them to
be of high quality and are affordable. If I can use them, than anyone else can too. I consider taking care of Maui a cost of doing
business.
Mahalo, John Carty

John Carty Honolua Farms
808-276-8733 ceII/txt
-

Support of 16-204
Lila Jones <lilajonesey@gmail.com>

~
L~Ô

Thu 12/15/2016513 PM

~ 6 ~
—

To:COuflty Clerk <County.Clerk@mauicounty.us>;

Aloha!
Im very thankful you are discussing the ban of styrofoam to-go containers.
I wanted to write a letter supporting the ban. I am an ocean guide and marine biologist who frequently does beach
clean ups whether for work or on my own. I do frequently find polystyrene pieces. Unfortunately its rare I find any of
it intact leaving the rest of the container washed away.
This is a huge source of pollution on our beaches and the chemicals in the polystyrene can leech into the
environment and harm our already fragile reef ecosystem.
Some of the small pieces may be consumed by animals thinking its a good source. It then clogs their digestive system
and eventually leads to their death.
Polysterene is also a source of hydrocarbons being released into the atmosphere.
Im honestly not seeing any pros to keeping polystyrene on Maui which aims to be a sustainable and environmentally
friendly county. I strongly urge you to please vote in favor of the ban and help us reduce our footprint to our
beautiful island.
Mahalo,
Lila Jones
8.S. marine biology
Hawaii Pacific University
Sent from my iPhone

Strong Support for Bill Relating to Polystyren~ i:iô~~e Food.
Containers
~ 7~ 53
Doorae Shin <doorae@kokuahawaiifoundation org>

-

Thu 12/15/2016 4:36 PM
To:County Clerk <County.Clerk@mauicounty.us>;

Aloha Maui County Councilmembers,
My name is Doorae Shin and I am submitting this testimony on behalf of the KOkua Hawai’i Foundation, a non-profit offering
environmental education and opportunities to keiki across Hawai’i. As an organization, we wholeheartedly support IEM 5 to
ban “styrofoam” from food establishments in Maui County. Below are some of the reasons why:
UH Manoa banned Foam with No Problems in 2013
UH Manoa, the largest campus in the state, serving 20,000 students and thousands of faculty & staff, passed a full ban on
food-related foam products in April of 2013. All food establishments adhere by this policy and none have had any problem or
reported hardship finding alternatives to styrofoam. Though special interests may claim otherwise, takeout foam products are
100% unnecessary. The reason foam was produced and used beginning in the 1940’s, was because of its ability to insulate.
Today, there are myriad alternatives for insulating food with no need for foam dozens of companies are providing
alternatives that are 100% compostable, paper, recyclable, etc. It is clear that foam is not only unnecessary but it is in fact
harmful.
—

Environmental & Public Health Hazards
EPS foam is harmful to our natural environment and our health. In production, foam is made from petroleum and processed in
chemical labs. When used for foodservice, foam is used for just minutes before being thrown “away”. As foam is made of 9398% air, it is the most lightweight disposable option for foodservice, making it a common item to fly out of trash cans and into
the natural environment while also making foam easier for animals to mistake as food than other forms of waste and plastic.
On our islands, foam cannot be recycled, and even if foam was accepted for recycling, food-soiled foam would be too
contaminated for recycling.
The EPA since 1992 has released studies and have concluded the detrimental health effects of styrene, a major component in
“Styrofoam” products. Short-term exposure causes eye irritation, gastrointestinal effects and long-term exposure in humans
results in effects on the central nervous system (loss of hearing, central nervous system dysfunction, headache, fatigue,
weakness, depression, etc). One study showed an increased rate of spontaneous abortions and decreased rates of births in
pregnant women. Styrene is confirmed to be an animal carcinogen and is classified as a suspected human carcinogen. These
are just some of the warnings heeded by the EPA.
From the employees working in foam-production facilities to the restaurants and consumers using EPS foam on a regular
basis, it is simply not worth the risk for Hawai’i to maintain our status as the highest per capita users of EPS foam. Our “plate
lunch” culture does not depend upon styrofoam. Dozens of companies sell “plate lunch” sized containers that do not pose the
negative effects on our environment and human health that foam does.
Our responsibility to Nature, Humans, and Wildlife
Our oceans, our land, our wildlife, and our people deserve better, and making the switch has never been easier. I submit this
testimony to not only represent my perspective but also to give a voice to the countless animals that are affected by our
choices as human beings and remain voiceless as we continue to affect their ability to thrive and even survive in their natural
environment. Our actions as a species has been devastating to our marine wildlife, especially when it comes to our production
and consumption of plastic. It is our kuleana to be the solutions to the problems we are causing, especially when these
problems have so many victims outside of ourselves.
Many Hawaii Restaurants already using Alternatives
On all of the major Hawaiian islands, there are dozens of small, local restaurants voluntarily going foam-free for so many of the
reasons mentioned above. With these small businesses as examples, we now know that switching to foam alternatives is not
only possible, but it is in fact easy to do. We will not be the first to ban foam and we certainly will not be the last. I urge you to

support Bill 140 to protect the local community from the public health concerns that styrofoam poses and to preserve the
beauty and culture of these islands we call home.
Please reach out with any questions or concerns you may have. dooraeä~kokuahawaiifoundation.org (or by phone: 808-492~9M)
I hope you consider these points in your decision so Maui County can lead the state in reducing the use of foam from our
islands in favor of less toxic, and more sustainable alternatives.
Mahalo nui ba,
Doorae Shin
Plastic Free Hawaii Program Manager
Kokua Hawaii Foundation

Doorae Shin
Plastic Free Hawaii Program Manager
Kökua HawaPi Foundation
P0 Box 866, Hale’iwa, HI 96712
(808) 492-3954 (mobile)
doorae@kokuahawaiifoundation.org
www. kokuahawaiifoundation~org
Are you a member? www.kokuahawaiifoundation.org/ membership
Become a volunteer: volunteer@kokuahawaiifoundation.org
“The secret to change is to focus all of your energy, not on fighting the old, but on building the new.’

-

Socrates

Agenda 16-204
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Paige Alms <paigealms@yahoo.com>
Thu 12/15/20161008PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Aloha County Council members,
I strongly support the Agenda Item 12-204, banning the use of polystyrene food service containers. As an active
ocean athlete, I see the repercussions of use of single use plastics, all too much. Seeing these containers in the ocean
and on our beaches really makes me sad. We need to be the change, Maui County has already set a huge standard
for the state and the world by banning plastic bags, lets continue to do better!
Thank you!
Aloha
Paige Alms
2016 Pe’ahi Challenge Champion and 2016 Women’s Big Wave World Champion

PLEASE HOLD THE FOAM
Kallie Barnes <kallie.hwf@gmail.com>
Thu 12/15/20168:50 PM
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To:County Clerk <County.Clerk@mauicounty.us>;

Please take a step for the environment and our youth and show them that you really care about their futures by puffing a stop
to our detrimental use of styrofoam. Please.

Kallie Barnes
Hawai’i Wildlife Fund (wildhawaii.org)
Field technician & Outreach specialist

Y2lc~2≥1U~
9~Z?5
kallie.HWF~)gmail.com

Join our HWF e-newsletter ® http://eepurl.com/boAxvj

Please Pass the Polystyrene Ban Without Exeptipnjs~
Mark Deakos <deakos@hawaii.edu>
Thu 12/15/2016 1113PM
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To:Don Couch <Don.Couch@mauicounty.us>; Mike White <Mike.White@mauicounty.us>; Elle Cochran
<Elle.Cochran@mauicounty.us>; Riki Hokama <RikLHokama©mauicounty.us>; Michael Victorino
<Michael.Victorino@mauicounty.us>; Robert Carroll <Robert.Carroll@mauicounty.us>; Stacy S. Crivello
<Stacy.Crivello@mauicounty.us>; Donald S. Guzman <Donald.Guzman@mauicounty.us>;
cc:County Clerk <County.Clerk@mauicounty.us>;
@J 1 attachments (309 KB)
HAM ER_Polystyrene_Ban_Testimony_15DEC2016.pdf;

Dear Maui County Councilmembers,
I am Dr. Mark Deakos, Executive Director of the Hawaii Association for Marine Education and Research (HAMER) and request that
you adopt the polystyrene ban. I think most of you understand that our environment is better off without polystyrene, especially
since its used for usually less than 10 minutes and never fully breaks down.
With regards to small business concerns, I think we have reached a time where we can no longer have “negative externalities”,
costs that a business can avoid because society and future generations get burdened with the costs. Society can no longer afford
to have businesses operate in this manner. Too often non-profits and volunteers are trying to deal with these external costs but
unfortunately, non-profits make up only 0.5% of the business revenue in this country. Businesses need to be able to adapt and
take responsibility for all their external costs.
I trust this council will begin the much needed effort to encourage corporate responsibility by first passing this polystyrene ban
without exceptions.
Thank you for your consideration,
Mark Deakos

Mark H. Deakos, Ph.D.
Executive Director, Chief Scientist
HAM ER
Hawaii Association for Marine Education and Research, Inc.
PMB#175
Lahaina, HI 96761
808-280-6448 (cell)
866-594-1896 (fax)

www.hamerinhawaii.org
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PMB#175
5095 Napilihau St. 109B
Lahaina, HI, 96761
USA
Phone: 808-280-6448
Fax: 866-594-1896
Email: mdeakos@hamerinhawaii.org
www.hamerinhawaii.org

December 15, 2016
RE: Polystyrene Ban
Dear Maui County Councilmembers,
I am Dr. Mark Deakos, Executive Director of the Hawaii Association for Marine
Education and Research (HAMER) and request that you adopt the polystyrene ban. I
think most of you understand that our environment is better off without polystyrene,
especially since its used for usually less than 10 minutes and never fully breaks down.
With regards to small business concerns, I think we have reached a time where we can no
longer have “negative externalities”, costs that a business can avoid because society and
future generations get burdened with the costs. Society can no longer afford to have
businesses operate in this manner. Too often non-profits and volunteers are trying to deal
with these external costs but unfortunately, non-profits only make up 0.5% of the
businesses in this country. Businesses need to adapt and they need to take responsibility
for all their negative externalities.
I trust this council will begin the much needed effort of corporate responsibility by first
passing this polystyrene ban without exceptions.
Thank you for your consideration,

Mark Deakos
Executive Director

Dedicated to preserving Hawaii ‘s marine resources forfuture generations

Pass IEM-05 Save our Oceans from Single Use Pla~tE!J
Polystyrene Bill
~ 3~6 ~i
John Fitzpatrick <fitzforrnaue@grnail corn>
Thu 12/15/2016 11:00 PM
To:County Clerk <County.Clerk@mauicounty.us>; IEM Committee <lEM.Committee@mauicounty.us>; Mike White
<Mike.White@mauicounty.us>; Donald S. Guzman <Donald.Guzman@mauicounty.us>; Michael Victorino
<Michael.Victorino@mauicounty.us>; Gladys Baisa <Gladys.Baisa@mauicounty.us>; robert.carrol@mauicounty.us
<robert.carrol@mauicounty.us>; Don Couch <Don.Couch@mauicounty.us>; Stacy S. Crivello
<Stacy.Crivello@mauicounty.us>; EWe Cochran <Elle.Cochran@mauicounty.us>; Riki Hokama
<Riki.Hokama@mauicounty.us>;

Aloha Honorable Council Members,
I hope this finds you well. I truly hope you will pass IEM-05 on Friday because it will show the world the right way of doing
business while protecting our oceans.
I do hear Don Guzmans concern of Oahu companies being able to “outcompete” local companies that will be required to take
environmentally conscientious actions. But I would argue that a 5-15 cent difference in packaging would likely not overcome the
cost of freight from Oahu. Especially when you consider it costs 47 cents for a letter to be shipped. Not to mention refrigeration
and the fresh quality of local foods vs. shipped Oahu foods already prepared.
I would like to counter argue that if you choose to defer this bill that you will continue to give local ocean and ‘ama polluters an
opportunity to out compete local companies that are already doing right by our oceans and have earned the “Ocean Friendly
Certification.”
Do what is right, pass IEM-05 and show that Maui can lead the way in reducing plastics and styrofoam going into our oceans.
Together, lets build a thriving green economyl
Mahalo,
Fitz

John Fitzpatrick
Fitz For Maui
email: fitzformaui@cimail.com
phone: 808-268-1073
P.O. Box 532481
Kihei, Hi 96753

In Support of Agenda Item 16-204
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Mike <haikulani@gmail.com>
Fri 12/16/2016 1209AM
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To:County Clerk <County.Clerk@mauicounty.us>;

Dear Respected Council Members,
Please support Agenda Item 16-204, prohibiting the use of disposable polystyrene food service containers. There are better
options for takeout that are more environmentally sound. The enormous benefits of requiring industry to change to recyclable or
biodegradable products does not compare with the slight cost. I respectfully request your support to pass this important measure.
Let’s see Maui County continue to show leadership in the stewardship of our lands and waters!
With Aloha,
Mike Foley, Ph.D.
Haiku, HI
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To:

Council of the County of Maui
Council Chamber, 8th Floor
200 South High Street
Wailuku, Maui, Hawaii
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Testimony Respectfully Submitted by:
Owana Ka~ohele1ani Salazar
P.O. Box 11435
Lahaina, Maui, Hawaii 96761
owana.salazar@mac.com
808-383-7727
Re: No. 16-201 ECONOMIC
RECREATION COMMITTEE:

DEVELOPMENT,

ENERGY, AGRICULTURE, AND

Recommending the following:
1. ADOPTION of resolution to disapprove the Friends of Moku’ula’s continued operation of
parking lot concessions on the leased and licensed properties in Lahaina, Maui, Hawaii, as of
July 1, 2017; and
2. Filing of communication.

Aloha Kakou, Good Morning Honorable Chair and Honorable Council Members:
As a preface to my testimony, I must express my sadness to be giving this testimony in order to
call out these matters that must be brought forward. Because of my own lawful family ties to
Mokuula and Mokuhinia, I am obligated to stand firm, to be ‘onipa~a. I am aware that what I am
about to say may and likely will offend certain persons, but that is a risk I am willing to take. So
I want to express my deep appreciation to those before me who stepped forward with what they
knew needed to be said in order to do what needed to be done.
I am in support of item No. 16-201, and am asking your honorable body to ADOPT the
resolution to disapprove the Friends of Moku’ula’s (F0M) continued operation of parking lot
concessions on the leased and licensed properties in Lahaina, Maui, Hawaii, immediately, and
not as of July 1, 2017, for ALL of the reasons cited in the Committee Report, dated December
16, 2016, and the following:
1. THE INHERENT AND GLARING CONFLICT OF INTEREST:
The leases and licensing originally granted by Maui County to the Friends of Moku’ula, most
unfortunately and surely unintentionally, became the cause in part of that very conflict of
interest. I believe that, decades ago, when the leases and licensing agreements were granted to
FoM the intent was good and the move appeared to be promising towards the goal of restoration.
However, it did not turn out that way. At that time no one foresaw that the parking lot monies
No. 16-201
Testimony Submitted by Owana Ka~öhelelani Salazar

Two pages only

would become the “cash cow” from which Friends of Moku~ula would allot most of the funds for
administration, leaving barely any funds for restoration.
The glaring conflict of interest also, is the tragic irony that the parking lot “cash cow” sits
directly on top of Moku’ula itself, the very site needing to be restored.
I respectfully submit, that it is incumbent upon your honorable body to correct that past costly
decision, however well intended, and immediately discontinue FoM’s leases and licensing. Maui
County needs to take over the contract between FoM and the company managing the parking lot.
There is approximately $180,000.00 (one hundred eighty thousand dollars) at stake. If Maui
County cannot take over the contract, then FoM should be required to turn in ALL monetary
payments through the end of the contract period.
I am compelled to implore members of this honorable body to no longer allow another moment
of such financial abuse.
2. CALL FOR A FULL INVESTIGATION:
The financial abuses cannot and must not be overlooked and swept under the rug. That Maui
County never received regular financial reports or even an audit from the Friends of Moku’ula is
completely unacceptable. Therefore, I ask that this Council take whatever action is necessary to
launch a full investigation and instruct the Corporation Council to subpoena all bank records
from the inception of the leases and licensing agreements, granting the parking lot concession to
the Friends of Moku’ula. Then, and only then, will we all be able to comprehend the extent of
monetary abuses that have occurred.
3. RECOVERY OF ARTIFACTS, RELICS, AND HISTORICAL ITEMS:
I hereby request due diligence for the efficient timely retrieval and securing of artifacts and
objects of intrinsic value from the FoM office and/or possession before they become lost in the
shuffle during moving or are removed without authority. The following are the items of which I
am aware:
• The Royal Standard: Flag of King Kamehameha III, and
• One or two plastic bins (approx. 2-3 cubic feet in size) containing artifacts uncovered,
bagged, and inventoried throughout the years. I have access to and will share past
inventory with you upon your request. There are probably additional artifacts more
recently stored in FoM’s office due to the AIS recently conducted by Ms. Tanya Lee
Greig of Cultural Surveys Hawai~i.
• Perhaps FoM’s accumulated library (also Maui County property) might be worthwhile to
inventory since all books and research documents will be of future necessity.
• A letter from Maui County of notification needs to be sent to the Bishop Museum,
informing them that all artifacts currently in their possession are property of Maui County
and that any other entity, including the Friends of Moku~ula, have no authority to request
for, or obtain, any of those artifacts.
Allow me to express my sincere gratitude for your time and consideration of my testimony and
urgent requests.
No. 16-201
Testimony Submitted by Owana Ka’öhelelani Salazar
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December 16, 2016
To:

Council of the County of Maui
Council Chamber, 8~” Floor
200SouthHighStreet
Wailuku, Maui, Hawaii
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Testimony Respectfully Submitted by:
Owana Ka~Ohelelani Salazar
P.O. Box 11435
Lahaina, Maui, Hawaii 96761
owana.salazar(~mac.com
808-383-7727
Re: No. 16-202 ECONOMIC DEVELOPMENT, ENERGY, AGRICULTURE, AND
RECREATION COMMITTEE:
1. FIRST READING of bill to establish a Hawaiian Cultural Restoration Revolving Fund
for the deposit of all proceeds from the parking concession located on property under the
control and management of the County on the area iden identified as tax map key (2) 4-6007:03 6 in Lahaina, Maui, Hawaii; and
2. FILING of communication.

Honorable Chair, and Honorable Council Members, Aloha Kakahiaka,
I am testifying in full support of No. 16-202, in the first reading of a bill to establish a Hawaiian
Cultural Restoration Revolving Fund for the deposit of all proceeds from the parking concession
located on property under the control and management of the County on the area identified as tax
map key (2) 4-6-007:036 in Lahaina, Maui, Hawaii.
A Hawaiian Cultural Restoration Revolving Fund will be an excellent location in which to
rebuild the funding that will ultimately be needed for the project at that specific location, namely
the restoration of Moku’ula and Mokuhinia.
However, we must remain cognizant of the fact that the parking lot must eventually be cautiously
dismantled for the sake of Mokuula.
Ke mahalo nui nei au, for your time and consideration of my testimony and concern.

No. 16-201
Testimony Submitted by Owana KaOhelelani Salazar
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Polystyrene ban
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simon cay <chinabowlmaui@yahoo.com>
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Thu 12/15/20169:34 PM
To:COUflty Clerk <County.Clerk@mauicounty.us>;

—

Dear County Council,
My name is Angela Tay and owner of China Bowl Asian Cuisine in Fairway shops
Kaanapali. We are a small business and work very hard 7 days a week just to stay in business.
We can’t agree to pass the polystyrene ban because we can not afford to use the alternative
products. They are too too expensive- 2.5 to 3 times more expensive.
We do lots takeout food service, If we can’t use polystyrene anymore, it will increase our
expenses by thousands of dollars every month! Please listen to our voice!!
Sincerely
Angela Tay
China Bowl Asian Cuisine
Fairwayshops
Lahaina, HI 96761

Beach Environmental Awareness Campaign Hawai’i
F. 0. Box 25284 Honolulu Huwai’i 96825
(808,) 393 2168 www.b-e-a-c-h.o~g
DATE:

15th December, 2016

TO:

Council Chair White, Vice-Chair Guzman and Maui County Council Members

FROM:

Suzanne Frazer, Co-Founder, Beach Environmental Awareness Campaign Hawai’i

RE:

TESTIMONY IN STRONG SUPPORT OF COM 16-204
Restricting the use and sale of disposable polystyrene food service containers
Council meeting on Friday 16th December, 2016 at 9AM.

Aloha Council Chair White, Vice-Chair Guzman and Maui County Council Members,
I am writing on behalf of Beach Environmental Awareness Campaign Hawai’i in strong support
of COM 16-204 which restricts polystyrene food service containers banning both the use and the
sale of polystyrene containers in Maui County. B.E.A.C.H. strongly encourages the Council to
pass this bill.
Polystyrene or number 6 plastic, is one of the three most harmful plastics in terms of chemicals.
Polystyrene is made from petroleum and contains benzene which is carcinogenic. Styrofoam
leaches styrene, a chemical that is toxic to the brain and nervous system and has been found to
adversely affect red blood cells, liver, kidney, stomach and cause cancer in animal studies.
Styrene is released especially when the container or cup is subjected to heat, so styrofoam
containers and cups are a very bad choice for hot food and drinks. Oily and acidic foods and
drinks also facilitate the migration of styrene from the container into the food/drink.
Polystyrene food containers have also been shown to have estrogenic activity (EA) meaning that
the chemicals from polystyrene act like a synthetic form of estrogen or block the action of
naturally occuring estrogen in the body and therefore cause endocrine disruption. In humans,
chemicals having EA can cause prostrate and breast cancer and many reproductive health
problems. Unborn children, babies and young children are especially sensitive to low doses of
chemicals having EA.
In the polystyrene plastics industry, workers have been found to have higher incidences of cancer
including leukemia and suffer from many adverse health effects from the inhalation of styrene.
Styrene causes neurotoxicity and therefore affects people’s nervous system and also impaires the
immune system.
Polystyrene containers are also not good for the environment. Plastic does not biodegrade. It does
not have a timeline for disappearing. Plastic lasts forever. When plastic gets into the ocean it
accumulates additional poisons such as dioxins, DDT, DDE and other persistant organic
pollutants (POPs). Styrofoam has been found inside of sea birds and fish. The ingestion of plastic
not only causes blockages and starvation, but the animals and birds are harmed through the uptake

of toxic chemicals such as styrene which leaches from the ingested plastic and accumulates in the
fatty tissues of the animal. Styrene is also found in the fatty tissues of humans. In a 1982 study
by the EPA (the National Human Adipose Tissue Survey), 100% of Americans studied had styrene
in their fatty tissues.
We need to do everything we can to reduce plastic on beaches and in the ocean in order to save
marine life. Styrofoam cups, containers and pieces of styrofoam can and do blow and wash into
the ocean which is why polystyrene containers and cups need to be banned. Styrofoam is light
weight, easily breaks into pieces and is wind blown. Picking up small broken pieces of styrofoam
in wind at the beach is difficult.
There are good alternatives to styrofoam available that are made from sugar cane and other
vegetable fibres that do not contain benzene, styrene or petroleum. We also recommend that
people bring their own containers made of glass, stainless steel or ceramic for food and drinks.
Your leadership is needed to help protect the people of Maui County, visitors, marine life, the food
chain and the environment from the harmful effects of polystyrene. Please lead the way for the
rest of Hawai~i by passing this bill and be the first county in Hawai~i to take action to ban the sale
and use of disposable polystyrene food and drink containers. Thank you.
Please accept this as written testimony in strong support of this bill.
Sincerely,

Suzanne Frazer.
President,
B.E.A.C.H.
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Beach Eiwiron,nentalAwareness Gampaign Hawai~i is an all voiuntee~; non-profit o~ganization that brings awareness and solutions
to marine debris through environmental education, plastis reduction/litter prevention campaigns, and marine debris
rejnova.l and research in order to protect marine qfe, sea birds and the ocean/coastal environment.

Aloha, My name is Eve Hogan and I am testifying as a citizen.
I am testifying to request you remove the line in the wet bar bill that wet bars
cannot be in a bedroom. This is micromanagement of your citizens and an
infringement on personal freedoms.
I am okay with limiting the number of wet bars in a house, but making it so that the bigger the
house the more wet bars you can have is an unfair rule once again favoring the rich. If you have a
small house you can conveniently make drinks in less rooms than people with big houses?
Really? Isn’t that going to happen automatically in a house with less rooms? The number should
be the same.
I understand you are trying to limit illegal vacation rentals, but in a situation where no vacation
rental or bed and breakfast is involved, are you really saying it is the county’s job to make sure no
one is making food or drinks in their bedroom? Are you really going to allocate inspectors time to
measuring refrigerators and sinks and citing citizens for wanting to entertaining or eating in their
bedrooms?
And let’s discuss the housing crisis. Your affordable Accessory Dwelling Bill attempts to
solve the problem and the wet bar bill attempts to create the problem. I encourage you to look at
how mixed these messages are. If you want to solve the housing problem, allowing

people to have a second kitchen or kitchenette for a “second suite” will
encourage them to provide housing. Allowing people to build another unit is a step in the
right direction but it is so costly to build another building that the likelihood of these new dwellings
being “affordable” is questionable. And who is going to spend $1 00,000-150,000 on a cottage to
be told it has to be rent controlled? Allowing homeowners to turn already existing rooms into
dwelling units is a FAR MORE AFFORDABLE method of solving the housing crisis. In Toronto
they resolved their housing problem by ENCOURAGING the homeowners to put in a “Second
Suite” inside their homes.

Correct me if I’m wrong, but my understanding is that the the wet bar bill is an
attempt to stop illegal vacation rentals. however, I’d like to point out the illogic of
this. Hotels are full of rooms with no kitchens and people still stay there. Not
allowing a wet bar in a bedroom will not stop people from preparing food nor
illegally renting rooms. It will just force them to prepare it in less convenient and
less sanitary ways, like in a bathroom. I even saw a video the other day on how
to cook using an iron. This is what the wet bar rule will encourage. Illegal vacation
. . .

rentals will continue regardless of whether there is a wet bar. One does not solve the other.
Enforcement is the issue not convenient and sanitary food preparation. With this bill you will just
increase the potential of food poisoning and other diseases.
Do you really want your inspectors spending their time going to the homes of your citizens and
measuring the size of their refrigerators and sinks when the only difference either makes is
convenience?
Do you really want to tell people they can’t have a sink and a refrigerator in the same room with a
bed, when they can have a refrigerator in every other room in the house including the carport or
garage?
Do you really want to force people to prepare food in the far less sanitary conditions of bathrooms
and at outdoor kitchens?
The wet bar law you are considering is one of those “solutions” to a problem that will create or
continue a whole bunch of other problems. Thank you for your wisdom in reconsideration of this
bill.
Sincerely,
Eve Hogan
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Aloha Respected CouncH Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service
containers.
Chiorofluorocarbons are used as the blowing agents in the production of polystyrene foam
(Styrofoam®). Being insoluble in water, Chlorofluorocarbon~so stable that they exist in the
lower atmosphere for a really long time.
The chlorine atoms released in this sort of reaction act as catalysts and destroy ozone
molecules, each chlorine atom destroys one ozone molecule directly. The resulting ClO of the
reaction reacts with an oxygen atom (that would have otherwise collided with an oxygen
molecule to form an ozone molecule), therefore preventing another ozone molecule from
forming. This chlorine atom, being a catalyst for the reaction, is regenerated in the second
reaction.
Also, the build-up of human-produced greenhouses gases has caused the rise in average global
surface temperature (global warming). CFCs don’t only destroy the ozone layer, but they are
also potent greenhouse gases. About 13% of the total energy absorbed by human-produced
greenhouse gases is CFCs .They play a role in greenhouse warming!
This important measure must be passed to protect our futures. We all may think that there isn’t
anything wrong with styrofoam because in western countries we have laws forbidding the illegal
destruction of these harmful substances, but that isn’t the case in other parts of the world. We
all share the same ozone layer, if someone hurts it then it affects us all.
Mahalo for your consideration,
Kamryn Perry
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Aloha Respected Council Members,

I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food service
containers.
Polystyrene is a synthetic aromatic polymer made from the monomer styrene. Polystyrene can be
solid or foamed. It is a rather poor barrier to oxygen and water vapor and has a relatively low
melting point. Discarded polystyrene does not biodegrade for hundreds of years and is resistant
to photolysis. Polystyrene foams are produced using blowing agents that form bubbles and
expand the foam. In expanded polystyrene, it has relatively mild environmental impact. Extruded
polystyrene is usually made with hydrofluorocarbons (HFC-134a), which have global warming
potentials of approximately 1000—1300 times that of carbon dioxide.
We have environmentally better options for our restaurants and an obligation to our
communities, visitors, ocean and land to make more earth friendly choices. For example, instead
of using foam, we can use the paper bag or bring your own cloth bag when you go shopping. In
the restaurant, we still can use the paper dishes instead.

We can and must do better for our Islands--please pass this very important measure!!

Mahalo for your consideration,
Thuy Ngo
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Aloha Respected Council Members,
I’m in support of Agenda Item 16-204, prohibiting the use of disposable polystyrene food
service containers because polystyrene is very bad for the environment The production
requires the use of chlorine which is typically released accidentally in the U.S. or
released purposely into the environment from other countries. These countries don’t
have a law that bans hydrofluorocarbons, but when they release the chlorine, it doesn’t
affect only their country, it affects the entire Earth. The chlorine is a catalyst, which
means it lowers activation energy required for reactions to occur. When chlorine is in
the environment, the reaction causes depletion of the ozone layer, which increases
global warming.
We may not be able to change how the styrofoam containers are made, but by
prohibiting the use of them, we can stop providing a source of income for the companies
that are ruining our Earth.
Mahalo for your consideration,
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~

Lexie Leon
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