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Aloha Chair and Maui County Council,
Mahalo Nui Loa for inviting us to provide testimony before your committee. It was an honor and privilege.
We are submitting the attached studies to you, as requested by the Infrastructure and Environmental Management
committee after our presentations on Oxybenzone and Octinoxate's effects on marine life and human health. After
reviewing the attached studies, we are confident that you will all feel comfortable with your vote to support the legislation
to ban the sale of SPF Sunscreen products containing Oxybenzone and/or Octinoxate.
Mahalo,
Craig Downs — Executive Director — Haereticus Environmental Laboratory
Joe DiNardo — Retired Personal Care Industry Toxicologist & Formulator

Notes:
- Because of the size of the files there will be several Emails sent per topic; all will be numbered appropriately.
- The first Email on the topic will contain the main article (Dermatology Paper — Oxybenzone Review, Oxybenzone HEL
Monograph or Octinoxate HEL Monograph) and the references used to support the main article will be included.
- Chemical names used in the attached research papers may vary — please feel free to ask us to clarify any concerns you
may have associated with terminology:
1) Oxybenzone = Benzophenone-3 (BP-3) and metabolites maybe noted as Benzophenone-1 and 4Methylbenzophenone
2) Octinoxate = Ethylhexyl Methoxycinnamate (EHMC) = Octyl Methoxycinnamate (OMC)
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gan alone, whereas cross-photoallergic reactions may occur between both Phenergan
and Thorazine (41).
SULFANILAMIDE

This antibacterial agent can apparently
also produce both phototoxic and photoallergic reactions (42). The phototoxic reactions are also produced by systemic
administration of the drug. Window glass
usually protects the individual from such
phototoxic reactions. However, the topical
application of sulfanilamide preparations
may engender photoallergic contact sensitivity Fortunately, topical sulfanilamide preparations are not commonly used at this time.
Other topically applied sulfonamide compounds, such as sulfacetamide, sulfathiazole,
and sulfadiazine are apparently not photosensitizers. Hypoglycemic sulfonamides
such as chloropropamide (Diabinese) and
tolbutamide (Orinase), thiazide diuretics,
such as chlorothiazide (Diuril) and hydrochlorothiazide (Esidrix, HydroDIURIL,
and Oretic), and quinethazone (Hydromox),
however, may produce phototoxic, photoallergic, and cross-photosensitization reactions
when administered systemically (43).
SUNSCREENING AGENTS
Sunscreen agents have become the most
common causative substances of photoallergic contact dermatitis in the US (7). These
chemicals are also able to cause "regular" allergic contact dermatitis without UV light
exposure. A list of the most commonly used
sunscreening agents is given in Table 23.6.
Many sunscreen lotions contain two or more
active ingredients to provide a broader spectrum of photoprotection. In addition, many
cosmetic products and moisturizing creams
incorporate a sunscreening agent.
PARA-AMINOBENZOIC ACID
(PABA) AND ITS ESTERS
These chemicals are among the earliest
sunscreening agents and are still fairly
commonly used. They are primarily effec-

nye at Diocking 1.3\713 light. Some persons
report a transient stinging or burning reaction upon application, especially to sensitive skin areas. This is much more common
than a true allergy but may lead the patient
to to believe that he is "allergic" to the
chemicals. A number of sunscreen lotions
are mistakenly marketed as being "hypoallergenic" because they contain no PABA.
DeLeo et al. (7) found 3 of 187 patients
with allergic contact dermatitis to PABA or
octyldimethyl PABA (PABA-0), 3 with photoallergic contact dermtitis to PABA, and 2
with combined photoallergic contact dermatitis and allergic contact dermatitis, almost 4% of their patients tested and 22% of
the 37 positives with any positive reaction.
They also reported 3 of 11 patients tested
with pentil-dimethyl PABA had a reaction
of either allergic contact dermatitis, photoallergic contact dermatitis, or both (7). In
contrast, 54 suspected photosensitive cases
were tested by Lenique et al. (44) in France
with no reaction to PABA, and only 1 to
PABA-0. However, seven were positive to
oxybenzone (see below).
Many patients with positive patch tests
to PABA may react due to cross-sensitivity
between other para-amino substances such
as para-phenylenediamine (PPDA) or benzocaine. Theeuwes et al. (45) showed that
these reactions may not be clinically relevant. Fifty-four of 74 patients with positive
reactions to a sunscreening agent (not photoreaction) had no history of problems
from cosmetics or sunscreens. All 54 were
positive to either PABA or PABA-0. Also, 46
of 328 patients reactive to PPDA and 51 of
180 benzocaine allergic patients were positive to PABA or PABA-0.
OXYBENZ ONE
Oxybenzone also known as benzophenone-3 and Eusolex 4360 is the most frequently utilized benzophenone in
sunscreens. It is also the most common sunscreen agent to cause photoallergic contact
dermtitis. Of the 54 patients treated by
Lenique et al., 7 (13%) reacted to oxybenzone. There were three cases of pure photoallergic contact dermatitis, two cases of allergic
contact dermatitis, and two cases with both.
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Background Benzophenone-3 (BZ-3; 2-hydroxy-4-methoxybenzophenone, oxybenzone) is commonly used to absorb ultraviolet (UV) radiation. BZ-3 penetrates
the skin and can be found in the urine. The amount varies between 0-4% and
2%. This seems to be the main metabolic pathway in rats.
Objectives To investigate the total amount of BZ-3 excreted in the urine after
repeated topical whole-body applications of a sunscreen and to see if UV radiation has any effect on the amount excreted.
Methods Twenty-five volunteers applied a commercially available sunscreen containing 4% BZ-3 morning and night for 5 days. Their urine was measured during
those 5 days and during a further 5 days after the last application. They were
divided into groups A (unirradiated) and B. Group B received UV radiation
according to skin type: UVA between 400 and 707 J cm-2, and UVB between
0.46 and 2.0 J cm-2. 13Z-3 in urine was analysed with a high-performance liquid
chromatography method.
Results The volunteers excreted 1.2-8-7% (mean 3.7%) of the total amount of
BZ-3 applied. There was no significant difference between the two groups
(P < 0.99, t-test).
Conclusions We show that a large amount of BZ-3 is absorbed. BZ-3 is accumulated in the body as the volunteers excreted BZ-3 5 days after the last application.

Sunscreens have been used for many years to protect against
the adverse effects of ultraviolet (UV) radiation such as photoageing, erythema, and possibly skin cancer. It is mainly UVB
that is responsible for erythema and sunburn. The first commercial sunscreens appeared in the 192.0s.1 Initially sunscreens
were designed to protect against erythema but, during the last
decade, sunscreens have also been used for protection against

0.4% and 2%.4-6 In our previous study we showed that BZ-3

be found in the urine up to 48 h after one single application of sunscreen.7 The aim of the present study was to

can

investigate the systemic absorption after several applications of
sunscreen and to measure the excretion of BZ-3 in urine.' We
also wanted to investigate whether there was a difference in
the absorption depending on exposure to UV radiation.

photoageing, photosensitivity, skin cancer and damage from

free radicals." Sunscreens are often applied to large areas of
the body. It is recommended to apply them frequently and to
reapply them after contact with water, and hence large
amounts of sunscreens are used. Sunscreens are sometimes
incorporated in everyday products, e.g. moisturizers and hair
products; thus consumers use sunscreens without being aware
of it. Systemic absorption is a factor to consider, as the use of
sunscreens is widespread. Benzophenone-3 (BZ-3; 2-hydroxy4-methoxybenzophenone, oxybenzone) is a popular component in sunscreens as it blocks both UVA and UVB. Previous
studies of the in viva absorption show that BZ-3 is absorbed by
the skin and excreted in the urine. The amount varies between

Materials and methods
Twenty-five volunteers (16 women and nine men; mean age
27 years, range 22-42) participated in the study. They were
instructed to use no medications and to avoid sunbathing.
They were randomly divided into two groups, A and B.
Height and weight were measured. Their body surface area
(BSA) was calculated with the DuBois formula: BSA =
0-007184 X [height (cm)]°.725 x [weight (kg)]"25. The sunscreen used was a commercially available sunscreen, sun protection factor 14, containing 4% BZ-3. The sunscreen also
contained the active compounds ethylhexyl methoxycinnamate
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(8%) and butyl methoxydibenzoylmethane (2%), and the rest
of the ingredients were isopropyl myristate, C12-1.5 alkyl
benzoate, acrylates/C10-30, alkyl acrylate cross-polymer,
stearic acid, glycerine, methyl paraben, propyl paraben,
hydroxypropyl methyl cellulose and NaOH.
Before the first application of sunscreen each volunteer gave
a urine sample to confirm that no BZ-3 was present in the
urine prior to this investigation. Each volunteer received
2 mg cm-2 of sunscreen according CO his or her BSA. The
sunscreen was distributed in plastic containers, one for each
application. The amount of sunscreen per application varied
among the participants from 26 g to 47 g. The total amount
of BZ-3 varied between 10.4 g and 18.8 g. BZ-3 was measured in the urine. One volunteer was excluded because the
written instructions were not followed accurately.
Group A volunteers were instructed to apply the sunscreen
evenly over the entire body, with the exception of the scalp
and genital area, morning and night for 5 days, a total of 10
times. They were allowed one shower per day, before the second application. During the 5 days the sunscreen was applied,
all urine was collected, the volume measured and 10 mL from
each sample saved and stored at -70 °C. Hence, each volunteer produced a different number of urine samples. They collected the urine for the 5 days they applied sunscreen, and
after the last application they continued to collect urine for a
further 5 days. making a total of 10 days. The time of day,
number and volume for each urine sample were recorded.
Group 13 volunteers were given the same instructions as
group A, but they also received UV irradiation. The time for
the irradiation varied between 09.00 and 15.00 h. For UVA
irradiation, a Dermalight Ultra Al , equipped with six light
tubes, Dr Horde 200 W (Martinsreid, Germany), was used.
The doses given were: day 1, 60 J cm-2; day 2, 80 J cm-2;
day 3, 100 J cm-2; day 4, 100 J cm-2; day 5, 100 J cm-2.
The 60 J cm-2 irradiation took 34 min, 17 min on each side
of the body. If erythema occurred, the UVA dose given was
the same as on the previous day. The total dose of UVA varied
among the participants, between 400 and 707 J cm-2. The

Table 1 Ultraviolet B dose schedule used in this study

Skin type

Start dose

Dose increase
up to 5 min

I
II
III

15 s

10 s

30s
45 s

15s
20-30 s

Dose increase
5-15 min

30s
60 s

BZ-3 was analysed by using high-performance liquid chromatography with UV detection.9'1° The method was also further developed to increase the sensitivity (Gonzalez et al.,
unpublished). Each urine sample from each individual was
analysed separately, the concentration was calculated, corrected for total volume and subsequently summarized to give the
24 h excretion. Only 10 mL of urine was stored, but as participants measured the whole volume each time a sample was
produced the amount of BZ-3 in the total volume could be
calculated. Each urine sample was analysed for conjugated and
nonconjugated BZ-3. The study was performed at the Department of Dermatology, Sahlgrenska University Hospital, and
approved by the Local Ethics Committee.

Results
There was a large variation in the total amount of BZ-3
excreted in the urine. Even after compensating for the differences in BSA and thus the amounts applied, the variation was
substantial. In relative terms, the total amount of urinary
excreted BZ-3 during the 10-day period ranged from 1.2% to
8.7% of the total amount applied (Fig. 1).
UV exposure did not significantly affect the urinary excretion of BZ-3. There was no significant difference between the
two groups (P < 0.99; differences were compared by Student's t-test).
BZ-3 is conjugated with glucuronic acid, probably in the
liver, to make it water-soluble. For this study we measured

doses correspond to approximately 3 full days outdoors during summertime in Sweden, according to data verified by the
Swedish Meteorological and Hydrological Institute.
For UVB irradiation, an Esshi Corona IV, equipped with
28 light tubes, Philips UVB TL 40 W/12 (Eindhoven, the
Netherlands), was used. The volunteers received UVB irradiation according to Fitzpatrick skin type, and to avoid severe
erythema we followed a standardized schedule for patients
with psoriasis used at the Sahlgrenska University Hospital.
The participants belonged to Fitzpatrick groups
The
dose is approximately 195 mi cm-2 for 30 s, and the total
dose of UVB varied among the participants from 0.46 to
2.0 J cm-2. According to skin type the participants received
a start dose of UVB, and if no adverse effects occurred the
schedule was followed with increasing doses according to
Table 1. The LTV radiation was measured with a Sola-Hazard
spectroradiometer provided by the Swedish Radiation Protection Authority.
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Fig 1. Urinary excretion of conjugated and nonconjugated
benzophenone-3 (BZ-3) after 10 days varies among the subjects, and
ranges between 1.2% and 8.7% of the total amount applied. The mean
value of 3.7% is shown as a horizontal line. The nonconjugated part
of BZ-3 was between 0•I% and 0.7% of the total amount of BZ-3
excreted,
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Fig 2. Excretion pattern of benzophenone-3 (BZ- 3) during 5 days of
sunscreen application and the subsequent 5 days. Values are
normalized with respect to body area. The normalization method used
was: [amount of BZ-3 excreted (mg) + amount of BZ-3 applied
(mg)] x I S. Results are shown as mean ± SD.

both conjugated and nonconjugated BZ-3 and found that the
nonconjugated form was present to a minor but considerable
extent. As much as 0'1-0.7% of the total amount applied during the course of the study was excreted in a nonmetabolized
form.
The second phase of the study, during which no sunscreen
lotion was applied, indicates a substantial accumulation of
BZ-3 (Fig. 2). On the fifth day after the last application the
participants excreted 5-15 mg of 13Z -3, which represents a
significant amount (Fig. 2).

Discussion
This study has investigated the amount of BZ-3 excreted in
urine after several whole-body applications of a sunscreen
containing BZ-3. As the recommended amount of sunscreen is
2 mg cm-2 and people have different skin areas, we wanted
each individual to have the appropriate amount of sunscreen.
The mean value of BZ-3 found in urine was 3.7%, which is
higher than in previously described studies.4's This study presents evidence that repeated applications of BZ-3 increase the
concentration of BZ-3 found in urine. These findings may be
of special concern when it comes to sunscreens containing
BZ-3 used by younger children. Children under the age of
1 year have a greater ratio of BSA to body weight; hence the
absorption might be even greater for them. There are other
studies investigating BZ-3, e.g. Janjua et al.6 have investigated
the systemic absorption of three active sunscreens, BZ-3, octyl
methoxycinnamate and 3-(4-methyl-benzylidene) camphor:
they focused on their effects on the levels of endogenous
reproductive hormones and on whether the active ingredients
could be found in plasma and urine, but did not intend to
estimate the amount absorbed, in contrast to our study. The
possible oestrogenic effect of BZ-3 has been discussed; several
studies have dealt with this problem but the results are inconclusive.6'11 '1 2
Sarveiya e al. have also studied the penetration of common
sunscreen agents.5 In their study they found that up to

approximately 1% of the applied dose of BZ-3 was found in
urine. However, the area of application of sunscreen was
approximately 864 cm-z, and they concluded that one could
apply to at least double that area in a beach sunbathing situation, and thus the total systemic absorption of BZ-3 could be
higher in practice. In our study we have shown that repeated
topical applications over large areas of the body give a higher
total amount of systemic absorption.
Our study has measured BZ-3 exclusively in urine, but this
may be an underestimate of the skin penetration, as some
BZ-3 may be tissue-bound and excretion via other routes was
not measured. In addition, sunscreen can be absorbed by
clothes. We also wanted to investigate whether UV irradiation
had any effect on the absorption of BZ-3, as sunscreens are
designed to be used under those circumstances. The UV radiation doses were chosen to simulate 5 days outdoors in Sweden during summertime. The doses were adjusted to prevent
harmful effects to the volunteers, and hence the UV radiation
doses are not as high as may be encountered in a real-life situation.
There seems to be no effect of UV radiation on the uptake
of BZ-3; there was no statistically significant difference in
excretion between the groups. This finding may depend on
factors such as time of irradiation: the volunteers received the
UV irradiation at lunchtime, whereas the sunscreen was
applied night and morning, several hours earlier. Some BZ-3
might then already have penetrated the skin. If the sunscreen
had been applied more shortly before irradiation, there might
have been a significant difference and factors such as degradation of I3Z-3 on the skin surface due to irradiation would have
been more directly studied. However, in earlier studies, BZ-3
has proven to be reasonably photostable; other sunscreens
have proven to be unstable.' 3 Temperature can also play a role
in absorption with UV filters, but the study by Clarys et al.
showed no such relation.14 Other compounds such as dihydrotestosterone showed a positive relation between temperature
and skin penetration.15
Most of the BZ-3 excreted in urine was in the conjugated
form; this is consistent with previous studies showing that 13Z-3
undergoes extensive conjugation in the body. Strassburg et a1.16
have studied the developmental aspects of human hepatic drug
glucuronidation in young children and adults. They found that
the hepatic glucuronidation activity in children aged 1324 months was lower than in adults for several drugs. The differential regulation of some subtypes of uridine 5'-diphosphate-glucuronosyltransferase (UGT) expression extends
beyond 2 years of age and the development of hepatic UGT is
significant for the prevention of adverse drug effects.16 The
authors did not particularly study BZ-3, but as BZ-3 undergoes
extensive glucuronidation in the body their results are likely to
be relevant for BZ-3 as well. It is still important not to use sunscreens with BZ-3 on young children. Okereke et al. found BZ-3
in liver, spleen, heart, kidney and testes in rats.8
The individual differences in excretion of BZ-3 were quite
large, and this may be due to differences in enzyme activity.
First, the activity of glucuronidation may be an explanation;
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secondly, Okereke at el. have also shown that cytochrome
P-450 metabolizes BZ-3 to 2,4-dihydroxybenzophenone.8
Another factor that might influence the uptake is the condition
of the skin: if the skin is dry, more of the lotion and also
more BZ-3 might be absorbed.
The present study also emphasizes the fact that the volunteers excreted BZ-3 in urine many days after the last application, as is expected with a lipid-soluble substance. In this
study, none of the 24 volunteers reached their reference value
5 days after the last application; all of them still excreted
BZ-3, although in small amounts. In our previous study, four
of 10 volunteers excreted BZ-3 in urine 48 h after one single
application.'
Protection against the harmful effects of UV radiation is
important, but we have to be certain that the sunscreens used
are safe. Clothes are the best choice for protection, and sunscreens should be used as a complement.
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Sunscreens Cause Coral Bleaching by Promoting Viral Infections
Roberto Danovaro,1 Lucia Bongiorni,1 Cinzia Corinaidesi,1 Donato Giovannelli,1 Elisabetta Damiani,2
Paola Astolfi,3 Lucedio Greci,3 and Antonio Pusceddu l
'Department of Marine Sciences, 2Institute of Biochemistry, and 3Department of Chemical Sciences and Technologies, Faculty of
Science, Polytechnic University of the Marche, Ancona, Italy

BACKGROUND: Coral bleaching (i.e., the release of coral symbiotic zooxanthellae) has negative impacts

on biodiversity and functioning of reef ecosystems and their production of goods and services. This
increasing world-wide phenomenon is associated with temperature anomalies, high irradiance, pollution, and bacterial diseases. Recently, it has been demonstrated that personal care products, including
sunscreens, have an impact on aquatic organisms similar to that of other contaminants.
OBJECTIVES: Our goal was to evaluate the potential impact of sunscreen ingredients on hard corals
and their symbiotic algae.
METHODS: In situ and laboratory experiments were conducted in several tropical regions (the
Atlantic, Indian, and Pacific Oceans, and the Red Sea) by supplementing coral branches with
aliquots of sunscreens and common ultraviolet filters contained in sunscreen formula.
Zooxanthellae were checked for viral infection by epifluorescence and transmission electron
microscopy analyses.
RESULTS: Sunscreens cause the rapid and complete bleaching of hard corals, even at extremely low
concentrations. The effect of sunscreens is due to organic ultraviolet filters, which are able to
induce the lyric viral cycle in symbiotic zooxanthellae with latent infections.
CONCLUSIONS: We conclude that sunscreens, by promoting viral infection, potentially play an
important role in coral bleaching in areas prone to high levels of recreational use by humans.
KEY WORDS: bleaching, corals, sunscreens, UV filters, viruses. Environ Health Perspect 116:441-447
(2008). doi:10.1289/ehp.10966 available via http://dx.dolorg/ [Online 3 January 20081
Coral reefs are among the most biologically
productive and diverse ecosystems in the
world, representing hot spots of marine biodiversity, and directly sustaining half a billion
people (Moberg and Folke 1999; Wilkinson
2004). Approximately 60% of coral reefs are
currently threatened by several natural and
anthropogenic impacts (Hughes et al. 2003;
Pandolfi et al. 2003). Over the last 20 years,
massive coral bleaching (i.e., loss of symbiotic
zooxanthellae hosted within scleractinian
corals) has increased dramatically, both in frequency and spatial extent (Hoegh-Guldberg
1999; Hughes et al. 2003; Knowlton 2001).
This phenomenon has been associated with
positive temperature anomalies, excess ultraviolet (UV) radiation or altered available photosynthetic radiation, and presence of bacterial
pathogens and pollutants (Brown et al. 2000;
Bruno et al. 2007; Douglas 2003; Glynn
1996; Jones 2004).
Production and consumption of personal
care and cosmetic sun products are increasing
worldwide, reaching unexpected levels, with
potentially important consequences on environmental contamination. The release of
these products is also linked with the rapid
expansion of tourism in marine coastal areas
(Wilkinson 2004). Chemical compounds
contained in sunscreens and other personal
care products have been demonstrated to
reach detectable levels in both fresh and seawater systems (Daughton and Ternes 1999;
Giokas et al. 2007). These compounds are
expected to be potentially harmful for the
Environmental Health Perspectives • VOLUME

environment; hence, the use of sunscreen
products is now banned in a few popular
tourist destinations, for example, in marine
ecoparks in Mexico, and in some semienclosed transitional systems (Xcaret 2007;
Xel-ha 2007). Because sunscreens are lipophilic, their UV filters can bioaccumulate in
aquatic animals (Giokas et al. 2007) and
cause effects similar to those reported for
other xenobiotic compounds (Balmer et al.
2005; Daughton and Ternes 1999). Paraben
preservatives and some UV absorbers contained in sunscreens have estrogenic activity
(Daughton and Ternes 1999; Schlumpf et al.
2004). In addition it has been demonstrated
that several sunscreen agents may undergo
photodegradation, resulting in the transformation of these agents into toxic by-products
(Giokas et al. 2007, and literature therein).
Recently, it has also been demonstrated
that sunscreens have an impact on marine
bacterioplankton (Danovaro and Corinaldesi
2003), but there is no scientific evidence for
their impact on coral reefs.
To evaluate the potential impact of sunscreen ingredients on hard corals and their
symbiotic algae, we conducted several independent in situ studies with the addition of different concentrations of sunscreens to different
species of Acropora (one of the most common
hard-coral genus), Stylophora pistillata, and
Millepora complanata. These studies were performed from 2003 to 2007 in different areas of
the world, including the Celebes Sea (Pacific
Ocean), the Caribbean Sea (Atlantic Ocean),
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and the Andaman Sea and the Red Sea
(Indian Ocean).

Materials and Methods
Study areas and experimental design. In situ
experiments were conducted in four coral
reef areas: Siladen, Celebes Sea (Indonesia,
Pacific Ocean); Akumal, Caribbean Sea
(Mexico, Atlantic Ocean); Phuket, Andaman
Sea (Thailand, Indian Ocean), and Ras
Mohammed, Red Sea (Egypt, Indian Ocean).
Nubbins of Acropora spp. 3-6 cm) were collected, washed with virus-free seawater filtered
onto 0.02-pm membranes (Anotop syringe filters; Whatman, Springfield Mill, UK),
immersed in polyethylene Whirl-pack bags
(Nasco, Fort Atkinson, WI, USA) filled with
2 L virus-free seawater, and incubated in situ.
Additional experiments were also performed
with other hard coral genera: S. pistillata and
M. complanata. Replicate sets containing nubbins from different colonies (n = 3, including
more than 300 polyps each) were supplemented with aliquots of sunscreens (at final
quantities of 10, 33, 50, and 100 pl/L seawater) and compared with untreated systems
(used as controls). Corals were incubated at
the same depth of donor colonies at in situ
temperature (Table 1). During two experiments conducted in the Red Sea and in the
Andaman Sea, we tested the effects on coral
bleaching of the same chemical filters and
preservatives contained in the sunscreen formula of different brands (Tables 1 and 2).
Subsamples (50 mL) of seawater surrounding
coral nubbins were collected at 12-hr intervals
and fixed in 3% glutaraldehyde for subsequent
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analyses (i.e., zooxanthellae counts and transmission electron microscopy, TEM). Additional seawater samples were immediately processed
without any preservation for viruslike particles
counts. At the end of the experiments, samples of
coral tissue were fixed in 3% glutaraldehyde and
stored at 4°C for zooxanthellae count and TEM.
Quantification of bleaching. To quantify
the levels of coral bleaching (Siebeck et al.
2006), we performed a colorimetric analysis on
digital photographs of corals taken at the beginning of the experiments and after various times
of treatment with sunscreen and organic UV
filters. Photographs were taken under identical
illumination with a Canon PowerShot A620
digital camera (Canon Inc., Tokyo, Japan) with
a scale meter on the background. The photographs were successively analyzed with a photoediting software for color composition [cyan,
magenta, yellow, black (CMYK)]. Levels of
bleaching were measured as the difference
between the coral's color at the beginning of the
experiments and after treatments. Variations in
the percentage of the different color components (CMYK) were analyzed with one-way
analysis of variance (ANOVA; Table 3). To
rank the bleaching effect due to the different
ingredients tested, we obtained Bray—Curtis

similarity matrix and multidimensional scaling
analysis of the shifts in CMYK color composition of treated corals using Primer 5.0 software
(Primer-E Ltd., Plymouth, UK). Bleaching
rates were measured as the dissimilarity percentage in CMYK color composition between
treated and control corals using the SIMPER
tool of Primer 5.0 software (Primer-E Ltd).
Analysis of zooxanthellae. Zooxanthellac
were extracted from coral nubbins using a jet
of artificial seawater with a WaterPick (Braun,
Germany) and centrifuged (4,000 x g, for
10 min) to separate the algae from the host tissue. Replicate suspensions (200-500 pL) of
zooxanthellae extracted from coral tissue and
those released during the experiment were filtered through 2.0-pm polycarbonace filters
and mounted on glass slides. Zooxanthellac
were counted under a Zeiss Axioplan epifluorescence microscope (Carl Zeiss Inc., Jena,
Germany; x400 and x1,000), and the number
of cells was normalized to nubbins' area. Based
on the autofluorescence and gross cell structure, zooxanthellae released or extracted from
nubbins were classified as a) healthy (H,
brown/bright yellow color, intact zooxanthellac); b) pale (P, pale yellow color, vacuolated,
partially degraded zooxanthellae); transparent

(T, lacking pigmentations, mostly empty zooxanthellae; Mise and Hidaka 2003). Cell
integrity was also examined by TEM (see
below).
Standard sunscreen UV filters for the
experiments. The UV filters ethylhexylmethoxycinnamate (OMC), octocrylene
(OCT), benzophenone-3 (BZ), ethylhexylsalicylate (EHS), and the solvent propylene glycol
(PG) (Table 2) were purchased from SigmaAldrich Co. (Milan, Italy); 4-tert-buty1-4methoxydibenzoylmethane was obtained in
the form of Eusolex 9020 from Merck
(Darmstadt, Germany). 4-Methylbenzylidene
camphor was synthesized according to Saito
et al. (2004). Specifically, a mixture of Scamphor (10 mmol), p-tolualdehyde (12 mmol),
and potassium t-butoxide (15 mmol) was
refluxed in t-butyl alcohol (12 mL) for 5 hr.
The reaction course was monitored by thinlayer chromatography using cyclohexane—ethyl
acetate 8:2 as the eluant. The reaction mixture
was neutralized with 5% HCl and extracted
with ethyl acetate (10 mL x 3); the combined
organic extracts were washed with saturated
NaCI solution and dried over Na2SO4.
Evaporation of the solvent and column chromatography of the crude residue on silica gel

Table 1. Experiments on hard-coral species treated with different sunscreens and sunscreen ingredients.
Reef water
temperature (°C)

Ocean

Reef area

Pacific

Celebes Sea,
Indonesia

28, 30'

Atlantic

Caribbean Sea,
Mexico

28

Indian

Red Sea,

24

EgYPt

Treatments
Sunscreen brand 1
Sunscreen brand 1
Nutrients
Controls
Sunscreen brand 2
Controls
Sunscreen brand 2
Controls
Sunscreen brand 1
Sunscreen brand 1
Controls
Sunscreen brand 1
Controls
BMOBM
MBC
OCT

Sun
protecting Quantity
(pI/L (%)la
factor
15
15

8

10

8

10

8

15

33
33

15

33

8

33 (2)
33 (3)
33 (6)
33 (5)
33 (6)
33 (6)
33 [0.5)
33
50

EHS
OMC

Indian

Andaman Sea,
Thailand

25°

BZ
BP
PG (solvent)
Sunscreen brand 3

100
10
100d

Controls
MBC
OMC
BZ
BP

50 (3)
50 (6)
50 (6)
50 (0.5)

Species

No. of
experimental Bleaching
initiation (hr)
sets

Acropora divaricata
A.divaricafe
A. divaricata
A. divaricata
Acropora cervicornis
A. cervicornis
Millepara complanata
M. complanata
Acropora sp.
Acropora sp.
Acropora sp.
Stylophora pistillata
S. pistillata
Acropora sp.
Acropora sp.
Acropora sp.
Acropora sp.
Acropora sp.
Acropora sp.
Acropora sp.
Acropora sp.
Acropora puichra, Acropora
aspera, Acropara
intermedia, Acropora sp.
A. pulchra, A. aspera, A.
intermedia, Acropora sp.
A. pulchra
A. pulchra
A. putchra
A. putchra

Bleaching Zooxanthellae
rate [hr (%)]b released (%)

6
6
6
6
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
15

ND
ND
No bleaching
No bleaching
18
No bleaching
24
No bleaching
24
24
No bleaching
nd
No bleaching
No bleaching
24
No bleaching
No bleaching
2
24
24
No bleaching
24

24 [81, 95)
36 (ND)
No bleaching
No bleaching
36 (84)
No bleaching
36 (35)
No bleaching
48 (81)
48 [89)
No bleaching
48 (65)
No bleaching
No bleaching
48 (63)
No bleaching
No bleaching
24 [91)
48 [86)
48184)
No bleaching
48-62(74--88)

ND
ND
ND
ND
87
3
10
2
44
30
1
ND
ND
13
10
3
3
86
83
90
16
88-95

15

No bleaching

No bleaching

1-2

3
3
3
3

48
48
48
48

62 (95)
96(91)
96 (93)
96 (90)

95
90
84
79

Abbreviations: BMDBM, 4-ten-butyl-4-methoxydibenzoylmethane; BP, butyl paraben; BZ, benzophenone-3; EHS, ethylhexylsalicylate; MBC. 4-methylbenzylidene camphor; NO, not
detected; OCT, octocrylene; OMC, ethylhexylmethoxycinnamate; PG, propylene glycol.
`Percentage concentrations of the filters allowed in sunscreen formulations in both American and European markets. 'Bleaching rates measured as percentage chromatic dissimilarity
with the coral used as a control (CMYK) at different experiment times (hr). 'Temperature in outdoor aquarium.toncentrations of nutrients relative to added sunscreen are calculated on
the ratio of organic carbon to total nitrogen and phosphorous (wiiwt) of 31:2:1. 'Local temperature during the experiment was below average season values.
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eluting with cyclohexane-ethyl acetate 8:2 gave
4-methylbenzylidene camphor as a white solid
which was crystallized from hexane (70%
yield).
NMR (200 MHz, CDCI3): 8 = 0.8
(s,3H), 0.99 (s, 3H), 1.03 (s, 3H), 1.48-1.60
(m, 2H), 1.70-1.85 (m, 1H), 2.12-2.20 (m,
1H), 2.37 (s, 3H), 3.10 (d, Md. 4.1 Hz),
7.19 (d, 2H, J = 8.0 Hz). 7.21 (s, 1H), 7.38
(d, 2H, 1= 8.0 Hz) ppm. The preservative BP
(butyl paraben) was obtained through esterification of 4-hydroxybenzoic acid with butyl
alcohol: 20 mmol 4-hydroxybenzoic acid was
dissolved in 25 mL butyl alcohol in the presence of a catalytic amount of p-toluensulfonic
acid (- 2 mmol) and refluxed for 7 hr. The
reaction mixture was washed with NaHCO3
0.5 M and extracted with diethyl ether
(25 mL x 3). The organic layer was dried over
Na2SO4 and the solvent evaporated under
reduced pressure. Butyl paraben was obtained
with a 75% yield.
NMR (200 MHz,
CDC13): 8 = 0.97 (t, 3H, J = 7.1 Hz),
1.38-1.65 (m, 2H), 1.70-1.76 (m, sH), 4.30
(t, 2H,J= 6.5 Hz), 6.89 (d, 2H, J= 8.88 Hz),
7.95 (d, 2H,J= 8.8 Hz) ppm. The amounts of
UV filters and preservatives used in the sunscreen addition experiments were calculated on
the basis of the percentage concentrations of
the respective filters allowed in sunscreen formulations in both American and European
markets. Hence, concentrations below the
more restricted limits imposed by American

regulations were used: BMDBM (2%), BZ
(6%), OMC (6%), OCT (6%), EMS (5%),
MBC (3%), BP (0.5%).
Quantification of sunscreen release in
seawater. To estimate the amount of UV filters and preservatives released from sunscreen
formulae, 2 mg sunscreen/cm2 [dose recommended by the U.S. Food and Drug
Administration (FDA); Poiger et al. 2004]
was applied to the hands of two volunteers.
The hands were then immersed in 2 L of
0.45-um filtered seawater at 24°C for 20 min.
Hands without sunscreen applications were
used as controls. All experiments were
repeated 3 times. The percentage of sunscreen

released into the seawater was estimated by
high performance liquid chromatography
(HPLC) analyses on the sunscreen and
seawater samples.
Some investigators suggest that the sunscreen dose recommended by the U.S. FDA is
much lower than the amount actually used by
tourists (Giokas et al. 2007, and literature
therein); thus, the quantity of sunscreen
released during a usual bath could be Far
higher than that estimated in this study.
HPLC analysis of sunscreens. UV filters
were extracted from I L seawater obtained
from the sunscreen release experiment by
solid-phase extraction (SPE) (C,8 Bakerbound

Table 3. Shifts in the percentage contribution of the different coral color components [cyan, magenta, yellow,
black (CMYKH that occurred during the experiments (addition of sunscreen and sunscreen ingredients).
Treatments

C
0
19

Control
Sunscreen
BMDBM
BZ
OMC
OCT
EHS
MBC
BP

Coral color shift°
M
Y

K

Bleaching

Significanceb

3
17
12
7
23
18
7
5
33

0
33
33
43
53
39
38
37
29

NV
Visible
NV
NV
Visible
NV
NV
NV
Visible

NS
••••
••
.»
•••
,,.

2
25
22
24
37
23
20
17
32

6

6
13
7
6
8
9

NS

Abbreviations: NS, none of the four variables is significant; NV, nonvisible bleaching. For acronym definitions under
"Treatment," see Table 1.
'Shift estimated as the average of 20 measurement paints of the four calorimetric variables (CMYK). 'Significance
Ip< 0.051 of each variable calculated by ANOVA; number of asterisks indicate the number of significant variables.

Table 2. Physicochemical properties of the UV filters.
Chemical name
(INCI name)

Key°

2-Hydroxyl-4-methoxybenzaphenone
(bemophenone-3)

Chemical structure

BZ

Molecular
weight (g/mol)

Water solubility
(mg L-1) at 25°C

228.25

68.56

310.39

Log K
3.52

286

1.52

2.41

355

290.41

0.15

5.80

305

CH,

4-tert-Butyl-4'-Methoxydibemoyl methane
(butyl methoxydibenzoylmethane}

0

BMOBM

2-Ethylhexyl-4-methoxycinnamate
(ethyliroxylmethoxycinnamate)

0

II

01-1,0

it

OMC
CH .0

2-Ethylhexyl 2-cyano-3,3-diphenylacrylate
Ioctocryfene)

OC I

361.49

1.3

6.88

303

2-Ethylhexyl salicylate
(ethylhexyl salicylate)

LF1S

250.37

NA

6.02

305

3-(4"-Methylbenzylidene) camphor
(4-methylbenzyridene camphor)

MBC

240.35

0.57

5.47

300

194.23

207

3.57

253

CH
0

Butyl p-hydroxybenzoatec
(butylparaben)

11

BP

C

HO
Abbreviations: INC!, International Nomenclature for Cosmetic Ingredients; NA, not available.
•Key abbreviations adopted in this paper. For acronym definitions," see Table 1. "OctanoVwater partition coefficient 'This is a preservative, not a UV filter.
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SPE column, 500 mg/6 mL; J.T. Baker,
Phillipsburg, NJ, USA). Before extraction an
internal standard, butyl-cinnamate (BC,
Sigma-Aldrich Co.) was added to the seawater
sample. The SPE column was conditioned
with 10% methanol, and the sample was
passed through the column at approximately
20 mUmin. The ingredients were recovered
from the column using 1 mL acetonitrile.
Analyses were performed on an HPLC apparatus consisting of a Varian RP-C18 column
(5 pm, 250 x 4.60 mm), a 20-pL injection
loop, a Varian Pro Star solvent delivery module,

a Varian Star 5.0 Workstation and Varian 9050
variable wavelength UV-VIS detector (Varian
Inc., Palo Alto, CA, USA). The analytes
injected into the chromatograph eluted in
18 min (1 mL/min) using a linear gradient
starting from solution A (methanohacetonitrile:watenacetic acid, 55:20:24:1, vol/vol) and
ending with solution B (methanol:acetonitrile:water:acetic acid, 55:40:4:1, vol/vol). UV
detection was carried our at X = 255 nm for
BP and X = 300 nm for MBC, OMC and BC.
Chromatograms were analyzed with the
Varian Interactive Graphics Program.

B

D
Figure 1. Impact of sunscreen addition on nubbins of Acropora. Untreated (brown) and treated (bleached)
nubbins of {A) Acropora cervicornis {Caribbean Sea, Mexico); (8) Acropora divaricata (Celebes Sea,
Indonesia); (C) Acropora sp. (Red Sea, Egypt); and CD) Acropora intermedia (Andaman Sea, Thailand).
Images were taken within 62 hr of the start of sunscreen incubations. Scale bar = 2 cm.

Figure 2. Effect of 100-pL sunscreens on Acropora divaricata nubbins after 24-hr incubation at various
temperatures. (A) control; (8) nubbins incubated at 28°C; and C1 nubbins incubated at 30°C. Scale bar =1 cm.
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Viral counts and infection of zooxanthellae
and TEM analysis. Water samples for viral
counts were processed immediately without any
fixative with SYBR green and SYBR Gold
staining (Shibata et al. 2006). Immediately after
collection, subsamples (200 pL) of seawater surrounding coral nubbins were diluted 1:10 in
prefiltered MilliQ, filtered through a 0.02-pm
pore-size Anodisc filter (25-mm diameter,
A1203; Whatman) and immediately stained
with 20 pL SYBR Green I and SYBR Gold
(stock solution diluted 1:20 and 1:5,000
respectively; Invitrogen, Carlsbad, CA, USA).
Filters were incubated in the dark for 15 min
and mounted on glass slides with a drop of
50% phosphate buffer (6.7 mM, pH 7.8) and
50% glycerol containing 0.25% ascorbic acid
(Shibata et al. 2006; Helton et al. 2006; Wen
et al. 2004). Slides were stored at 20°C until
analysis. Counts were obtained by epifluorescence microscopy (magnification, x1,000; Zeiss
Axioplan) by examining at least 10 fields, that
is, at least 200 cells or particles per replicate.
TEM analyses were conducted on decalcified corals (2% vol/vol formic acid, 4°C,
8 days. Acropora tissue and pellets of zooxanthellae released during the experiment were
post-fixed in I% osmium tetroxide (SigmaAldrich Co.), dehydrated through an increasing acetone series (25%, 50%, 75%, 100%)
and embedded in an Epon—Araldite mixture
(Multilab Supplies, Fetcharn, UK). Ultrathin
resin sections (50-70 nm) were cur with a
Reichert Ultracut E microtome (Reichert,
Wien, Austria). Before analysis, sections were
stained with saturated uranyl acetate and 1%
lead citrate and collected on 200-mesh
copper/rhodium grids (Multilab Supplies).
Estimates of release of sunscreen in reef
areas. The global release of sunscreens in areas
harboring coral reefs can be roughly estimated
from their average daily use and the number
of tourists. An average dose application of
2 mg/cm2 of sunscreen (dose suggested by the
U.S. FDA) For a full body surface of 1.0 m2
results in an average usage of 20 g per application (Poiger et al. 2004). We consider a conservative measure of two daily applications
per tourist traveling on a 5-day average tourist
package, and a rough estimate of 78 million
of tourists per year in areas hosting reefs
[10% of world tourists registered in 2004;
United Nations World Trade Organization
(UNWTO) 2007]. Based on this calculation
and on annual production of UV filters,
between 16,000 and 25,000 tons of sunscreens are expected to be used in tropical
countries. According to our experiment, it is
estimated that at least 25% of the amount
applied is washed off during swimming and
bathing, accounting for a potential release of
4,000-6,000 tons/year in reef areas. Because
90% of tourists are expected to be concentrated
in approximately 10% of the total reef areas,
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we estimated that up to 10% of the world
reefs is potentially threatened by sunscreeninduced coral bleaching.

Results and Discussion
Coral bleaching caused by sunscreens and UV
filters. In all replicates and at all sampling sites,
sunscreen addition even in very low quantities
(i.e., 10 pL/L) resulted in the release of large
amounts of coral mucous (composed of zooxanthellae and coral tissue) within 18-48 hr,
and complete bleaching of hard corals within
96 hr (Figure 1; Table 1). Different sunscreen
brands, protective factors, and concentrations
were compared, and all treatments caused
bleaching of hard corals, although the rates of
bleaching were faster when larger quantities
were used (Table 1). Untreated nubbins (coral
branches of 3-6 cm) used as controls did not
show any change during the entire duration of
the experiments (Table 1). Bleaching was faster
in systems subjected to higher temperature,
suggesting synergistic effects with this variable
(Table 1; Figure 2). TEM and epifluorescence
microscopy analyses revealed a loss of photosynthetic pigments and membrane integrity in
the zooxanthellae released from treated corals
(30-98% of zooxanthellae released from
Acropora nubbins were partially or totally damaged, appearing pale and transparent), whereas
zooxanthellae membranes from untreated
corals were intact (37-100% of the zooxanthellae released showed a defined shape and
red fluorescing color; Figures 3 and 4). All
these results indicate that sunscreens have a
rapid effect on hard corals and cause bleaching
by damaging the symbiotic zooxanthellae.
We tested sunscreen (10 pL/L) containing
concentrations of UV filters higher than those
reported in most natural environments. At
the same rime, the coral response to sunscreen
exposure was not dose dependent, as the same
effects were observed at low and high sunscreen concentrations. Therefore, we hypothesize that UV filters can have potentially
negative impacts even at concentrations lower
than those used in the present study.
Sunscreens typically comprise up to 20 or
more chemical compounds. To identify the
organic UV filters or preservatives possibly
responsible for coral bleaching, seven compounds typically present in sunscreens were
selected (Table 2), and additional experiments
were carried out in which each single ingredient was tested on Acropora spp. Among the
ingredients rested, butylparaben, ethylhexylmethoxycinnamate, benzophenone-3 and
4-methylbenzylidene camphor caused complete bleaching even at very low concentrations (parabens account For 0.5% of sunscreen
ingredients). Conversely, all other compounds
tested (i.e., octocrylene, ethylhexylsalicylate,
and 4-tert-butyl-4-methoxydibenzoylmethane)
and the solvent propylene glycol, which is also

present in sunscreen formulations, had a
minor effect or no effects when compared
with controls (Table 1). These results suggest
that sunscreens containing parabens, cinnamates, benzophenones, and camphor derivatives can contribute to hard-coral bleaching if
released into natural systems.
Amounts of sunscreen released into tropical environments and their impacts.
Sunscreen product sales exceed half a billion
dollars (Shaath and Shaath 2005), and it is
estimated that 10,000 tons of UV filters are

produced annually for the global market.
According to official data of the UNWTO, it
can be estimated that 10% of sunscreens produced are used in tropical areas with coral
reefs (Wilkinson 2004), We estimated that,
on average, about 25% of the sunscreen
ingredients applied to skin are released in the
water over the course of a 20-min submersion. According to these estimates, we believe
that up to 10% of the world's coral reefs
would be threatened by sunscreen-induced
coral bleaching.

Figure 3. Zooxanthellae release from hard corals in control and sunscreen addition samples. (A) TEM
images of healthy zooxanthellae (intact cell structure and membrane) in control untreated Acropora nubbin,
and (B) zooxanthellae damaged by sunscreen treatment: cells appear swollen and vacuolated, without
chloroplasts and double the size of the controls; the thylakoids are unpacked and dispersed inside the cells,
and cell-membrane integrity is lost (arrowhead). (C) Autofluorescence images showing healthy (red) zooxanthellae in control sample and (B) some healthy (H) and damaged and partially damaged
transparent
and pale) zooxanthellae released after sunscreen treatment. Scale bars = 2 pm (A, B) and 5 pm (C, 01.
1 00
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Figure 4. Epifluorescence microscopy analysis of the level of damage in zooxanthellae released after sunscreen (SS) addition.
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significant increase in the number of viruses in
the ambient seawater (Figure 5A). Hard-coral
bleaching and the increase in viral abundance
in seawater were also seen after coral treatment
with mitomycin C, an antibiotic commonly
used to induce the lyric cycle in latent viral
infections (Figure 5B). TEM analysis of sunscreen-treated corals showed the presence of
virus-like particles (VLPs) around and inside
the zooxanthellae. The VLPs were roundhycosahedral in shape and 50-130 nm in size
(Figure 6). No viruses were encountered either
inside or outside the zooxanthellae in control
samples. All these results indicate that sunscreens caused coral bleaching by inducing the
lyric cycle in symbiotic zooxanthellae with
latent viral infections.
Causative agents (mostly bacteria and
fungi; Rosenberg et al. 2007) have been isolated and characterized For only 6 of more than
20 coral diseases described in natural environments. To date, viruses have been Found in
cells of about 50 algal species, representing
nearly all major algal classes. This suggests that
viruses have a significant role in algal ecology
(Brussard 2004). There are, however, only a
few studies on viruses infecting zooxanthellae:
viruses were encountered in heat-shocked or
Treated: con trol (0-12 hr}

Treated: contro l
(0-24NI

The impact of sunscreens would be
expected to be crucial in atolls and coastal
coral reefs with low water renewal and strong
tourist vocation. Our results provide strong
scientific evidence of the potential impact of
these products in tropical habitats and represent a pointer for outlining specific regulations for protecting coral reefs.
Effect of sunscreen ingredients an viral
infections. Previous studies have demonstrated
that sunscreens can significantly enhance viral
production in seawater by inducing the lytic
cycle in prokaryotes with lysogenic infection
(equivalent to the latent infection of eukaryotes; Danovaro and Corinaldesi 2003). Here,
we demonstrate that a similar phenomenon
occurs also in hard corals. After the addition of
sunscreens, viral abundance in seawater surrounding coral branches increased significantly, reaching values greater by a factor of
15 than in controls (Figure 5A). Because,
prior to any treatment, the hard corals were
carefully washed with and incubated in virusfree seawater, we conclude that the viruses
encountered were released from the corals or
their symbionts. Moreover, addition of
organic nutrients without UV filters or preservatives did not result in coral bleaching or in a
25 1711
20
15
10
5
0
+ sunscreen

+ nutrients

4

I
2

+ sunscreen

+rnitoneitint

Figure 5. Viral enrichment factors of ambient seawater (as the ratios of viral density in treated and control
samples) after the addition of sunscreen, nutrient, and mitomycin C. (A) Viral enrichment factor of ambient
seawater within 24 hr after sunscreen and organic nutrients addition. (13) Viral enrichment factor of ambient seawater within 12 hr after sunscreen and mitomycin C addition. Organic nutrients (lipids, proteins,
and carbohydrates) were added at concentrations equivalent to those contained in sunscreens according
to Danovaro and Corinaldesi (2003). Values are ± SE.

UV-treated zooxanthellae of Pavona eternal,
Acropora formosa, and S. pistillata, suggesting
the presence of latent viral infections (Davy
et al. 2006; Lohr et al. 2007). All our samples
from different areas of the world showed viral
lytic cycles after treatment with sunscreens and
other inducing factors. The results of the present study and these data from the literature
indicate that latent infections are common in
symbiotic zooxanthellae.
Viruses have a key role in population
dynamics and in community composition and
diversity of marine bacterioplankton and
phytoplankton (Brussard 2004; Sunk 2005)
Viruses also contribute significantly to horizontal gene transfer, and can influence the
pathways of energy and material flow in
aquatic ecosystems, with important implications For global biogeochemical cycles
(Fuhrman 1999). The results presented here
provide new insights into the functional and
ecological role of aquatic viruses and indicate
that induction of the lytic cycle in zooxanthellae with latent infection represents an important factor contributing to coral bleaching.
Recent studies have reported that pesticides,
hydrocarbons, and other contaminants can
cause coral bleaching (Brown 2000; Douglas
2003). We suggest that these factors, which also
have the potential to induce the viral lytic cycle
in microorganisms or algae with latent infections (Cochran et al. 1998; Danovaro and
Corinaldesi 2003; Davy et al. 2006; Jang and
Pau! 1996) could act synergistically with suncare products, thereby increasing the frequency
and extent of coral bleaching.
Our results indicate that sunscreens promoting lytic cycle in viruses can cause coral
bleaching. Because human use of tropical
ecosystems and coral reef areas is progressively
increasing, we predict that the impact of sunscreens on coral bleaching will grow considerably in the Future on a global scale. Actions
are therefore needed to stimulate the research
and utilization of UV filters that do not
threaten the survival of these endangered
tropical ecosystems.
CORRECTION

In Table 2, the log K value for 2-ethylhexyl salicylate has been corrected from
"NA" in the original version published
online to "6.02."
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Hawaii - Ban On Many Sunscreen Products Likely To Pass In Hawaii Senate

The Democratic Party, Office of Hawaiian Affairs and others are urging the House to follow suit, but the
measure faces opposition there.
By Nathan Eagle / March 2, 2017
The Hawaii Senate is on track to pass a bill banning the use of sunscreens that contain oxybenzone, which
studies have shown harms coral reefs.
But with mounting opposition from convenience store owners and personal care product companies, the
legislation's fate in the House remains uncertain.
Nearly 9 million tourists who visit Hawaii each year, along with the state's 1.4 million residents,
would have to start paying closer attention to the labels on their sunscreen containers if Senate Bill
1150 becomes law. It would prohibit the use of sunscreens or cosmetics that contain oxybenzone while
on a beach or in the ocean.
On Thursday, it cleared the Judiciary and Labor Committee, chaired by Sen. Gil Keith-Agaran,
Scientists have conducted studies that show products containing the chemical — the active ingredient in
many sunscreens — contribute to the destruction of coral reefs and weaken their ability to mitigate the
effects of climate change.
People would instead have to switch to sunscreens containing zinc oxide or other mineral blockers that
still protect against the sun's cancer-causing UVA and UVB rays but aren't known to hurt corals.
Supporters of the ban also suggest wearing rash guards or other lightweight long-sleeved clothing as an
alternative sun block.
The bill's next stop is a vote before the full Senate, where it's expected to pass.
It could be a different story in the House, where Rep. Angus McKelvey, chairs of the Consumer Protection
and Commerce Committee, has so far blocked oxybenzone-related bills from advancing.
The House Energy and Environmental Protection Committee, chaired by Rep. Chris Lee, passed two
oxybenzone-related bills, one banning the sale of products containing the chemical and another requiring
any advertisements or displays for sunscreens with oxybenzone to include a warning about how its use
in nearshore waters poses serious hazards to coral and reef health.
The ad-warning bill was amended last month in the Ocean. Marine Resources and Hawaiian Affairs
Committee, chaired by Rep. Kaniela Ing, losing the part about the ad warning and instead just banning the
sale of products containing oxybenzone.
But both bills have been pending for weeks waiting for a hearing in McKelvey's committee, their last
hurdle before a vote by the full House.
If the House bills languish, and signs indicate they will, the last vehicle to address oxybenzone will rest in
SB 1150, which could cross over to the House as early as next week. The legislative session ends May 4.
There's been strong opposition from the Hawaii Food Industry Association, a trade group that represents
some 200 companies, including ABC Stores and KTA Super Stores.
"The combination of reduced choice and less effective products could have the dangerous consequence of
individuals using less protective sunscreens or worse no longer using sunscreen, thereby causing more
skin damage and potentially increasing skin cancer rates," the association wrote in testimony on the
legislation.
The Consumer Healthcare Products Association, based in Washington, D.C., raised similar concerns.
Supporters include the Office of Hawaiian Affairs, the Democratic Party of Hawaii, environmental
nonprofits, ocean-tourism groups and state agencies.
OHA noted in its testimony that economic studies in 2002 and 2003 found an overall revenue
contribution of $800 million from Hawaii's coral reefs and coastal resources, with an added recreational,
amenity, fishery, biodiversity and educational value of $364 million per year.

"While our ocean waters clearly hold cultural, spiritual, and biological significance beyond any monetary
value, these economic analyses clearly reflect the critical nature of our marine environment to our
islands," OHA's Beneficiary Advocacy and Empowerment Committee wrote in its testimony.
Rick Gaffney of the Hawaii Fishing and Boating Association, based on the Big Island, also submitted
written testimony in support.
"Products containing these deleterious chemicals should not be allowed in Hawaii's nearshore waters,
especially as they are already suffering from the impacts of global warming, runoff and overfishing," he
said. "A bill of this nature is essential to better protecting the reefs of Hawaii so that they in return can
protect and feed us, and continue to serve as one of the primary attractions for our tourist industry."
The state departments of Health and Land and Natural Resources expressed support for the bill's intent,
but also raised concerns.
DLNR is worried about how it would enforce the ban. And the Department of Health wants to make sure
there are sufficient alternatives, such as sunscreens with zinc oxide.
Democratic Party of Hawaii Chair Tim Vandeveer and others have prodded McKelvey to hear the bills in
the House.
"The Democratic Party of Hawaii, of which you are a member, has identified these bills as priorities for
this legislative session," Vandeveer wrote in a letter to McKelvey. "We understand you may have some
reservations about the implementation of these bills. That is the conversation that should be had at the
hearing and not behind closed doors."
With no hearings scheduled as of Thursday, the bills in the House are dead this session due to the
Legislature's Friday deadline to have all bills passed out of committees and ready for final votes before
the full House or Senate.
Still, amendments can be made to the bills that do survive when they cross over to the other chamber,
which will schedule another round of committee hearings.
Meanwhile, some businesses have voluntarily stopped carrying sunscreens that contain oxybenzone,
including the concession at Hanauma Bay, the most popular snorkeling site in Hawaii.
Craig Downs of Haereticus Environmental Laboratory in Virginia has been a leading scientist researching
why corals have been dying, even in protected marine areas like Hanauma Bay.
"It's pretty horrifying," Downs said in June at the International Coral Reef Symposium in Honolulu.
Seawater testing discovered concentrations of oxybenzone — which is found in over 3,500 sunscreen
products — exceeded the minimum toxicity level of 62 parts per trillion (equivalent to a drop of water in
6.5 Olympic-sized swimming pools) by 12 times in Hawaii. The oxybenzone causes the coral to bleach at
temperatures several degrees cooler and inhibits its ability to reproduce.
Worldwide, scientists estimate 8,000 to 16,000 tons of sunscreen enter coral reefs each year.
Downs, a University of Hawaii graduate, has been testifying in support of the oxybenzone-related bills.
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Organic UV filters are common ingredients of personal care products (PCPs), but little is
known about their distribution in and potential impacts to the marine environment. This
study reports the occurrence and risk assessment of twelve widely used organic UV filters
in surface water collected in eight cities in four countries (China, the United States, Japan,
and Thailand) and the North American Arctic. The number of compounds detected, Hong
Kong (12), Tokyo (9), Bangkok (9), New York (8), Los Angeles (8), Arctic (6), Shantou (5) and
Chaozhou (5), generally increased with population density. Median concentrations of all
detectable UV filters were <250 ng/L. The presence of these compounds in the Arctic is
likely due to a combination of inadequate wastewater treatment and long-range oceanic
transport. Principal component analysis (PCA) and two-way analysis of variance (ANOVA)
were conducted to explore spatiotemporal patterns and difference in organic UV filter
levels in Hong Kong. In general, spatial patterns varied with sampling month and all
compounds showed higher concentrations in the wet season except benzophenone-4 (BP4). Probabilistic risk assessment showed that 4-methylbenzylidene camphor (4-MBC) posed
greater risk to algae, while benzophenone-3 (BP-3) and ethylhexyl methoxycinnamate
(EHMC) were more likely to pose a risk to fishes and also posed high risk of bleaching in
hard corals in aquatic recreational areas in Hong Kong. This study is the first to report the
occurrence of organic UV filters in the Arctic and provides a wider assessment of their
potential negative impacts in the marine environment.
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Introduction

Organic ultraviolet (UV) filters are widely used as UV
radiation-absorbing substances in personal care products
(PCPs) to protect human skin from the negative effects of
sunlight as well as in materials and paints to prevent product
photodegradation. Authorized contents of organic UV filters in
PCPs vary according to regulations in the countries/regions of
their manufacture, where they may comprise up to 20% of
product mass (Chisvert and Salvador, 2007). Owing to their
large annual production quantities and widespread usage,
particularly because of greater awareness of skin cancer risks
in recent decades, organic UV filters can enter the aquatic
environment (i) indirectly from wastewater treatment plants
(WWTPs) after entering sewage systems following bathing or
from industrial discharge due to incomplete removal as well
as surface runoff and (ii) directly from recreational activities
(e.g. swimming) (Giokas et al., 2007).
As a result of their extensive application and continuous
release into aquatic systems, organic UV filters are regarded as
pseudo-persistent environmental contaminants, and their
ubiquity has raised concerns about their potential environmental impacts (Giokas et al., 2007). They have been found in
various environmental samples including surface water,
wastewater and sediment (e.g. Tsui et al., 2014; Kameda et al.,
2011) generally at ng/L to sub-ug/L levels for aqueous matrices
and sub-ng/g levels for solid matrices. However, only a few
studies have reported the occurrence of UV filters in the marine environment, and only a limited number of globally
authorized compounds have been investigated; for example,
benzophenone-3 and -4 (BP-3 and BP-4), ethylhexyl methoxycinnamate (EHMC) and octocrylene (OC) were detected in
surface waters in some European countries and Japan (Tashiro
and Kameda, 2013; Tovar-Sanchez et al., 2013; Radii et al.,
2008).
Many organic UV filters have high lipophilicity, with
octanol-water partition coefficients (log K,„„) values generally
greater than 3. They have been detected in various aquatic
organisms such as brown trout (Salmo trutta fario) up to
1800 ng/g (4-methylbenzylidene camphor, 4-MBC) and
2400 ng/g (OC) lipid weight (lw) in Swiss rivers (Buser et al.,
2006) and in marine mussels (Mytifus edulis) up to 256 ng/g
(EHMC) and 7112 ng/g (OC) dry weight (dw) along the French
Atlantic and Mediterranean coasts (Bachelot et al., 2012).
Moreover, Fent et al. (2010b) suggested food chain accumulation of EHMC, reporting its concentrations in fish and cormorants (Phalacrocarax sp.) from six Swiss rivers up to 337 and
701 ng/g lw, respectively. Accumulation of these compounds
in organisms is a concern because organic UV filters and their
metabolites have been shown to interfere with endocrine
function by acting as environmental estrogens both in vitro
and in vivo (Schlumpf et al., 2001; Kunz and Fent, 2006).
Moreover, they have been shown to induce bleaching in corals
by promoting viral infections (Danovaro et al., 2008).
Data on the occurrence of organic UV filters in fresh surface
waters are available for several developed countries (e.g.
Kameda et al., 2011; Fent et al., 2010b), but relevant information is lacking for the marine environment in countries
outside of Europe or Japan for certain uniformly approved and
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widely consumed UV filters (e.g. butyl methoxydibenzoylmethane (BMDM) and homosalate (HMS)). Moreover, previous
studies have reported the occurrence of UV filters at beaches,
but little information is known about coastal waters. In
contrast to other organic contaminants (e.g. perfiuoroalkyl
substances (PEAS) and pharmaceuticals) which have been
studied in detail (Richardson and Ternes, 2014), information
on the occurrence, distribution, transport pathways and risks
of organic UV filters in the aquatic environment is lacking.
Therefore, it is of crucial importance to study the environmental distribution and concentrations of these emerging
contaminants in order to evaluate their ecological risks.
In light of these considerations, the objectives of this study
were to (i) determine the concentrations and spatial occurrence of twelve commonly consumed UV filters, including
benzophenone-1, -3, -4 and -8 (BP-1, -3, -4 and -8), ethylhexyl
salicylate (EHS), isoamyl p-methoxycinnamate (IAMC), octyl
dimethyl-p-aminobenzoic acid (ODPABA), BMDM, EHMC,
HMS, 4-MBC and OC in surface water samples collected from
different countries including China (Hong Kong, Shantou and
Chaozhou), the United States (New York City and Los Angeles),
Japan (Tokyo Bay), Thailand (Bangkok) and the Arctic region,
as well as their seasonal variation in Hong Kong over the
course of one year; and (ii) conduct an ecological risk assessment by using the measured environmental concentrations
and available toxicity data.

2.

Materials and methods

2.1.

Chemicals and materials

Information on chemical standards and preparation of standard solutions can be found in the Supplementary material.
Standard purities were all >97%. Detailed information on the
targeted UV filters is shown in Table Al.
2.2.

Sampling

Surface water samples were collected from eight locations
(Hong Kong, n = 60; Tokyo, n = 8; New York, n = 6; Los Angeles,
n = 4; Shantou, n = 4; Chaozhou, n = 3; Bangkok, n = 2) and the
Arctic (n =14) from 2012 to 2013 using plastic or stainless steel
buckets or glass bottles which were pre-cleaned by rinsing (in
sequence) with methanol, Milli-Q water, and water from the
specific location. All samples were marine surface water
samples except those collected from Bangkok which were
freshwater samples. Most of the selected cities are metropolitan areas featuring both commercial and industrial
development. Temporal and spatial samples were collected in
Hong Kong in both the wet and dry seasons; spatial samples
were collected from Tokyo Bay, Los Angeles, New York City
and the Arctic, while only a single location was sampled in
Bangkok. Detailed information on the sampling locations is
shown in Supplementary material Table A2 and Figs Al-5.
Surface water samples were collected from 20 points in
Hong Kong in August 2012, February and June 2013; June and
August samples represented the wet season, while the
February samples represented the dry season. The sampled
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points were expected to reflect WV/TPs, beaches and aquatic
recreational activities (further details are given in the
Supplementary material). The Tokyo samples were collected
in Tokyo Bay, while the New York samples were collected in
Jamaica Bay, Upper New York Bay and the East River near
WWTP discharge points. In Los Angeles, Shantou and
Chaozhou, surface water samples were collected at beaches
and near WWTP discharge points while only river water
receiving municipal wastewater was collected in Bangkok.
Arctic samples were collected in the Arctic Ocean and Chukchi
Sea between 65 and 75 °N.
Water samples were stored in glass bottles pre-rinsed with
Milli-Q water and methanol. All glass bottles were wrapped
with aluminum foil to avoid contamination and photodegradation of the target compounds. Samples were stored
in the dark at 4 °C prior to analysis.
2.3.

Analytical procedures

Chemical analysis of the 12 target compounds was modified
from a previously reported method (Tsui et al., 2014). Briefly,
the analytical procedures consisted of addition of 5% (w/v)
Na2EDTA to each sample, solid phase extraction (SPE) with
Bond Elut C18 cartridges, elution by 3 x 4 mL of 50:50 v/v
methanol: ethyl acetate (MeOH: EA), concentration under nitrogen flow to less than 0.5 mL, reconstitution to 0.5 mL by
MeOH and analysis by high-performance liquid
chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS). Detailed analytical procedures
and optimal parameters of HPLC-MS/MS for quantification are
shown in the Supplementary material.
2.4.

Method validation

Details on method validation are given in Table A4 in the
Supplementary material. Recoveries ranged from 63% to
106%, while the relative standard deviations (RSD) of target
compounds ranged from 1.5% to 7.9%. The results presented
in this study were not corrected by recoveries. The method
limit of detection (MLOD) was defined as three times the
standard deviation of procedural blank peak areas plus their
mean value and then corrected by a matrix-induced interference factor which was the slope difference (ratio) of two
calibration curves separately constructed in methanol and in
water sample extracts (Leung et al., 2012). MLODs ranged from
0.03 to 1.38 ng/L. Field and procedural blanks were analyzed
for each sampling trip and for each batch of samples in the
laboratory by using Milli-Q water. All of the target compounds
were below MLODs in both field and procedural blanks.
2.5.
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variance (PERMANOVA) were conducted to explore spatiotemporal patterns in organic UV filter levels because of the
larger sample size for this city. Two-way analysis of variance
(ANOVA) and post hoc Student-Newman-Keuls (SNK) tests
were carried out to test spatiotemporal differences in compound concentrations in Hong Kong samples. Samples with
concentrations < LOD were treated as zero in the analysis. The
significance level was set at a = 0.05. Univariate statistical
analyses were carried out using SigmaStat 3.5 (Sys tat Software
Inc, Chicago, USA) or SPSS 17 (SPSS Inc.). Multivariate analyses
were carried out using PRIMER 6 & PERMANOVA+ (PRIMER-E
Ltd, Plymouth, UK).
2.6.

Environmental risk assessment (ERA)

Hazard quotients (HQs) for individual UV filters were obtained
by dividing measured environmental concentrations (MECs)
obtained in this study by predicted-no-effect concentrations
(PNECs) calculated by dividing the effect concentrations (ECs)
by a standard assessment factor, 1000, to account for intra(factor = 10) and inter-species variability (10) and chronic
exposure conditions (10) (European Commission, 2003).
Toxicity data were obtained from the literature focusing on
aquatic organisms at different trophic levels including protozoa, algae, crustaceans, invertebrates and fishes. Because of
the lack of toxicological literature on many organic UV filters,
the risk assessment was only conducted for six compounds:
BP-1, BP-3, BP-4, EHMC, 4-MSC and ODPABA.
Preliminary screening of the potential ecological risks of
organic UV filters was carried out using the worst-case scenario, HQ„,„s„ in which the maximum MECs of each compound and minimum PNECs were applied in the hazard
assessment (Table 1 and AS). The risk classification was based
on risk ranking criteria in which HQ < 0.01: "Unlikely to pose
risk"; 0.01 < HQ < 0.1: "Low risk"; 0.1 < HQ < 1: "Medium risk"
and HQ > 1: "High risk" (Hernando et al., 2006). Probabilistic
risk assessment was conducted if the HQworst of UV filters
exceeded 1 by plotting cumulative probability on a log scale.
Risk probabilities (p) were calculated by substituting the log
PNECs of each species in the linear equations for each
sampled city, in which (100-p)% would be the percentage of
samples containing concentrations of that compound
exceeding the PNEC of a particular species and thus posing
risk based on the assessed endpoint.

3.

Results and discussion

3.1.
Occurrence and composition of UV filters in surface
waters

Statistical analyses

Normality tests (Kolmogorov—Smimov) were performed
before statistical analyses. Parametric Pearson correlation
analysis was used for the examination of significant correlations among concentrations of different UV filters in surface
water from different sampling cities/regions. Logio-transformed values were used to perform the Pearson correlations
in all locations except Hong Kong, for which principal
component analysis (PCA) and permutational analysis of

A total of 101 surface water samples collected from August
2012 to October 2013 were analyzed, and median concentrations in the samples ranged from <LOD to 230 ng/L (Table 1).
The number of compounds detected was Hong Kong (12),
Tokyo (9), Bangkok (9), New York, Los Angeles (8), Arctic (6),
Shantou (5) and Chaozhou (5).
BP-3, EHMC and OC were detected in all cities and in the
Arctic with detection frequencies >30% in each location
(calculated by dividing the number of positive detections by
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Table 1 - Concentrations (ng/L) and detection frequencies of 12 UV filters in surface water samples from different cities. Conc.: (median-maximum); DF: detection
frequencies (calculated by dividing the number of positive detections by the total number of samples from each location); LOD: limit of detection.
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carbon content are an environmental sink for contaminants
with high log K., and UV filters can also be detected in sediment (e.g. Kameda et al., 2011).
3.2.
Distribution and source determination of INfilters
in surface water
Correlation analyses were performed among individual UV
filters from Tokyo, the Arctic and the United States for source
determination (Table A6). Significant positive correlations
(p < 0.05) were observed between BP-3 and BP-8 (r = 0.879) and
BP-3 and EHMC (r = 0.774) in the Arctic samples. Higher
detection frequencies of UV filters were found in samples
collected near Alaska (<72°N) than in those from the open
ocean (>72°N). The overall detection frequencies of BMDM, BP3 and EHMC were >50%, while concentrations of all detectable
compounds were <70 ng/L (Table 1). This is the first report of
the occurrence and distribution of organic UV filters in the
Arctic, for which there are two possible pathways: (i) oceanic
transport via ocean currents or (ii) atmospheric transport;
these pathways may be either long-range or short-range.
Inadequate wastewater treatment facilities could result in
the direct release of untreated or undertreated wastewater to
the marine environment via oceanic currents (Gunnarsclottir
et al., 2013) and thus wastewater runoff could be one of the
local contamination sources of UV filters as some of the
sampling points are located offshore of Point Hope and Point
Barrow in Alaska (population: 674 and 4212, respectively;
United States Census, 2010), both of which employ sewage
lagoons as the major wastewater treatment method (BUECI
and URS Corporation, 2005). Some compounds such as BP-3
and OC have been reported to be highly photostable towards
UV irradiation (half-lives >72 h; Rodil et al., 2009), and they
may undergo long-range or local transport via oceanic currents. However, information about the environmental halflives of organic UV filters is limited. Though some of these
compounds have similar Henry's Law constants (ranging from
10-5 to 10-15 atm •m3/mol, Table Al) as other organic contaminants known to undergo long-range atmospheric transport such as PFAS and endosulfan (Butt et al., 2010; Weber
et al., 2010), there is currently not enough evidence to
conclude that they partition into the gas phase as no studies
have reported the occurrence of UV filters in air samples or
wet or dry deposition, and their atmospheric half-lives are
also unknown. More work should be conducted to investigate
the fate on these compounds in order to understand their
occurrence in aquatic environments.
In Tokyo Bay, significant positive correlations (p < 0.05)
were observed between EHMC and OC (r = 0,957); EHS and
HMS (r = 0.795) and BP-1 and BP-8 (r = 0.885), suggesting that
these compounds likely share contamination sources such as
wastewater effluents from urban and industrial areas in
Tokyo. Moreover, Tokyo Bay receives fresh water from the
Tama, Arakawa and Edo Rivers, which flow through densely
populated areas with WWTPs at different treatment levels. All
wastewater collected from public sewers in Japan is treated
with secondary treatment, while 15% is further treated with
tertiary methods, including sewage discharged to Tokyo Bay
(Ueda and Benouahi, 2009). Chemicals used in PCPs (e.g. UV
filters and synthetic musks) were detected in these rivers in
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previous studies (Kameda et al., 2011; Yamagishi et al., 1983).
Kameda (2007) reported the occurrence of EHMC in sediment
core samples collected in Tokyo Bay (1977-1997) showing the
long history of the occurrence of this compound in the Bay,
and the present study showed its wide distribution in surface
water in Tokyo Bay as well.
Significant positive correlations were observed between
BMDM and OC (r = 0.971), BP-3 and BP-4 (r = 0.903) as well as
HMS and BP-8 (r 0,985) in the samples from New York City,
suggesting that they shared similar contamination sources
(WWTP effluents). There are 14 WWTPs in New York City
serving 7.8 million people (New York City Department of
Environmental Protection), and wastewater is treated by secondary treatment and chlorination disinfection, neither of
which completely remove organic UV filters from effluents
(Tsui et al., 2014). In Los Angeles, the highest concentrations of
UV filters were detected at a popular beach, Huntington
Beach.
No significant correlations were observed among UV filters
in surface water from the two Chinese cities, suggesting that
UV filters in the marine environment in these locations have
distinct contamination sources such as both municipal and
industrial wastewater discharge.
3.3.
Seasonal variation of UV filter concentrations in
surface waters in Hong Kong
The occurrence of organic UV filters in the Hong Kong samples
was investigated in greater depth using PCA. Significant seasonal and zone differences (all p < 0.0001, PERMANOVA) were
observed. The sample patterns were considered in monthly
chronological order without considering the sampling year,
and monthly data are presented individually to illustrate
spatial patterns (Fig. la—c). In all sampling months, the concentrations measured at the sampled points largely conformed to expectations about the major sources of organic UV
filters in each zone. February is the end of the dry season,
when water temperatures are colder (Table A7) and there is
little marine or coastal recreational activity, and thus it was
assumed that there would be no or small inputs of organic UV
filters at sites representing direct sources and at beaches;
these sites cluster together in the PCA (Fig. la, I and III) and
apart from sites representing indirect sources (WWTPs;
Fig. la, IV). In contrast, samples collected at the beginning of
the wet summer season in June from indirect and direct
sources showed less separation, likely due to marine recreational activities increasing with warmer temperatures (Fig. lb,
V and VII), while beach samples (Fig. lb, VI) were dissimilar to
both of these groups. The collected samples were most similar
to one another in August, when temperatures were highest
(Fig. 1c), and increased usage of organic UV filters at the
sampled beaches (Fig. lc, IX) was evident. Surface water
samples collected from Point-16 and -17 were dissimilar to the
other beach sampling locations, grouping apart from all other
points in February (Fig. la, II) and grouping with samples
representing direct sources in June and August (Fig. lb, V and
lc, VIII, respectively). These two points were located on a
small beach adjacent to a village community where snorkeling and diving are the major recreational activities, and
where there may also be some local wastewater release by
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residents or tourists. These points therefore showed a distinct
pattern compared to the other locations.
Concentrations of all the tested compounds varied according to season and/or sampling zone (ANOVA, Tables A8a
b). The results of post hoc SNK tests illustrated that all
compounds showed significantly higher concentrations in the
wet season in at least one sampling zone with the exception of
BP-4, generally reflecting greater usage of PCPs containing
organic UV filters during the sunnier and hotter wet season
(Tables A7 and A8). BP-4 concentrations were greater in the
dry season perhaps because it is increasingly used as a photodegradation retardant and shelf life extension ingredient in
many types of PCPs (Hughes and Stone, 2007) that are not used
seasonally. Moreover, it is the most hydrophilic of the target
compounds (log K.,: 0.89), and therefore this disparity may
also be due to differences in precipitation in the dry and wet
seasons. IAMC, 4-MBC and ODPABA were mainly detected in
the wet season and at locations reflecting direct sources and
beaches. This finding is consistent with our previous study of
wastewater in Hong Kong which reported low detection frequencies of these compounds in effluent (Tsui et al., 2014).

The detected levels of EHMC showed no significant spatial
differences in both seasons and its high detection frequency
indicated continuous release of this compound to the marine
environment throughout the year. On the other hand, the
significantly higher concentration of BP-4 found in locations
representing indirect sources in both seasons confirmed that
WWTP effluent is a major source of this compound in the
aquatic environment. However, the lack of information on
product composition/formulations and usage by consumers
in Hong Kong makes it difficult to understand how the
occurrence patterns of organic UV filters in the environment
are related to their use and release.
3.4.

Global comparison of INfilters in surface water

Marine environment
To date, few studies have reported the occurrence of UV
filters in the marine environment, and published reports
have focused primarily on European countries and reported
levels of a small number of compounds. One recent study
reported that the maximum concentration of UV filters

3.4.1.
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detected at coral reef sites in Okinawa island, Japan was
8.1. ng/L (OC) (Tashiro and Kameda, 2013), which was 28
times less than that detected in coral reef areas in Hong
Kong (OC, 231 ng/L). A global comparison of median-tomaximum levels of the target compounds in the present
study is shown in Fig. 2. This study is the first report of
BMDM, BP-8 and !AMC in the marine environment.
Maximum concentrations of BMDM were <200 ng/L in all
sampled locations except Hong Kong (BMDM: 721 ng/L),
while detection frequencies for BMDM and BP-8 were >60%
and IAMC was only detected in Hong Kong. The maximum
concentrations of OC, BP-3 and EHMC found in this study
were 6810, 5420 and 4040 ng/L, respectively, which were
comparable, 1.5 and 10 times higher than those detected in
Norway and Spain (7300, 3300 and 390 ng/L, respectively;
Langford and Thomas, 2008; Tarazona et al., 2010). The
maximum concentration of BP-4 (574 ng/L) was found in a
sampling point near the effluent discharge of a WWTP in
Jamaica Bay in New York, but it was <LOD in all samples
from beaches in this study; in contrast, BP-4 was detected at
a Spanish beach at a maximum concentration of 138 ng/L
(Rodil et al., 2008). 4-MBC is not permitted for use as a
cosmetic ingredient in Japan and the United States, and thus
it was not detected in seawater there, but it was detected in
Europe and Hong Kong at maximum concentrations of 799
(Langford and Thomas, 2008) and 379 ng/L (present study),
respectively.
• Los Angeles*

3.4.2. Freshwater environment
The organic UV filter concentrations reported for river surface
water samples from Bangkok in the present study are the first
reported in Southeast Asia. The maximum concentration of
BP-4 detected in Bangkok was 95 ng/L, which was 1.5 and 9
times lower than that in rivers in the United Kingdom and
Spain (Kasprzyk-l-Iordern et al., 2008; Rodil et al., 2008), suggesting lower consumption of BP-4 in Bangkok. The median
concentration of EHMC (88 ng/L) in Bangkok falls between
those measured in heavily and moderately polluted rivers in
Japan (266 and 26 ng/L, respectively) receiving industrial and
domestic wastewater discharge (Kameda et al., 2011). Only
23% of wastewater in Bangkok is treated in WWTPs using
conventional secondary treatment with activated sludge, and
thus a high percentage of untreated wastewater is discharged
directly to rivers (Tsuzuki et al., 2009), which likely explains
the high number of UV filters detected in these samples.
Moreover, incomplete removal of UV filters by secondary
treatment with activated sludge in WWTPs may also
contribute to their high detection (Tsui at al., 2014).
3.5.
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Ecological risk assessment

A preliminary screening of the worst-case scenario was conducted to assess the potential hazards of UV filters to the
aquatic environment (Table A9). In the worst case scenario,
BP-1 and BP-4 posed low to medium risk to crustaceans based
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concentrations in surface water samples (Fig. 3a and b, A7),
Because of the small number of sampling points in Bangkok,
Shantou and Chaozhou, probabilistic risk assessment was not
performed for these cities. As a distinct pattern was observed
for the concentrations of UV filters in the samples collected at
beaches in Hong Kong, these data were considered separately.
Detailed information on regression coefficients is shown in
Table A10. Multiple threshold values were available for
freshwater fish, and all of these were used for the risk
assessment to include a range of sensitivities among species
(shown as thresholds F1-F4 on Fig. 3a and b). The probabilities
of 4-MBC causing growth inhibition in algae (based on the
inhibitory concentration-10% (IC10) for Desmodesmus

on the endpoints of immobilization and lethality in Daphnia
magna, as well as in fish based on changes in the expression of
endocrine genes in fathead minnow (Piniephales promelas) and
zebrafish (Danio rerio) with HQ„,o,„, ranging from 0.001 to 0.06
for BP-1 and 0.001 to 0.19 for BP-4 (Sieratowicz et al., 2011; Fent
et al., 2010a; Zucchi et al., 2011). The medium risk posed by BP4 for zebrafish occurred in Hong Kong and New York, with
HQ„,,„„t at 0.13 and 0.19, respectively. ODPABA posed medium
risk (HQ,„,rst: 0.18) to invertebrates based on changes in
endocrine-related genes in Chironomus riparius as the endpoint
(Ozaez et al., 2013).
As some of the HQ„,,„" values for BP-3, EHMC and 4-MBC
exceeded 1, probabilistic plots were constructed for their
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species (F3: Japanese medaka; F1: Zebrafish; A: Algae; F4: Rainbow trout; Cr: Crustacean; Co: Coral). Toxicity thresholds and
endpoints are given in Table AS.
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subs picatus), altering endocrine genes in mosquito larvae (C.
riparius) and inducing oxidative stress in a protozoan (Tetrahymena thermophila) were 34%, 68% and 99.9%, respectively
(Gao et al., 2013; Ozdez et al., 2013; Sieratowicz et al., 2011).
This result showed that organisms at lower trophic levels
were more susceptible to 4-MBC. The probability of risk to fish
based on transcriptional changes of endocrine genes in
zebrafish was 99.9% for EHMC for all samples with positive
detections in all locations, while that based on toxicity in
fathead minnow was over 75% in all places except the Arctic,
for which the risk was 31%. Moreover, EHMC posed high risk to
both cladocerans and algae based on immobilization and
growth inhibition as the endpoints (24 and 29%, respectively).
For BP-3, the probability of effects on induction of vitellogenin
in fish based on data from rainbow trout (Oncorhynchus
mykiss), egg development in fish based on data from Japanese
medaka (Oryzias latipes) and induction of oxidative stress in
protozoans were over 34%, 50% and 99.9% in all locations,
respectively (Coronado et al., 2008; Gao et al., 2013).
It should be noted that the majority of the toxicity values
used for the assessment were derived from tests using
freshwater organisms, as little information is available in the
literature for marine species. The sensitivities of freshwater
and saltwater species to different organic contaminants (e.g.
pesticides, trace elements) are known to vary, and species
sensitivity distributions have been used to understand
whether freshwater datasets are protective enough; in some
cases, saltwater species have been found to be less sensitive to
contaminant effects than freshwater species, though the information available, both in terms of number of species and
number of chemicals, is far from comprehensive (Wheeler
et al., 2002). Because of the scarcity of information for marine species for UV filters, an inter-species safety factor of 10
was used in this study. Both BP-3 and EHMC posed 21% and
11% risk, respectively, of causing bleaching of hard corals
(Acropora sp. and A. pulchra) at some beaches in Hong Kong
located near snorkeling hotspots. It should be noted that these
two compounds were detected widely and frequently at high
concentrations at the majority of the sampled locations, and
therefore their ecological risks and negative impacts should
be investigated further.

4.

Conclusions

Data on the international distribution and possible negative
impacts of organic UV filters in the aquatic environment and
the first report of their occurrence in the Arctic have been
presented in this study. BP-3 and EHMC showed high detection frequencies at all sampled locations as well as high concentrations in recreational areas; probabilistic risk
assessment indicated that these compounds posed various
ecological risks to marine ecosystems, including causing coral
bleaching and affecting reproduction in fish, though toxicity
data for several compounds were not available. The pathways
by which organic UV filters are transported to remote Arctic
areas remain to be elucidated. These findings indicate that
there is a need for greater understanding of the toxicities of
these chemicals, both singly and in mixtures, and to consider
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the current extent of their use, particularly in potentially
sensitive ecosystems such as coral reefs.
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