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Executive Summary

Two threatened Acropora coral species, staghorn coral (Acropora cervicornis) and elkhorn coral
(Acropora palmata), were once prominent reef-building species throughout their range. In 2006,
after decades of decline leading to drastically low population levels, staghorn and elkhorn coral
were listed as threatened under the Endangered Species Act (ESA) and the Recovery Plan for
elkhorn (Acropora palmata) and staghorn (Acropora cervicornis) was created in 2015. The
purpose of this Recovery Plan is to identify a strategy for rebuilding and assuring the long-term
viability of elkhorn coral and staghorn coral populations in the wild, allowing ultimately for the
species’ removal from the federal list of endangered and threatened species. The ecological, social,
and cultural importance of coral reefs is acutely understood by the communities that directly
benefit from them as well as by those around the world who appreciate these intricate ecosystems.
Additionally, coral reefs are of high economic value. The loss of these once abundant coral species
has resulted in a substantial effort focused on propagating these species within coral nurseries to
prevent total population losses and ultimately enhance the recovery of reef-related ecosystem
services. However, continued threats, like climate change, infectious disease, and other less studied
threats such as the potential for contaminants to further affect the physiology and function of
Acropora spp. in the Caribbean persist. Indeed, contaminants are identified within the Recovery
Plan as a ‘significant but unknown’ threat to population recovery for both the elkhorn and staghorn
corals. Although frequently cited as affecting coral reef health, the concentration of chemical
contaminants present in coral reefs is not well characterized, and even less is known regarding
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linkages between contaminants and coral condition. The Acropora Recovery Implementation
Team’s Ecotoxicology Working Group compiled the information available regarding the impacts
of contaminants on Caribbean Acropora corals to try and identify some of these linkages.

This review encompasses priority pollutants along with legacy and emerging chemical
contaminants that may affect Caribbean Acropora spp. corals or similar reef-building species.
Pollutants reviewed include metals, hydrocarbons and other petroleum-associated contaminants,
biocides, antifoulants, microplastics, industrial organics, personal care products, and
pharmaceuticals. The available data provide strong evidence that many widespread and commonly
found toxicants within nearshore environments have the potential to adversely affect coral
reproduction, development, growth, symbiont photosynthesis, and survival. However, the limited
amount of environmental data, few numbers of strategic and comparable ecotoxicological
experiments especially on Caribbean Acropora spp., the variability in study design, endpoints
reported, and gaps in focal species representation and critical life history stages complicate the
interpretation of data to determine toxicity thresholds for Caribbean acroporids. The few studies
that have included Caribbean Acropora suggests these species may be more sensitive to stressors
compared with others even within the same genus, further suggesting that species-specific
responses should be addressed for proper recovery actions to be identified and implemented.

The review also identifies critical knowledge gaps for the purpose of identifying the information
and tools needed to pursue better management practices for sensitive coral reef habitats and
Caribbean Acropora spp., in particular. Specifically, there were five knowledge gaps identified
through this literature review, including 1) a lack of studies utilizing Caribbean Acropora spp. as
the focal research subject, ii) a lack of consistency in methodologies among toxicology studies
making cross comparisons difficult, iii) little to no known exposure studies on many emerging and
novel contaminants, iv) a lack of consistent spatial and temporal environmental monitoring data
of contaminants within coral reef ecosystems, and v) a lack of information regarding integrating
multiple stresses in association with contaminant exposure. The Acropora Recovery
Implementation Team (ARIT) recommends that projects focused on addressing the five identified
knowledge gaps should be prioritized. Without filling these gaps, the influence of contaminants
on the potential recovery of these critical reef-building species will continue to be largely unknown
making it difficult to create critical thresholds to guide management policies that promote
population recovery of these federally-protected species.
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1 Introduction
Contaminants are likely affecting Acropora spp. within critical habitat

Much of the critical habitat designated for Caribbean acroporid corals is highly to moderately
urbanized, with numerous contaminant sources potentially affecting water quality. Chemical
contaminants are also discharged from wastewater treatment plants, industrial facility outfalls,
ports, marinas, and water transport and shipping (Dubinsky and Stambler 1996, van Dam et al.
2011), and personal care products can be released within coral reefs from people interacting with
these habitats directly. Metal and organic chemical contaminants are delivered to coral reefs
indirectly by people accessing beaches and other nearshore areas, in stormwater runoff, river
discharge, atmospheric deposition, and releases from sediments (Van Dam et al, 2011).
Microplastics, which are an emerging concern, can be contributed by any land source. Overall,
land use, permitting, and monitoring information provide evidence that toxic metals, pesticides,
personal care products, pharmaceuticals, legacy contaminants, and petroleum-associated
contaminants, including polycyclic aromatic hydrocarbons (PAHs) and dispersants, are present in
the atmosphere, as well as the waters and sediments within critical Acropora habitat. These
substances have the potential to adversely affect coral reproduction, development, growth,
photosynthesis, and survival. Accordingly, the implications of chemical contaminants interacting
with ESA-listed elkhorn and staghorn coral in areas of critical habitat will be considered by the
Acropora Recovery Implementation Team (ARIT) when prioritizing and implementing
conservation measures for these coral species. The intent of this work is to assist in targeting
management and research efforts by identifying stressors within areas of critical habitat, which
may adversely affect coral. Due to the limited state of knowledge, it is not currently possible to
identify “safe levels” or response thresholds.

Some Contaminants are More Studied Than Others

The extent of available information on the effects of chemical contaminants is diverse with the
impacts of some stressors well characterized (e.g., metals like copper) and others unstudied or
understudied (e.g., many personal care product ingredients). The information available is
heterogeneous; laboratory studies employ different exposure scenarios targeted to the specific
responses of interest, and field studies are unique exposure scenarios in and of themselves. Even
for well-studied contaminants such as metals, differences in the metal salts used to make test
solutions and the speciation conditions during toxicity tests can be additional factors complicating
interpretation of available data in terms of safe versus harmful water quality conditions. This
further complicates assembling and summarizing lines of evidence to identify response thresholds
appropriate for the protection of coral.

Information gaps are particularly challenging for the conservation of marine species such as coral,
because there are far fewer studies of marine pollution effects relative to effects of pollutants on
freshwater organisms, and there are little data for what would traditionally be considered suitable
surrogate species, typically species within the same taxonomic family. The Environmental
Protection Agency’s (EPA) ECOTOXicology Knowledgebase (ECOTOX, ECOTOX | Home
epa.gov); Olker et al. 2022) includes about 100,000 entries for freshwater toxicity tests but only
18,000 entries for tests conducted in salt water and only a few hundred for coral. Even so, decisions
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must be made about what environmental challenges, including chemical toxicants, contribute to
coral declines.

Challenges Measuring Toxicity Levels

Toxicity data from laboratory studies are typically reported as standard endpoints. These include
the concentration at which half of the exposed organisms die (lethal concentration or LCso), the
highest exposure concentration at which a given effect did not differ from controls (no observed
effect concentration or NOEC), the lowest exposure at which the effect differed significantly from
controls (lowest observed effect concentration LOEC), and as effect concentrations (ECxx) at
which a certain proportion of an effect was observed. For example, an ECj is a concentration at
which 10% of exposed organisms show a response. When evaluating NOEC and LOEC endpoints,
it is important to recognize that these are the actual exposure concentrations reported and not a
threshold inferred from an exposure-response relationship. As such, they are strongly influenced
by the number and distribution of the exposure concentrations used in the test. In addition, different
responses will have different endpoints within a given test. A LOEC for one response, such as
fertilization success, may be the same concentration as the NOEC for another response, such as
growth. For this reason, relying on NOECs to identify “safe levels” may be misleading and should
be considered within the reporting context.

While it is impossible at current levels of knowledge to quantitatively characterize and prioritize
the level of threat that contaminants pose, the ability of contaminants to impair coral is not a
negligible factor in locations where elevated toxicants exist, particularly when other stresses are
contributing to depensatory population effects. Furthermore, even if urban and industrial
contaminants in coastal waters are each only local, findings suggest that they are fragmenting and
isolating populations (Puritz and Toonen, 2011), which could limit connectivity and cause
depensatory effects.

Several reviews have been conducted on the presence of toxicants such as metals, synthetic
organics, and petroleum products in coral reef environments (Howard and Brown, 1984; Loya and
Rinkevich, 1980; Pait et al., 2007; Peters et al., 1997). However, the presence of toxicants sheds
little insight on the potential ecological effects on corals. The effects of contaminants on corals in
situ have often been inferred from environmental correlations, but controlled exposure studies are
necessary to provide information for developing thresholds. While some effects and stressors are
well studied, such as copper effects on fertilization, there are still too few studies to differentiate
the influence of species, genotype, morphology, or location on responses such that location-
specific interventions can ensure success (Nalley et al 2021). The major groups of contaminants
that have been studied for effects on corals include heavy metals (also called trace metals),
pesticides, and hydrocarbons with some studies of the effects of other organic compounds. The
following sections summarize chemical contaminant information, review the available data for the
effects of metals, crude/fuel oil and chemical dispersants, PAHs, biocides, microplastics, personal
care products, and pharmaceuticals on coral species, with special emphasis on acroporids, and
discuss strategies for overcoming data gaps.

Potential Effects of Chemical Contaminants

The general effects of contaminants on coral communities are reductions in coral growth and
reproduction, coral cover, and coral species richness (Keller and Jackson, 1991; Loya and
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Rinkevich, 1980; Pait et al., 2007) and a shift in community composition to more tolerant species
(Rachello-Dolmen and Cleary, 2007). Often, these changes are attributed to “pollution” or
“contamination” making it difficult to attribute changes to particular causes, particularly because
toxicants are often associated with other stresses, like sedimentation, eutrophication-associated
stressors, and thermal plumes. It is also logical to assume that contaminants may have harmful
effects in combinations that would not be evidenced by exposure to an individual substance.
Furthermore, contaminant effects are species-specific and differ throughout life stages, and effects
compound over the life stages of a cohort (see Figure 4 in Nalley et al. 2021). Bioaccumulation,
the accumulation of a substance within living tissue over time, may be correlated with growth
morphology and polyp size (Scott, 1990), and brooded coral larvae may be less exposed to
contaminants than spawned gametes, which must fertilize and develop in the water column (Peters
et al., 1997). The potential effects of these contaminants on ESA-listed Acropora, summarized in

Table 1, needs further evaluation.

Table 1. Summary of contaminants, sources, and main concerns for coral.

Cadmium

urban and industrial sources,
oil exploration activities, and
antifouling applications

Contaminant Examples Sources Main concerns
group
Metals Copper, Zinc, Mercury, | Agricultural runoff, various Bioaccumulation, survival,

reproduction, growth, and
behavior

Hydrocarbons and

Often in unspecified

Shipping operations, Industrial

Bioaccumulation, survival,

Hexazinone, Glyphosate

antifouling applications,
ballast water discharge

associated mixtures, combustion or | discharge, Roads and reproduction, metabolism,
contaminants petrogenic PAHs, oil Highways growth, and genetic effects
dispersants
Insecticides DDT, Dieldrin, Agricultural and urban runoff Survival, reproduction, early
Chlorpyrifos, Carbaryl, life transitions, and genetic
Permethrin effects. (Bioaccumulation for
persistent organic compound
pesticides)
Herbicides Diuron, Atrazine, Agricultural and urban runoff, | Photosynthesis and calcification

Antifouling agents

Irgarol-1051, Zn-
pyrithione, Tributyltin

Shipping activities and marine
structures

Photosynthesis and
calcification. Survival,
reproduction, early life
transitions, and genetic effects

Industrial
organochlorines

Dioxins, PCBs, Furans

Thermal processes
(atmospheric deposition) and
terrestrial runoff (Superfund
sites)

Bioaccumulation, metabolism,
and genetic effects

Personal Care
Products

UV filters, Musks,
Insect repellents,
Antimicrobials,
Preservatives,
Surfactants,

Swimming/beaches,
Wastewater treatment
discharges

Bioaccumulation, metabolism,
oxidative stress, genotoxicity,
survival, bleaching,
reproduction, development,
growth, photosynthesis

13




Contaminant Examples Sources Main concerns
group

Pharmaceuticals Hormones, Steroids, Wastewater treatment survival, bleaching,
Antibiotics, discharges reproduction, growth,
Antipsychotics, Pain photosynthesis
killers
2 Metals

2.1 Copper (Cu)

Copper enters the marine environment through multiple anthropogenic sources, including
antifouling and anticorrosive paints used to protect vessels, domestic and industrial sewage
discharge, wastewater disposal, oil pollution, effluents from ports, runoff from power and
desalination plants, and terrestrial runoff. Environmental monitoring data reported from the water
quality portal (https://www.waterqualitydata.us/) identified concentrations of copper in water
along the Florida’s Coral Reef from 0.25 to 310 ng/L (N=427), the only US jurisdiction with data
reported within this repository.

The copper LCsos reported in ECOTOX (Olker et al. 2022) for Scleractinia range from 9.5 to 461
ug/L. Most LCsos were below the maximum reported monitoring concentration for copper. These
include LCsos for Acropora surculosa, Galaxea fascicularis, Goniastrea aspera, Pocillopora
damicornis, and Acropora tumida exposed for durations from six hours to four days (Esquivel
1986; Reichelt-Brushett and Harrison, 2004; Victor and Richmond, 2005; Sabdono 2009; Bao et
al. 2011). In addition to mortality, the effects of copper on corals include physiological
impairment, impaired photosynthesis in symbionts, bleaching, reduced growth, and
Deoxyribonucleic acid (DNA) damage (Bielmyer et al. 2010; Schwarz et al. 2013). Effects to
fertilization, larval development, larval swimming behavior, metamorphosis, and larval survival
have also been documented (Kwok and Ang 2013; Negri and Hoogenboom 2011; Puisay et al.
2015; Reichelt-Brushett and Hudspith 2016; Rumbold and Snedaker 1997; Table 2). The diversity
among study designs makes comparisons among coral species difficult. Within datasets, it is clear
that chronic exposures result in effects at lower concentrations (e.g., Esquivel 1986). The lowest
response threshold reported among these copper data is a fertilization ECio, or concentration
resulting in a 10% effect, of 1.4 ug/L in Platygyra daedalea exposed over 5 hours. The EPA water
quality guideline for copper in saltwater is applied as water quality criteria, which are
concentrations used for setting discharge permit limits and identifying impaired waters. The
guideline for acute exposures in saltwater is 4.8 pg/L and for chronic exposures is 3.1 pg/L. The
P. daedalea data indicate an ECio at concentrations below these guidelines suggesting that adverse
effects may occur at concentrations considered to be within criteria limits.
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Table 2. Exposure response data for coral species exposed to copper. HSP=heat shock protein, MATC= Maximum acceptable
toxicant concentration.

Acropora cervicornis Adult 35 Carbonic anhydrase LOEC 11 Bielmyer et al. 2010
Acropora cervicornis Adult 35 Carbonic anhydrase NOEC 4 Bielmyer et al. 2010
Acropora cervicornis Adult 35 Growth rate LOEC 20 Bielmyer et al. 2010
Acropora cervicornis Adult 35 Growth rate NOEC 11 Bielmyer et al. 2010
Acropora cervicornis Adult - coral 3 Increased antioxidant 20 Bielmyer-Fraser et
Pocillopora damicornis fragments enzyme activity, re?duced al. 2018
photosynthesis
Acropora formosa Adult 2 Pigmentation NR 43 Jones 1997
Acropora formosa Adult NR Pigmentation NR 24 (5-43 n=2) Jones 1997
Acropora formosa Adult NR Mortality LGy 80 Jones 1997
Acropora formosa Adult NR Abundance NR 11.25 (5-20 Jones 1997
n=4)
Acropora longicyathus Gamete 0.2292 Fertilization NOEC 15 Reichelt-Brushett
and Harrison 2005
Acropora longicyathus Gamete 0.2292 Fertilization ECso 15 Reichelt-Brushett
and Harrison 2005
Acropora millepora Larva 1 Metamorphosis ICso 110 Negri and Heyward
2001
Acropora millepora Multiple 0.1667 Fertilization ICso 17 Negri and Heyward
2001
Acropora surculosa Gamete 0.5 Survival NR 34 Victor and
Richmond 2005
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Acropora surculosa Gamete 0.5 Survival ECso 11 Victor and
Richmond 2005
Acropora surculosa Gamete 0.5 Mortality LG 66 Victor and
Richmond 2005
Acropora surculosa Gamete 0.2083 Fertilization LOEC 12 Victor and
Richmond 2005
Acropora surculosa Gamete 0.2083 Fertilization ECso 45 Victor and
Richmond 2005
Acropora tenuis Larva 2 Settling LOEC 121 (42-200 Reichelt-Brushett
n=2) and Harrison 2000
Acropora tenuis Larva 2 Settling NOEC 18.5(17-20 Reichelt-Brushett
n=2) and Harrison 2000
Acropora tenuis Larva 2 Settling ECso 35 Reichelt-Brushett
and Harrison 2000
Acropora tenuis Gamete 0.2292 Fertilization NOEC 34 Reichelt-Brushett
and Harrison 2005
Acropora tenuis Gamete 0.2292 Fertilization ECso 40 Reichelt-Brushett
and Harrison 2005
Acropora tumida Larva 1 Mortality LCso 80 Baoetal. 2011
LCio 5.8 Bao etal. 2011
Favites chinensis Multiple NR Fertility NR 300 Heyward 1988
Galaxea fascicularis Adult 2 Mortality LGy 1000 Sabdono 2009
Galaxea fascicularis Adult 4 Mortality LCso 32 Sabdono 2009
Goniastrea aspera Larva 0.5 Motility ECso 21 Reichelt-Brushett
and Harrison 2004
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Goniastrea aspera Larva 1 Survival LOEC 50 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 1 Survival NOEC 20 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 1 Motility ECso 16 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 1 Mortality LCso 130 (120-140 Reichelt-Brushett
n=2) and Harrison 2004

Goniastrea aspera Larva 2 Survival LOEC 50 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 2 Survival NOEC 20 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 2 Motility ECso 22 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 2 Mortality LCso 63.5 (40-87 Reichelt-Brushett
n=2) and Harrison 2004

Goniastrea aspera Larva NR Mortality NR 90 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 3 Survival LOEC 50 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 3 Survival NOEC 20 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 3 Mortality LCso 58 (34-82 n=2) = Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 0.25 Survival LOEC 50 Reichelt-Brushett
and Harrison 2004
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Goniastrea aspera Larva 0.25 Survival NOEC 20 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 0.25 Mortality LCso 255 (250-260 Reichelt-Brushett
n=2) and Harrison 2004

Goniastrea aspera Larva 0.0417 Survival LOEC 500 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 0.0417 Survival NOEC 350 (200-500 Reichelt-Brushett
n=2) and Harrison 2004

Goniastrea aspera Larva 1.25 Survival LOEC 50 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Larva 1.25 Survival NOEC 20 Reichelt-Brushett
and Harrison 2004

Goniastrea aspera Gamete 0.2292 Fertilization LOEC 20 Reichelt-Brushett
and Harrison 2005

Goniastrea aspera Gamete 0.2292 Fertilization NOEC 13 Reichelt-Brushett
and Harrison 2005

Goniastrea aspera Gamete 0.2292 Fertilization ECso 19 Reichelt-Brushett
and Harrison 2005

Goniastrea aspera Multiple 0.2292 Fertilization LOEC 20 Reichelt-Brushett
and Harrison 1999

Goniastrea aspera Multiple 0.2292 Fertilization NOEC 2 Reichelt-Brushett
and Harrison 1999

Goniastrea aspera Multiple 0.2292 Fertilization ECso 15 Reichelt-Brushett
and Harrison 1999

Goniastrea retiformis Gamete 0.2292 Fertilization NOEC 10 Reichelt-Brushett

and Harrison 2005
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Goniastrea retiformis Gamete 0.2292 Fertilization EC50 25 Reichelt-Brushett
and Harrison 2005
Montastraea faveolata Embryo 1 Developmental changes, LOEC 13 Rumbold and
general Snedaker 1997
Montastraea faveolata Embryo 1 Developmental changes, ECso 25 Rumbold and
general Snedaker 1997
Montastraea faveolata Adult 35 Carbonic anhydrase LOEC 20 Bielmyer et al. 2010
Montastraea faveolata Adult 35 Carbonic anhydrase NOEC 11 Bielmyer et al. 2010
Montastraea faveolata Adult 35 Growth rate NR 12 Bielmyer et al. 2010
Montastraea franksi Adult 0.1667 Heat shock protein 90 NOEC 100 Venn et al. 2009
mRNA
Montastraea franksi Adult 0.1667 HSP70 mRNA LOEC 100 Venn et al. 2009
Montastraea franksi Adult 0.1667 HSP70 mRNA NOEC 30 Venn et al. 2009
Montastraea franksi Adult 0.1667 Xenobiotic-transporting LOEC 100 Venn et al. 2009
ATPase mRNA
Montastraea franksi Adult 0.1667 Xenobiotic-transporting NOEC 30 Venn et al. 2009
ATPase mRNA
Montastraea franksi Adult 0.3333 Heat shock protein 90 LOEC 30 Venn et al. 2009
mRNA
Montastraea franksi Adult 0.3333 Heat shock protein 90 NOEC 10 Venn et al. 2009
mRNA
Montastraea franksi Adult 0.3333 HSP70 mRNA LOEC 30 Venn et al. 2009
Montastraea franksi Adult 0.3333 HSP70 mRNA NOEC 10 Venn et al. 2009
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Montastraea franksi Adult 0.3333 Xenobiotic-transporting LOEC 30 Venn et al. 2009
ATPase mRNA
Montastraea franksi Adult 0.3333 Xenobiotic-transporting NOEC 10 Venn et al. 2009
ATPase mRNA
Montastraea franksi Adult - small 2 DNA damage; expression 30 Schwarz et al 2013
fragments of cellular and oxidative
stress genes; expresson of
genes associated with
biomineralization
Montipora capitata Gamete 0.125 Fertility LOEC 20 Hedouin and Gates
2013
Montipora capitata Gamete 0.125 Fertility NOEC 10 Hedouin and Gates
2013
Montipora capitata Gamete 0.125 Fertility ECso 22 (17-32n=3) . Hedouin and Gates
2013
Montipora capitata Gamete 0.125 Fertility ECio 11 (9-15n=3) = Hedouin and Gates
2013
Montipora capitata Gamete 0.125 Fertility ECao 14 (11-19n=3) . Hedouin and Gates
2013
Montipora verrucosa Adult 28 Survival NR 5.6 Henderson 1988
26 Survival NR 5.6 Henderson and
Salazar 1996
Platygyra daedalea Larva 1 Motility LOEC 100 Reichelt-Brushett
and Harrison 2004
Platygyra daedalea Larva 1 Motility NOEC 50 Reichelt-Brushett
and Harrison 2004
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Platygyra daedalea Larva 1 Motility ECso 36 Reichelt-Brushett
and Harrison 2004
Platygyra daedalea Larva 2 Motility LOEC 100 Reichelt-Brushett
and Harrison 2004
Platygyra daedalea Larva 2 Motility NOEC 50 Reichelt-Brushett
and Harrison 2004
Platygyra daedalea Larva 0.2083 Motility LOEC 100 Reichelt-Brushett
and Harrison 2004
Platygyra daedalea Larva 0.2083 Motility NOEC 50 Reichelt-Brushett
and Harrison 2004
Platygyra ryukyuensis Mature NR Fertility NR 300 Heyward 1988
Pocillopora damicornis Larva 0.1667 Mortality LCso 440 Esquivel 1986
Pocillopora damicornis Larva 0.3333 Mortality LCso 195 (190-200 Esquivel 1986
n=2)
Pocillopora damicornis Larva 0.5 Mortality LCso 120 Esquivel 1986
Pocillopora damicornis Larva 1 Mortality LCso 115 (110-120 Esquivel 1986
n=2)
Pocillopora damicornis Larva 2 Mortality LCso 88.5 (87-90 Esquivel 1986
n=2)
Pocillopora damicornis Larva 3 Mortality LCso 69.5 (69-70 Esquivel 1986
n=2)
Pocillopora damicornis Larva 0.25 Mortality LCso 290 Esquivel 1986
Pocillopora damicornis Larva 4 Mortality LCso 60 (57-63 n=2) Esquivel 1986
Pocillopora damicornis Larva 0.0833 Mortality LCso 555 (550-560 Esquivel 1986

n=2)
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Pocillopora damicornis Adult 0.5 Respiration LOEC 10 Nystrom et al. 1997
Pocillopora damicornis Adult 0.5 Respiration NOEC 5 Nystrom et al. 1997
Pocillopora damicornis Adult 35 Carbonic anhydrase NOEC 20 Bielmyer et al. 2010
Pocillopora damicornis Adult 35 Growth rate LOEC 4 Bielmyer et al. 2010
Pocillopora damicornis Adult 28 Survival NR 5.6 Henderson 1988
Pocillopora damicornis Adult 26 Survival NR 5.6 Henderson and
Salazar 1996
Porites cylindrica Adult 1 Respiration LOEC 11 Nystrom et al. 2001
Porites cylindrica Adult 1 Chlorophyll A LOEC 11 Nystrom et al. 2001
concentration
Porites cylindrica Adult 1 Chlorophyll A NOEC 11 Nystrom et al. 2001
concentration
Porites lutea Adult 0.5 Respiration LOEC 10 Nystrom et al. 1997
Porites cylindrica Adult 0.5 Respiration NOEC 5 Nystrom et al. 1997
Porites cylindrica Adult 0.5833 Photosynthesis LOEC 30 Alutoin et al. 2001
Porites cylindrica Adult 0.5833 Photosynthesis NOEC 20 (10-30 n=2) . Alutoin et al. 2001
Symbiodinium sp. Adult 0.3333 Abundance NOEC 100 Venn et al. 2009
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Symbiodinium sp. Symbiont 35 Photosystem II (PSII) LOEC 11.75 (4-20 | Bielmyer et al. 2010
electron transport activity n=8)
Symbiodinium sp. Symbiont 35 Photosystem II (PSII) NOEC 15 (4-20 n=12) | Bielmyer et al. 2010
electron transport activity
Symbiodinium muscatinei Symbiont 42 Abundance NOEC 100 Mitchelmore et al.
2003
Symbiodinium microadriaticum Symbiont 23 Population growth rate MATC 29 Goh and Chou 1997
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Several studies have examined the effects of copper on gametes (Figure 1). The ECsos for
fertilization success in Goniastrea aspera, Goniastrea retiformis, Acropora tenuis, and Acropora
longicyathus ranged between 15 and 40 pg/L of copper depending on the species (Reichelt-
Brushett and Harrison 2005). Complete inhibition of fertilization in Goniastrea aspera, Favites
chinensis, and Platygyra ryukyuensis occurred when gametes were exposed to copper sulphate
solutions > 0.5 mg/L (Heyward 1988). In a 48-hour exposure of Acropora cytherea and Acropora
pulchra gametes, no significant change in the fertilization success rate for either species was
observed until dissolved copper concentration reached 50 pg/L (Puisay et al. 2015). The estimated
ECso for copper was 69.4 ng/L for Acropora cytherea and 75.4 ug/L for Acropora pulchra (Puisay
et al. 2015). There was a significant increase in abnormal development rate at 100 pg/L copper for
Acropora cytherea and 50 pg/L copper for Acropora pulchra (Puisay et al. 2015). Significant
reduction in fertilization success of Platygyra daedalea occurred at 40 pg/L and above, and the
ECso was 33 pg/L copper, with an EC19 and ECoo of 1.4 pg/L and 65 pg/L, respectively (Reichelt-
Brushett and Hudspith 2016).
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Figure 1. Distribution of coral species sensitivity to copper effects on gametes.

Copper affects larval swimming ability and survival. Kwok and Ang (2013) tested the effects of
copper on survival and swimming ability of Platygyra acuta larvae. Lethal concentrations ranged
from 80—-133 pg/L, and inhibitory concentrations ranged from 47-67 ng/L, depending on duration
of exposure (24-96 hours). Concentrations at >80 pug/L produced significantly higher mortalities
of Platygyra acuta larvae and significantly lower average swimming distance (Kwok and Ang
2013). The LOEC for directed swimming of Orbicella faveolata larvae was 12.7 pg/L, and the
ECso was 24.9 pg/L (Rumbold and Snedaker 1997).
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Toxicity of copper was higher when temperatures were elevated (Negri and Hoogenboom 2011).
Modeling based on the results of laboratory exposure experiments found that, if seawater copper
concentrations are maintained below 15 pg/L, maximum metamorphosis success of Acropora
millepora larvae was greater than 80% at temperatures up to 32°C. However, an increase in copper
concentration to 30 pg/L reduced maximum metamorphosis success for Acropora millepora to
20%, with a subsequent decrease in metamorphosis by 5% for every 1°C increase in temperature.
For Acropora tenuis at the same copper concentration, maximum metamorphosis success was 50%
and decreased, on average, by 10% for every 1°C increase in temperature (Negri and Hoogenboom
2011).

The only studies published to date that exposed Caribbean Acropora sp. to copper were Bielmyer
et al. (2010) and Bielmyer-Fraser et al. (2018). Here, over 35 days of exposure, A. cervicornis
showed a reduction in growth (20 pg/L), production of carbonic anhydrase (a biomarker of coral
stress; >10 pg/L), and photosynthesis of the algal symbiont (> 4 pg/L copper) (Bielmyer et al.
2010). Acropora cervicornis also appears to be more sensitive to copper compared with other coral
species tested and bioaccumulates within the algal symbiont and the coral tissue more than other
species (Bielmyer et al. 2010). Interestingly, when combined with ocean acidification conditions
(high pCO»), the effects of copper on the production of stress-related enzymes such as glutathione
reductase was synergistic (Bielmyer et al. 2018). Orbicella faveolata did not experience
physiological impairment until exposed to 20 ug/L copper while Pocillopora damicornis
experienced reduced growth and impaired photosynthesis at exposure to 4 ng/L copper (Bielmyer
et al. 2010). Orbicella franksi exposed to 30 pg/L copper for 48 h experienced significant DNA
damage and displayed changes in expression patterns of genes that are known to play a role in
cellular and oxidative stress responses and genes associated with biomineralization (Schwarz et al.
2013).

Heavy metals can occur in the marine environment from natural processes and can be beneficial
to coral health and growth when they occur at naturally low levels. Unfortunately, they are often
elevated to harmful levels in near shore waters as a result of anthropogenic sources (Fernandez et
al. 2007). For example, the median stormwater copper concentrations reported in the National
Stormwater Quality Database' ranged from 6 to 30 ug/L for several land uses, and median zinc
concentrations for different land ranges from 60 to 174 pg/L. Stormwater from freeways and
industrial sites had the highest concentrations. To place these data in context, Florida’s saltwater
criteria for the protection of aquatic life is 3.7 pg/L for copper and 86 png/L for zinc. As elements,
metals do not break down; they persist in the environment and some metals bioaccumulate. Metals
are adsorbed to sediment particles, which can result in their long-distance transport away from
sources of pollution. Corals incorporate metals in their skeleton and accumulate them in their soft
tissue. Because heavy metals remain embedded in the skeleton, corals are good indicators of
exposure to environmental pollution (Al-Rousan et al. 2007, 2012; Barakat et al. 2015).

2.2 Other Metals

Few data are available for the effects of other metals on coral species (Table 3). Data on the effects
of metals specifically on staghorn and elkhorn coral are limited to exposures to copper discussed

12019 update at https://www.bmpdatabase.org/nsqdstat.html

25


https://www.bmpdatabase.org/nsqdstat.html

above. Among LCsos reported in ECOTOX, lead and zinc were above concentrations reported for
the Florida Reef Tract Water and Puerto Rico waters. No data were available for the US Virgina
Islands (USVI).

Cobalt (Co)

A 28% reduction in growth of Stylophora pistillata and Acropora muricata occurred when they
were exposed to cobalt concentrations of 0.2 ug/L for five weeks (Biscéré et al. 2015). Cobalt did
not significantly affect fertilization success of Platygyra daedalea across the range of
concentrations up to 2,500 pg/L (Reichelt-Brushett and Hudspith 2016). In sifu experiments
exposing Acropora muricata to approximately 1 png/L cobalt resulted in simultaneously decreased
coral growth and photosynthetic rates, indicating that the toxic threshold for this pollutant had been
reached for both coral hosts and algal symbionts (Biscéré et al. 2015). Cobalt levels have only
been reported along the Florida Reef Tract (National Water Quality Monitoring Council Water
Quality Portal, https://www.waterqualitydata.us/). Over the past 20 years, detection of this metal
was infrequent but effects were seen in concentrations ranging from 0.84 to 1.87 ug/L (N=4).

Nickel (N1)

Fertilization success of Platygyra daedalea was reduced to an average of 58% at 1,000 pg/L nickel,
but only the highest concentration of 5,000 pg/L nickel elicited a significant reduction in
fertilization success (Reichelt-Brushett and Hudspith 2016). Nickel did not significantly affect
fertilization success of Platygyra daedalea across the range of concentrations up to 1,000 pg/L nor
did combinations of nickel (500 pg/L) and cobalt (up to 1000 pug/L) (Reichelt-Brushett and
Hudspith 2016). Fertilization had an estimated ECso value of 1,420 pg/L for nickel, with an ECog
value of 3,360 pg/L (Reichelt-Brushett and Hudspith 2016), and nickel has been shown to cause
mortality of larval and inhibit settlement (Goh 1991). Nickel concentrations reported for the
Florida Reef tract over the past 20 years ranged from 0.16 to 1,540 pg/L (N=34) while data from
Puerto Rico reported nickel concentrations ranging from 0.047-589 pg/L (164 detections in 623
samples), suggesting that nickel can occur at levels greatly affecting fertilization success in
Acropora critical habitat.

Iron (Fe)

Iron, usually in the form of iron chloride, iron oxide, or iron sulfate, enters coastal waters through
direct discharges from iron ore mining, smelters, steel plants, and other land-based sources
(Vijayavel, et al. 2012). Chronic exposure of corals to higher levels of iron may significantly
reduce growth rates. Ferrier-Pages et al. (2001) found that growth rates of Stylophora pistillata
colonies measured after three weeks of iron enrichment were 23% lower than those obtained in
control colonies. Iron chloride has been found to cause oxidative DNA damage to coral larvae.
After seven days of exposure, the NOEC of iron chloride for oxidative stress biomarkers on
Pocillipora damicornis larvae was 10 pg/L, and the LOEC was 100 pg/L (Vijayavel, et al. 2012).
While data for Puerto Rico are not available, iron was detected frequently along the Florida Reef
Tract, potentially affecting coral at concentrations ranging from 8.6 and up to 2,750 pg/L (N=126).
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Lead (Pb)/Zinc (Zn)/Cadmium (Cd)

Lead concentrations reported in the Florida Reef Tract ranged from 0.28-15.4 pg/L (N=31) and 1-
27.6 ng/L (detected in 434 of 623 samples) in Puerto Rico. These values were well below the
fertilization ECsos reported for Acropora longicyathus at 1,382 pg/L, Acropora tenuis, at 17,013
ug/L and Goniastrea aspera at 2,467 ng/L (Reichelt-Brushett and Harrison, 2005). This same
study reported the LOECs for Acropora tenuis fertilization success at 4,970 pg/L for cadmium and
and 9.46 pg/L for zinc. A single LCso was reported for exposure of Acropora tumida to zinc at
170.28 ng/L (Bao et al. 2011) while reef tract monitoring data report cadmium concentrations
0.014-1.7 pg/L (N=9) and zinc concentrations between 4.2 and 69 ng/L (N=162). Cadmium and
zinc reported in Puerto Rico ranged from 0.119-1.35 pg/L (detected in 5 of 623 samples) and 5.1-
202 ng/L (detected in 243 of 673 samples).

2.3 Metals in the environment

The Water Quality Portal (WQP; Data accessed June 21, 2022) assembles publicly available data
for contaminant concentrations in water, sediment, and tissue from local, state, and federal efforts.
Data for metals collected between 2000 and 2019 along the Florida Reef Tract and waters
surrounding Puerto Rico and the USVI, along with the EPA guidelines for the protection of aquatic
life, are summarized in Table 4. These data are used as a coarse screen to identify what metals
were examined in US waters and whether they may be present at harmful levels, represented by
the EPA guidelines. As used here, the EPA guidelines are intended as points of reference, not
bright line decision points. Data on metal toxicity to coral were not used in deriving the EPA water
quality guidelines, so it is uncertain whether these thresholds are protective of coral.
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Table 3. Effects of metals other than copper on coral. NR = no response detected.

Cadmium Acropora tenuis Gamete 0.2292 Fertilization LOEC 5000 Reichelt-Brushett and
Harrison 2005
Cadmium Acropora tenuis Gamete 0.2292 Fertilization NOEC 2000 Reichelt-Brushett and
Harrison 2005
Cadmium Goniastrea aspera Multiple 0.2292 Fertilization NOEL 200 Reichelt-Brushett and
Harrison 1999
Cadmium Oxypora lacera Multiple 0.2292 Fertilization NOEL 1000 Reichelt-Brushett and
Harrison 1999
Cd, Co, Cu, | Acropora, Fungia, adult Lifetime Uptake Higher Barakat et al. 2015
Pb,Ni, Zn | Pocillopora, Porites, concentration
Stylophora s in tissues
compared to
skeleton
Cd, Cu, Fe, Porites spp. adult Lifetime Uptake Dramatic Al-Rousan et al. 2007
Mn, Pb, and increase
Zn (ranging
from 17% to
300%) in
growth band
sections
younger than
1965
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suggesting an
extensive
contaminatio
n of the
coastal area
since the mid

sixties
Cobalt + Acropora muricata larvae 5 weeks decreased growth NR 2 Biscere et al. 2015
elevated pH and photsynthetic
rate
Cobalt + Acropora muricata, larvae 5 weeks reduced growth NR 0.2 Biscere et al. 2015
elevated pH | Stylophora pistillata
Iron Pocillopora larvae 7 oxidative stress LOEC 100000 Vijayavel et al. 2012
chloride damicornis biomarkers
Iron Pocillopora larvae 7 oxidative stress NOEC 10 Vijayavel et al. 2012
chloride damicornis biomarkers
Lead Acropora Gamete 0.2292 Fertilization EC50 1500 Reichelt-Brushett and
longicyathus Harrison 2005
Lead Acropora Gamete 0.2292 Fertilization NOEC 450 Reichelt-Brushett and
longicyathus Harrison 2005
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Lead Acropora tenuis Gamete 0.2292 Fertilization EC50 1800 Reichelt-Brushett and
Harrison 2005
Lead Acropora tenuis Gamete 0.2292 Fertilization NOEC 790 Reichelt-Brushett and
Harrison 2005
Lead Goniastrea aspera Gamete 0.2292 Fertilization EC50 2500 Reichelt-Brushett and
Harrison 2005
Lead Goniastrea aspera Gamete 0.2292 Fertilization NOEC 5500 Reichelt-Brushett and
Harrison 2005
Lead Goniastrea aspera Larva 0.0417 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.125 Survival LOEC 20000 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.125 Survival NOEC 10000 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.25 Mortality LC50 14000 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.25 Mortality NR-LETH 20000 Reichelt-Brushett and

Harrison 2004
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Lead Goniastrea aspera Larva 0.25 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.5 Survival NR 100-20000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 0.75 Survival NR 100-20000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 1 Mortality LC50 12000 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 1 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 1.25 Mortality LC50 10000 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 1.25 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 1.3333 Survival NR 100-20000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 2 Mortality LC50 9900 Reichelt-Brushett and

Harrison 2004
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Lead Goniastrea aspera Larva 2 Motility EC50 2900 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 2 Survival NR 100-20000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 2 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 3 Mortality LC50 9900 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 3 Motility EC50 2200 Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 3 Survival NR 100-20000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva 3 Survival NR 500-10000 | Reichelt-Brushett and
Harrison 2004
Lead Goniastrea aspera Larva NR Mortality NR 20-7500 Reichelt-Brushett and
Harrison 2004
Lead Platygyra daedalea Larva 0.2083 Motility LOEC 5000 Reichelt-Brushett and

Harrison 2004
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Lead Platygyra daedalea Larva 0.2083 Motility NOEC 1000 Reichelt-Brushett and
Harrison 2004
Lead Platygyra daedalea Larva 1 Motility EC50 2000 Reichelt-Brushett and
Harrison 2004
Lead Platygyra daedalea Larva 1 Motility LOEC 1000 Reichelt-Brushett and
Harrison 2004
Lead Platygyra daedalea Larva 2 Motility LOEC 1000 Reichelt-Brushett and
Harrison 2004
Lead Platygyra daedalea Larva 3 Motility LOEC 1000 Reichelt-Brushett and
Harrison 2004
Nickel Goniastrea aspera Gamete 0.2292 Fertilization NOEC 2000 Reichelt-Brushett and
Harrison 2005
Nickel Pocillopora Larva 0.5 Immobile EC50 9100 Goh 1991
damicornis
Nickel Pocillopora Larva 0.5 Immobile EC50 23000 Goh 1991
damicornis
Nickel Pocillopora Larva 1 Immobile EC50 9100 Goh 1991
damicornis

33




Nickel Pocillopora Larva 1 Immobile EC50 23000 Goh 1991
damicornis
Nickel Pocillopora Larva 2 Immobile EC50 9100 Goh 1991
damicornis
Nickel Pocillopora Larva NR Ability to detach NR 230 Goh 1991
damicornis from substrate
Zinc Acropora tenuis Gamete 0.2292 Fertilization LOEC 10 Reichelt-Brushett and
Harrison 2005
Zinc Acropora tenuis Gamete 0.2292 Fertilization NOEC 10 Reichelt-Brushett and
Harrison 2005
Zinc Favites chinensis Multiple NR Fertility NR 1000 Heyward 1988
Zinc Goniastrea aspera Multiple 0.2292 Fertilization NOEL 500 Reichelt-Brushett and
Harrison 1999
Zinc Platygyra Mature NR Fertility NR 1000 Heyward 1988
ryukyuensis
Zinc Symbiodinium Symbiont 28 Population NR 510 Goh andChou 1997
microadriaticum changes, general
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Zinc Symbiodinium Symbiont 7 Abundance LOEL 1000 Mitchelmore et al.
muscatinei 2003

Zinc Symbiodinium Symbiont 7 Abundance NOEL 100 Mitchelmore et al.
muscatinei 2003

Zinc Acropora aspera fragments 96 hours no DSMP NR 10-1000 Deschaseaux et al.
chloride production 2018
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Table 4. Environmental guidelines and summary of metal concentrations reported in sediment
(mg/Kg dry weight), fish tissue (mg/Kg dry weight), and water (ug/L) for the Florida Reef Tract
and waters surrounding Puerto Rico and the USVI. The guideline values for water list the acute
value first and the chronic value second (i.e., acute:chronic). ND = no data available.

Metal/media Available Florida Puerto Rico Virgin Islands
EPA
Guidelines
Aluminum
sediment® calculated 87.1-4360 (N=15) 12.5-89300 (N=115) 358-1260 (N=6)
tissue® 1-4 (N=2)
water® 94.9 (N=1)
Antimony
sediment ND 0.098-16 (N=22) 0.1-2.7 (N=88 of 109)¢ ND
tissue 0.005-0.046 (N=2) 3.22-6.73 (N=4)
water 0.155-0.304 (N=3)
Arsenic
sediment 33 0.4-17 (N=32) 1.6-47.1 (N=131) 1.1-6.2 (N=6)
tissue 0.902-16.88 (N=2)
water 69 :36 0.94-65.2 (N=240) 1.3-169 (N=625)
Barium
sediment ND 8-170 (N=20) ND ND
water 6-14.5 (N=14)
Beryllium
sediment ND 0.1-1 (N=13) 0.02-0.09 (N=3) ND
water 1-1.08 (N=3) 0.011 (N=1 of 4)
Cadmium
sediment 4.98 0.018-2.8 (N=12) 0.02-3.6 (N=78 of 93) 0.078-0.11 (N=4)
tissue 0.045-0.074 (N=2)
water 33:79 0.014-1.7 (N=9) 0.12-1.35(N=5 of 623)
Chromium
sediment 111 0.56-120 (N=32) 0.3-1100 (N=128) 0.57-16 (N=6)
tissue 0.51-0.76 (N=2)
water-Cr (VI) 1100 : 50 0.18-205 (N=39) 1-573 (N=515 of 624)
Cobalt
sediment ND 1-3 (N=3) ND ND
water 0.84-1.87 (N=4)
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Metal/media Available Florida Puerto Rico Virgin Islands
EPA
Guidelines

Copper
sediment 149 0.67-190 (N=25) 1.5-230 (N=132) 0.97-30.9 (N=6)
tissue 0.24-0.499 (N=2)
water 48:3.1 0.25-310 (N=427) 2-156 (N=423 of 623)

Iron
sediment ND 2.7-3800 (N=15) 294-76200 (N=115) 640-4650 (N=6)
tissue 7-17 (N=2)
water 8.6-2750 (N=126)

Lead
sediment 128 0.452-2600 (N=24) 0.03-340 (N=122 0of 123) | 0.39-26.5 (N=6)
tissue 0.004-0.032 (N=2)
water 210:8.1 0.28-15.4 (N=31) 1-27.6 (N=434 of 623)

Mercury
sediment 1.06 0.01-0.76 (N=100f 11) | 0.01-1.4 (N=98) 0.035-0.11 (N=2)
tissue 0.008-0.044 (N=2)
water 1.8:0.94 0.225 (N=1) 0.00046-371 (N=57 of

675)

Nickel
sediment 48.6 0.45-18 (N=27) 0.74-604 (N=132) 1.4-4.3 (N=6)
tissue 0.017-0.029 (N=2)
water 74 :8.2 0.16-1540 (N=34) 0.047-589 (N=164 of 623)

Selenium
sediment 0.1-63 (N=23) 0.06-2.2 (N=74 of 79) 0.71 (N=1)
tissue 0.325-0.333 (N=2)
water 290: 71 1.48-241 (N=6) 2.56-99 (N=3 of 624)

Silver
sediment 0.153-3.4 (N=4) 0.005-18 (N=129) 0.032-0.072
tissue 0.039-0.128 (N=2) (N=4)
water 1.9 0.101 (N=1) 17.1-20.4 (N=2 of 4)

Tin
Sediment ND 0.023-25 (N=8) 0.1-33 (N=113) 2.3-4.2 (N=6)
tissue 0.008-0.033 (N=2)

Vanadium
sediment ND 2-36 (N=20) ND ND
water 30-61 (N=4)

Zinc
sediment 459 1-230 (N=32) 2-1200 (N=133) 2.1-42.6 (N=06)
tissue 6.679-13.19 (N=2)
water 90 : 81 4.2-69 (N=162) 5.1-202 (N=243 of 673)

* sediment in mg/Kg dry weight. Guideline Source: Ingersoll, C. G., and coauthors. 2000. Prediction of sediment
toxicity using consensus-based fresh water sediment quality guidelines EPA 905/R-00/007.
b tissue in mg/Kg dry weight whole fish with skin (gray snapper or flathead grey mullet).

¢ water in pug/L. Guideline Source: EPA National Recommended water Quality Criteria - Aquatic Life Criteria Table
(https://www.epa.gov/wqc/national-recommended- water-quality-criteria-aquatic-life-criteria-table)

4 Number of detections out of the number of samples analyzed for the metal.
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The WQP had data for only six sediment sampling events in the coastal waters of the USVI. All
values were below EPA guidelines. Given published data for the East End Reserve, St. Croix,
USVI (Pait et al. 2014, 2016a,b), this may be a substantial data gap in the WQP. These data so far
suggest that metal contamination in the waters of the USVI is likely not a significant stressor for
reef species.

The most frequently analyzed metals in the Florida Reef Tract water body IDs (WBIDs) were
Copper>Cadmium>Silver>Arsenic>Lead>Chromium>Iron>Zinc. These were evaluated in
greater than 500 monitoring events. Monitoring data for the remaining metals occurred in less than
10% of monitoring events. Copper was detected in 60% of the monitoring events and exceeded
the EPA guidelines in about 40% of those samples where it was detected. Arsenic, iron, and zinc
were in greater than 20% of samples analyzed for these metals. Arsenic exceeded guidelines in 2%
of samples with arsenic detections. There are no guidelines for iron in saltwater. Zinc did not
exceed the guidelines in any samples containing zinc. While nickel was evaluated less frequently
(176 samples), it was detected in about 20% of those samples and exceeded EPA guidelines in
12% of the samples where it was present.

The most frequently analyzed metals in Puerto Rico Coastal waters were
Selenium>Cadmium>Lead>Chromium>Copper>Nickel>Arsenic>Mercury>Zinc. The WQP
includes nearly 6,000 monitoring events. Copper, nickel, and selenium exceeded EPA guidelines
in greater than 20% of samples. In the case of copper, 54% of samples were greater than the chronic
guideline for copper in marine waters.

When present, copper appears to be more likely to occur at harmful levels than other metal analytes
reliably monitored for along the Florida Reef Tract and in Puerto Rico coastal waters. However,
this analysis is not complete without considering whether the detection limits were sufficiently
sensitive to detect these metals at guideline concentrations. With the exception of arsenic,
chromium, and copper, the majority of detection or reporting limits were sensitive enough to detect
metals at and below their respective guideline concentrations. About 40% of the samples analyzed
for arsenic reported a detection limit that was too high to detect arsenic at the chronic guideline of
36 ng/L. For copper, the detection limit for about 16% of samples would not detect copper at the
chronic guideline 3.1 pg/L. The case is less severe for chromium. The detection limits reported for
chromium analyses were too high to detect chromium at the chronic criterion for chromium
(USVI) in about 4.5% of samples.

The remaining metals: aluminum, antimony, barium, beryllium, cobalt, manganese, mercury,
selenium, and vanadium, were evaluated in fewer than 50 samples over the same time period. With
the exception of mercury, which is known to impair some Florida Reef Tract WBIDS due to
accumulation in fish tissue, the absence of water quality monitoring for these metals represents a
data gap.

3 Hydrocarbons

3.1 Sources of Hydrocarbons in our Oceans

A number of petroleum hydrocarbon inputs and sources near coral reef habitats provide both
chronic and/or acute exposures. One of the primary sources, contributing over 60% of the
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petroleum entering North American waters, are natural seeps of crude oils (NRC, 2003). The
remainder of the inputs derive from anthropogenic activities related to petroleum extraction and
production activities (i.e., platforms, wells, refineries), transportation (i.e., pipelines, tankers), and
consumption (i.e., combustion, land run-off), with the latter category being by far the larger
contributor (over 85% of the anthropogenic input to North American waters; NRC, 2003; El-
Sikaily et al., 2003). The specific input or source of petroleum hydrocarbon also plays a key role
in defining its toxicity to coral reefs. Impacts from drilling muds may be relatively confined
(Hudson et al., 1982), but natural oil seeps, spills of oil, and production waters may be more
widespread and impact coral reef and mangrove systems (Jackson et al., 1989; Turner & Renegar,
2017). Although representing <20% of the total hydrocarbons in crude oil, PAHs have been the
constituents most studied given that they are often those most responsible for environmental effects
(Haapkyla et al., 2007; Shigenaka, 2001).

Acute exposure is a result of oil spills from catastrophic point source events as discussed above
(e.g. tankers, well-blowouts, refinery and storage) and are usually shorter time periods, although
this is not always the case; for example, the Ixtoc and Deepwater Horizon well-blowouts that lasted
months. Chronic exposures are long-term continuous exposure at lower concentrations. This can
result from natural seeps, but also slow small releases from anywhere in the energy extraction
process, marine transportation, and land-run off. Prior acute exposure events may also lead to
chronic exposures if oil becomes trapped in sediments, mangroves, etc. Chronic long-term
exposure of organisms to oil is an understudied area, and many subtler biological responses can
result in significant and long-term implications to the growth, reproduction, genetic stability, and
long-term survival of a population. The impact to coral reefs has been investigated using field-
based (i.e., oil spill events, in situ releases) and laboratory experiments consisting of complex
mixtures or individual constituents of petroleum.

Crude oil and petroleum products are complex mixtures of thousands of chemicals, with significant
variability occurring in their composition depending upon the oil type, source, and post-processing
(NRC, 2003). The toxicity of petroleum is inherently dependent upon the exact chemical
composition of the hydrocarbon exposure, each constituent chemical’s concentration, its form or
partitioning behavior (i.e., dissolved or particulate), and duration of exposure. Huge differences
are seen between each unique oil spill event, but, even in laboratory studies, the concentration and
composition of exposure solutions depend on how they are made and/or analyzed and reported.
Therefore, in order to relate oil petroleum hydrocarbon exposure to observed toxicological effects,
detailed analytical measurements are required. The type and extent of analytical exposure
characterizations for both field-based (i.e., oil spills) and laboratory exposures has been the subject
of much debate given that the procedure used may result in under- or over-estimations of toxicity.
Corals, for example, may be exposed to - and toxicological ramifications be derived from- both
the dissolved and particulate phases. Therefore, the different approaches to define a coral’s
exposure underpins the accuracy of the toxicological thresholds derived (under- and over-reporting
of toxicity), comparisons and extrapolations between studies (field and laboratory), and relevance
to real-world exposures. Additionally, considerations must include the sensitivity of coral
species/life stages, as well as the oil types and hydrocarbon mixtures or single chemicals used
within the approach.
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3.2 Impacts of Hydrocarbons on Corals

Overall, a wide range of impacts of hydrocarbons have been observed in corals spanning many
orders of response within and between biological endpoints from genetic, biochemical,
physiological, developmental, and behavioral through reproductive failure and mortality.
Hydrocarbons have produced lethal and a range of sublethal effects on corals, many of which have
shown correlations and implications to coral ecosystem health. Impacts of hydrocarbons can be
harmful to one or all of the holobiont partners, although the majority of studies have focused on
the host coral and secondly on the symbiotic algal partner. Very few studies have addressed
changes in the microbial component, and both external and internal microbiome studies are a
current data gap to fully understand the consequences and impact of hydrocarbon exposure.
Studies have also spanned multiple life stage endpoints (see section 2; Table 1), including failures
in gamete fertilization, inhibition of larval settlement and metamorphosis, and abnormal
development and behavior. Coral larvae may also show a number of molecular, biochemical, and
cellular alterations (e.g., bleaching, oxidative stress, DNA damage). Similarly, a wide variety of
sublethal effects have been observed for hydrocarbon exposed corals, including bleaching, altered
normal homeostasis, nutrition, immune function, bioenergetics, genetic stability, and behavior.
Impacts to one or more endpoints are often reported, and many are often linked (e.g., bleaching,
algal and chlorophyll content, photosystem inhibition), sometimes having implications for other
endpoints and downstream processes.

Investigations into the impact of oil to coral reef ecosystems have come from oil spills and
controlled in situ exposures and have assessed higher level biological impacts, such as coral cover,
mortality, health, growth or skeletal differences, and reproductive impacts. A number of oil spills
have occurred around coral reefs globally, the most well studied being the Bahia las Minas spill
on the Caribbean coast of Panama (in 1986) and the Deepwater Horizon Spill in the Gulf of
Mexico, US (in 2010). In addition, controlled in situ oil spills (and chemical dispersant) studies
have been conducted in Panama (TRopical Oil Pollution Investigations in Coastal Systems
[TROPICS] study of 1984) and in the Arabian Gulf (1989). Given the diversity of oil (and
dispersant) types, concentration and duration of exposure, coral species and other potentially
confounding environmental variables, impacts observed vary from no impact to reproductive
failures, increased mortality and reductions in coral cover and health for multiple species, and
injury, including bacterial infections (see Turner & Renegar, 2017 for detailed summary tables
detailing oil spills, in and ex-situ exposures).

Chronic crude oil pollution in the Red Sea increased mortality and reduced coral reproduction, but
short-term exposure of dispersed oil showed little residual effect on growth (Rinkevich & Loya,
1977). Field surveys of chronic oiled sites in the Caribbean Sea showed a decline in coral cover
(survival) and suggested coral recruitment was impaired (Bak, 1987). Coral mortality was
observed in the Bahia las Minas crude oil spill (Burns & Knap, 1989) with sublethal changes and
reductions in coral cover and growth rates observed two years post-spill (Guzman et al., 1991) and
with reproduction and fecundity impacted five years post-spill (Guzman & Holst, 1993; Guzman
et al., 1994). However, the following other spill events (i.e., monitoring in 1992-1994 from the
Gulf War oil spill of 1991) have shown no detectable impacts to corals (Vogt, 1995). The
TROPICS experiment, which included Acropora cervicornis among three other species, showed
no real impact of crude oil alone, although coral cover declined and growth was reduced in the
chemically-dispersed crude oil treatments, but no residual effects were observed 10 years after the
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study (Ballou et al., 1987, 1989; Dodge et al., 1995; Ward et al., 2003). In the Arabian Gulf
experiment in 1989, no significant effects on growth of Acropora spp. was seen following
exposures to Arabian light crude oil and Corexit 9527 (LeGore et al., 1989).

A number of laboratory (ex situ) exposures have demonstrated mortality, reductions in overall
coral health, growth impairment, and reproductive issues using a variety of crude oils, diesel, and
fuel oils either with or without chemical dispersants (usually Corexit 9527 or 9500) and are
summarized in Table 5. With respect to mortality, laboratory studies have varied widely from
reporting no impact to partial and severe mortality with tissue responses varying from rupture, to
sloughing, or flaking of tissues (DeLeo et al., 2015; Peters et al., 1981; Shafir et al., 2007; Wyers
et al., 1986).

Oiling reduced photosynthesis, induced bleaching (Cook & Knap, 1983; Mercurio et al., 2004),
and altered lipid biochemistry of corals (i.e., increase in protein to lipid ratios; Burns and Knap,
1989). Drilling mud reduced calcification rates and protein concentration in Acropora cervicornis
(Kendall et al., 1993). Alterations in overall metabolic condition and metabolism/detoxification
responses have also been shown following both acute and chronic oil exposure (Downs et al. 2006;
Downs et al. 2012).

Reduced fecundity of corals is observed from impacts to the adult and/or gamete and subsequent
larval stages. Oil has been shown to impair gonad development in brooding (Peters et al., 1981;
Loya & Rinkevich, 1979) and spawning corals (Guzman & Holst, 1993). A key focus has been on
the impact of hydrocarbons on coral reproduction, either gamete fertilization success or larval
settlement, metamorphosis, and development. These stages have been stated to be the most
sensitive life stages of corals for oil/hydrocarbon impact given that they are present in surface
waters most impacted by oil spills and that they are more sensitive to chemical contaminants given
various life history traits (i.e., large surface area/volume ratio) and immature metabolic and
biochemical pathways (e.g., metabolizing enzymes). For example, exposure of P. damicornis to
water accomodated fractions (WAFs) of natural gas condensate resulting in larval abortion during
early embryogenesis and early release of larvae in late embryogenesis (Villanueva et al., 2011).
Similarly, corals showed reproductive failure as they abort by releasing planulae upon contact with
oil (Loya & Rinkevich, 1979). Oil contaminated seawater reduced settlement of Orbicella
faveolata and Agaricia humilis (Hartmann et al., 2015). A number of studies have shown that crude
oil inhibited fertilization (Negri & Heyward, 2000) and also metamorphosis (Te, 1991). A
concentration-dependent reduction in settlement and survival of larvae exposed to weathered oil,
chemical dispersant, and chemically-dispersed oil occurred in P. damicornis and O. faveolata
(Goodbody-Gringley et al., 2013). Reproductive impairment has been exacerbated by the use of
dispersants (Epstein et al., 2000; Negri & Hayward, 2000).

Only four publications report results associated with the effects of PAHs on Caribbean Acropora.
Three of those studies focused on Acropora cervicornis. Only one study from the 1980s (Thorhaug
et al. 1989) included Acropora palmata, and showed that extensive mortality of this species can
occur after exposure to crude oil as well as an oil dispersant. Thorhaug et al. (1989) also showed
that A. palmata was much more sensitive to both crude oil and dispersant compared with Porites
porites and Orbicella annularis. Kendall et al. (1984) showed that there were reduced calcification
rates when A. cervicornis was exposed to drilling muds at concentrations of 25 ppm for only 24
hours. Additionally, Renegar and Turner (2021) showed reduced coral health conditions, including
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reduced photochemical efficiency and lower survival when corals were exposed to ~3,000 ug/L of
I-methylnaphthalene for 48 hours. Turner et al. (2021) also showed reduced health within A.
cervicornis fragments exposed to either toluene or phenanthrene, two representative aromatic
hydrocarbons (toluene: ECio and ECso of 23.2 and 31.2 mg/L, respectively, phenanthrene: ECio
and ECso of 67 and 829 ng/L, respectively). Both Renegar and Turner (2021) and Turner et al.
(2021) identified 4. cervicornis as the most sensitive species to PAH exposure when compared
with four other non-acroporid Caribbean coral species. In total, six different types of hydrocarbon-
associated contaminants have been tested on Caribbean Acropora, crude oil, dispersants, 1-
methylnaphthalene, toluene, and phenanthrene, making the effects of PAHs on Caribbean
Acropora the most well studied group of contaminants, although these data still remain limited.
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Table 5. Details of acute and chronic field and laboratory studies on the impact of hydrocarbons to corals (hard corals, soft corals, and
octocorals). ND = no data available. SD = significantly different. NS = not significant.

Exposure
(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
SD from Ballou et al. 1987,
Hydrocarbon Crude Oil ND Adult coral cover control 1-4 ppm 48 hours Ballou et al. 1989
Crude Oil + Dispersant | Porites porites
(commercial nonionic and Agaricia SD from Ballou et al. 1987,
Hydrocarbon glycol ether-based) tennuifolia Adult coral cover control 50 ppm 24 hours Ballou et al. 1989
Crude Oil + Dispersant
(commercial nonionic SD from Ballou et al. 1987;
Hydrocarbon glycol ether-based) Porites porites Adult growth control 50 ppm 24 hours Ballou et al. 1989
Crude Oil + Dispersant
(commercial nonionic Agaricia SD from Ballou et al. 1987;
Hydrocarbon glycol ether-based) tennuifolia Adult growth control 50 ppm 24 hours Ballou et al. 1989
incorporation
of
hydrocarbons
into coral
tissues;
Positive
Siderastrea correlation
Crude Oil + Chemical siderea, between tissue
Dispersant "Corexit Agaricia burden and Burns & Knapp,
Hydrocarbon 9527" tenuifolia Adult mortality ND ND ND 1989
Heteroxenia
Hydrocarbon Iranian Crude Oil fuscens Adult mortality LCso 12 ml/L 92 hours Cohen et al. 1977
Heteroxenia
Hydrocarbon Iranian Crude Oil fuscens Adult mortality LCioo 30 ml/L 92 hours Cohen et al. 1977
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Exposure
(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
19 ppm oil:1
ppm
dispersant
mixture with
dropwise
Crude Oil + Chemical addition to
Dispersant "Corexit Diploria SD from continuous
Hydrocarbon 9527" strigosa Adult photosynthesis Control flow system 8 hours Cook & Knap, 1983
Crude Oil + Chemical
Dispersant "Corexit SD from
Hydrocarbon | 9500A" (bulk exposure) | Paramuricea Adult mortality Control 25 ppm 96 hours DeLeo et al. 2015
Water Accommodated
Oil Fractions + 50 uM oil +
Chemical Dispersant SD from 35.3 mg/L
Hydrocarbon "Corexit 9500A" Paramuricea Adult mortality Control dispersant 96 hours DeLeo et al. 2015
Dispersant "Corexit SD from
Hydrocarbon | 9500A" (bulk exposure) | Paramuricea Adult mortality Control 25 ppm 96 hours DeLeo et al. 2016
Dispersant "Corexit
9500A" (water-
accommodated SD from
Hydrocarbon fractions) Paramuricea Adult mortality Control 35.3 mg/L 96 hours DeLeo et al. 2016
Dispersant "Corexit
9500A" (water-
accommodated Callogorgia SD from
Hydrocarbon fractions) delta Adult mortality Control 35.3 mg/L 96 hours DeLeo et al. 2015
Crude Oil + Chemical
Dispersant "Corexit Callogorgia SD from
Hydrocarbon | 9500A" (bulk exposure) delta Adult mortality Control 25 ppm 96 hours DeLeo et al. 2015
150 uM oil +
Water Accommodated Callogorgia SD from 106 mg/L
Hydrocarbon Oil Fractions + delta Adult mortality Control dispersant 96 hours DeLeo et al. 2015
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Chemical Dispersant
"Corexit 9500A"
Water Accommodated Leiopathes SD from
Hydrocarbon Oil Fractions glaberrima Adult mortality Control 50 uM 96 hours DeLeo et al. 2015
Dispersant "Corexit
9500A" (water-
accommodated Leiopathes SD from
Hydrocarbon fractions) glaberrima Adult mortality Control 35.3 mg/L 96 hours DeLeo et al. 2015
Crude Oil + Chemical
Dispersant "Corexit Leiopathes SD from
Hydrocarbon | 9500A" (bulk exposure) glaberrima Adult mortality Control 7.9 ppm 96 hours DeLeo et al. 2015
Water Accommodated
Oil Fractions + 150 uM oil +
Chemical Dispersant Leiopathes SD from 106 mg/L
Hydrocarbon "Corexit 9500A" glaberrima Adult mortality Control dispersant ND DeLeo et al. 2015
cellular SD from
Hydrocarbon Fuel Oil Grade 180 Porites lobata Adult physiology Control ND 3 months Downs et al. 2006
bacterial
growth, polyp
oscillation,
Heteroxenia polyp shape SD from Ducklow & Mitchell,
Hydrocarbon Crude Oil fuscens Adult and turgor Control 5000 ppm 5 days 1979
0.1% dilution
Oil - Water Soluble Stylophora SD from of 1:200 ratio
Hydrocarbon Fractions pistillata Larvae settlement Control oil to water 96 hours Epstein et al. 2000
Chemical Dispersants
(Inipol IP-90, Petrotech 10% dilution
PTI-25, Biosolve, of 1:200 ratio
Bioreico R-93, and Stylophora SD from dispersant to
Hydrocarbon Emulgal C-100) pistillata Larvae mortality Control water 96 hours Epstein et al. 2000
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Chemical Dispersants
(Inipol IP-90, Petrotech 1% dilution
PTI-25, Biosolve, of 1:200 ratio
Bioreico R-93, and Stylophora SD from dispersant to
Hydrocarbon Emulgal C-100) pistillata Larvae deformation Control water 96 hours Epstein et al. 2000
Oil + Chemical
Dispersants (Inipol IP- 10% dilution
90, Petrotech PTI-25, of 1:10 ratio
Biosolve, Bioreico R- Stylophora SD from dispersant to
Hydrocarbon | 93, and Emulgal C-100) pistillata Larvae mortality Control oil 96 hours Epstein et al. 2000
50% dilution
Oil + Chemical of 1:10 ratio
Dispersants (Petrotech Heteroxenia SD from dispersant to
Hydrocarbon PTI-25, Biosolve) fuscescense Larvae mortality Control oil 96 hours Epstein et al. 2000
Oil + Chemical 10% dilution
Dispersants (Inipol IP- of 1:10 ratio
90, Bioreico R-93, and Heteroxenia SD from dispersant to
Hydrocarbon Emulgal C-100) fuscescense Larvae mortality Control oil 96 hours Epstein et al. 2000
25 ¢g/lL.=
WAF
(1.85%,
5.56%,
polyp NS from 16.67%,
Hydrocarbon Crude Oil Swiftia exserta Adult retraction Control 50%, 100%) 96 hours Frometa et al. 2017
tissue
Chemical Dispersant sloughing and SD from 50 mg/L; 100
Hydrocarbon 9500 Swiftia exserta Adult mortality Control mg/L 96 hours Frometa et al. 2017
1.25 g/L
Crude Oil + Chemical partial and Corexit 9500
Dispersant Corexit complete SD from +WAF
Hydrocarbon 9500 Swiftia exserta Adult mortality Control (1.85%, 96 hours Frometa et al. 2017
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
5.56%,
16.67%,
50%, 100%)
decreased
settlement and
survival with
increasing
exposure (time
Porites and SD from | WAF (0,0.32 | 48 and 72 Goodbody-Gringley
Hydrocarbon Crude Oil astreoides Larvae concentration) Control ppm) hours etal. 2013
decreased
settlement and
survival with
increasing
Crude Oil + Chemical exposure (time CEWAF
Dispersant Corexit Porites and SD from (4.28, 25, 48 and 72 Goodbody-Gringley
Hydrocarbon 9500 astreoides Larvae concentration) Control 30.99 ppm) hours etal. 2013
decreased
settlement and
survival with
increasing
exposure (time Corexit 9500
Chemical Dispersant Porites and SD from (50, 100 48 and 72 Goodbody-Gringley
Hydrocarbon Corexit 9500 astreoides Larvae concentration) Control ppm) hours etal. 2013
decreased
settlement and
survival with
increasing
exposure (time WAF (1.34,
Orbicella and SD from 1.5,14.73 48 and 96 Goodbody-Gringley
Hydrocarbon Crude Oil faveolata Larvae concentration) Control ppm) hours etal. 2013
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
decreased
settlement and
survival with
increasing
Crude Oil + Chemical exposure (time CEWAF
Dispersant Corexit Orbicella and SD from (18.56, 25, 48 and 96 Goodbody-Gringley
Hydrocarbon 9500 faveolata Larvae concentration) Control 35.76 ppm) hours etal. 2013
decreased
settlement and
survival with
increasing
exposure (time Corexit 9500
Chemical Dispersant Orbicella and SD from (50, 100 48 and 96 Goodbody-Gringley
Hydrocarbon Corexit 9500 Jfaveolata Larvae concentration) Control ppm) hours etal. 2013
Favia, Pacific
Acropora,
Porites,
Montipora,
Astreopora,
Diesel fuel, lube oil, Montastrea,
Hydrocarbon ammonia and Pocillopora Adult mortality ND ND 22 months Green et al. 1997
smaller
colonies,
Siderastrea reduced gonad SD from Guzman & Holst,
Hydrocarbon Crude Oil siderea Adult size Control ND ND 1993
Siderastrea
siderea, Porites
astreoides,
Pseudodiploria 8-1191
strigosa, decreases in ug/mg lipid
Orbicella cover, size, SD from in sediments;
Hydrocarbon Crude Oil annularis Adult and diversity Control oil slicks ND Guzman et al. 1991
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Reduced
Hydrocarbon Fuel Oil and Ardrox from
and Disperant 6120 dispersant Acropora tenuis Larvae fertilization Control 0.015 ppm ND Harrison, 1999
Reduced
from
Hydrocarbon Fuel Oil 467 Acropora tenuis Larvae fertilization Control 0.002 ppm ND Harrison, 1999
reduced
Agaricia survival; 40%
humilis; lower
Orbicella settlement than SD from
Hydrocarbon Crude Oil faveolata Larvae controls Control 550 6 days Hartman et al. 2015
reduced
Drilling mud (barite, Acropora calcification SD from
Hydrocarbon bentonite and caustic) cervicornis Adults rates Control 25 ppm 24 hours Kendall et al. 1984
NS from
controls
Water accommodated increased due to high Lane & Harrison,
Hydrocarbon fraction of fuel oil Acropora tenuis Larvae mortality variability 5.9 ppm 96 hours 2002
Water accommodated Goniastrea increased SD from Lane & Harrison,
Hydrocarbon fraction of fuel oil aspera Larvae mortality Control 6.8 ppm 96 hours 2002
Water accommodated Platygyra NS from Lane & Harrison,
Hydrocarbon fraction of fuel oil sinensis Larvae no effect controls 6.8 ppm 96 hours 2002
significant
mortality at all
concentrations
and time SD from 0.5->4.9 24, 48, 96 Lane & Harrison,
Hydrocarbon dispersed fuel oil Acropora tenuis Larvae points Control ppm hours 2002
significant
Goniastrea mortality at all SD from Lane & Harrison,
Hydrocarbon dispersed fuel oil aspera Larvae concentrations Control >4.9 ppm 96 hours 2002
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
and time
points
significant
mortality at all
concentrations
Platygyra and time SD from Lane & Harrison,
Hydrocarbon dispersed fuel oil sinensis Larvae points Control >4.9 ppm 96 hours 2002
100% SD from Lane & Harrison,
Hydrocarbon | Ardrox 6120 dispersant | Acropora tenuis Larvae mortality Control >75 ppm 24 hours 2002
Goniastrea 100% SD from Lane & Harrison,
Hydrocarbon | Ardrox 6120 dispersant aspera Larvae mortality Control >75 ppm 24 hours 2002
Platygyra 100% SD from Lane & Harrison,
Hydrocarbon | Ardrox 6120 dispersant sinensis Larvae mortality Control >75 ppm 48 hours 2002
Agaricia
agaricites, significant SD from
Hydrocarbon Crude Oil and Corexit Favia fragum Adults mortality Control 100 ppm 24 hours Lewis, 1971
reduced tactile
Agaricia response and
agaricites, feeding SD from
Hydrocarbon Crude Oil Favia fragum Adults behavior Control 200 ppm 24 hours Lewis, 1971
Madracis significant SD from
Hydrocarbon Crude Oil and Corexit asperula Adults mortality Control 50 ppm 24 hours Lewis, 1971
reduced tactile
response and
Madracis feeding SD from
Hydrocarbon Crude Oil asperula Adults behavior Control 50 ppm 24 hours Lewis, 1971
Polycyclic aromatic some
hydrocarbon Porites bleaching and NS from Carmen GuzmaN
Hydrocarbon (fluoranthene) divaricata Adults mortality of Control 60 6 days Martinez et al. 2007
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Type

Contaminant

Species

Life stage

Response

Endpoint

Exposure
(ug/L) or
stated
otherwise

Exposure
Duration

Reference

upper sides of
branches

Hydrocarbon

Polycyclic aromatic
hydrocarbon
(fluoranthene) + UVR

Porites
divaricata

Adults

bleaching,
mortality on
upper sides of
branches, and
decreased
photochemical
efficiency

SD from
Control

60

6 days

Carmen GuzmaN
Martinez et al. 2007

Hydrocarbon

HEWAF crude oil

Pocillopora
damicornis

Adults

reduced
symbiont
F,/F,, and
effective
quantum yield;
tissue loss;
bleaching

SD from
Control

22-945

96 hours

May et al. 2020

Hydrocarbon

Vegetable-derived
lubricants (VDL)

Acropora
microphthalma

Gametes

inhibition of
normal
fertilization

SD from
Control

150

4 hours

Mercurio et al. 2004

Hydrocarbon

Mineral-derived
lubricants

Acropora
microphthalma

Gametes

inhibition of
normal
fertilization

SD from
Control

200

4 hours

Mercurio et al. 2004

Hydrocarbon

Vegetable-derived
lubricants (VDL)

Acropora
formosa

Adults

expulsion of
dinoflagellates
and reduced
photosystem I1
yields

SD from
Control

37

48 hours

Mercurio et al. 2004

Hydrocarbon

Mineral-derived
lubricants

Acropora
formosa

Adults

expulsion of
dinoflagellates
and reduced
photosystem I1
yields

SD from
Control

190

48 hours

Mercurio et al. 2004
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
reduced
photosynthetic
efficiency;
reduced
Coumarin (component Acropora dinoflagellate SD from
Hydrocarbon of VDL) formosa Adults density Control 280 48 hours Mercurio et al. 2004
Acropora reduced SD from Negri & Heyward,
Hydrocarbon Crude Oil millepora Gametes fertilization Control >165 4 hours 2000
Crude Oil and 1%
Hydrocarbon Dispersant Corexit Acropora reduced SD from Negri & Heyward,
and Disperant EC9527A millepora Gametes fertilization Control 225 4 hours 2000
Crude Oil and 10%
Hydrocarbon Dispersant Corexit Acropora reduced SD from Negri & Heyward,
and Disperant EC9527A millepora Gametes fertilization Control 32.5 4 hours 2000
Dispersant Corexit Acropora reduced SD from Negri & Heyward,
Dispersant EC9527A (1%) millepora Gametes fertilization Control 10000 4 hours 2000
Dispersant Corexit Acropora reduced SD from Negri & Heyward,
Dispersant EC9527A (10%) millepora Gametes fertilization Control 10000 4 hours 2000
Acropora reduced SD from Negri & Heyward,
Hydrocarbon Crude Oil millepora Larvae metamorphosis Control 82.4 24 hours 2000
Crude Oil and 1%
Hydrocarbon Dispersant Corexit Acropora reduced SD from Negri & Heyward,
and Disperant EC9527A millepora Larvae metamorphosis Control 225 24 hours 2000
Crude Oil and 10%
Hydrocarbon Dispersant Corexit Acropora reduced SD from Negri & Heyward,
and Disperant EC9527A millepora Larvae metamorphosis Control 32.5 24 hours 2000
Dispersant Corexit Acropora reduced SD from Negri & Heyward,
Dispersant EC9527A (1%) millepora Larvae metamorphosis Control 5000 24 hours 2000
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Dispersant Corexit Acropora reduced SD from Negri & Heyward,
Dispersant EC9527A (10%) millepora Larvae metamorphosis Control 10000 24 hours 2000
Light Crude Oil
Condensate (total
petroleum
aromatic hydrocarbon
concentrations of water
accommodated inhibited
Hydrocarbon fractions) Acropora tenuis Larvae metamorphosis ECyo 103 24 hours Negri et al. 2016
Light Crude Oil
Condensate (total
petroleum
aromatic hydrocarbon
concentrations of water
accommodated inhibited
Hydrocarbon fractions) Acropora tenuis Larvae metamorphosis ECso 339 24 hours Negri et al. 2016
Acropora reduced
Dispersant Corexit EC9500A millepora Larvae settlement ECs 4000 24 hours Negri et al. 2018
Acropora reduced
Dispersant Ardrox 6120 millepora Larvae settlement ECs 4000 24 hours Negri et al. 2018
Acropora reduced
Dispersant Slickgone LTSW millepora Larvae settlement ECso 2,600 24 hours Negri et al. 2018
Acropora reduced
Dispersant Slickgone NS millepora Larvae settlement ECso 11100 24 hours Negri et al. 2018
Acropora reduced
Dispersant Finasol OSR52 millepora Larvae settlement ECs 3400 24 hours Negri et al. 2018
Hydrocarbon Heavy Fuel Oil Acropora tenuis Larvae settlement ECs 96 48 hours Nordborg et al. 2018
Heavy Fuel Oil and UV
Hydrocarbon radiation Acropora tenuis Larvae settlement ECso 51 48 hours Nordborg et al. 2018
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Hydrocarbon Heavy Fuel Oil Acropora tenuis Larvae settlement ECio 24 48 hours Nordborg et al. 2018
Heavy Fuel Oil and UV
Hydrocarbon radiation Acropora tenuis Larvae settlement ECio 15 48 hours Nordborg et al. 2018
Hydrocarbon Diesel Acropora tenuis Larvae settlement ECio 302 48 hours Nordborg et al. 2018
Diesel and UV
Hydrocarbon radiation Acropora tenuis Larvae settlement ECio 122 48 hours Nordborg et al. 2018
Overmans et al.,
Hydrocarbon Anthracene Acropora tenuis Larvae survival LCs 44 48 hours 2018
Overmans et al.,
Hydrocarbon Anthracene and UVA | Acropora tenuis Larvae survival LCso 18.1 48 hours 2018
Overmans et al.,
Hydrocarbon Anthracene Acropora tenuis Larvae metamorphosis ECs 45 48 hours 2018
Overmans et al.,
Hydrocarbon Anthracene and UVA | Acropora tenuis Larvae metamorphosis ECs 6.3 48 hours 2018
slightly Overmans et al.,
Hydrocarbon Phenanthrene Acropora tenuis Larvae survival reduced 872 48 hours 2018
slightly Overmans et al.,
Hydrocarbon | Phenanthrene and UVA | Acropora tenuis Larvae survival reduced 872 48 hours 2018
Overmans et al.,
Hydrocarbon Phenanthrene Acropora tenuis Larvae metamorphosis ECso 91 48 hours 2018
Overmans et al.,
Hydrocarbon | Phenanthrene and UVA | Acropora tenuis Larvae metamorphosis ECso 66 48 hours 2018
tissue atrophy;
Manicina reduced gonad observed
Hydrocarbon No. 2 Fuel Oil areolata Adult development | differences 0.15 ppm 12 weeks Peters et al. 1981
Manicina observed
Hydrocarbon No. 2 Fuel Qil areolata Adult tissue atrophy | differences 0.07 ppm 12 weeks Peters et al. 1981
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
survival,
Paracyathus viability, tissue
Hydrocarbon Drilling mud stearnsii Adult loss ND ND ND Raimondi et al. 1997
increased
superoxide
dismutase,
catalase, and
glutathione S-
transferase
(antioxidant
enzymes),
induction of
the mixed-
function
Montastraea oxigenase SD from Ramos & Garcia,
Hydrocarbon Benzo(a)pyrene faveolata Adult system control 0.1 ppm 72 hours 2007
Acropora coral health Renegar & Turner,
Hydrocarbon 1-methylnaphthalene cervicornis Adult condition ECs 3126 48 hours 2021
Acropora Renegar & Turner,
Hydrocarbon 1-methylnaphthalene cervicornis Adult AF/Fm 1Cso 7384 48 hours 2021
Acropora Renegar & Turner,
Hydrocarbon 1-methylnaphthalene cervicornis Adult survival LCso 3421 48 hours 2021
Siderastrea coral health Renegar & Turner,
Hydrocarbon 1-methylnaphthalene siderea Adult condition ECs 5189 48 hours 2021
Siderastrea Renegar & Turner,
Hydrocarbon 1-methylnaphthalene siderea Adult AF/Fm 1Cso 12,378 48 hours 2021
Siderastrea Renegar & Turner,
Hydrocarbon 1-methylnaphthalene siderea Adult survival LCso >solubility 48 hours 2021
Stephanocoenia coral health Renegar & Turner,
Hydrocarbon 1-methylnaphthalene intersepta Adult condition ECso 9294 48 hours 2021
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Stephanocoenia Renegar & Turner,
Hydrocarbon 1-methylnaphthalene intersepta Adult AF/Fm 1Cso 10,173 48 hours 2021
Stephanocoenia Renegar & Turner,
Hydrocarbon 1-methylnaphthalene intersepta Adult survival LCso 11,787 48 hours 2021
Solenastrea coral health Renegar & Turner,
Hydrocarbon 1-methylnaphthalene bournoni Adult condition ECs 7127 48 hours 2021
Solenastrea Renegar & Turner,
Hydrocarbon 1-methylnaphthalene bournoni Adult AF/Fm 1Cso 17,799 48 hours 2021
Solenastrea Renegar & Turner,
Hydrocarbon 1-methylnaphthalene bournoni Adult survival LCso >solubility 48 hours 2021
Porites coral health Renegar & Turner,
Hydrocarbon 1-methylnaphthalene astreoides Adult condition ECs 5819 48 hours 2021
Porites Renegar & Turner,
Hydrocarbon 1-methylnaphthalene astreoides Adult AF/Fm 1Cso >solubility 48 hours 2021
Porites Renegar & Turner,
Hydrocarbon 1-methylnaphthalene astreoides Adult survival LCso 11,982 48 hours 2021
Porites
Hydrocarbon 1-methylnaphthalene divaricata Adult survival LCso 12,123 48 hours Renegar et al. 2016
Porites coral health
Hydrocarbon 1-methylnaphthalene divaricata Adult condition ECso 7,442 48 hours Renegar et al. 2016
significant
reduction in
breeding
colonies/declin
e in number of
ovaria in
breeding
Stliphora colonies; SD from Rinkevich & Loya,
Hydrocarbon crude oil pistillata Adult reduced control ND ND 1977
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Type

Contaminant

Species

Life stage

Response

Endpoint

Exposure
(ug/L) or
stated
otherwise

Exposure
Duration

Reference

planulae
production;
significant
mortality of
adult colonies
at exposure
site vs control
site

Hydrocarbon

crude oil

Stliphora
pistillata

Planulae

significant
reduction of
settled
planulae;
increased
mortality with
crude oil
exposure

SD from
control

1,5,and 10
cc/LL

120 hours

Rinkevich & Loya,
1977

Hydrocarbon

water-accommodated
fraction from marine
fuel oil

Pocillopora
damicornis

Adult

significant
changes in
cellular
response and
cell protection

SD from
control

0.25¢g/L, 1
g/L, and 4
g/L

24 hours

Rougee et al. 2006

Hydrocarbon

crude oil and
dispersants

Stliphora
pistillata,
Pocillopora
damicornis

Adult

significant
mortality
above 10%

SD from
control

0,0.5,1,5,
10, 25, 50,
75, 100%

24 hours

Shafir et al. 2007

Dispersant

Corexit

Xenia elongata

Adult

Algal
symbiont loss,
pulse activity,

oxygen
saturation

SD from
Control

5 ppm

24 hours

Studivan et al. 2015
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
delayed
unleaded fuel mixed Pocillopora corallite SD from 5, 10, 50, and
Hydrocarbon with SAE40 damicornis Planulae formation control 100 ppm 15 days Te 1991
crude oil and SD from 75 and 125 6to 10
Hydrocarbon dispersants Porites porites Adult mortality control mL hours Thorhaug et al. 1989
crude oil and Orbicella SD from 75 and 125 7to 10
Hydrocarbon dispersants annularis Adult mortality control mL hours Thorhaug et al. 1989
crude oil and Acropora SD from 75 and 125 8to 10
Hydrocarbon dispersants palmata Adult mortality control mL hours Thorhaug et al. 1989
Seriatopora
hystrix,
Seriatopora
guttatus,
Stylophora
pistillata,
Pocillopora reduced
water-accommodated damicornis, survivorship, 0,1, 10, 50,
fraction from natural Pocillopora recruitment SD from 100% WAF Villanueva et al.
Hydrocarbon gas verrucosa Larvae and growth control conc 96 hours 2008
significantly
reduced
survival,
reduced
reproductive
output, early
larval release,
reduced larvae
water-accommodated size and 0, 10, 25, 50,
fraction from natural Pocillopora metamorphic SD from | 75, and 100% Villanueva et al.
Hydrocarbon gas damicornis Adult competency control WAF conc 24 hours 2011
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Exposure

(ug/L) or
stated Exposure
Type Contaminant Species Life stage Response Endpoint otherwise Duration Reference
Leptogorgia SD from White & Strychar,
Hydrocarbon Gasoline virgulata Adult tissue loss Control 10 ppm 60 hours 2011
EPA 525 PAH Mix-B, transcript
Supelco, Bellefonte, Scleronephyhya (gene SD from
Hydrocarbon PA,USA) gracillimum Adult expression) Control 100 24 hours Woo et al. 2014
water-accommodated temporary sub-
fraction Arabian Light lethal effects
Crude oil with Corexit | Pseudodiploria only at highest SD from
Hydrocarbon 9527 or BPIIOOWD strigosa Adult concentrations control 1-20 ppm 24 hours Wyers et al. 1986
Porites porites reduction in
(or P. furcata) growth,
crude oil and and Agaricia decrease in SD from 0.11,2.0,5.5,
Hydrocarbon dispersants tennuifolia Adults coral cover control 15.2 ppm 1 year Renegar et al. 2021
Acropora
cervicornis,
Porites
astreoides,
Siderastrea
siderea,
Stephanocoenia
intersepta, and survival and 25,75, 100,
Solenastrea overall 145, 225
Hydrocarbon toluene bournoni Adults condition LCso mg/L 48 hours Turner et al. 2021
Acropora
cervicornis,
Porites
astreoides,
Siderastrea
siderea, survival and 125, 250,
Stephanocoenia overall 500, 1000,
Hydrocarbon phenanthrene intersepta, and Adults condition LCs 2000 ug/L 48 hours Turner et al. 2021
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Solenastrea
bournoni
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3.3 Environmental Concentrations of Hydrocarbons

Petroleum hydrocarbons represent a huge diversity of chemical compounds from natural and
anthropogenic sources, and exposures are complex mixtures, often not fully characterized
analytically, and dynamic in space and time (NRC, 2003). For this reason, nominal reporting of
exposure concentrations is never accurate, given that it provides no information as to the actual
concentration of oil entrained in the water or its specific chemical composition. Furthermore,
reporting metrics of total hydrocarbons, even when compositional concentrations are reported
(e.g., measuring >50 parent and alkylated PAHs as conducted in Deepwater Horizon studies; see
Forth et al., 2017a,b) provides no information on whether the chemicals are in the dissolved or
particulate phases. This is important to know when assessing exposures of gilled species versus
filter feeders. Issues pertaining to the characterization of exposure media is a complex challenge
and outside of the scope of this report and has been addressed in a number of recent reviews (see
NASEM, 2022a,b; Bejarano et al., 2014; Mitchelmore et al., 2020). Elevated levels in the
environment have been attributed to anthropogenic inputs from fossil fuel use (i.e., coal, oil, and
gas). As corals are often close to sources of petroleum hydrocarbons (oil and gas), such as areas
of oil extraction and tanker routes, the effects of their release either by natural processes or
anthropogenic activities, these have received the most attention. This has been documented by a
number of acute oil spill events, as well as also chronic exposures from operational discharges
(NRC, 2003). Compared to other chemical contaminants, there is a wealth of data regarding the
impact of hydrocarbons on corals, particularly since the 2010 Deepwater Horizon incident in the
Gulf of Mexico, and there are a number of comprehensive reviews that have summarized the
effects of petroleum hydrocarbons on coral reefs (e.g. Knap et al., 1983; Loya & Rinkevich, 1980;
Peters et al., 1997; Shigenaka, 2001; van Dam et al., 2011; Turner & Renegar, 2017; Kroon et al.,
2020; NASEM, 2022b). These studies have encompassed both field exposures during oil-spill
incidents and planned field-studies. However, much of the research has been conducted in the
laboratory using single PAH compounds, mixtures of individual PAHs, and a variety of fuels and
crude oils containing PAHs, among other chemicals.

3.4 Additional considerations and complications:

Corals are exposed to many other natural and anthropogenic stressors, so hydrocarbon pollution
often does not act in isolation. Many studies have shown that exposure to additional stressors
results in elevated impacts from hydrocarbons. For example, impacts of diesel exposure in
Pocillopora verrucosa was only apparent with co-exposure to elevated temperature (Kegler et al.,
2015). Furthermore, there are implications of reduced resilience to hydrocarbons based on the
health and disease status of a coral. Exposure of O. faveolata to anthracene reduced the activity of
enzymes important for protection against environmental stressors but only in diseased colonies
(Montilla et al., 2016). Therefore, diseased corals may be more vulnerable to PAH exposure
compared to healthy corals. Conversely, exposure to hydrocarbons may reduce the resilience of
corals to disease because corals could become more immune compromised (Lesser et al. 2007,
Muller et al. 2008). One of the most studied co-stressor has been UV light due to observations of
elevated PAH toxicity due to phototoxicity reactions. The inhibition of metamorphosis in
Acropora tenuis larvae exposed to low concentrations of crude oil WAF (103 ug/L PAH;
suggested to be similar to levels that would be found following a spill) resulted in a 40% increased
sensitivity of the larvae when co-exposed to UV light (Negri et al., 2016).
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Another data gap in understanding the impact of hydrocarbons is their interaction with the coral
microbiome. Only recently, with the advent of enhanced molecular capabilities has the role of the
microbial community (composition and function) in the overall health of a coral, its importance in
normal homeostasis, and its response to chemical contaminants and influence on their fate and
effects been realized. As discussed above, some studies have shown that the microbial content in
coral mucus changes and/or so does the presence of diseases follow hydrocarbon exposure. Given
the importance of the bacterial/algal/host holobiont for coral health, it is essential that more studies
addressing this issue be conducted.

Although laboratory studies have elucidated mechanisms of action and provided data for inclusion
into predictive toxicity models, the many different methodological approaches regarding design,
analytical analysis, and biological endpoints compromises their usefulness for oil spill response
because there are not comparable. Furthermore, understanding the actual impacts of acute and
chronic exposure of corals to hydrocarbons is hampered by the lack of baseline data or benchmarks
in environments where spills are most likely to occur.

4 Biocides and Antifoulants

4.1 Biocides

Biocide toxicants include pesticides, herbicides, insecticides, and antifoulants, which are often
used on vessels and other marine structures. Biocides are specifically engineered to induce
mortality of invertebrates - and enter the marine environment unintentionally through runoff,
atmospheric deposition, sewage discharge, and ballast water discharge, and intentionally through
direct application in the case of antifoulants. Biocides can directly affect the coral animal
physiology and reproductive success as well as the photosynthetic algae (Symbiodiniacaea) that
reside symbiotically within coral tissues and its microbiome (Table 6). Only one study was
conducted that exposed a specific biocide, naled, on the Caribbean acroporid, Acropora
cervicornis (Ross et al. 2015)
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Table 6. Effects of biocides on corals. SD = significantly different. NR = no response.

Type Contaminant . . ] Exposure ]
Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference

Insecticide | Chlorpyrifos ,A;fZZ’,ZZZZ larvac | metamorphosis | LOEC 1 18 hours Markey et al. 2007
Insecticide Chlorpyrifos if;lz];z:z larvae metamorphosis ECso 1 18 hours Markey et al. 2007
Insecticide Chlorpyrifos jzf;l(;;; Z:Z adult AF/Fm' Sclinftrr(())rln 10 96 hours Markey et al. 2007
Insecticide Chlorpyrifos ZZ;ZZCOO]; (Z;l larva settlement Se%n?r%? 5 ppb 12 hours Te 1992
Insecticide Chlorpyrifos ZZ;ZICO;; ZZ larva swimming NR 0.1 ppm 24 hours Acevedo 1991
Insecticide Chlorpyrifos ZZ;ZICO;; ZZ larva mortality LCso | ppm 24 hours Acevedo 1991
Insecticide Chlorpyrifos ZZ;ZICO;; ZZ larva mortality LCioo 10 ppm 12 hours Acevedo 1991
Insecticide Chl(())r)?oyrfifos jﬁlrlZf)Z;Z larvae metamorphosis LOEC 0.3 18 hours Markey et al. 2007
Insecticide Chl(())rfoy;ifos iflrlg Z;Z larvae metamorphosis ECso 039 18 hours Markey et al. 2007
Insecticide Profenofos if;if) Z]]:Z larvae metamorphosis LOEC 03 18 hours Markey et al. 2007
Insecticide Profenofos iflrloei (O);Z larvae metamorphosis ECso 0.6 18 hours Markey et al. 2007
Insecticide Profenofos jzf;l(;;; Z:Z adult alga(liesl}llsrﬁl;iont Sclinftrr(())rln 10 3hf)?11rlse:e>f;)l(t)is‘:fre:9s6 Markey et al. 2007
Insecticide |  Endosulfan ,A;fZZ’,ZZZZ larvac | metamorphosis | LOEC | 18 hours Markey et al. 2007
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Exposure

Type Contaminant Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Insecticide Endosulfan ii;ifyzllzz larvae metamorphosis ECso 1 18 hours Markey et al. 2007
Insecticide Endosulfan iflrlg Z;Z adult AF/Fm' Sc]znftrr(:)rln 0 sinegi; zfljleour Markey et al. 2007
Insecticide Carbaryl if;if) Z]]:Z larvae metamorphosis LOEC 3 18 hours Markey et al. 2007
Insecticide Carbaryl if;loei Z:Z larvae metamorphosis ECso 1 18 hours Markey et al. 2007
Insecticide Carbaryl ZZZ?COO]; (:;;g larvae mortality NR 100 ppm 12 hours Acevedo 1991
Fungicide MEMC ;if;;;]; Z:Z gametes fertilization LOEC 1 3 hours Markey et al. 2007
Fungicide MEMC ;if;;;]; Z:Z gametes fertilization ECso 1.68 3 hours Markey et al. 2007
Fungicide MEMC ,A;fZZ’,ZZZZ larvae | metamorphosis | LOEC ! 18 hours Markey et al. 2007
Fungicide MEMC ,A;fZZ’,ZZZZ Larvac | metamorphosis ECso 25 18 hours Markey et al. 2007
Fungicide MEMC 1:5;]21;3:3 Adult AF/Em! Sclinftrr(())?1 1 3h(c:J(1)1Irlsee)f;)l(§is‘$egs6 Markey et al. 2007
Fungicide MEMC if;if) Z]]:Z Adult mortalilty NR 10 3{;?3?;;3;{;3: Markey et al. 2007
Insecticide Naled cﬁﬁ:z?cl; (ZZ.S Adult Gene Expression Presence 0.5 4 hours Morgé(l;()%ng Snell
Insecticide Naled aﬁfgcitieafes Larvae mortality Sc]znftrr(z)rln 2.96 18 - 20 hours Ross et al. 2015
Insecticide Naled Porites Larvac Catalase Gene SD from

astreoides Expression control 10* 18 - 20 hours Ross et al. 2015
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Exposure

Type Contaminant Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Insecticide Naled aﬁroggieafes Larvae car‘tljsg;elﬁion Sclznftrr(())rln 10* 18 - 20 hours Ross et al. 2015
Insecticide Naled AZZZZZZQ Adult C?tiftiﬁlt;ftly Sc]znftrr(;rln 0.33 24 hours MaCK;(i)%gt el
Insecticide 1-naphthol ZZ’C’ZZCOOi Z];;l Larvae mortality LC100 100 ppm 24 hours Acevedo 1991
Insecticide Permethrin if;if} Z]]:Z Larvae metamorphosis L](E)(}:ES (o:; 1 18 hours Markey et al. 2007
Insecticide Permethrin j;lrloeiro);rfz Adult visual bleaching Sclznftrr(:)rln 10 3hf)<:lfrIS:;;1(t)iS‘$§S6 Markey et al. 2007
Insecticide DDVP A(‘;ZZZ?SM Juvenile Pigmentation Sclznftrr(:)rln 100 mg/L 10 days Watanabe et al. 2006
Insecticide DDVP AZZZ?SM Juvenile De;l:cslsllrlrfent NR 0.01 mg/L 10 days Watanabe et al. 2006
Insecticide | Imidacloprid AZZZ?SM Larvae | metamorphosis | NOEC 263 48 hours Flores et al. 2020
Insecticide | Imidacloprid AZZZ?SM Larvae | metamorphosis ECio 273 48 hours Flores et al. 2020
Insecticide | Imidacloprid AZZZ?SM Larvac | metamorphosis ECso 347 48 hours Flores et al. 2020
Herbicide Glyphosate ?Z:Zﬁi;a Adult C}lfll(?f(;l)llill}l/%l’ a Sclinftrr(())rln 12% 5 days Amid et al. 2018
Fungicide Chlorothalonil AZZZ ;)Sra Larvae metamorphosis NOEC 24 48 hours Flores et al. 2020
Fungicide Chlorothalonil AZZZ ;)Sra Larvae metamorphosis ECio 28 48 hours Flores et al. 2020
Fungicide Chlorothalonil AZZZ Z:a Larvae metamorphosis ECso 6 48 hours Flores et al. 2020

65




Exposure

Type Contaminant Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Insecticide Fibronil AZZ‘:{ ?sm Larvae metamorphosis NOEC 123 48 hours Flores et al. 2020
Insecticide Fibronil AZZ‘:{ ?sm Larvae metamorphosis ECio 13.9 48 hours Flores et al. 2020
Insecticide Fibronil A(;ZZZ ?Sm Larvae metamorphosis ECso 291 48 hours Flores et al. 2020
Insecticide Diazinon A?ZZZ?SM Larvac | metamorphosis | NOEC 38 48 hours Flores et al. 2020
Insecticide Diazinon AZZZ ;)Sra Larvae metamorphosis ECio 40.8 48 hours Flores et al. 2020
Insecticide Diazinon AZZZ ;)Sra Larvae metamorphosis ECso 547 48 hours Flores et al. 2020
Fungicide Propiconazole AZZZ ;)Sra Larvae metamorphosis NOEC 269 48 hours Flores et al. 2020
Fungicide Propiconazole AZZZ ;)Sra Larvae metamorphosis ECio 330 48 hours Flores et al. 2020
Fungicide | Propiconazole AZ%ZM Larvac | metamorphosis ECso 1008 48 hours Flores et al. 2020
Herbicide 24D ZZ%;;,;Z? Adult Pigmentation LCuo0 0.1 ppm 48 hours Glynn et al. 1984*
Herbicide 2.4-D c;fl)z(')an’eiSca Adult Photosynthesis Sclinftrr(())rln 100 mg/L 48 hours Raberg 2003
Herbicide 2,4-D . ﬁfn”;r";‘z . Adult Phﬁé‘;ﬁfﬁfﬁf“ Sclznftrr(:)rfl 100 mg/L 48 hours Raberg 2003
Herbicide 2,4-D . ﬁfn”;r"z . Adult AF/Fm' Sclznftrr%rf 100 mg/L 48 hours Raberg 2003
Herbicide 24D . ﬁfnr;eli ’ Adult Respiration NOEC 100 mg/L 48 hours Raberg 2003
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide 24D Anf?rcjzrlfl';g S}ilsrg‘i)ait:r(lits Photosynthesis Sclznftrr(z)rln 100 6 hours Owen et al. 2003
Herbicide 2,4-D ZZ;OO}ZZ S}ilsr?l‘tait:r(lits Photosynthesis Sc]znftrr(z)rln 1000 6 hours Owen et al. 2003
Herbicide 2,4-D ) fggvzl;; sifsrgtaifr(lits Photosynthesis Sc]znftrr(z)rln 1000 6 hours Owen et al. 2003
Biocide Cyanide | Poctlopora |y gy Mortality LCu . - Jones and Steven
it | comte | Gt | o | U |0 | e | e |
Biocide Cyanide ZZ%ZC(Z;Z};? Adult Respiration rle(zi;lczt(i)cc)’/; 2x10° M 2.5 min ones ngswvm
Biocide Cyanide POZ‘%,O;OM Adult Mortality LCroo 0l M 0 min Jones 2113(917Steven
Biocide e I alga(lieszsniltl;iont SDfiom | - Jones and Scven
Biocide Cyanide C‘ZZ?CI; (:le.s Adult growth Sc]gnftrr(c))l? 104 M b Chalkerl 3171(51 Taylor
Biocide Cyanide nfz% :}foorlf* Adult Mortality NR 50 mg/L L2 min Cervino ef al. 2003
Biocide Cyanide nfi?lr:;ogrr;* Adult (?elzieslit;}:rrnntl);gtriz Sclznftrr(z)rln . .
index 50 mg/L 1 -2 min Cervino et al. 2003
Biocide Cyanide Ij’lee’f ; ngrila Adult syrfl;)/ilj)’zl;t Ezilegr?lity Sclznftrr(z)rln 10°M 3 hours JOGrilel?ingngg;%h
Herbicide Diuron Ij,gll:zz)i];a Adult AF/Fm' ECso 2.8 24 hours Jones a;g Olgerswell
Herbicide Diuron Sel;li;z;;;;;m Adult AF/Fm' ECso 23 24 hours Jones a;g Olgerswell
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
4 photoinhibition, SD from
Herbicide Diuron cropora Adult reduced lipid © 1 2 - 3 months Cantin et al. 2007
tenuis Control
content
.. . Acropora s SD from .
Herbicide Diuron . Adult Photoinhibition 1 2 - 3 months Cantin et al. 2007
valida Control
Bleaching,
Herbicide Diuron Acropora Aduig | Mortality, Lipid ) SD from 10 2 - 3 months Cantin et al. 2007
valida Content Control
Fecundity
Herbicide Diuron Pocillopora | 41| Photoinhibition | S rom 1 2 - 3 months Cantin et al. 2007
damicornis Control
. Bleaching, Lipid
Herbicide Diuron POCII.IOP o;fa adult Content, SD from 10 2 - 3 months Cantin et al. 2007
damicornis . Control
Planulation
.. . Acropora . . s SD from .
Herbicide Diuron . juvenile PSII inhibition 10 10 hours Cantin et al. 2009
millepora Control
Herbicide Diuron Acropora adult AF/Fm' NOEC 0.3 10 hours Jones et al. 2003
formosa
Herbicide Diuron Acropora adult AF/Fm' LOEC 1 10 hours Jones et al. 2003
formosa
Herbicide Diuron Acropora adult AF/Fm' ECso 5.1 10 hours Jones et al. 2003
formosa
Herbicide Diuron Montipora adult AF/Fm' NOEC 0.3 10 hours Jones et al. 2003
digitata
Herbicide Diuron Montipora adult AF/Fm’ LOEC 1 10 hours Jones et al. 2003
digitata
Herbicide Diuron Montipora adult AF/Fm’ ECso 5.9 10 hours Jones et al. 2003
digitata
Herbicide Diuron Porites adult AF/Em NOEC 0.3 10 hours Jones et al. 2003
cylindrica
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Diuron P(.Mte.s adult AF/E m LOEC 1 10 hours Jones et al. 2003
cylindrica
Herbicide Diuron P(.Mte.s adult AF/E m ECso 43 10 hours Jones et al. 2003
cylindrica
Herbicide Diuron Seriatopora adult AF/E m NOEC 0.3 10 hours Jones et al. 2003
hystrix
Herbicide Diuron Seriatopora | 44 AF/Em LOEC 1 10 hours Jones et al. 2003
hystrix
Herbicide Diuron Seriatopora | q¢ AF/Em ECso 4.6 10 hours Jones et al. 2003
hystrix
Herbicide Diuron Seriatopora | isolated AF/Em LOEC 0.25 10 min Jones et al. 2003
hystrix symbionts
Herbicide Diuron Serzatopora 1solgted AF/E m ECso 5.5 10 min Jones et al. 2003
hystrix symbionts
Seriat Bleaching,
Herbicide Diuron eriaiopora adult Tissue NR 100 96 hours Jones 2004
hystrix )
Retraction
Herbicide Diuron P(.Mte.s adult PSII inhibition SD from 10 48 hours Réberg et al. 2003
cylindrica Control
Herbicide Diuron P(.Mte.s adult Respiration SD from 50 48 hours Réberg et al. 2003
cylindrica Control
Herbicide Diuron Favia 1solgted Photosynthesis SD from 2 6 hours Owen et al. 2003
fragum symbionts Control
Herbicide Diuron Mc.zdra.c.is 1solgted Photosynthesis SD from 2 6 hours Owen et al. 2003
mirabilis symbionts Control
Herbicide Diuron P;eudqdiplo 1s01qted Photosynthesis SD from 2 6 hours Owen et al. 2003
ria strigosa symbionts Control
Herbicide Diuron Agrop ora larvae reduced . SD from 300 24 hours Negri et al. 2005
millepora metamorphosis Control
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Exposure

Type COTEIILEL Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Diuron POCll.lOp ora juvenile bleaching SD from 10 96 hours Negri et al. 2005
damicornis Control
Herbicide Diuron POCll.lOp ora juvenile PSII inhibition SD from 1 96 hours Negri et al. 2005
damicornis Control
Herbicide Diuron Acrop ora Juvenile algal syrpblont SD from 10 10 days Watanabe et al. 2006
tenuis density Control
Herbicide Diuron Acrop ora Juvenile Tissue SD from 100 10 days Watanabe et al. 2006
tenuis Detachment Control
.. . Acropora . . SD from
Herbicide Diuron . Juvenile Vertical Growth 1 50 days Watanabe et al. 2007
tenuis Control
Herbicide Diuron AZZ;(?;“ larvae mortalilty LCio 91 24 hours Bao et al. 2011
Herbicide Diuron AZZ;(?;“ larvae mortalilty LCso 4800 24 hours Bao et al. 2011
Herbicide Diuron -- 1solgted Growth NOEC 2.75 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- lsolqted growth ECio 2.54 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- 1s01a.ted growth ECso 4.45 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- 1s01a.ted AF/Fm' NOEC NR 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- 1s01a.ted AF/Fm' ECio 0.29 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- 1s01a.ted AF/Fm' ECso 1.2 14 days Marzonie et al. 2021
symbionts
Herbicide Diuron -- lsola.ted AF/Fm! ICio 0.64 24 hours Mercurio et al. 2018
symbionts
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Exposure

Type COTEIILEL Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Diuron - 1solqted AF/Fm’ 1Cy 0.68 24 hours Mercurio et al. 2018
symbionts
Herbicide Diuron - lsola'ted AF/Fm' 1Cso 1.4 24 hours Mercurio et al. 2018
symbionts
Herbicide Diuron M(.ldm.c.ls adult Photosynthesis SD from 100 6 hours Owen et al. 2003
mirabilis Control
Herbicide Diuron szloria adult Photosynthesis SD from 100 6 hours Owen et al. 2003
strigosa Control
Herbicide Diuron Favia adult Photosynthesis | oD rom 100 6 hours Owen et al. 2003
Sfragum Control
Herbicide Diuron Seriatog ora adult AF/Fm'’ ECso 45 24 hours Jones and Kerswell
hystrix 2003
Herbicide Atrazine Acropora adult AF/Fm' NOEC 1 10 hours Jones et al. 2003
formosa
Herbicide Atrazine Acropora adult AF/Fm' LOEC 3 10 hours Jones et al. 2003
formosa
Herbicide Atrazine Acropora adult AF/Fm ECso 37 10 hours Jones et al. 2003
formosa
Herbicide Atrazine Montipora adult AF/Em NOEC 1 10 hours Jones et al. 2003
digitata
Herbicide Atrazine Montipora adult AF/Em LOEC 3 10 hours Jones et al. 2003
digitata
Herbicide Atrazine Mo.nt.lp ora adult AF/Fm ECs 88.2 10 hours Jones et al. 2003
digitata
Herbicide Atrazine P(.Mte.s adult AF/E'm NOEC 1 10 hours Jones et al. 2003
cylindrica
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Atrazine P?rite.s adult AF/E m LOEC 3 10 hours Jones et al. 2003
cylindrica
Herbicide Atrazine Porites adult AF/E m ECso 67.2 10 hours Jones et al. 2003
cylindrica
Herbicide Atrazine -- 1sola.ted AF/Fm! ICio 8.6 24 hours Mercurio et al. 2018
symbionts
Herbicide Atrazine -- 1solgted AF/Em! ICy 14 24 hours Mercurio et al. 2018
symbionts
Herbicide Atrazine -- 1solqted AF/Fm! 1Cso 34.5 24 hours Mercurio et al. 2018
symbionts
Herbicide Simazine Mc.zdra.c.ls adult Photosynthesis SD from 100 6 hours Owen et al. 2003
mirabilis Control
Herbicide Simazine sz]orta adult Photosynthesis SD from 100 6 hours Owen et al. 2003
strigosa Control
Herbicide Simazine Favia adult Photosynthesis SD from 100 6 hours Owen et al. 2003
fragum Control
Herbicide Simazine | S¢ri4IOPOra | gy AF/Fm’ ECso 150 24 hours Jones and Kerswell
hystrix 2003
Herbicide Simazine -- lsola.ted Growth NOEC 320 14 days Marzonie et al. 2021
symbionts
Herbicide Simazine -- lsola.ted growth ECio 257 14 days Marzonie et al. 2021
symbionts
Herbicide Simazine -- lsola.ted growth ECso 387 14 days Marzonie et al. 2021
symbionts
Herbicide Simazine -- 1s01a.ted AF/E m NOEC NR 14 days Marzonie et al. 2021
symbionts
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Exposure

Type COTEIILEL Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Simazine -- 1s01a.ted AF/E m ECio 28.8 14 days Marzonie et al. 2021
symbionts
Herbicide Simazine -- 1s01a.ted AF/E m ECso 93.3 14 days Marzonie et al. 2021
symbionts
Herbicide Simazine -- 1s01a.ted AF/Fm! ICio 21 24 hours Mercurio et al. 2018
symbionts
Herbicide Simazine -- ‘S"la?ted AF/Fm’ I1Cy 34 24 hours Mercurio et al. 2018
symbionts
Herbicide Simazine -- 1solqted AF/Fm! ICso 84 24 hours Mercurio et al. 2018
symbionts
.. Seriatopra , Jones and Kerswell
Herbicide Ametryn hystrix adult AF/F m ECso 1.7 24 hours 2003
Herbicide Ametryn -- 1solqted AF/Fm’ ICio 0.47 24 hours Mercurio et al. 2018
symbionts
Herbicide Ametryn -- 1solgted AF/Fm! I1Cy 0.82 24 hours Mercurio et al. 2018
symbionts
Herbicide Ametryn -- lsola.ted AF/Fm’ ICso 2.2 24 hours Mercurio et al. 2018
symbionts
Herbicide Hexazinone Serzatop ra adult AF/Fm' ECso 8.8 24 hours Jones and Kerswell
hystrix 2003
.. . isolated .
Herbicide Hexazinone -- . Growth NOEC 71.7 14 days Marzonie et al. 2021
symbionts
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Exposure

Type COTEIILEL Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference

Herbicide Hexazinone -- lsola.ted growth ECio 78.7 14 days Marzonie et al. 2021
symbionts

Herbicide Hexazinone -- lsola.ted growth ECso 100 14 days Marzonie et al. 2021
symbionts

Herbicide Hexazinone -- 1s01a'ted AF/Em NOEC NR 14 days Marzonie et al. 2021
symbionts

Herbicide Hexazinone -- ‘SOlﬁt"d AF/E m ECio 8.36 14 days Marzonie et al. 2021
symbionts

Herbicide Hexazinone -- ‘SOlﬁt"d AF/E m ECso 33.8 14 days Marzonie et al. 2021
symbionts

Herbicide Hexazinone -- lsola.ted AF/Fm’ ICio 53 24 hours Mercurio et al. 2018
symbionts

Herbicide Hexazinone -- ‘SOla?ted AF/Em! ICy 12 24 hours Mercurio et al. 2018
symbionts

Herbicide Hexazinone -- 1s01a.ted AF/Fm! 1Cso 45.7 24 hours Mercurio et al. 2018
symbionts

Herbicide Tebuthiuron Serzatop ra adult AF/Fm' ECso 175 24 hours Jones and Kerswell

hystrix 2003
.. . isolated .

Herbicide Tebuthiuron -- . Growth NOEC 107 14 days Marzonie et al. 2021
symbionts

Herbicide Tebuthiuron -- 1s01a.ted growth ECio 138 14 days Marzonie et al. 2021
symbionts

Herbicide Tebuthiuron -- 1s01a.ted growth ECso 331 14 days Marzonie et al. 2021
symbionts

Herbicide Tebuthiuron -- 1s01a.ted AF/E m NOEC NR 14 days Marzonie et al. 2021
symbionts
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Tebuthiuron -- lsola.ted AF/E m ECio 6.37 14 days Marzonie et al. 2021
symbionts
Herbicide Tebuthiuron -- lsola.ted AF/E m ECso 41 14 days Marzonie et al. 2021
symbionts
.. . Seriatopra AF/Fm' Jones and Kerswell
Herbicide Toxynil hystrix adult ECso >1 mg 24 hours 2003
Herbicide Bromacil -- 1s01a.ted Growth NOEC 16.6 14 days Marzonie et al. 2021
symbionts
Herbicide Bromacil -- 1solqted growth ECio 18.3 14 days Marzonie et al. 2021
symbionts
Herbicide Bromacil -- 1solgted growth ECso 27.7 14 days Marzonie et al. 2021
symbionts
Herbicide Bromacil -- 1solgted AF/E m NOEC NR 14 days Marzonie et al. 2021
symbionts
Herbicide Bromacil -- 1solgted AF/E m ECio 2.54 14 days Marzonie et al. 2021
symbionts
Herbicide Bromacil -- 1solgted AF/E m ECso 8.36 14 days Marzonie et al. 2021
symbionts
.. I isolated .
Herbicide Metribuzin -- . Growth NOEC 23.6 14 days Marzonie et al. 2021
symbionts
Herbicide |  Metribuzin - isolated growth EC1o 223 14 days Marzonie et al. 2021
symbionts
Herbicide Metribuzin -- 1s01a.ted growth ECso 335 14 days Marzonie et al. 2021
symbionts
Herbicide Metribuzin -- 1s01a.ted AF/E m NOEC NR 14 days Marzonie et al. 2021
symbionts
Herbicide Metribuzin -- lsola.ted AF/E m ECio 2.31 14 days Marzonie et al. 2021
symbionts
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Type

Contaminant

Exposure

Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference
Herbicide Metribuzin -- S;Sr?lgfris AF/Em ECso 8.75 14 days Marzonie et al. 2021
Herbicide Propazine -- S;Sr?lgfris Growth NOEC 45.1 14 days Marzonie et al. 2021
Herbicide Propazine -- S;Sr?lgfris growth ECio 50.8 14 days Marzonie et al. 2021
Herbicide Propazine -- S}lfsn(ﬁ)aifr(lits growth ECso 86.5 14 days Marzonie et al. 2021
Herbicide Propazine -- S}lficﬁifr(lits AF/E m NOEC NR 14 days Marzonie et al. 2021
Herbicide Propazine -- S}lficﬁifr(lits AF/E m ECio 5.42 14 days Marzonie et al. 2021
Herbicide Propazine -- S}lficﬁifr(lits AF/E m ECso 18.7 14 days Marzonie et al. 2021
.. isolated .
Herbicide Haloxyfop -- symbionts Growth NOEC >2980 14 days Marzonie et al. 2021
.. isolated .
Herbicide Haloxyfop -- symbionts growth ECio >2980 14 days Marzonie et al. 2021
.. isolated .
Herbicide Haloxyfop -- symbionts growth ECso >2980 14 days Marzonie et al. 2021
Herbicide Haloxyfop -- S;Sr?lgfris AF/E m NOEC NR 14 days Marzonie et al. 2021
Herbicide Haloxyfop -- S;Sr?lgfris AF/E m ECio >2980 14 days Marzonie et al. 2021
Herbicide Haloxyfop -- S;Sr?lgfris AF/E m ECso >2980 14 days Marzonie et al. 2021
.. . isolated .
Herbicide Imazapic -- symbionts Growth NOEC >165,000 14 days Marzonie et al. 2021
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Exposure

Type COTEIILEL Species Lifestage Response Endpoint (ug/L) Exposure Duration Reference

Herbicide Imazapic -- lsola.ted growth ECio >165,000 14 days Marzonie et al. 2021
symbionts

Herbicide Imazapic -- lsola.ted growth ECso >165,000 14 days Marzonie et al. 2021
symbionts

Herbicide Imazapic -- 1s01a'ted AF/E m NOEC NR 14 days Marzonie et al. 2021
symbionts

Herbicide Imazapic -- 1solgted AF/E m ECio >165,000 14 days Marzonie et al. 2021
symbionts

Herbicide Imazapic -- 1solgted AF/E m ECso >165,000 14 days Marzonie et al. 2021
symbionts
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Chlorpyrifos and Profenofos

Chlorpyrifos and profenofos are organophosphate pesticides that inhibit acetylcholinesterase in
nerve synapses, leading to the build-up of acetylcholine at nerve junctions, producing constant
nervous stimulation within affected organisms. These two pesticides are often used to treat
sugarcane, cotton, fruit, vegetables, grains, termites, domestic pests, and mosquitos.

Most studies characterizing the effects of these two chemicals focused on coral reproductive
success and coral larvae, although one study also tested the effects of these pesticides on adult
corals. Markey et al. (2007) showed reduced settlement and metamorphosis when larvae of
Acropora millepora were exposed to 1.0 ug/L of chlorpyrifos. Profenofos, however, caused
significant reductions in metamorphosis of 4. millepora larvae at concentrations as low as 0.3
ng/L. Coral larvae exposed to substrate treated with chlorpyrifos exhibited significantly lower
levels of settlement and metamorphosis than the controls for each of the three days of exposure at
concentrations as low as 5 ppb (i.e., 5 pg/L, Te 1992). Chlorpyrifos caused significant mortality
on Pocillopora damicornis planulae at levels of 1 ppm (1000 pg/L) or higher, with noticeable
negative physiological effects at levels of 0.1 ppm (100 ug/L, Acevedo 1991). Acropora millepora
adult corals exposed to 10 pg/L of profenofos exhibited polyp retraction, bleaching (i.e., algal
symbiont densities were reduced) and a slight reduction in photosynthetic efficiency of the algal
symbionts (Markey et al. 2007). Interestingly, some Pacific coral contain bacteria that can degrade
organophospohorous pesticides (e.g., chlorpyrifos, profenofos, ethion, diazinon; Sabdono and
Radjasa 2008).

Like most contaminants, there is little environmental monitoring data associated with these
pesticides within reef areas. Chlorpyrifos was detected, but not within quantification limits within
the water column at sites measured off of St. Thomas, USVI, in 2011 (Pait et al. 2016a,b).
However, chlorpyrifos was detected within areas near reefs off of Okinawa, Japan. Chlorpyrifos
was detected in both rural (the Manna and Y ouhi river sites) and urban areas (Naha City) although
those values were below quantification limits (Kitada et al. 2008).

Carbaryl

I-naphthyl methylcarbamate is a chemical in the carbamate family used chiefly as an insecticide.
Coral larval settlement is extremely sensitive to insecticides such as carbaryl. Markey et al. (2007)
showed that following 18 h exposures, the LOEC for Acropora millepora was 3.0 pg/L for carbaryl
and the ECso for inhibition of fertilization was 1 pg/L. Pocillopora damicornis larvae were only
moderately sensitive to carbaryl, which caused significant larval mortality at 1,000 pg/L (Acevedo
1991). Carbaryl was detected but was below quantification limits within the water column at sites
measured off of St. Thomas, USVI (Pait et al. 2016a).

MEMC

2-methoxyethylmercuric chloride (MEMC) is a fungicide that denatures membranous and intra-
cellular proteins and inactivates enzymes. It is primarily used on sugarcane seeds. MEMC affected
all life-history stages of Acropora millepora: both fertilization and metamorphosis were inhibited
at 1.0 pg/L, and polyps became withdrawn and photosynthetic efficiency was slightly reduced at
1.0 pg/L. At 10 ng/L MEMC, branches bleached and some host tissue died (Markey et al. 2007).
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Glyphosate

Glyphosate is a broad-spectrum systemic herbicide and crop desiccant. It is an organophosphorus
compound, specifically a phosphonate, which acts by inhibiting the plant enzyme 5-
enolpyruvylshikimate-3-phosphate synthase. Only one study has quantified the effects of
glyphosate on corals. Glyphosate caused a reduction in tolerance to increasing water temperatures
for corals of Acropora formosa when exposed to high levels (12 mg/L; Amid et al. 2018),
suggesting that exposure to herbicides may reduce coral resilience to climate change.

Naled

Naled is a pesticide primarily used to control adult mosquito populations. It is often also used to
treat cotton, fruit and vegetables, grains and domestic pests. Morgan and Snell (2002)
characterized two genes expressed in Acropora cervicornis upon exposure to 0.5 ug/l of dibrom
(aka Naled), a pesticide used for mosquito control in the Florida Keys. One of these genes acted
as a reliable bioindicator of exposure to organophosphates such as dibrom. Expression of target
transcripts was detected in corals collected from the Upper Keys suggesting that dibrom exposure
occurs within these reef-collected corals. Additional studies show exposure for 18 — 20 hours to
concentrations of 2.96 ng/L or greater of naled significantly reduced larval survivorship, and
increased catalase gene expression and protein carbonylation, of Porites astreoides compared with
controls (Ross et al. 2015). Larval settlement, post-settlement survival, and symbiont density were
not impacted by any treatment (Ross et al. 2015).

Permethrin

Permethrin is a pyrethroid pesticide that causes the inactivation of the nerve junction by prolonged
opening of the sodium channels in synapses. Markey et al. (2007) showed Acropora millepora
larvae had reduced metamorphosis and settlement after exposure to 1.0 pg/L of permethrin for 18
hours. Ross et al. (2015), however, showed no effects of permethrin exposure up to 6.0 pug/L on
Porites astreoides larval settlement, post-settlement survival, or symbiont density. These
differences in results between the two studies suggest substantial species level differences in
tolerance to permethrin. MacKnight et al. (2022) showed that, although the photochemical
efficiency of the algal symbiont within Monstastraea cavernosa was not affected by permethrin
exposures up to 2 ug/L for 24 hours, at 0.33 ug/L the microbial community significantly changed
with an increase in bioremediating bacterial members and a reduction in beneficial microbes.

DDVP (2,2-dichlorovinyl dimethyl phosphate)

Dichlorvos, or DDVP, is an organophosphate widely used as an insecticide to control household
pests and protect stored products from insects. Significant reduction of the symbiont population in
tentacles of juveniles of Acropora tenuis exposed to dichlorvos was observed at a concentration of
100 ug/L (Watanabe et al. 2006).

Imadocloprid

Imadocloprid is a type of neonicotinoids, which are systemic pesticides, meaning they are absorbed
by and transported throughout the tissues of plants. These contaminants are water soluble, and can
be absorbed by a plant and moved around in the tissues, becoming toxic to any insects that feed
on the plant (Simon-Delso et al. 2014). Neonicotinoids target the central nervous system of insects.
Flores et al. (2020) quantified the effects of imidacloprid exposure on larval metamorphosis of the
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coral Acropora tenuis. The NOEC and the EC19 and ECso for larval metamorphosis were estimated
from concentration-response curves after 48 h exposure. The NOEC, ECio, and ECso of
imidacloprid were 263, 273, and 347 pg L, respectively. These values are lower than those found
in the environment, but may provide management guidelines for appropriate thresholds of these
contaminants in reef areas.

2,4-D (Dichlorophenoxyacetic acid)

2,4-D is one of the oldest and most widely available herbicides and defoliants in the world, having
been commercially available since 1945. It can be found in numerous commercial lawn herbicide
mixtures, and is widely used as a weedkiller on cereal crops, pastures, and orchards. There are no
published studies quantifying the effects of 2,4 D on coral reproduction metrics. However, Glynn
et al. (1984) showed extensive mortality of Pocillopora damicornis at exposure levels of 0.1 ppm
(100 pg/L) of 2,4-D or higher. Réaberg et al. (2003) exposed Porites cylindrica to 10 and 100 mg/L
of 2,4-D for 48 h. Coral gross primary production rate, gross primary production to respiration
ratio, and effective quantum yield were significantly reduced when the corals were exposed to 100
mg/L of 2,4-D while respiration seemed unaffected (Raberg et al. 2003). Owen et al. (2003) also
showed significant reductions in coral photosynthesis for Madracis mirabilis when exposed to 100
ug/L of 2,4 D for six hours and for Diploria strigosa and Favia fragum at 1,000 ug/L, also exposed
for six hours.

Cyanide

In some coral reef areas, cyanide is used illegally for fishing as it prevents oxygen from reaching
the cells and stuns or incapacitates the fish for easy collection. Cyanide caused mortality of
Pocillopora damicornis and P. lichen after exposure of only 10 minutes to 2 x 10™! M of cyanide
and bleaching was observed after exposure for 10 minutes to 2 x 102 M of cyanide (Jones and
Steven 1997), while sublethal effects include behavioral responses (polyp retraction, mucus
expulsion), decreased zooxanthellae density, altered protein expression, tissue degradation,
increased respiration, decreased photosynthesis, and bleaching (Cervino et al., 2003; Jones and
Steven, 1997, Jones and Hoegh-Guldberg 1999). Jones and Hoegh-Guldberg (1999) showed that
values of 10 M of cyanide under light conditions significantly reduced photochemical efficiency
of the algal symbionts within the coral Plesiastria versipora, increased non-photochemical
quenching, and reduced zooxanthellae concentrations. Cervino et al. (2003) showed cyanide
exposures as low as 50 mg/L for 1 - 2 minutes, concentrations lower than that used by cyanide
fishermen, caused high levels of bleaching and mortality in Acropora millepora.

According to data from the EPA WQP, cyanide was only monitored in the marine waters and
sediment of Puerto Rico. Cyanide was present at concentrations between 0.3 and 6 mg/kg in all
sediment samples collected in 2006. Water samples taken in 2005, 2006, and 2011 had cyanide
concentrations ranging from 3 to 20 pg/L, values lower than that which caused detrimental effects
within the studies mentioned above.

Diuron

3-(3,4-dichlorophenyl)-1,1-dimethylurea, also known as DCMU or Diuron is
an algicide and herbicide of the arylurea class that inhibits photosynthesis. DCMU is a very
specific and sensitive inhibitor of photosynthesis. It blocks the plastoquinone binding site
of photosystem I, disallowing the electron flow from photosystem II to plastoquinone. This

80


https://en.wikipedia.org/wiki/Algicide
https://en.wikipedia.org/wiki/Herbicide
https://en.wikipedia.org/wiki/Ureas
https://en.wikipedia.org/wiki/Photosynthesis
https://en.wikipedia.org/wiki/Plastoquinone
https://en.wikipedia.org/wiki/Photosystem_II

interrupts the photosynthetic electron transport chain in photosynthesis and thus reduces the ability
of the photosynthetic organism to turn light energy into chemical energy.

Cantin et al. (2007) exposed two broadcast spawning corals, Acropora tenuis and A. valida, and a
brooding coral, Pocillopora damicornis, to 0, 1.0 and 10 pg/L of Diuron treatments for 2 to 3
months prior to spawning or planulation. Chronic exposure to Diuron caused significant
photoinhibition within corals, resulting in reduced energy acquisition and a decline in reproductive
output. Polyp fecundity was reduced 6-fold in 4. valida, and both A. valida and P. damicornis
were unable to spawn or planulate following long-term exposures to 10 pg/L of Diuron (Cantin et
al. 2007). Interestingly, Negri et al. 2005 showed fertilization of Acropora millepora and
Montipora aequituberculata oocytes were not inhibited at Diuron concentrations of up to 1,000
ug/L; however, metamorphosis of symbiont-free A. millepora larvae was significantly inhibited at
300 pg/L Diuron. Pocillopora damicornis larvae were able to undergo metamorphosis after 24 h
exposure to Diuron at 1000 ug/L (Negri et al. 2005); however, two-week-old P. damicornis
recruits, expelled symbiotic dinoflagellates (i.e., bleached) at 10 ug/L Diuron after 96h exposure.
Additionally, a delay in growth of Acropora tenuis juveniles was observed after exposing the
symbiotic juveniles to the two chemicals for approximately 50 days at the nominal concentrations
of 1 pg/L of Diuron (Watanabe et al. 2007).

In addition to lethal concentrations of Diuron identified for Acropora tumida (LCso: 4800 ug/L,
Bao et al. 2011), Diuron exposure also causes significant sublethal effects. Primarily, the reduction
in photochemical capacity within corals has been studied. Cantin et al. 2007 showed that, after 2 -
3 months of exposure, Diuron caused photoinhibition in multiple species, with pulse amplitude
modulation (PAM) fluorometery recording consistent declines in effective quantum yields of 20%
at 1.0 pg/L and 75% at 10 pg/L of Diuron compared to control corals. Acropora valida and P.
damicornis were both sensitive to chronic Diuron-induced photoinhibition, becoming severely
bleached, especially at 10 ug/L. At 10 ng/L, A. valida sustained both partial and full colony
mortality. Acropora tenuis was more resistant to these concentrations of Diuron, and neither
bleached nor sustained partial mortality in any of the treatments, emphasizing interspecific
susceptibility to Diuron among coral species. Owen et al. (2003) showed that photosynthesis was
inhibited by exposing corals of Madrasis mirabilis, Pseudodiploria strigosa, and Favia fragum to
up to 2 pg/L for only six hours, and that M. mirabilis had reduced photosynthesis after exposures
as low as 1 pug/L for six hours. Jones et al. (2003) showed Diuron exposure to Seriotopora hystrix
reduced the effective quantum yield with NOEC = 0.3 pg/L, LOEC =1 pg/L -1, and ECso =4 to
6 ng/L. Similarly, exposure of Seriotopora hystrix to 100 and 1,000 ug/L Diuron concentrations
for 96 h caused significant loss of symbiotic dinoflagellates and pronounced tissue retraction,
causing the corals to pale or bleach (Jones et al. 2003). The concentration of Diuron required to
reduce effective quantum yield of Seriotopora hystrix by 50% was 2.3 pg/L (Jones and Kerswell
2003). Absolute and relative toxicities were observed with colonies of the coral Acropora formosa
(Diuron EC50: 2.8 ng/L; Jones and Kerswell 2003). Raberg et al. 2003 exposed Porites cylindrica
to 10, 50 and 100 mg/L of Diuron for 48 h. All three concentrations of Diuron caused a significant
reduction in photosynthesis (photosynthesis:respiration ratios), effective quantum yield, and non-
photochemical quenching; respiration and maximum fluorescence yield were significantly reduced
at 50 and 100 mg/L Diuron, respectively (Raberg et al. 2003). PAM chlorophyll fluorescence
techniques demonstrated a reduction in photosynthetic efficiency in P. damicornis recruits after a
2h exposure to 1 pg/L Diuron (Negri et al. 2005). Significant reduction of the symbiont population
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in tentacles of juveniles of Acropora tenuis exposed to DCMU was observed at concentrations of
10 pg/L (Watanabe et al. 2006). Finally, the symbiont Cladocopium goreaui showed a 92.8%
reduction in AF/F m' under 6 ug/L exposure to Diuron (Marzonie et al. 2021). Figure 2 shows the
species sensitivity distribution (SSD) of Diuron’s effects on the photosynthetic capacity of the
algal symbionts within corals exposed to the toxicant.
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Figure 2. Species sensitivity distribution of Diuron effects on photoinhibition of algal symbionts
within coral species. The black line represents the central tendency of the mean and the gray lines
represent the 95% prediction window. Data were amalgamated from acute exposure (2 hours to 14
days) and represent any significant reduction of photochemical efficiency of corals exposed to
Diuron. Data curated from Jones 2005, Jones et al. 2003, Negri et al. 2004, Jones and Kerswell
2003, and Jones 2004.

Other physiological changes besides photochemical inhibition has been documented when corals
were exposed to Diuron. There was a 2.5- to 5-fold reduction in total lipid content (coral tissue,
oocytes, and planulae) for both A. valida and P. damicornis species in the presence of Diuron,
indicating significant use of storage lipids to meet nutritional demands under conditions of chronic
photoinhibition caused by the exposure (Cantin et al. 2007).

Diuron, or its degradation products, was detected below quantification levels within the water
column at sites measured off St. Thomas, USVI (Pait et al. 2016a). Diuron was detected in both
rural and urban areas within waterways adjacent to coral reefs in Okinawa, Japan. However, even
the maximum level of Diuron concentrations in sediment in Okinawa (0.22 pg/kg) was low relative
to those reported adjacent to the Great Barrier Reef (GBR) World Heritage Area, Australia (0.1—
0.5 pg/kg and <0.1-10.1 pg/kg; Haynes et al., 2000; McMahon et al., 2005). Indeed, Diuron was
detected within plumes that transport land-based pollutants to the GBR at concentrations known
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to negatively affect coral health (Shaw et al. 2012). Diuron was found in all samples taken within
marine waters of Hong Kong (Shaw et al. 2008), although at concentrations lower than deemed
toxic at this time.

Atrazine

Atrazine is an herbicide of the triazine class. It 1is used to prevent pre-emergence
broadleaf weeds in crops such as maize (corn) and sugarcane and on turf, such as golf courses and
residential lawns. Atrazine functions by binding to the plastoquinone-
binding protein in photosystem II, which animals, at least those that do not rely on photosynthetic
partners, lack. Plant death results from starvation and oxidative damage caused by breakdown in
the electron transport process. Oxidative damage is often accelerated at high light intensity.

Acropora formosa, Montipora digitata, and Porites cylindrica were exposed to increasing
concentrations of atrazine and showed significant reductions in the effective quantum yield
(AF/Fm’) (NOEC =1 pg/L, LOEC = 3 pg/L, ECso = 40 to 90 pg/L) in short-term (10 h) toxicity
tests (Jones and Kerswell 2003). Owen et al. (2003) also showed a significant reduction in
photosynthesis when corals of Madrasis mirabilis, Pseudodiploria strigosa, and Favia fragum
were exposed to 100 pg/L of atrazine for six hours.

Atrazine was not detected within the water column at sites measured off of St. Thomas, USVI (Pait
et al. 2016a). However, atrazine has been found accumulated in over half of the reef fishes tested
from the French Polynesian islands (Salvat et al. 2016).

DDT (Dichloro-dipheynl-trichloroethane)

From the 1950s to the early 1970s, a series of chlorine-containing hydrocarbon insecticides were
used to control mosquitoes and agricultural pests. One of the best known of these pesticides used
during this time period was dichlorodiphenyltrichloroethane (DDT). Although banned,
organochlorine pesticides, including DDT, are still of environmental concern due to their
environmental persistence, potential to bioaccumulate, and toxicity to non-target organisms. For
example, DDT was detected within the skeletons of corals from Red Sea coral reefs collected in
1999 (Nemar et al. 2004). Corals can also bioaccumulate pesticides such as lindane, heptachlor,
chlordane, and DDT (Glynn et al., 1989). Wang et al. (2007) measured the presence of
organochlorine pesticides, such as DDT, in coral in Pacific islands. However, there were no
experimental exposure studies to quantify the effects of DDT on corals within the laboratory
setting.

Contemporary studies suggest that DDT is still a common contaminant within nearshore marine
waters. From a study of marine sediments from offshore of St. John, USVI, the concentrations of
total DDT (sum of parent compound and its degradation products, DDD and DDE) ranged from
below detection limits to 0.64 ng/g, with a mean of 0.03 ng/g. The mean concentration of total
DDT in the sediments off of the east end of St. Thomas, USVI was 0.047 £0.025 ng/g; the median
was 0.002 ng/g. The highest total DDT concentration from the stratified random samples collected
in 2011 was 0.609 ng/g. The highest concentration of total DDT from the 2010 targeted sampling
was 3.61 ng/g (Pait et al. 2016a, b). In southwest Puerto Rico, Pait et al. (2008) detected a mean
total DDT concentration of 2.10 £1.26 ng/g. In Jobos Bay, the mean total DDT concentration was
0.54 +0.10 ng/g. In Vieques, the mean concentration of total DDT in the sediments was
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substantially higher, 23.6 £16.5 ng/g, due, in part, to elevated concentrations (78 ng/g to 1,274
ng/g total DDT) at four sediment sampling sites (Pait et al. 2010). Recent studies indicate that
DDTs were predominant in seawater and have bioaccumulated within marine biota from the
coastal reef ecosystem (Weizhou Island) in the South China Sea (Kang et al. 2022a). Higher
concentrations of these organochlorine pesticides in plankton may contribute to the enrichment of
these contaminants measured as bioaccumulated within the coral tissue and mucus. These
organochlorine pesticides were relatively higher in coastal seawater than in offshore seawater,
which may be the widespread influence of coastal pollution inputs (Kang et al. 2022b).

Other herbicide/pesticides

Very limited studies have been conducted on any other herbicides. Jones and Kerswell 2003
assessed the concentration of herbicide required to reduce AF/Fm’ by 50% in Seratopora hystrix
for several different contaminants. Results indicated the following ECses for photoinhibition
including by ametryn (1.7 pg/L), hexazinone (8.8 pg/L), simazine (150 ug/L), tebuthiuron (175
pg/L), and ioxynil (>1 mg/L). Whereas, ECsos for reductions in AF/Fm’ of the coral algal
symbiont, Cladacopium goreaui, were recorded for bromacil (27.7 ug/L), hexazinon (100 pg/L),
metribuzin (33.5 pg/L), propazine (86.5 pg/L), simazine (387 pg/L), and tebuthiuron (331 pg/L;
Marzonie et al. 2021). Simazine reduced photosynthesis in Madrasis mirabilis, Pseudodiploria
strigosa, and Favia fagum when corals were exposed to 100 ug/L for six hours (Owen et al. 2003).
Additional biocides such as dieldrin have been found in coral tissue (Glynn et al. 1984) and within
the reef environment (Roche et al. 2011), but have not been strategically exposed to corals within
an experimental setting. Dieldrin was originally developed in the 1940s as an alternative to DDT.
Dieldrin proved to be a highly effective insecticide and was very widely used during the 1950s to
early 1970s. It is currently banned in most of the world.

A study by Flores et al. (2020) tested the effects of the insecticides diazinon and fipronil, and
fungicides chlorothalonil and propiconazole on larval metamorphosis of the coral Acropora
tenuis. The NOEC and the ECioand ECso for larval metamorphosis were estimated from
concentration-response curves after 48 h exposure. The NOEC, ECio and ECso (in pg/L),
respectively, of each pesticide were as follows: chlorothalonil (2.4, 2.8, 6.0); fipronil (12.3, 13.9,
29.1); diazinon (38.0, 40.8, 54.7); and propiconazole (269, 330, 1,008).

4.2 Antifoulants

Antifoulants are products containing biocides used as deterrents to microorganisms in aquatic
environments. The most common form of antifoulant is paint containing biocides that are slowly
released after application. This intentional leaching allows for continued protection of vessel hulls,
docks, fishnets, and buoys against phyto- and zooplankton growth. However, the continued release
into the environment poses risks for non-target organisms such as corals and potentially increases
the possibility of bioaccumulation within marine communities. No known studies have exposed
Caribbean acroporid coral species to antifoulants.

Tributyltin (TBT) is an organotin compound that was a primary component of antifoulant paint
when commercial production began in the 1960’s. The toxic impacts of TBT on aquatic
ecosystems were identified in marine organisms with effects ranging from imposex (growth of
male sex organs in female organisms), altered physiological processes, and mortality (Smith 1981,
Lignot et al. 1998). In 2008, the International Maritime Organization restricted the use of all
organotin-based antifoulants. Subsequently, alternative booster biocides such as Irgarol 1051,
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Diuron (see section above; Table 6), Sea-Nine 211®, and other copper- and zinc-based compounds
are currently used as the primary active ingredients in antifoulant products. This section will
address chemicals that are specifically associated with antifoulants (Table 7). Biocides and metals
used as biocides are addressed in other sections of this review (Table 2, Table 3 & Table 6).

Tributyltin

In coral, TBT has negative impacts on gamete fertilization, planulae metamorphosis, settlement,
and calcification (Allemand et al. 1998, Negri and Heyward 2001, Negri et al. 2002). TBT
inhibited fertilization of Acropora millepora and larval metamorphosis at concentrations of 2.0
mg/L (Negri and Hayward 2001) with inert surfaces coated with TBT-based antifouling paint also
inhibiting fertilization and metamorphosis. A study by Bao et al. (2011) showed that larvae of
Acropora tumida was the most sensitive to TBT compared to other biocides with LCso occurring
at 7.5 pg/L. Significant reduction of the symbiont population in tentacles of juveniles of Acropora
tenuis exposed to tributyltin-chloride (TBT-CI) was observed at the concentration of 1 pg/L
(Watanabe et al. 2006). Delay in growth of Acropora tenuis juveniles was also observed after
exposing juveniles for approximately 50 days at the nominal concentration of 0.4 png/L of TBT-CI
(Watanabe et al. 2007). TBT has also been documented to be more toxic causing higher rates of
mortality for both Montipora verrucosa and Pocillopora damicornis when compared with similar
exposure levels of copper (Henderson 1988).

Perhaps because of its ubiquitous use and long half-life, TBT has been frequently documented
within the nearshore marine environment. In sediments offshore of St. John, USVI, TBT had a
maximum concentration 10.47 ng/g, with a mean of 1.01 ng Sn/g. TBT breakdown products,
dibutyltin and monobutyltin were also detected in similar maximum concentrations of 8.62 and
10.39 ng/g, respectively (Whitall et al. 2014). Pait et al. (2016a,b) documented the mean
concentration of TBT in the sediments collected in 2011 within St. Thomas East End Marine Park
(STEER) as 1.85 £1.30 ng Sn/g with a median of zero. The highest concentration of TBT detected
within sediments collected was at a concentration of 31 ng/g during that sampling event. However,
the highest concentration of TBT from samples collected from STEER in 2010 was 248 ng/g. More
recently, Pait et al. (2020) measured TBT at 4.56 + 2.07 ng Sn/g in St. Croix, USVI’s Salt River
Bay National Historical Park and Ecological Preserve.

Irgarol 1051

Irgarol 1051 is an additive in copper-based antifouling paints and is considered a ‘booster biocide’
that significantly alters the photosynthetic capacity of the algal symbionts essential for coral health.
Irgarol 1051 affects multiple life history parameters of corals. For example, exposure to Irgarol
1051 resulted in a statistically significant reduction in settlement of Porites hawaiiensis after four
days at a concentration of 100 ng/L, and the concentration at which Irgarol inhibited 50% of coral
larval settlement (ECso) was 1,738 ng/L (Knutson et al. 2012). In adult corals, repeated exposure
to pulses of Irgarol 1051 (daily 2 h exposure to 30 png/L over 4 d) resulted in a 30% decrease in the
density of symbiotic dinoflagellates in the tissues of S. Aystrix (Jones and Kerswell 2003). The
concentration of Irgarol 1051 required to reduce photochemical efficiency (AF/Fm’) by 50% in
Seriatopora hystrix was 0.7 ng/L (Jones and Kerswell 2003). Similar absolute and relative
toxicities were observed with colonies of the coral Acropora formosa (ECso: 1.3 pg/L). Reduction
in net photosynthesis of Madracis mirabilis was found at concentrations of 100 ng/L with little or
no photosynthesis at concentrations exceeding 1,000 ng/L after 2-8 h exposure at multiple
irradiances (Owen et al. 2002). Owen et al. (2003) also showed significant reduction in
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photosynthesis, up to 20%, when Madracis mirabilis, Pseudodiplora strigosa, and Favia fragum
were exposed to 2 pg/L of Irgarol 1051 for only 6 hours. Downs and Downs (2007) also showed
that Igoral 1051 at 10 ug/L caused oxidative stress within the algal symbionts of Madracis
mirabilis and reduced oxidative defense capacity essential for mitigating the bleaching response
in corals. Irgarol can also disrupt gene ontology terms, pathways, and protein interaction networks
in Acropora tenuis after a 7-day exposure, indicating bleaching effects of Irgarol may be the result
of impacts to both coral and zooxanthellae (Ishibashi et al. 2021). Similarly, an increase in heat
shock protein gene expression was documented for isolated algal symbionts when exposed to only
20 ng/L (Kamei et al. 2020).

Studies at many harbors in the world report concentrations of Irgarol 1051 at or above documented
lethal levels (Konstantinou and Albanis 2004). Irgarol 1051 has been detected in marinas, harbors,
and coastal waters near coral reef habitats of the Florida Keys, Bermuda, Puerto Rico, USVI,
Zanzibar, Japan, and the Great Barrier Reef World Heritage Area ranging between 3 and 294 ng/LL
(Connelly et al. 2001, Haynes et al. 2000, Gardinali et al. 2004, Owen et al. 2002, Carbery et al.
2006, Sheikh et al. 2009, Sheikh et al. 2016). Irgarol 1051 was also detected in downstream river
areas of Okinawa near coral reefs, but several km from marinas or boat use areas (up to 0.12
ng/kg). This result suggested that Irgarol 1051 could be transported relatively long distances from
the river mouths to reef sites during flood events (Kitada et al. 2008). Knutson et al. (2012)
quantified concentrations of Irgarol 1051 in selected marinas on the island of Oahu, Hawaii in
20062007 and revealed low concentrations of Irgarol 1051 ranging from <17 ng/L to 283 ng/L.

Other Booster Biocides: several other booster biocides have been used or promoted in antifouling
paints such as zinc pyrithione, copper pyrithione, and chlorothalonil, but their environmental
impacts remain poorly understood (Price and Readman 2013). Booster biocides can have
considerable and variable half-lives making their effects on the marine ecosystem difficult to
assess but, due to the potential for persistence, potentially severe.
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Table 7. Effects of antifoulants on coral. SD = significantly different.

Tvpe Contaminant Exposure Exposure
yp Species Life stage Response Endpoint (ug/L) Duration Reference
. . Stylophora
Biocide Trybutyltin pistillata adult Protein synthesis ECs 3 2 hours Allemand et al. 1998
. . Stylophora
Biocide | Trybutyltin | = g adult Calcium uptake ECso 30 2hours | Allemand et al. 1998
. . Acropora Negri and Heyward
Biocide Trybutyltin millepora larvae metamorphosis ECs 2 24 hours 2001
. . Acropora Negri and Heyward
Biocide Trybutyltin millepora larvae fertilization ECso 200 4 hours 2001
Biocide Trybutyltin AZ%;;Q larvae mortalilty LCio 0.67 24 hours Bao et al. 2011
Biocide Trybutyltin AZ%;;Q larvae mortalilty LCso 7.5 24 hours Bao et al. 2011
. . Acropora . . . SD from
Biocide Trybutyltin ; juvenile Vertical Growth 0.4 50 days Watanabe et al. 2007
tenuis Control
Biocide Trybutyltin Acropora juvenile algal symbiont density SD from 1 10 days Watanabe et al. 2006
tenuis Control )
. . Acropora . . . SD from
Biocide Trybutyltin ; juvenile Tissue Detachment 1 10 days Watanabe et al. 2006
tenuis Control
. AF/Fm'
Herbicide | Irgarol 1051 | S€/iatopra adult ECso 0.7 24hours | Jomesand Kerswell
hystrix 2003
Herbicide Irgarol 1051 Acropora adult AF/Em ECso 1.3 24 hours Jones and Kerswell
formosa 2003
Herbicide | Trgarol 1051 | Madracis isolated Photosynthesis SD from 0.063 6 hours Owen et al. 2002
mirablis symbionts Control
Herbicide | Trgarol 1051 | Madracis adult Photosynthesis SD from 0.1 4 hours Owen et al. 2002
mirablis Control
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Type Contaminant Exposure Exposure
yp Species Life stage Response Endpoint (ug/L) Duration Reference
Herbicide | Irgarol 1051 Favia isolated Photosynthesis SD from 2 6 hours Owen et al. 2003
fragum symbionts Control
Herbicide | Trgarol 1051 | Madracis isolated Photosynthesis SD from 2 6 hours Owen et al. 2003
mirabilis symbionts Control
Herbicide | Trgarol 1051 | Dseudodiplo | isolated Photosynthesis SD from 2 6 hours Owen et al. 2003
ria strigosa symbionts Control
Herbicide Irgarol 1051 AZZ;(?;“ larvae mortalilty LCio 440 24 hours Bao et al. 2011
.. Madracis reduced metabolic SD from Downs and Downs
Herbicide Irgarol 1051 mirablis adult activities Conrol 10 8 hours 2007
.. Acropora . SD from . .
Herbicide Irgarol 1051 ; adult Bleaching 10 7 days Ishibashi et al. 2021
tenuis Control
.. Acropora . SD from . .
Herbicide Irgarol 1051 . adult Gene Expression 1 7 days Ishibashi et al. 2021
tenuis Control
Herbicide Irgarol 1051 Acrop ora 1solafed Gene Expression SD from 1 7 days Ishibashi et al. 2021
tenuis symbionts Control
Herbicide Irgarol 1051 Acrop ora adult Bleaching SD from 20 ng/L 7 days Kamei et al. 2020
tenuis Control
Herbicide Irgarol 1051 Acerop ora 1solgted Heat Shock Protein SD from 20 ng/L 7 days Kamei et al. 2020
tenuis symbionts Control
Herbicide | Trgarol 1051 | C@laxae adult Photosynthesis SDfrom 1600 ho/L | 96 hours Sheikh et al. 2009
fascicularis Control
Herbicide | Trgarol 1051 |  CO¢/axae adult Calcification SD from 10000 96 hours Sheikh et al. 2009
fascicularis Control ng/L
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5 Plastics

The concern about plastic has increased in the past few decades due to the mounting evidence of
the ubiquitous existence of microplastics (<5 mm) in marine environments. Microplastics (MPs)
can originate from various sources including degradation of macroplastic, industrial processes,
synthetic clothing, tire fibers, and personal care products (GESAMP 2015, Thompson 2015,
Boucher and Friot 2017). The most common plastic polymers produced are polyethylene,
polypropylene, polystyrene, polyvinyl chloride, polyurethane, and polyethylene terephthalate,
with the former three being the primary types of plastic found in the marine environment
(GESAMP 2015). Though not generally considered a toxicant, plastics are included in this
document because many plastics are made with chemicals to suit their functionality and have an
affinity to attract pollutants.

Plastic polymers contain additives that give them their desired characteristic(s) such as plasticisers,
stabilizers, flame retardants, preservatives (biocides), colorants, fillers, and antioxidants (OECD
2004). Many of these additives are carcinogenic and/or mutagenic (Lithner et al. 2011) and have
been found in coral tissue (Glynn et al 1984, Solbakken et al. 1985). Although studies have
reported the presence of phthalate plasticizers in corals, effects were not investigated (Saliu et al.
2019, Montano et al. 2020).

Due to MPs’ hydrophobic nature and large surface to volume ratio, the adsorption of persistent
organic pollutants (POPs) and other compounds from the surface of MPs to coral is of concern
(Table 8). MPs attract pollutants such as polychlorinated biphenyl (PCBs), PAHs, and metals,
(often referred to as “cocktail of contaminants” or “plastisphere”), from the water column (Mato
et al. 2001, Ogata et al. 2009, Van et al. 2012, Rochman et al. 2013a,b, Ashton et al. 2010, Holmes
et al. 2012). This adsorption decreases the buoyancy of MPs, making them bioavailable across
many genera in the food web, including coral (Fossi et al. 2012, Teuten et al. 2007, Besseling et
al. 2013, Rochman et al. 2013c, Chua et al. 2014). To date, there has been no direct evidence
linking contaminants in coral tissue to MPs; however, contaminant uptake by coral has been shown
to have adverse effects on health and is addressed in other sections of this document.

Studies have been conducted that exhibited ingestion and/or adherence of MPs by coral (Hall et
al. 2015, Allen et al. 2017, Hankins et al. 2018, Axworthy and Padilla-Gamifio 2019, Martin et al.
2019, Corona et al. 2020, Hankins et al. 2021). Regardless of any presence of pollutants, MPs have
been shown to have physical effects on coral. Berry et al. (2019) investigated the effects of MPs
on fertilization, embryo development, and planula settlement in Acropora tenuis. There were no
effects of MPs on development or settlement and only limited effects on fertilization with only the
largest MPs (2 mm?) causing decreased fertilization rates. In adult corals, when exposed to MPs
in a concentration of 0.1 g/L, Pocillopora damicornis and Pocillopora verrucosa showed a >50%
reduction in health effects compared to <25% reduction in Acropora millepora, Acropora humilis,
Porites cylindrica, and Porites lutea (Reichert et al. 2018). Montastraea cavernosa, Orbicella
faveolata, and Pseudodiplorida clivosa ingested MPs up to 2.8 mm; the largest size class ingested
by Acropora cervicornis was 850-1,000 um (Hankins et al. 2018, Hankins et al 2021). At 48 hours,
retention rates varied according to species (polyp size) and size classes; however, P. clivosa
retained the highest percentage at ~33% in the 425-500 pm MP size range (Hankins et al. 2021).
Allen et al. (2017) also found that the non-reef-building coral, Astrangia poculata retained only a
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small amount (5.7%) of ingested MP after 24 hours. In a 2019 study by Reichert et al., negative
impacts (bleaching, tissue necrosis, feeding scars from parasites) were observed in Acropora
muricata and Heliopora coerulea, but not P. verrucosa or P. lutea. These results are also evidence
that MP effects on coral are species-specific, although, it is possible the effects may be linked to
whether or not a coral can ingest certain sizes of MPs (Hankins et al. 2022).

Although corals appear to egest the majority of ingested MPs, retained MPs have the potential to
accumulate over time, potentially blocking their digestive paths, as has been seen in other higher
taxa organisms (Pierce et al. 2004, Wilcox et al. 2018). There is also evidence of MPs incorporated
in coral tissue and skeleton (Hierl et al. 2021, Grillo et al. 2021, Kirshnakumar et al. 2021, Reichert
etal. 2021), suggesting that some coral-MP interactions are long-term. Such long-term interactions
may have additive effects to coral either due to the physical impairments or due to chemicals used
during production or because of their adsorption of POPs from surrounding water.

There is evidence to suggest that plastic acts as a vector for adverse effects in coral. Lamb et al.
(2018) suggests that, when coral reefs are exposed to plastic debris, the likelihood of disease can
increase up to 89%, though the mechanism for the increased chance of disease was not
investigated. In addition to POPs, pathogens have been found on MPs (Zettler et al. 2013,
Goldstein et al. 2014, Kirstein et al. 2016), potentially making them vectors for infectious diseases,
such as those caused by Vibrio coralliilyticus, Vibrio shiloh, and Hallofoliculina (Kushmaro et al.
1996, Antonius and Lispcomb 2000, Ben-Haim et al. 2003). To date, only one study on a
zooxanthellate coral has included a toxicant as an additional stressor in combination with MPs
(Xiao et al. 2023) and indicated the combined effects of toxicant and MP can have significant
impacts to endosymbionts.

The US EPA currently has 126 chemicals listed as priority pollutants, 78% of which have been in
association with plastic pollution (Rochman et al. 2013a). Many of these pollutants have been
found in coral reef environments (Pait et al. 2007, Bargar et al. 2013) including within coral tissue
(Whitall et al. 2013). It is unclear, however, if MPs may act as a vector for assimilation of the
pollutants, either by ingestion or adhesion. In either case, plastic should be considered a potential
threat to coral reefs.

Specifically, for Caribbean Acropora, MPs have been shown to impact coral health. Hankins et al.
(2021) first showed that, after 12-weeks of exposure to a high concentration of MPs, 4. cervicornis
growth was reduced. Tissue surface area, calcification, and buoyant weight were all significantly
lower in the treatments exposed to 30 mg™! L MP compared to corals not exposed. In a 22-day
exposure, differential gene expression was highest in a treatment that exposed A4. cervicornis to
elevated temperature + acidification + MPs (125 mg™! L), followed by MPs only, and then the
elevated temperature + acidification treatment though no significant differences were observed
(Bove et al. 2023). Similarly, Plafcan and Stallings (2022) conducted an experiment that exposed
A. cervicornis to elevated temperature and an environmentally relevant concentration of MPs of
11.8 particles™ L for 17 days. This study found that MPs did not adversely impact corals exposed
to elevated temperature. These experiments show that MPs may not always negatively impact
Caribbean Acropora; however, there is evidence that they have the potential to severely affect
health. With so few studies on the effects of plastic on Acropora, further research is warranted to
fully understand the possible impacts.
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Table 8. Effects of microplastics on coral. SD = significantly different.

Polymer Sizl/}gll::;e Species Lifestage Response Endpoint Exposure %’:}:‘;i:l(;f Reference
Polypropylene méﬁgﬁ;‘;ﬁ s b ;fcfl‘;f ;’; ea Adult | ion Dot et 0395 g L 48 hr Ha;i)fl’gal-
Polypropylene mr(r)l'zigflilgre Aizzz?sm Embryo Fertilization SD from control 5'2005_?111”ti0165 2.5 hr Ber21~(})lle9t °
Polypropylene mr(r)l'zigflilgre Aizzz?sm Larvae Settlement SD from control 5'2005_?111”ti0165 24 hr Ber21~(})lle9t °
Polymer mix 125-1000 Astrangia Adult partic%e?s/poly Va Allen et al.

pm/fragments poculata Ingestion Percent ingested mer type 2017
Polymer mix pnll/szé;?fglts f}if;f{’;i’aa Adult fﬁzﬁgg&gs ine ingested 0.309 g L 30 min A”;g e al.
Polymer mix prrll/sze;glg?r?e(zlts 1;?2575: Adult i’gﬁlees(tii?\illl’osf b mg ingested 0309 g L 30 min All;g 167t 5
Polymer mix prrll/zfi;gl;?r?e(zlts ijsotzzl;ft l: Adult Er%t?os;llzl(li ﬁPs Percent egested n/a 24 hr All;g le7t al.
Polymer mix Hﬁll/zf;flé?f?e(zlts ‘j}ifif{’;i’: Adult E)%lelit(iiolil/lgz e Percent egested na 24 hr All;g 167t 5
Polymer mix Mfrll/zfi;fl;l?e(:lts Izsofzzl;ft? Adult MP retention Percent retained wa 24 hr Allczig 167t .
Polyethylene rznlnzl/s;ll;:zrei MCZZZ;ZCSZ;“ Adult ' Perce?nt ingested particle3s/fragm 20 min Hanl;i(l)lls Set al.
Ingestion per size class ent
popens | IS | | A | pon [ | e | e | e
Polyethylene pr?]?;llaﬁ(e)?es Ai(;"l}feiifzéslza Adult Calcification SD from control 0.030gL" 48 hr Hanléi(l)llsf&et !
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3

Polyethylene 212 pm-2.8 Orbicella Adult Percent ingested particles/fragm 20 min Hankins et al.
mm/spheres faveolata . : 2018
Ingestion per size class ent
212 um-2.8 Orbicella Percent egested Hankins et al.
Polyethylene mm/spheres faveolata Adult Egestion per size class n/a 48 hr 2018
90-1000 Orbicella 1 Hankins et al.
Polyethylene pum/spheres faveolata Adult Calcification SD from control 0.030¢g L 48 hr 2018
3 .
Polyethylene 212 pm-2.8 Acrgp ora Adult Percent ingested particles/fragm 20 min Hankins et al.
mm/spheres cervicornis . . 2021
Ingestion per size class ent
212 uym-2.8 Acropora Percent egested Hankins et al.
Polyethylene mm/spheres cervicornis Adult Egestion per size class wa 48 hr 2021
Acropora 1 Hankins et al.
Polyethylene 212-1000 pm cervicornis Adult Calcification SD from control 0.030¢g L 12 wk 2021
L 3 .
Polyethylene 212 pm-2.8 Pseudqdzp fori Adult Percent ingested particles/fragm 20 min Hankins et al.
mm/spheres a clivosa . : 2021
Ingestion per size class ent
212 pm-2.8 Pseudodiplori Percent egested Hankins et al.
Polyethylene mm/spheres a clivosa Adult Egestion per size class n/a 48 hr 2021
Pseudodiplori 1 Hankins et al.
Polyethylene 212-1000 pm a clivosa Adult Calcification SD from control 0.030 ¢ L 12 wk 2021
. . . Axworthy and
Polyethylene rlrjo'}llgf M"”’.’f’ o Adult no. ingested 200 | 2 Particles mLT g i Padilla-
HIM/SPheres caprata Ingestion polyps™! hr! Gamifio 2019
J— . ) Axworthy and
Polyethylene rlljg'lllzfes gszllé’fr‘;:‘s’ Adult no. ingested 200 | S ParticlesmLo gy Padilla-
HITVSP Ingestion polyps™! hr! Gamifio 2019
Acropora 100-200 Berry et al.
Polyethylene 1-6 pm tenuis Embryo Fertilization SD from control particles L! 2.5 hr 2019
Acropora 100-200 Berry et al.
Polyethylene 1-6 pm tenuis Larvae Settlement SD from control particles L! 24 hr 2019
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Polvethylene 65-410 Acropora Adult 134-272 6 mo Reichert et al.
yerhy um/fragments muricata Symbiont density SD from control particles L™ 2019
65-410 Acropora chlorophyll 134-272 Reichert et al.
Polyethylene pum/fragments muricata Adult concentration SD from control particles L*! 6 mo 2019
65-410 Acropora photosynthetic 134-272 Reichert et al.
Polyethylene um/fragments muricata Adult efficiency SD from control particles L! 6 mo 2019
tissue surface .
Polyethylene 65-410 Acropora Adult area, buoyant 134-272 r 6 mo Reichert et al.
pm/fragments muricata . particles L 2019
growth weight
65-410 Pocillipora 134-272 Reichert et al.
Polyethylene um/fragments verrucosa Adult Symbiont density SD from control particles L! 6 mo 2019
65-410 Pocillipora chlorophyll 134-272 Reichert et al.
Polyethylene um/fragments verrucosa Adult concentration SD from control particles L! 6 mo 2019
65-410 Pocillipora photosynthetic 134-272 Reichert et al.
Polyethylene um/fragments verrucosa Adult efficiency SD from control particles L! 6 mo 2019
o tissue surface .
Polyethylene 65-410 Pocillipora Adult area, buoyant 13.4—272 _1 6 mo Reichert et al.
pm/fragments verrucosa . particles L 2019
growth weight
65-410 . 134-272 Reichert et al.
Polyethylene um/fragments Porites lutea Adult Symbiont density SD from control particles L™ 6 mo 2019
65-410 . chlorophyll 134-272 Reichert et al.
Polyethylene pum/fragments Porites lutea Adult concentration SD from control particles L*! 6 mo 2019
65-410 . photosynthetic 134-272 Reichert et al.
Polyethylene m/fragments Porites lutea Adult efficienc SD from control articles L*! 6 mo 2019
n g y p
tissue surface .
Polyethylene 65-410 Porites lutea Adult area, buoyant 134-272 r 6 mo Reichert et al.
pm/fragments . particles L 2019
growth weight
65-410 Hel i Reichert et al
- eliopora particles L! eichert et al.
Polyethylene pm/fragments coerulea Adult 6 mo 2019
Symbiont density SD from control
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134-272

65-410 Heliopora : -1 Reichert et al.
particles L
Polyethylene |\ fagments | coerulea Adult | chlorophyll 6 mo 2019
concentration SD from control
65-410 Hel i Reichert et al
- eliopora ) particles L! eichert et al.
Polyethylene pm/fragments coerulea Adult photosynthetic 6mo 2019
efficiency SD from control
65-410 Hel tissue surface 134-272 Reich |
- eliopora particles L! eichert et al.
Polyethylene um/fragments coerulea Adult area, buoyant 6 mo 2019
growth weight
attachment,
37-163 Acropora ingestion, mucus 0.1 g L'/4000 Reichert et al.
Polyethylene pm/fragments humilis Adult coral response to production, particles L! 4wk 2018
MP overgrowth of MP
37-163 Acropora Bleaching, 0.1 g L"1/4000 Reichert et al.
Polyethylene pum/fragments humilis Adult coral health effects | necrosis particles L*! 4 wk 2018
attachment,
37-163 Acropora ingestion, mucus 0.1 g L'/4000 Reichert et al.
Polyethylene pm/fragments millepora Adult coral response to production, particles L 4 wk 2018
MP overgrowth of MP
37-163 Acropora Bleaching, 0.1 g L-1/4000 Reichert et al.
Polyethylene um/fragments millepora Adult coral health effects | necrosis particles L! 4wk 2018
attachment,
37-163 Pocillopora ingestion, mucus 0.1 g L'/4000 Reichert et al.
Polyethylene pm/fragments verrucosa Adult coral response to production, particles L! 4wk 2018
MP overgrowth of MP
37-163 Pocillopora Bleaching, 0.1 g L'/4000 Reichert et al.
Polyethylene um/fragments verrucosa Adult coral health effects | necrosis particles L! 4wk 2018
attachment,
37-163 Pocillopora ingestion, mucus 0.1 g L'/4000 Reichert et al.
Polyethylene pm/fragments damicornis Adult coral response to production, particles L™ 4 wk 2018
MP overgrowth of MP
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37-163 Pocillopora Bleaching, 0.1 g L-1/4000 Reichert et al.
Polyethylene pum/fragments damicornis Adult coral health effects | necrosis particles L*! 4 wk 2018
attachment,
37-163 . ingestion, mucus 0.1 g L"1/4000 Reichert et al.
Polyethylene pm/fragments Porites lutea Adult coral response to production, particles L! 4 wk 2018
MP overgrowth of MP
37-163 . Bleaching, 0.1 g L1/4000 Reichert et al.
Polyethylene um/fragments Porites lutea Adult coral health effects | necrosis particles L! 4wk 2018
attachment,
37-163 Porites ingestion, mucus 0.1 g L'/4000 Reichert et al.
Polyethylene pm/fragments cylindrica Adult coral response to production, particles L! 4wk 2018
MP overgrowth of MP
37-163 Porites Bleaching, 0.1 g L'/4000 Reichert et al.
Polyethylene pum/fragments cylindrica Adult coral health effects | necrosis particles L*! 4 wk 2018
212-355 Acropora 11.8 particles Plafcan and
Polyethylene um/spheres cervicornis Adult Symbiont density SD from control L! 17 days Stallings 2022
180-425 Acropora ITS2, 16S, DEGs, 1.25x10% g Bove et al.
Polyethylene pum/spheres cervicornis Adult gene expression gene ontology mL! 22 days 2023
200-300 Merulina 20.72-124.60 Ng and Todd
Polyethylene pm/unknown ampliata Adult skeletal growth SD from control mg cm2 d! 28 days 2024
200-300 Merulina 20.72-124.60 Ng and Todd
Polyethylene pum/unknown ampliata Adult Symbiont density SD from control mg cm d! 28 days 2024
200-300 Merulina chlorophyll 20.72-124.60 Ng and Todd
Polyethylene um/unknown ampliata Adult concentration SD from control mg cm d! 28 days 2024
Polyethlyene + Acropora SD from q Xiao et al.
chromium unknown pruinosa Adult Symbiont density treatments 2-20mg L 7 days 2023
Polyethlyene + unknown Acrqpora Adult chlorophyI.I SD from 220 mg L 7 days Xiao et al.
chromium pruinosa concentration treatments 2023
Polyethlyene + unknown Acropora Adult capase-1, capase- 220 mg L 7 days Xiao et al.
chromium pruinosa enzyme activity 3 2023
Polyethlyene + Acropora glycolysis, q Xiao et al.
chromium unknown pruinosa Adult coral metabolism phosphate 2-20mg L 7 days 2023
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pentoses,

NAD*/NADH
SD from 3 .
Poii:g;gﬁrrf - 3-5mm/fibers Mo;:}ta:traea Adult polyethylene particles/fragm 48 hr Hanl;(;lls 8et al.
cavernosa Ingestion spheres ent
Polyethlyene + 3-5mm/fibers Montastraea Adult . wa 48 hr Hankins et al.
chromium cavernosa Egestion n/a 2018
. SD from 3 .
Poiﬁi;}i}ilzﬁle " 3-5mm/fibers Z:}belgzgz Adult polyethylene particles/fragm 20 min Hanlél(l)lls Set al.
Ingestion spheres ent
Polyethlyene + Orbicella Hankins et al.
chromium 3-Smm/fibers faveolata Adult Egestion n/a n/a 48 hr 2018
Lo 10, 100pum L~ .
Polystyrene 10pm/spheres Tubmta:{a Adult oxidative stress, 1/23.8-238 10 days Hanl;(r)lls Set al.
fmesenterina Immune activation | lipid profiling particles L*!
L symbiont density, 10, 100pm L~ .
Polystyrene 10pm/spheres Tubznta:p Adult photophysiological | photosynthetic 1/23.8-238 10 days Hanl;(;lls 8et al.
fmesenterina conditions pigment particles L*!
L 10, 100um L- .
Polystyrene 10pm/spheres Tubznta:p Adult histological 1/23.8-238 10 days Hanl;(;lls 8et al.
fmesenterina observations SD from control particles L*!
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6 Pharmaceuticals

Pharmaceuticals are products, compounds, or therapeutics that are regulated as a drug, medicine,
or controlled substance and subject to laws and regulations pertaining to aspects such as safety,
efficacy, patents, and marketing. They are used in human and veterinary medicine, as well as in
agricultural industries. Pharmaceutical usage has increased 24% over 2015 levels (IMS, 2015) in
just the human sector, with an estimated overall market value of $1400 billion by 2020, worldwide
(Mezzelani, 2018). These global increases have led to the ubiquitous occurrence of these
compounds in nature (Cizmas et al. 2015, Mezzelani et al. 2018).

The major pathways for pharmaceutical compounds entering the marine environment include
wastewater treatment plants (WWTPs), hospital discharges, aquaculture, farming, and soil runoff
(Klatte et al. 2017; Yang et al. 2017). Pharmaceuticals are constantly released into the marine
environment (Desbiolles et al. 2018; McRae et al. 2018) and, thus, are considered pseudo-
persistent pollutants with introduction rates exceeding their degradation rates (Puckowski et al.
2016).

At least 113 pharmaceuticals and pharmaceutical metabolites have been detected in coastal waters
worldwide, with concentrations ranging from 0.01 to 6800 ng/L (Fent et al. 2006; Gaw et al. 2014).
Measurements of pharmaceuticals in aquatic systems (Appendix 6A) and sediments (

Appendix 6B) worldwide range in concentration from a few ng/L up to hundreds of pg/L
(Mezzelani et al. 2018). The most frequently investigated and detected compounds worldwide are
antibiotics (erythromycin, sulfamethoxazole, and trimethoprim), antiepileptics (carbamazepine),
stimulants (caffeine), anti-inflammatories (ibuprofen), and analgesics (acetaminophen; Arpin-Pont
et al. 2016; see most common Appendix 6 C). Other pharmaceuticals found in the marine
environment include steroidal hormones, lipid regulators, B-blockers, and antidepressants
(Desbiolles et al. 2018; Fent et al. 2006; Liu et al. 2018; Tijani et al. 2016). Data pertaining to the
occurrence of pharmaceuticals in reef, coastal and estuarine ecosystems in the United States is
limited (Hoyett et al. 2016). Singh et al. (2010) sampled from South Florida and the Florida Keys
and found the most frequently detected pharmaceutical compounds were caffeine, estrone and
beta-estradiol. The concentrations detected for estrone and beta-estradiol were up to 5.2 and 1.8
ng/L, respectively. The concentration of caffeine (5.5-68 ng/L) was generally higher and more
prevalent than the steroids. Studies of surface waters from three South Florida National Parks
(Biscayne National Park, Big Cypress National Preserve, and Everglades National Park) reported
the occurrence of pharmaceuticals, personal care products, and hormones (Wang 2012). Caffeine
(169 ng/L) was most frequently found along canals and in Biscayne National Park, but not in the
other Parks. Hormone maximal concentrations, including for estrone, 17-beta-estradiol, coprostan-
3-ol, coprostane and coprostan-3-one of 5.98 ng/L, 3.34 ng/L, 16.5 ng/L, 13.5 ng/L, and 6.70 ng/L,
respectively, were observed. Cholesterol was measured at three national park sites from below
detection to 1,149 ng/L (Wang 2012).

In contrast to many pollutants, pharmaceuticals are designed to regulate particular pathways in an
organism, and they are active at low concentrations (Fabbri and Franzellitti 2016). Therefore, they
represent an emerging class of contaminants that can target and affect specific biologic processes
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(e.g., development, growth, and reproduction) (Franzellitti et al. 2015). Furthermore, certain
combinations, as reflected in environmental samples can have additive or synergistic effects,
possibly creating a more toxic environment than individual compounds. Toxicity is also affected
by environmental factors such as temperature, pH, UV exposure, and salinity, which can modulate
pharmaceutical properties including metabolism (Gaume et al. 2012).

Only three cnidarian-related toxicity studies (coral, anemones and coral symbiotic algae) were
found for three pharmaceutical compounds (estradiol, estrone, caffeine) during this literature
review (Tarrant et al., 2004; Sawyer and Muscatine, 2001; Pollack et al., 2009; Table 9) in contrast
to acute toxicity tests of more than 150 individual pharmaceutical compounds representing 35
therapeutic classes in bacteria, algae, invertebrates, and fish (reviewed in Brausch and Rand, 2011;
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Appendix 6D). Of the non-coral marine organisms, crustacea resulted as the most sensitive trophic
group toward antibiotics with a 24-h ECso ranging between 10.23 and 18.66 mg/L, while anti-
inflammatory compounds exhibited a 24-h ECso between 13 and 140 mg/L for invertebrates
(Brausch and Rand, 2011). However, major research gaps exist for the effects of pharmaceutical
pollution on reef biota (with the exception of effects of fluoxetine on coral reef fish) (Perreault et
al. 2003; Semsar et al. 2004; Morando et al. 2009; Prichard et al. 2016). Evidence suggests that
marine organisms can experience toxicity even at seemingly low (ng/L) levels (Ferrari et al. 2003;
Parolini and Binelli, 2012), and pharmaceuticals are often found in concentrations on the scale of
ng/L in marine environments (Swiacka et al. 2019). For instance, concentrations of the chemicals
acetaminophen and gemfibrozil were measured in the coastal waters of Costa Rica and found at
concentrations up to 1,952 ng/LL and 805 ng/L respectively (Spongberg et al. 2011). Studies with
the antibiotic sulfamethazine (Hou et al. 2015; Xu et al. 2020) and thiamphenicol (Yin et al. 2016),
have shown deleterious effects on nitrate reduction processes in riverine, estuarine, and coastal
environments. Such indirect effects of pharmaceutical pollution are often overlooked, with
possible far-reaching consequences on global nutrient cycling and water quality (Xu et al. 2020).
Common pharmaceutical and personal care product groups of concern are described below. When
toxicity studies on corals are lacking within each group, other non-coral marine organisms are
discussed.
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Table 9. Toxicology studies on Pharmaceutical and Personal Care Products (PPCPs) other than UV Filters. SD = significantly

different.
Exposure | Exposure
Type Contaminant Species Lifestage Response Endpoint (ug/L) Duration Reference
Steroidal Estradiol Porites SD from Tarrant et al.
Hormones compressa adult growth Control 2 ng/L 8 weeks 2004
Steroidal Estradiol Montipora SD from Tarrant et al.
Hormones capitata adult fecundity Control 30 ng/L 3 weeks 2004
. . Aiptasia bleaching, host cell SD from 25 Sawyer and
Pharmaceutical Caffeine pulchella adult detachment Control mmol/L 2.5 hours | Muscatine 2001
isolated
Pharmaceutical Caffeine algal Pollack et al.
-- symbionts algal growth LOEC 30 mg/L 15 days 2009
isolated
Pharmaceutical Caffeine algal SD from Pollack et al.
-- symbionts | protein regulation Control 60 mg/L 35 days 2009
Antibiotic ciprofloxacin Acropora SD from
P muricata adult microbiome Control 40 ug/L 6 days Sweet et al. 2011
survival
Antibiotic ampicillin (increased),
p Montipora settlement SD from Vermeij et al.
capitata larvae (decreased) Control 100 ug/L. | 179 hours 2009
Pacific
Preservative butylparaben Acropora SD from Danovaro et al.
sp. adult bleaching Control 33 24 hours 2008
. Acropora mortality, Woodley et al.
Preservative Phenoxyethanol palmata larvae fertilization LOEC 1000 ppm | 48 hours unpublished
. Acropora Woodley et al.
Preservative Phenoxyethanol palmata larvae mortality LCso* 0.89 ppm | 48 hours unpublished
Preservative Phenoxvethanol Orbicella mortality, Woodley et al.
Y faveolata larvae fertilization LOEC, LCsp 1000 ppm | 48 hours unpublished
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Exposure | Exposure
Type Contaminant Species Lifestage Response Endpoint (ug/L) Duration Reference
Surfactant linear Pocillopora
urtac alkylbenzene damicornis adult mortality LCso 2.2 mg/L 24 hours | Shafir et al. 2014
Surfactant linear Stylophora
alkylbenzene pistillata adult mortality LCso 1 mg/L 24 hours | Shafir et al. 2014
Surfactant linear Pocillopora SD from Kegler et al.
urtac alkylbenzene varucosa adult photosynthesis Control* 0.19 mg/L | 84 hours 2015
Surfactant nonylphenol Pocillopora
ethoxylate damicornis adult mortality LCso 2.26 mg/L | 24 hours | Shafiretal. 2014
Surfactant nonylphenol Stylophora
ethoxylate pistillata adult mortality LCs 3.03 mg/L | 24 hours | Shafiretal. 2014
Surfactant 4-n- Orbicella Woodley et al.
nonylphenol faveolata larvae fertilization LOEC 100 ug/L NR unpublished
*at 31C
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6.1 Antibiotic Drugs

Antibiotics are chemotherapeutic agents that inhibit or abolish the growth of microorganisms
(Kiimmerer et al. 2009). They can be divided into different sub-groups including B-lactams,
quinolones, tetracyclines, macrolides, sulphonamides, and others (Kiimmerer et al. 2009). The
most frequently investigated and detected antibiotic compounds in seawater are erythromycin,
sulfamethoxazole, and trimethoprim (Arpin-Pont et al. 2016). Antibiotics are detected worldwide
in concentrations from ng/L to mg/L in the aquatic ecosystem (Swiacka et al. 2019). Although
antibiotics have been studied in some invertebrate models such as mussels, mollusks, algae, clams
and crustaceans, few studies have been conducted with coral and those are related to the tissue
concentrations (Hedberg et al. 2018; Zhang et al. 2019).

No studies directly addressing the ecotoxicology of antibiotics related to corals were found, but
several studies have shown non-targeted consequences of antibiotic exposures (Table 9). In the
reef-building coral, Acropora muricata, Sweet et al. (2011) assessed the composition of the
associated microbial community following a 6-day application of the antibiotic ciprofloxacin at
40pg/L. The results indicated that the treatment reduced the abundance of bacteria by >99%.
Following redeployment into the natural environment, limited recolonization occurred after a few
hours, including by bacterial types that were not present or in low abundance in the natural
microbiota; full recovery took > 96-h indicating a relatively slow settlement and growth rate. The
early bacterial community was composed almost exclusively of original antibiotic-resistant
bacteria (Actinobacterium sp., Bacteroidetes sp., Pseudoalteromonas sp., Flavobacterium sp., and
a-proteobacterium) that had survived the treatment as well as some types present in the water
column. Interestingly, almost all of the early opportunists were eliminated (except Flavobacterium
sp.) within 96-h after treatment and replaced by the original community structure. Similarly,
Garren et al. (2009) found that transplanted Porites cylindrica (hump coral), when exposed to
aquaculture effluent, experienced a dramatic shift in their microbial community after five days,
harboring a number of known human and coral pathogens. The community then reverted back to
its baseline community after 22 days.

Sulfonamides (i.e., sulfa drugs) are a class of drugs used as antibiotics and as treatments for
multiple non-antibiotic conditions. Among these drugs are potent carbonic anhydrase inhibitors
that have been used instrumentally in enzymology to characterize this family of metallo-enzymes.
In the coral, Stylophora pistillata, various sulfonamides have been used to characterize the activity
of up to 16 carbonic anhydrase isoforms (del Prete et al. 2019). The concern for corals exposed to
sulfonamide pollution is the potential threat that sulfonamides may play in inhibition of the
carbonic anhydrases that play major roles in coral skeleton formation and mechanisms involved in
photosynthesis. The ecotoxicology of this large group of pharmaceuticals on coral physiological
processes is a rich area for new research.

Though no ecotoxicological studies were found with coral, several studies with other aquatic
organisms have examined the effect of amoxicillin and provide a context for potential toxic effects
in reef organisms (Table 9). Vermeij et al. (2009), found that the ampicillin (100 pg/L) increased
the survivorship of coral planulae; however, greatly reduced its settlement success at >179 h.
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Amoxicillin has been used at concentrations of 50 mg/mL in a paste vehicle to treat corals affected
by stony coral tissue loss disease with no observable adverse effects (Miller et al. 2020; Neely et
al. 2020; Shilling et al. 2021; Walker et al 2021; Forrester et al. 2022). Andreozzi et al. (2004),
found that concentrations of amoxicillin from 50 ng/L to 50 mg/L was not toxic to eukaryotic algae
such as the Chlorophyceae Pseudokirkneriella subcapitata and Closterium ehrenbergii and
Bacillariophyceae Cyclotella meneghiniana; however, these concentrations were toxic to
Cyanophyta Synechococcus leopolensis at 96-h (ECso = 2.22 pg/L). Matozzo et al. (2016a),
showed that amoxicillin produced oxidative stress in gill and digestive gland cells of Ruditapes
philippinarum and Mytilus galloprovincialis at concentrations between 100 pg/L to 400 ug/L
measured over a 1, 3, and 7-day period; however, they concluded that oxidative damage was not
reached. In a similar study of R. philippinarum and M. galloprovincialis, lactate dehydrogenase
assays (LDH) indicated no significant cytotoxic effects of amoxicillin at 100 pg/L to 400 pg/L
over a 1, 3, and 7-day period, but micronucleus activity significantly increased (chromosomal
damage), suggesting that amoxicillin is responsible for clastogenic damage in these bivalves
(Matozzo et al. 2016b). In another study, the bivalve Perna perna was used to study the effect of
amoxicillin on the lysosomal membrane at 1, 5, and 10 ng/L over 24, 48, and 72-hrs. Amoxicillin
was found to cause toxicity at all observed effect concentrations (1 ng/L, IC2524n= 0.44 ng/L, 1Cas.
4= 1.19 ng/L and ICzs.720= 0.85 ng/L; Souza et al. 2016).

Other antibiotics, such as novobiocin, oxytetracycline, and trimethoprim, have been tested in
invertebrate models. The work of Serra-Compte et al. (2018) found that mussels were able to
absorb a broad mixture of pharmaceuticals including antibiotics (sulfamethoxazole). Another
study indicates that antibiotics, such as oxytetracycline, destabilized lysosomal membranes (an
index of catabolic activity) in digestive glands and increased lipid peroxidation (LPO) activity in
gills at 1 pg/L and 100 pg/L over a 96-h period at 16 °C (Banni et al. 2015). Similarly,
trimethoprim significantly increased lactate dehydrogenase (a metric of cell death) release in
hemocytes of mussels after a 3-day treatment at 300 ng/L (Matozzo et al. 2015). Other studies
have investigated novobiocin in clams and crabs. Aguirre-Martinez et al. (2013a, 2013b, 2013c¢)
exposed the clam R. philippinarum (35-days) and the crab Carcinus maenas (28-days) to
concentrations of novobiocin at 0.1 — 50 pg/L, which resulted in a reduction of lysosomal
membrane stability for both species and increased LPO in hepatopancreas, muscle and gills in the
crab. Antioxidant responses were also affected in the crab with increased levels of glutathione-S-
transferase (GST) in the hepatopancreas (10-50 pg/L) and gills, (50 pg/L) as well as increased
levels of glutathione peroxidase (GPx) in the hepatopancreas and muscle (10-50 pg/L) and gills
(1-50 pg/L).

6.2 Analgesics and Anti-inflammatory Drugs

Common pain and anti-inflammatory drugs found in the marine environment include the
nonsteroidal anti-inflammatory drugs (NSAIDS) ibuprofen, diclofenac, naproxen, ketoprofen and
flurbiprofen, as well as the analgesics paracetamol/acetaminophen and salicylic acid. NSAIDs are
the most commonly detected pharmaceutical in aquatic ecosystems worldwide (Mezzelani et al.
2018) and are present in ng/L to several mg/L concentrations (Mezzelani et al. 2016). In humans,
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NSAIDs work by blocking the production of cyclooxygenase (COX-1 and COX-2) which reduces
prostaglandin protein formation and, therefore, reduces inflammation.

Although no toxicity studies were found on corals, several model species have been used to
determine cytotoxicity of NSAIDs and analgesics. Aguirre-Martinez et al. (2013a), used the
neutral red retention assay (NRRA) to study the effect of ibuprofen on clam, Ruditapes
philippinarum, hemocytes and found that retention time was reduced by 50% following exposure
to 10 ug/L for 35 days, indicating damage of the lysosomal membrane. The toxic effects of
ibuprofen on the crab Carcinus maenas were also explored by Aguirre-Martinez et al. (2013b)
using NRRA. Results indicated that retention time in crab hemocytes was reduced by 50%
following exposure to ibuprofen at 5 pg/L for 28 days. Matozzo et al. (2014) investigated the effect
of ibuprofen on the sea squirt, Botryllus schlosseri, at concentrations of 100 pug/L and 1,000png/L
for 1-h. NRRA results indicated that both concentrations resulted in a significant increase in
membrane and DNA damage. Gonzalez-Rey et al. (2012, 2014) examined the effect of diclofenac
and ibuprofen at 250 ng/L with a time-course study over a 15-day period. Diclofenac was found
to increase superoxide dismutase (SOD) and glutathione reductase (GR) activity in gills (3-day
exposure), LPO (3-day) in digestive gland, and acetylcholinesterase (AChE) in gills (7-day).
Diclofenac decreased LPO in gills (all levels) and digestive gland (7-day). For ibuprofen, LPO
followed a bell-shaped trend in the digestive gland. Maranho et al. (2014) looked at a variety of
substances including ibuprofen at 0.05 — 500 ng/g in the polychaete, Hediste diversicolor, and
found that LPO significantly increased at 5 ng/g, while phase I biotransformation enzyme,
dibenzylfluorescen dealkylase (DBF), decreased at 0.5 and 50 ng/g, DNA damage increased at 5
and 500 ng/g, and AChE increased at 500 ng/g.

The toxicity of acetaminophen has also been investigated by Sol¢ et al. (2010) and Atunes et al.
(2013) using the mussel, M. galloprovincialis, and the clam, R. philippinarum, demonstrating
oxidative stress and detoxification systems were affected. Solé et al. (2010) exposed mussels to
acetaminophen concentrations of 23 pg/L and 403 pg/L over a 10-day period, which significantly
increased GST antioxidant activity and carboxylesterases (CbE) levels in digestive glands and
gills. LPO increased in digestive glands and AChE activity increased in gills (Sol¢ et al. 2010).
Antunes et al. (2013) subjected the clams Venerupis decussate and V. philippinarum to
acetaminophen concentrations of 50, 500, and 5,000 ng/L for 96-h. The results indicated that the
antioxidant biomarker, GST, levels for V. philippinarum significantly decreased at 50 ng/L and
increased at 5 mg/L, while V. decussate showed a significant decrease in GST levels at all
concentrations.

6.3 Steroidal Hormones

Steroidal hormones belong to the group of endocrine disrupting compounds (EDCs) which disturb
the synthesis, metabolism, and functions of natural hormones. One of the largest contributions to
the marine environment are from birth control medications (Swiacka et al. 2019) that are not
removed during wastewater treatment processes. They are frequently detected in low to mid ng/L
(0.1 to 0.8 pg/L) concentrations in sediments, surface waters, and sewage from WWTPs (dos
Santos et al. 2018; Ting et al. 2017; da Silva et al. 2019). Due to their high log Kow value (3.70),
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EDCs more readily accumulate in cell membranes and are harder to remove from the body
(Swiacka et al. 2019).

Important EDCs in the marine environment are 17p-estradiol (E2) and 17a-ethinylestradiol (EE2).
Few studies have investigated exogenous or environmental estrogens with respect to coral (Table
9). Tarrant et al. (2001) demonstrated that corals could uptake and concentrate estrone in tissues.
This was followed by laboratory exposures of Porites compressa to estrone for 2-8 weeks; exposed
corals had lower skeletal growth rates (13-24 %) (Tarrant et al. 2004). Fecundity was affected in
Montipora capitata from a 3-week exposure to estradiol prior to spawning, which resulted in 29
% fewer egg-sperm bundles being released compared to controls (Tarrant et al. 2004). Recently,
Mitchelmore et al. (2019) measured the synthetic hormone, 17a-ethinylestradiol, in three coral
tissue samples from two sites (site 1 <LOQ [limit of quantification] -368 ng/g dw; site 2 <LOQ-
413 ng/g dw) in Kaneohe Bay, Hawaii.

A number of reproductive impairments from EE2 exposures have been reported in fish and
invertebrates, such as feminization, impaired growth, alteration of the sex ratio (more females),
and decreased number of offspring (Rodriguez et al. 2007; Vandenbergh et al. 2003). In
crustaceans, EE2 exposure can affect molting (Rodriguez et al. 2007), sex determination (Kakaley
et al. 2017), and gonadal development (Rodriguez et al. 2007). Maranho et al. (2014) studied the
effect of EE2 on the polychaete, Hediste diversicolor, using spiked sediment with concentrations
0f0.01, 0.10, 1, 10, and 100 ng/L over a 14-day period using a suite of biomarkers. The compound
significantly increased (stress) levels of the phase I metabolism enzyme ethoxyresorufin-O-
deethylase (EROD) in all treatments except at the highest level of 100 ng/L. Similarly, AChE
levels significantly increased for 0.01, 0.1 and 1 ng/L treatment levels. DNA damage was
measured by a DNA strand break assay and found to be significantly lower in all treatments except
at 100 ng/L, while LPO (0.01 ng/L) and glutathione reductase (0.1 ng/L) levels significantly
increased compared to control. Capolupo et al. (2018) also investigated EE2 on gamete fertilization
and embryo development over a 1-h and 48-h period, respectively, in a mussel (M.
galloprovincialis) and a sea urchin (Paracentrotus lividus) with concentrations of 5, 50 and 500
ng/L. Mussels demonstrated a significant, 24%, reduction in fertilization at 500 ng/L, while urchins
showed a reduction of 10.7 (5 ng/L), 22.2 (50 ng/L), and 36.9% (500 ng/L). Normal mussel embryo
development was reduced by 22.4% (50 ng/L) and 28% (500 ng/L), while sea urchin embryo
development was reduced by 19.9 (5 ng/L), 29.5 (50 ng/L), and 32.0% (500 ng/L).

6.4 Antiepileptic Drugs

Among neuroactive drugs, carbamazepine is one of the most common pharmaceuticals quantified
in marine surface waters (Clara et al. 2004; Vitale et al. 2020) and is often used as an indicator of
anthropogenic inputs into the environment. Carbamazepine (and oxcarbazepine) is used for
treating epilepsy and bipolar disorders (Garcia-Morales et al. 2007) and has been found at
concentrations as high as 6 pg/L in wastewaters (Fent et al. 2000).

Though the most extensive studies related to the effects of carbamazepine have been done in
bivalves and no studies have been conducted with stony coral, Vitale et al. (2020) were the first to
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investigate the effects of this pharmaceutical on several biochemical and physiological endpoints
in another cnidarian, the sea anemones, Anemonia sulcata and Actinia equina. The study presented
evidence for carbamazepine, at environmentally realistic concentrations, to interact with cell
metabolism as indicated by modulations in lactate and glucose levels and effects on the
carbohydrate energetic machinery within other Anthozoa. This study also provided evidence that
carbamazepine can undergo biotransformation by sea anemones (Vitale et al. 2020).

Martin-Diaz et al. (2009) examined the effect of 0.1 and 10 pg/L on the mussel, M.
galloprovincialis, for 7 days and found that both concentrations reduced lysosomal membrane
stability by 60% and 80%, respectively. Aguirre-Martinez et al. (2013a, 2013b) found a similar
interaction in the clam, R. philippinarum, after a 35-day exposure at 0.1 — 50 pg/L and at 15 — 50
ug/L in the crab, C. maenas, following a 28-day trial.

Phase I metabolism was also impacted in the crab, C. maenas (Aguirre-Martinez et al. 2013b),
with increased EROD and DBF in hepatopancreas (10 — 50 pg/L) and gills (0.1 — 50 pg/L EROD,
50 pg/L DBF), as well as muscle (10 — 50 pg/L EROD). LPO levels in gills (0.1 and 10 pg/L) and
mantle/gonads (10 pg/L) were found to increase in M. galloprovincialis following exposure to
carbamazepine after 7 days (Martin-Diaz et al. 2009). In the crab (C. maenas), LPO levels in gills,
hepatopancreas, and muscle also increased after a 28-day exposure at 0.1 — 50 ug/L (Aguirre-
Martinez et al. 2013b). Interestingly after a 96-hr test (Almeida et al. 2014), LPO levels in clams
increased for R. philippinarum (9 ng/L) and decreased for R. decussata (9 ng/L).

Antioxidant responses catalase (CAT) and GST increased in M. galloprovincialis after a 7-day
exposure at 0.1 — 10 pg/L (Martin-Diaz et al. 2009). For the crab (C. maenas), after a 28-day
exposure at 0.1 — 50 pg/L GST and GPx increased in hepatopancreas (10 — 50 pg/L), muscle (0.1
— 50 pg/L) and gills (10 — 50 ug/L) (Aguirre-Martinez et al. 2013b). Almeida et al. (2014) found
decreased CAT and increased total glutathione (GSH;), GSH/GSSG and GR activity (0.03 — 9
ug/L) in the clam R. decussata after 96 h. For the polychaete, H. diversicolor, Maranho et al.
(2014) found increases in GST (0.05, 50, and 500 ng/g) and GPx (0.05 ng/g) after a 17-day
exposure to carbamazepine spiked-sediment, as well as an increase of acetylcholinesterase activity
(0.5ng/g). The amount of DNA damage was assessed by Aguirre-Martiez et al. (2013b) in the crab
(C. maenas) after a 28-day exposure with 0.1 — 50 pg/L and increased in hepatopancreas and
muscle (50 pg/L) and gills (10 — 50 pg/L).

A number of studies in several fish species have been conducted at far higher concentrations
(mg/L) than reported environmental levels and have demonstrated a number of effects on behavior,
antioxidant systems, increased enzymatic activity, and reproductive impairments (e.g., van den
Brandhof and Montforts 2010; Brandao et al. 2013). Similarly, but at much lower exposure
concentrations (1-5 pg/L), carbamazepine significantly accelerated embryonic development and
affected zebrafish embryos and larvae, in addition to causing aberrant expression of neural genes
involved in development (Qiang et al. 2016). The authors caution that antiepileptic drug exposures
at environmentally relevant concentrations may not only affect early development but eventually
alter population structures within ecosystems. Brodin et al. (2013) showed in wild European perch
(Perca fluviatilis) that increased behavior activity and feeding rate resulted from exposure to a
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benzodiazepine anxiolytic drug (oxazepam), another neuro-modulating drug. Such changes over
time have ecosystem-level consequences to community structures that are ecologically important,
yet the effects of psychotherapeutic drugs go underappreciated as pharmaceutical pollutants in
marine environments.

6.5 Antidepressant Drugs

Fluoxetine (Prozac) is one of the most widely used antidepressants in the world (Cortez et al.
2019). It is among a class of drugs known as selective serotonin reuptake inhibitors (SSRIs) and
modulates mood. Concentrations have been detected in surface water ranging from 0.41 ng/L to
141 ng/L (Silva et al. 2012).

Although no studies were found that investigated the effects of antidepressant drugs on coral,_a
number of other studies have examined other aquatic invertebrates and fish. Maranho et al. (2014)
assessed the toxicity of fluoxetine using a 17-day exposure with spiked-sediment at 0.01 — 100
ng/g in the polychaete H. diversicolor. Results indicated increases of Phase I biotransformation
enzymes (EROD 0.01 — 100 ng/g), LPO (100 ng/g), antioxidant GR (1 ng/g) and AChE activity
(10 — 100 ng/g) while DNA damage was decreased. Franzellitti et al. (2014) examined the effect
of fluoxetine on the mussel M. galloprovincialis over a 7-day period with exposures 0.3 — 300
ng/L. Results indicated a bell-shaped curve for CAT activity in the digestive gland and an increase
in mantle/gonads (0.3 ng/L and 3 — 300 ng/L). Antioxidant GST activity increased in digestive
gland (3 — 300 ng/L) and in mantle/gonads (0.3 ng/L) while a reduction in AChE activity in gills
(0.03 — 0.3 ng/L and 30 — 300 ng/L) occurred. Mesquita et al. (2011) studied fluoxetine in the crab
C. maenas for a 7-day period at 0.5 — 750 pg/L. Antioxidant GST activity increased in
hepatopancreas (3 pg/L, 120 pg/L and 750 pg/L), and AChE activity increased in muscle (120
pg/L and 750 pg/L).

Fluoxetine can mimic the action of serotonin, which is involved in regulating a variety of biological
functions in vertebrates and invertebrates. In molluscs, processes like heartbeat, feeding,
locomotion, spawning and certain aspects of gametogenesis at environmentally relevant
concentrations (e.g., 12-30 ng/L) (Lazzara et al. 2012). In marine gastropods, foot detachment was
observed in three Pacific and two Atlantic snail species exposed to four commonly used
antidepressants (fluoxetine, fluvoxamine, venlafaxine, and citalopram) (Fong and Molnar 2013).
This is likely related to modulation of serotonin and other neurotransmitters in the foot. The lowest
LOEC was observed for Lithopoma americanum in 43.4 png/L of fluvoxamine with the trochids
and turbinids 2-10 times more sensitive to the antidepressants than the muricids. The foot
detachment response caused by antidepressant exposure can be lethal for snails. If they are unable
to right themselves and reattach, they can be subject to predation, desiccation, or translocated by
wave and current action to detrimental habitats. As many snails serve as grazers in shallow seagrass
beds and reef environments, reduction or loss of these ecological services to reef habitats results
in ecological imbalance (Fong and Molnar 2013).

In labroid reef fish, drugs interacting with serotonin metabolism have been correlated with
decreased aggression. This was demonstrated by Perreault et al. (2003) in bluehead wrasse,
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Thalassoma bifasciatum, with fewer intruder chase responses, creating an unintended vulnerability
in the complex social system of this group of fish. Martin et al. (2017) reported that mosquito fish
exposed to fluoxetine at environmentally relevant concentrations exhibited altered anti-predator
behavior in adult fish and, further, several responses followed a non-monotonic and sex-dependent
dose-response. The modified behaviors observed show a reduction in fear-like responses and
freezing behaviors indicating fish influenced by this drug are likely more vulnerable to detection
and capture by predators.

6.6 p-Blocker Drugs

Propranolol is a beta-adrenergic receptor antagonist prescribed to treat cardiac pathologies and
hypertension. It is frequently detected in the aquatic environment along with other common [3-
blockers include sotalol, atenolol, metoprolol and bisoprolol, at concentrations between 0.3 ng/L
to 6,329 ng/L (Karaaslan et al. 2012; Franzellitti et al. 2015; Campos et al. 2016b). Godoy et al.
(2015) developed risk quotients based on a review of the literature and concluded that atenolol,
propranolol, and metoprolol can pose a risk to aquatic biota.

No studies were found addressing effects of B-blockers on corals and only a few studies have been
conducted on other aquatic organisms. Maranho et al. (2014) examined the effect of propranolol
in the polychaete, M. diversicolor, after 14-days at 0.05 — 500 ng/g in spiked-sediment. Results
indicated a significant reduction in GST antioxidant activity (0.5, 5, 500 ng/g), reduction in Phase
I biotransformation enzyme, DBF (0.05 — 500 ng/g), increase in EROD activity (0.05 — 500 ng/g),
increased LPO (0.05, 0.5, 5 ng/g), and decreased DNA damage (50 ng/g).

Solé et al. (2010) studied propranolol at 11 pg/L and 147 pg/L in M. galloprovincialis over a 10-
day period and found a significant increase in carboxylesterase phase I metabolism (147 ug/L),
reduced GST (11 pg/L), and increased GST (147 pg/L) in the digestive gland. In gills, GST
increased (11 pg/L), and LPO damage occurred (147 pg/L).

Karaaslan et al. (2012) demonstrated toxic effects of atenolol on sea urchin embryo development
though only at mg/L concentrations.

6.7 Lipid Regulator Drugs

Hypolipidemic drugs, such as statins, are one of the most widely prescribed pharmaceuticals
worldwide and their consumption is expected to grow as populations in developed countries
continue to age (Falfushyska et al. 2019). Statins selectively inhibit the enzyme 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase, which catalyzes a key step in the biosynthesis
of cholesterol, thereby lowering levels of low-density lipoprotein, cholesterol, and triglycerides
(Falfushynska et al. 2019; Santos et al. 2016). Due to their high lipophilicity and persistence in the
environment, statins have a strong potential for accumulating in sediment and organisms (Lee et
al. 2009). Some common hypolipidemics include gemfibrozil, bezafibrate, atorvastatin,
simvastatin, fenofibrate, and clofibric acid. Concentrations of statins and their metabolites have
been reported in the ng/L to ug/L range in wastewater effluent and in low (ng/L) concentrations in
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surface water (Lee et al. 2009; McEneff et al. 2014). These measurements likely underestimate the
true concentration of lipid regulators due to their swift transformation into lactones and other
metabolites, which can be even more potent than the original compound (Skottheim, 2008). In
addition, because HMG-CoA reductase is highly conserved, it is a likely target for statin pollution
in a variety of animals (Santos et al. 2016).

The effect of lipid regulator drugs has not been studied in coral, though environmental levels of
parent drug and metabolites are continually finding their way into the marine environment with
effects shown in other invertebrates. Capolupo et al. (2018) documented the toxicity of the
hypolipidemic drug gemfibrozil in Mytilus galloprovincialis (mussel) and Paracentrotus lividus
(sea urchin). Gemfibrozil reduced normal development of embryos (LOEC = 500 ng/L for 48-h)
and reduced fertilization success (5 pg/L for >75 min for egg and >15 min for sperm).

6.8 Illicit Drugs

Mlicit drugs are a new class of contaminants of emerging concern (CEC) (Baker et al. 2012) that
are present in WWTPs influents and effluents (reviewed in Campestrini and Jardim 2017; Fontes
et al. 2020). Only partially metabolized in the body, once excreted, these compounds are
transported to WWTPs, which often do not remove illicit chemicals (Metcalfe et al. 2010). These
compounds are pseudo-persistent because of their continuous input into the environment, which
results in chronic/long-term exposure for aquatic organisms (Fontes et al. 2020). The four major
groups of illicit drugs found in the marine environment include opioids, cannabinoids, synthetic
drugs (amphetamines and ecstasy), and cocaine (Fontes et al. 2020). Environmental concentrations
of illicit drugs and their metabolites found in the marine environment range from low ng/L to high
ug/L worldwide (Appendix 6E).

No studies have been conducted with coral to determine the effects of illicit drugs. Souza et al.
(2019) examined the effect of pH on the toxicity of crack-cocaine on the sea urchin, Echinometra
lucunter, over a 42-h period. The results indicated that more acidic conditions increase toxicity
(abnormal embryo development) of crack-cocaine as evidenced by an ECso= 58.83 mg/L at pH
8.5 compared to ECso = 11.58 mg/L at pH 7.5. The brown mussel, Perna perna, was used to assess
the toxicity of three concentrations (0.5, 5.0, and 50 ug/L) of crack-cocaine (Ortega et al. 2019)
over three time points during a 168-hr period. Toxicity was assessed by several biomarkers
including oxidative stress, lipid peroxidation, and DNA damage. Results indicated that gill tissue
exhibited signs of oxidative stress after 48-hr at 5 pg/L.

Berdyshev (1999) and Schuel et al. (1994) studied the effect of the cannabinoid metabolite, A9-
tetrahydrocannabinol (THC), on the fertilization success of the sea urchins, Strongylocentrotus
intermedius and Paracentrotus lividus. THC was found to significantly reduce/block fertilization
in sea urchins through interaction with a cannabinoid receptor located on the membrane of
spermatozoa.

Gagné et al. (2010) exposed Elliptio complanata (mussel) to different concentrations of morphine
(30, 150, and 750 ng/g) and found that it induced physiological changes such as reduction in
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serotonin levels and increases in dopamine levels. Parolini et al. (2015) exposed zebra mussels to
a mixture of illicit drugs containing morphine (100 ng/L) and observed damage in proteins, lipids,
and DNA, in addition to an increase in antioxidant defenses. The crayfish, Orconectes rusticus,
was exposed to morphine (2,000 ng/g) and exhibited an increase of mobility (Imeh-Nathaniel et
al. 2017). Freshwater mussels (Dreissena polymorpha) were exposed to a mixture of illicit drugs
containing 100 ng/L of morphine and exhibited a significant increase of DNA fragmentation
(Parolini et al. 2016). Zebra mussels exposed to a mixture of illicit drugs containing amphetamine
(300 ng/L) exhibited DNA, proteins, and lipid damages, and an increase in antioxidants (Parolini
et al. 2015). These studies demonstrate the continued input of illicit drugs into our coastal waters
is a substantial threat to marine life the extent of which will require further study.

7 Personal Care Products (PCPs) & Ultraviolet Filters (UVFs)

Personal care products (PCPs) encompass an extensive range of products in the health and beauty
sector that include soaps, perfumes, and various hair and skin care products. These products are
composed of active (e.g., UV filters, retinol) and inactive ingredients that are formulated with
varying classes of chemicals that may include disinfectants, fragrances (e.g., musks),
preservatives, and surfactants (Brausch and Rand 2011; Liu and Wong 2013; Hopkins and Blaney
2016). The US PCP industry is one of the largest manufacturing sectors in the U.S. with domestic
and international trade. In 2018, the PCP industry was reported to contribute $267.3 billion to the
U.S. economy from three sectors, manufacturing, distribution, and personal care services (PwC
2020). The escalating use of PCPs results in a continued release of these compounds into the
environment. Consequently, PCPs become pseudo-persistent contaminants with all classes capable
of impacting aquatic and terrestrial organisms (Hopkins and Blaney 2016; NAS 2022).

UV filters (UVFs) are chemical or mineral additives to industrial and consumer products to protect
against damaging effects of UV light. They are incorporated into product coatings (e.g., oil-based
paints, polyurethanes), acrylic adhesives (Czech et al., 2012), used as stabilizers in textiles (e.g.,
cellulose fabrics; Hakeim et al., 2019), and thermoplastics (e.g., polycarbonates, polyesters;
Acosta et al., 1996, Gugumus, 2002), in addition to PCPs.

PCP formulations use UVFs to protect the human body from UV damage by reflection and/or
absorption of ultraviolet radiation (UVA1: 340-400 nm; UVA2: 320-340 nm; UVB: 290-320 nm).
In the US, sunscreens are considered over-the-counter (OTC) drugs with 16 Food and Drug
Administration (FDA)-approved UVFs (Federal Register 2019; Administration FDA 2019; Adler
& DeLeo, 2020; Table 10); the European Union (EU) permits 28 organic UVFs (EU ODP
Cosmetic Ingredient Database [https://ec.europa.eu/growth/tools-databases/cosing/] in cosmetic
products. Though UVFs are found in a wide variety of cosmetics, soaps, and shampoos, impacts
of sunscreen pollution on the health of humans and aquatic organisms are of particular concern
with a very conservative estimate of 1,000 tons reaching coral reefs (Danovaro et al., 2008). Since
1999, the 16 UVFs approved in the U.S. for use in nonprescription OTC sunscreen products were
considered GRASE (Generally Recognized As Safe and Effective); however, since this ruling,
considerable science has brought into question the safety of organic UVFs (Federal Register 2019,
Administration FDA 2019) to human consumers and the environment.
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Table 10. US Approved Ultraviolet Filters for use in cosmetics and sunscreens

abstracts services.

. CAS=chemical

Safe and Effective

uv

Determination UV Filter Type CAS No. Protection Synonym
GRASE - -
Proposed as
Generally Titanium dioxide Inorganic 13463-67-7 UVA2 and
. UVB
Recognized as
Safe and Effective
GRASE - -
Proposed as
Generally Zinc oxide Inorganic 1314-13-2 UVAL UVA2
. and UVB
Recognized as
Safe and Effective
NOT GRASE 4—Am1nqben201c Organic 150-13-0 UVB PABA
acid
NOT GRASE 4—Am1:coilzien201c Organic 150-13-0 UVB Para aminobenzoic acid
NOT GRASE 4—Am1:coilzien201c Organic 150-13-0 UVB Super Shade by Coppertone
NOT GRASE Trqlamme Organic 2174-16-5 UVB Trolamine salicylate
salicylate
NOT GRASE Trqlamme Organic 2174-16-5 UVB Arthricream
salicylate
NOT GRASE Trqlamme Organic 2174-16-5 UVB Neo heliopan ts
salicylate
NOT GRASE Trqlamme Organic 2174-16-5 UVB Myoflex
salicylate
Proposed NOT
GRASE - Due to
insufficient data Avobenzone Organic 70356-09-1 uval BMDM
for GRASE
determination
Proposed NOT
GRASE ~Due to Organic |  70356-09-1 UVAI | I-(4-Methoxyphenyl)-3-(4-
insufficient data Avobenzone
for GRASE tert-butylphenyl)-1,3-
determination propanedione
Proposed NOT Avobenzone Organic 70356-09-1 UVAI butylmethoxydibenzoylmet

GRASE — Due to
insufficient data

hane
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Safe and Effective
Determination

UV Filter

Type

CAS No.

Uv
Protection

Synonym

for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Avobenzone

Organic

70356-09-1

UVAI

4-tert-butyl-4'-
methoxydibenzoylmethane

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Avobenzone

Organic

70356-09-1

UVAI

Parsol 1789

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Avobenzone

Organic

70356-09-1

UVAIl

Escalol 517

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Avobenzone

Organic

70356-09-1

UVAI

Eusolex 9020

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Cinoxate

Organic

104-28-9

UVB

2-Ethoxyethyl 3-(4-
methoxyphenyl)-2-
propenoate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Cinoxate

Organic

104-28-9

UvVB

2-Ethoxyethyl p-
methoxycinnamate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Cinoxate

Organic

104-28-9

UVB

Phiasol

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Cinoxate

Organic

104-28-9

UvVB

Sundare

Proposed NOT
GRASE — Due to

Cinoxate

Organic

104-28-9

UvVB

Give-Tan
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UV Filter

Type

CAS No.

Uv
Protection

Synonym

insufficient data
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Cinoxate

Organic

104-28-9

GivTan F

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Dioxybenzone

Organic

131-53-3

UVA2 and
UVB

Benzophenone-8

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Dioxybenzone

Organic

131-53-3

UVA2 and
UVB

BP-8

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Dioxybenzone

Organic

131-53-3

UVA2 and
UVB

2,2'-Dihydroxy-4-
methoxybenzophenone

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Dioxybenzone

Organic

131-53-3

UVA2 and
UVB

Advastab 47

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Dioxybenzone

Organic

131-53-3

UVA2 and
UVB

Cyasorb UV 24

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Ensulizole

Organic

27503-81-7

UvVB

2-Phenyl-5-
benzimidazolesulfonic acid

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Ensulizole

Organic

27503-81-7

UvVB

phenylbenzimidazole
sulfonic acid
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Type

CAS No.

Uv
Protection

Synonym

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Ensulizole

Organic

27503-81-7

UVB

Parasol HS

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UvVB

HMS

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UVB

2-Hydroxybenzoic acid
3,3,5-trimethylcyclohexyl
ester

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UVB

3,3,5-Trimethylcyclohexyl
salicylate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UvVB

Homomenthyl salicylate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UVB

Heliopan

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UVB

heliophan

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Homosalate

Organic

118-56-9

UvVB

homosalatum

Proposed NOT
GRASE — Due to
insufficient data

Homosalate

Organic

118-56-9

UVB

salicylic acid, m-
homomenthyl ester
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UV Filter

Type

CAS No.

Uv
Protection

Synonym

for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Meradimate

Organic

134-09-8

UVA2

Menthyl o-aminobenzoate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Meradimate

Organic

134-09-8

UVA2

Menthyl anthranilate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UVB

oMC

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UvVB

EHMC

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UVB

2-Ethylhexyl 4-
methoxycinnamate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UVB

4-Methoxycinnamic acid 2-
ethylhexyl ester

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UvVB

Octyl methoxycinnamate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octinoxate

Organic

5466-77-3

UVB

Parsol MCX

Proposed NOT
GRASE — Due to

Octinoxate

Organic

5466-77-3

UVB

Parsol MOX
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insufficient data
for GRASE
determination

Proposed NOT
GRASE — Due to

insufficient data Octinoxate Organic 5466-77-3 UVB ethylhexyl
for GRASE methoxycinnamate

determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data Octinoxate Organic 5466-77-3 UVB Uvinul MC 80
for GRASE
determination

Proposed NOT
GRASE - Due to
insufficient data Octinoxate Organic 5466-77-3 UVB Eusolex 2292
for GRASE
determination

Proposed NOT
GRASE - Due to
insufficient data Octylsalicylate Organic 118-60-5 UVB OSAL
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data Octylsalicylate Organic 118-60-5 UVB Octisalate
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data Octylsalicylate Organic 118-60-5 UVB 2-Ethylhexyl salicylate
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data Octylsalicylate Organic 118-60-5 UVB 2-Ethylhexyl 2-hydroxybenzo
for GRASE
determination

Octinoxate Organic 5466-77-3 UVB Escalol 557
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CAS No.
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Synonym

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octylsalicylate

Organic

118-60-5

UVB

Escalol 587

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UvVB

octocrilene

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

2-Ethylhexyl 2-cyano-3,3-
diphenylacrylate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

2-ethylhexyl 2-cyano-3,3-
diphenyl-2-propenoate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

2-cyano-3,3-diphenyl-
acrylic acid 2-ethyl-hexyl
ester

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

Octyl 2-Cyano-3,3-
diphenylacrylate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

2-Propenoic acid, 2-cyano-
3,3-diphenyl-, 2-ethylhexyl
ester

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Octocrylene

Organic

6197-30-4

UVB

Parsol 340

Proposed NOT
GRASE — Due to
insufficient data

Octocrylene

Organic

6197-30-4

UVB

Uvinul N-539
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UV Filter

Type

CAS No.

Uv
Protection

Synonym

for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

Benzophenone-3

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

BP-3

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

2-Hydroxy-4-
methoxybenzophenone

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

4-Methoxy-2-
hydroxybenzophenone

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

2-Benzoyl-5-
methoxyphenol

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

(2-hydroxy-4-methoxy-
phenyl)-phenyl-methanone

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

Anuvex

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

Escalol 567

Proposed NOT
GRASE — Due to

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

Eusolex 4360
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UV Filter

Type

CAS No.

Uv
Protection

Synonym

insufficient data
for GRASE
determination

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Oxybenzone

Organic

131-57-7

UVA2 and
UVB

Uvinul 9

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UvVB

2-Ethylhexyl 4-
(dimethylamino)benzoate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UVB

4-(Dimethylamino) benzoic
acid, 2-ethylhexyl ester

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UvVB

Octyl dimethyl PABA

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UVB

Octyl dimethyl p-
aminobenzoate

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UVB

Escalol 507

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UVB

Eusolex 6007

Proposed NOT
GRASE — Due to
insufficient data
for GRASE
determination

Padimate O

Organic

21245-02-3

UVB

Arlatone UVB
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Safe and Effective . uv
Determination W LaEr? Type CAS No. Synonym

Protection
Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic 4065-45-6 UV{?\? Band HMBS

Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic 4065-45-6 UVA2 and Benzophenone-4
UVB

Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic 4065-45-6 UVA2 and BP-4
UVB

Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic 4065-45-6 UVA2 and 5-Benzoyl-4-hydroxy-2-
UVB methoxybenzenesulfonic
acid

Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic e UVA2 and 2-Hydroxy-4-
4065-43-6 UvVB methoxybenzophenone-5-
sulfonic acid

Proposed NOT
GRASE — Due to
insufficient data Sulisobenzone
for GRASE
determination

Organic 4065-45-6 UVUA\? Band Uvinul MS-40

Note: This table includes UVFs used in US sunscreen products and is not an exhaustive list of

all UVFs used globally or in other cosmetics or personal care products.

Definitions:

UVAL: 340-400 nm

UVA2: 320-340 nm

UVB: 290-320 nm

Source: PubChem https://pubchem.ncbi.nlm.nih.gov/

FDA Proposed Order for GRASE designation:
https://www.accessdata.fda.gov/scripts/cder/omuf/index.cfm?event=NewMonograph&ID=6D0D9075DE94D4B0E
CATEEBDAB190FBE91CDB28C4648FC78E3785F69FDCD71BF&OMUFID=0TC000008
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7.1 Organic UV Filters

Organic (chemical) UVFs act by absorbing high-energy UV radiation and releasing lower energy
longer wavelengths, specified by their chemical structure. Chemical UVFs are plagued with photo-
instability, thus losing protective ability in sunlight and creating harmful breakdown products
(Serpone et al. 2007, Diaz-Cruz et al. 2008, Gabros et al., 2020). UVFs enter the aquatic
environment indirectly through solid-waste landfills from leachates (Labille et al., 2020a,b), runoff
from biosolid sludge fertilizer (Plagellat et al., 2006, Gago-Ferrero et al., 2011), but primarily via
WWTP effluents or directly during swimming or related recreational activities (Brausch & Rand,
2011, Kim & Choi, 2014, Molins-Delgado et al., 2016a,b). Multiple and different lethal and sub-
lethal effects have been reported in aquatic taxa as diverse as marine bacteria (Danovaro &
Corinaldesi, 2003, Balazs et al., 2016, Lozano et al., 2020), microalgae (Paredes et al., 2014),
protozoans (Gao et al., 2013), crustaceans (Fent et al., 2010a, Paredes et al., 2014, Thorel et al.,
2020), cnideria (Danovaro et al., 2008, Downs et al., 2014, Downs et al., 2016, Stien et al., 2019,
Heetal.,2019a, He et al., 2019b, Fitt & Hofmann, 2020, Wijgerde et al., 2020), molluscs (Bachelot
et al., 2012, Paredes et al., 2014), sea urchins (Paredes et al., 2014), fish (Bliithgen et al., 2012,
Gago-Ferrero et al., 2015, Hannan et al., 2015), and sea turtles (Cocci et al., 2020). The
concentrations of UVFs reported in marine environments most commonly are in the ng/L to ng/L
range (Tsui et al., 2014, Bargar et al., 2015, Sanchez Rodriguez et al., 2015, Downs et al., 2016,
Tsui et al., 2017, Schaap & Slijkerman, 2018, Mitchelmore et al., 2019, Tsui et al., 2019); thus,
they are considered pseudo-persistent pollutants. See Table 9 for a summary of known studies.

Benzophenone-1 (BP-1, 2, 4-dihydroxybenzophenone, benzoresorcinol, CAS: 131-56-6) is a
diphenol ketone used as a UV stabilizer in cosmetics (e.g., lipsticks, nail polishes, sunscreens, hair
products) but also is a degradation product of benzophenone-3. Toxicity responses across multiple
taxa include hormonal agonist and antagonist activities (Kunz & Fent, 2006, Gago-Ferrero et al.,
2012), mutagenic (Kotnik et al., 2016, Wang et al., 2018c), and interference with larval
development (He et al., 2019b, Meng et al., 2020). Comparative toxicity studies of BP-1 were
conducted with two coral species, Pocillopora damicornis and Seriatopora caliendrum, in adult
and larval stages (He et al., 2019a, He et al., 2019b). Larval settlement was most affected in S.
caliendrum (LOEC=10 pg/L) with a hazard assessment indicating high risk to larval settlement in
Hong Kong and Taiwan coastal waters (He et al., 2019b).

Benzophenone-2 (BP-2; 22’4 4’-tetrahydroxybenzophenone, CAS: 131-55-5) is a UVF
chemical additive to personal care and commercial products that has been measured in surface
waters and wastewater (0.8-109 ng/L) (Mao et al., 2018) and shown to bioaccumulate in fish (Diaz-
Cruz et al., 2019). BP-2 toxicity has been reported across multiple taxa indicating developmental
toxicity (Fong et al., 2016), endocrine disruption (Kunz et al., 2006, Weisbrod et al., 2007, Kunz
& Fent, 2009, Cosnefroy et al., 2012), and thyroid hormone disruption (Thienpont et al., 2011, Lee
Jetal., 2018).

Photo-enhance toxicity was documented in larval planula of the coral, Stylophora pistillata
(Downs et al., 2014). Time-dependent effects included larval developmental anomalies, bleaching,
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and DNA damage (LOEC=2.46 ng/L). Coral calicoblast cell mortality assays (4-h exposure)
resulted in a LCs0=456 png/L (light) versus 1,027 pg/L (dark) (Downs et al., 2014).

Benzophenone-3 (BP-3; oxybenzone; 2-hydroxy-4-methoxybenzophenone; CAS: 131-57-7) is
one of the most widely used UVF in personal care products for over 50 years (Kim & Choi, 2014).
By far, it is the most studied UVF in a wide range of taxa affecting a diversity of response variables.
It is found in aquatic (Daughton & Ternes, 1999, Balmer et al., 2005, Rodil et al., 2008, Fent et
al., 2010a, Sanchez-Quiles & Tovar-Sanchez, 2015), marine (Tovar-Sanchez et al., 2013, Sanchez
Rodriguez et al., 2015, Sang & Leung, 2016, Sharifan et al., 2016, Tsui et al., 2017), and coral reef
environments (Tashiro & Kameda, 2013, Bratkovics et al., 2015, Downs et al., 2016, Kung et al.,
2018, Ku et al., 2020). BP-3 enters the marine waters directly from swimmers and wastewater
discharges (municipal, residential, and vessels), and indirectly from landfill leachates.
Concentrations in reef environments have been reported in the ng-pg/L range (0.0.0001-11.3 pg/L)
(Rodil et al., 2008, Brausch & Rand, 2011, Tashiro & Kameda, 2013, Tsui et al., 2014, Bargar et
al., 2015, Sanchez Rodriguez et al., 2015, Downs et al., 2016, Tsui et al., 2017, Schaap &
Slijkerman, 2018, Mitchelmore et al., 2019). However, concentrations in the water can reach the
mg/L level in reef embayments and heavily visited tourist sites (Downs et al., 2016; Kohala Center
https://kohalacenter.org/docs/resources/kbec/Kahaluu_Oxybenzone Levels Nov2019.pdf,
accessed 6-12-22). In beach sand samples, BP-3 ranged from 0.39-35.0 pg/g in Hanauma Bay,
Oahu, Hawaii (Downs et al. 2022).

BP-3 can convey multiple and different lethal and sub-lethal effects in aquatic taxa as diverse as
marine bacteria and viruses (Danovaro & Corinaldesi, 2003, Balazs et al., 2016), microalgae
(Sieratowicz et al., 2011, Paredes et al., 2014, Thorel et al., 2020), protozoans (Gao et al., 2013),
cnideria (Danovaro et al., 2008, Downs et al., 2016, He et al., 2019b, Fitt & Hofmann, 2020),
molluscs (Bachelot et al., 2012, Paredes et al., 2014, Chaves Lopes et al., 2020), sea urchins
(Paredes et al., 2014), crustaceans (Sieratowicz et al., 2011, Paredes et al., 2014, Thorel et al.,
2020), and fish (Coronado et al., 2008, Bliithgen et al., 2012, Gago-Ferrero et al., 2013, Soto &
Rodriguez-Fuentes, 2014, Gago-Ferrero et al., 2015, Hannan et al., 2015, Meng et al., 2020).
Additionally, BP-3 is known as an endocrine disruptor with non-monotonic dose responses (i.e.,
low doses have greater effects than higher doses) (Coronado et al., 2008, Krause et al., 2012,
Maipas & Nicolopoulou-Stamati, 2015, Balazs et al., 2016). Bioaccumulation of BP-3 has been
reported in many organisms at ng/g levels (wet or dry weight) including jellyfish (Bell et al., 2017),
clams (Sang & Leung, 2016), mussels (Sang & Leung, 2016), squid (Peng et al., 2017), crabs
(Peng et al., 2017), fish (Peng et al., 2017), and raptors (Gonzalez-Rubio et al., 2020), while levels
in loggerhead sea turtle blood reach pg/mL levels (Cocci et al., 2020). In corals, BP-3 was
measured in Platygyra acuta, Porites spp., Pavona decussata (1.0-51.0 ng/g wet weight [ww];
Tsui et al., 2017, Mitchelmore et al., 2019).

BP-3 toxicity in corals was first described by Danovaro et al. (2008) as causing coral bleaching;
however, no toxicity thresholds were reported. Photo-enhanced toxicity from exposure to BP-3
has been documented in Acropora tenuis (Wijgerde et al. 2020), Stylophora pistillata (Downs et
al., 2016, Wijgerde et al., 2020), Seriatopora caliendrum and Pocillopora damicornis larvae (He
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et al., 2019b), and other cnidarian larvae, Cassiopea xamachana and C. frondosa (Fitt & Hofmann,
2020).

BP-3 exposures showed lethal effects in S. pistillata 1arvae (LC50=139 ng/L; Downs et al., 2016)
while He et al. (2019b) observed no mortality in P. damicornis (1 mg/L 14 d) and 5% mortality in
S. caliendrum larvae (1 mg/L, 7 d). It should be noted the treatments used were not renewed, and
the residual BP-3 measurements were only 2-3% (14 d) of the nominal concentrations.

Sublethal effects of BP-3 exposure showed photo-enhanced toxicity with response variables of
larval developmental anomalies and bleaching in S. pistillata (LOEC=2.28 ng/L; ECs50=49 ng/L)
and genotoxicity (LOEC=22.8 ng/L 8 h) (Downs et al., 2016). For S. caliendrum, larval bleaching
(4-5 days) and reduced settlement (14d) occurred at 1000 pg/L while bleaching (LOEC= 500 pg/L)
and total polyp retraction (LOEC=10 ug/L 5 d) occurred in nubbins (He et al., 2019b). At low
concentration exposures (0.06 pg/L), S. pistillata and A. tenuis nubbins showed marginal effects
at normal temperatures while at elevated temperatures (33 °C) BP-3 exposure caused additive
effects, affecting photosynthetic yield, major shifts in the microbiome, and a reduced time to
mortality in A. tenuis (Wijgerde et al., 2020).

Ecological risk assessments (i.e., hazard quotients) provided in several studies determined that BP-
3 posed a medium-high risk to coral health (He et al., 2019b). Similarly, assessments for other
aquatic receptor species (non-coral) indicated BP-3 is highly suspected of causing adverse effects
on the marine aquatic environment (Kim & Choi, 2014, Sanchez Rodriguez et al., 2015, Sang &
Leung, 2016).

Non-animal toxicity methods (e.g., in vitro cell-based assays and computational modeling) are
becoming an industry standard in many countries (e.g., European Union, Israel, India) for
regulatory decision-making. To evaluate the correlation between primary cell cultures and larvae
for toxicity testing in coral, calicoblast cells were used to test BP-3 toxicity. Because of the
increased sensitivity of coral cells over planulae, correction factors were developed to translate
coral cell mortality into an estimate of coral planulae mortality (Downs et al., 2016). Cell viability
assays were used to determine median LCsos of BP-3 for seven different coral species (S. pistillata
[42 ng/L], Montastraea cavernosa [52 pg/L], Orbicella annularis [74 ng/L], Porites astreoides
(340 pg/L), Acropora cervicornis [9 ng/L], Pocillopora damicornis [8 ng/L], Porites divaricata
[36 ng/L]), exposed for 4 h in the light (Downs et al., 2016) (Table 11). Using cell-based assays
reduced the exposure time and increased the throughput, while reducing the amount of coral
biomass that otherwise would be required if coral nubbins were used. Developing coral cell lines,
primary cultures or other proxies for whole animal testing is an avenue to be considered for future
research and development to support toxicity studies for corals. Efforts with Acropora tenuis
(Kawamura et al., 2021) and Pocillopora acuta (Roger et al., 2021) are also underway.

Benzophenone-4 (BP-4, sulisobenzone, CAS: 4065-45-6) is a broad-spectrum UV filter, used in
numerous cosmetic and personal care products and unlike most organic UV filters, BP-4 is readily
water soluble at 250 g/L, contributing less oily textures to formulations and can be used as a BP-3
substitute (Molins-Delgado et al., 2016a, He et al., 2019b). Environmental levels reported from
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several beach and snorkeling areas range from <LOQ-389 ng/L (Paredes et al., 2014, Tsui et al.,
2014, Tsui et al., 2019). BP-4 has exhibited anti-androgen and anti-estrogenic in vitro bioassays
(Kunz & Fent, 2006) and gene expression effects on hormonal pathways in fish embryos (Zucchi
et al., 2011). He et al. (2019b) conducted comparative toxicity of BP-4 studies with two coral
species, Pocillopora damicornis and Seriatopora caliendrum, adult and larval life stages.
Seriatopora caliendrum was more sensitive than P. damicornis for larval settlement (LOEC=1,000
ug/L). However, neither species nor life stage bleached or had zooxanthellate density reductions.
Thus BP-4 was determined to have no significant effects <1,000 pg/L (He et al., 2019b).

Benzophenone-8 (BP-8, dioxybenzone, CAS: 131-53-3) is a broad-spectrum organic UVF
blocking UVA and UVB used in bath oils, fragrance, and hair care products (Kim et al., 2017).
Often BP-8 is below detection limits or measured at very low concentrations in reef environments
(Tsui et al., 2014, Tsui et al., 2017, Kung et al., 2018), but found concentrated in tissues of corals
(Platygyra acuta, Porites sp., Pavona decussata, Acropora valida, and Favites abdita) (Tsui et al.,
2017) and other taxa i.e., fish (Tsui et al., 2014, Tsui et al., 2017), mussels (Sang & Leung, 2016),
and even raptor tissues (Gonzalez-Rubio et al., 2020). This has been attributed to the breakdown
of BP-3 into BP-8, a known metabolite (Tsui et al., 2017). Reproductive toxicity and endocrine
disruption of BP-8 has been reported in fish (Lee J et al., 2018, Meng et al., 2020), planaria (Li,
2012), barnacle larvae (Tsui et al., 2019), and weakly positive in the Ames mutagenicity test (Elder
1983). He et al. (2019b) conducted comparative toxicity of BP-8 studies with two coral species,
Pocillopora damicornis and Seriatopora caliendrum, adult and larval life stages. Bleaching was
observed in S. caliendrum larvae (LOEC=500 pg/L), while coral nubbins of both species bleached
with significant impacts to zooxanthellae density (LOEC=1,000 pg/L).

Octinoxate (EHMC, ethylhexyl methoxycinnamate, Uvinul MC80, CAS: 5466-77-3) is used for
UVB protection (290-320 nm) in sunscreen products, often combined with other UVFs.
Environmental levels have been reported in nearshore marine and reef waters ranging from
undetectable to 4,043 ng/L (Fent et al., 2010b, Paredes et al., 2014, Tsui et al., 2014, Bargar et al.,
2015, Bratkovics et al., 2015, Sanchez Rodriguez et al., 2015, Sankoda et al., 2015, Mitchelmore
et al., 2019). Beach sands (Hanauma Bay, Oahu, Hawaii) were found to contain 0.4-33.0 pg/g of
octinoxate (Downs et al., 2022). EHMC has been documented in fish, clams, and mussels from
mariculture farms in Asia from below detection limits to 51.3 ng/g dry weight (dw; Sang & Leung,
2016), while in Europe much higher concentrations are found in mussels (3-7,112 ng/g dw;
Bachelot et al., 2012, Picot-Groz et al., 2014). Multiple trophic levels of marine taxa (algae,
mussels, sea urchin larvae, crustaceans) have shown EHMC toxicity (Fent et al., 2010a, Paredes
et al., 2014). EHMC also demonstrates hormonal disrupting activities (Inui, 2003, Lee I et al.,
2019).

Toxicity of EHMC has been tested in two coral species, Seriatopora caliendrum and Pocillopora
damicornis, as single chemicals and as dilutions of a ‘wash-off’ of a sunscreen product (7%
EHMC, 3.6% OC) (He et al., 2019a). In the single EHMC tests (7 d), partial mortality and
bleaching was observed (1,000 pg/L) only in S. caliendrum fragments. Total polyp retraction was
observed at much lower concentrations for S. caliendrum (LOEC=10 pg/L). Dilutions of a
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sunscreen product formulation with a mixture of EHMC and octocrylene were significantly more
toxic than individual chemical exposures (He et al., 2019a).

Octocrylene (OC, octocrylene, Uvinul N-539, CAS: 6197-30-4) is an organic UVF absorbing in
UVB (290-320 nm) and short UVA2 (320-340 nm) wavelengths, and used to stabilize other UVFs
such as avobenzone (Santos et al., 2012, Berardesca et al., 2019). Environmental levels of OC in
reef waters have ranged from <MDL (minimum detection limit)-1,325 ng/L (Tsui et al., 2014,
Sanchez Rodriguez et al., 2015, Mitchelmore et al., 2019). In beach sands (Hanauma Bay, Oahu,
Hawaii) octocrylene levels ranged from 1.26-50.0 pg/g (Downs et al., 2022). With a relatively
high Kow (6.9), OC was found to bioaccumulate in zebrafish (Bliithgen et al. 2014); Tsui et al.,
(2017) reported OC concentrations in tissues of five species of wild coral (Platygyra acuta, Porites
sp., Pavona decussata, Acropora valida, and Favites abdita) that ranged from <MDL-7.9 ng/L
wWW.

Toxicity of OC was tested in two coral species, Seriatopora caliendrum and Pocillopora
damicornis, exposed alone and with dilutions of a ‘wash-off” solution from a sunscreen product
(7% EHMC, 3.6% OC, He et al., 2019a). In the single OC tests (7 d), no mortality occurred in
either species; however, total polyp retraction was observed in both species, but only at 1,000
png/L. Exposures to dilutions of a sunscreen product that had been applied and washed off were
significantly more toxic than single exposures with high partial mortality occurring within 24 h of
exposure for both species; dilutions higher than 5% caused 100% mortality (He et al., 2019a). A
metabolomics study of P. damicornis exposed to OC (5 ug/L exposure) found an accumulation of
OC-fatty acid conjugates and metabolites (50 pg/L exposure) indicative of mitochondrial
dysfunction (Stien et al., 2019), a potentially debilitating condition. The demonstration of major
organelle dysfunction and increased toxicity with a ‘wash-off” of a sunscreen product likely
underestimates the toxicity seen with exposures of the chemicals alone.

Other Organic UV Filters

Several of the UV filters approved for the use in the U.S. have undergone no toxicity investigations
or very little investigation (i.e., single concentrations or confounded experimental designs) with
hard coral species. No coral toxicity data were found for seven of the FDA approved UVF and
includes aminobenzoic acid (PABA), cinoxate, ensulizole, homosalate (HMS), meradimate,
padimate O, and trolamine salicylate. There are, however, toxicity data available for several of
these in mammalian or other ecotoxicological models.

Two UVFs, avobenzone (butylmethoxydibenzoylmethane, CAS: 70356-09-01) (Fel et al., 2019)
and octisalate (ethyl hexyl salicylate, CAS: 118-60-5) (Danovaro et al., 2008), each with one study
involving coral, concluded there were no observable effects. /n vitro hormonal-response assays,
both UVFs displayed multiple and distinct hormonal disrupting activities (e.g., anti-androgenicity,
anti-estrogenic, and androgenic) (Kunz & Fent, 2006). In addition, disruption of mitochondrial
membrane function and possible apoptosis were found in reporter gene cell-based assays (Klopcic
& Dolenc, 2017, Yang et al., 2018). Avobenzone concentrations proximal to coral reefs have
ranged from 10-1,770.3 ng/L (Tsui et al., 2014, Sanchez Rodriguez et al., 2015, Labille et al.,
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2020b). In beach sand (Hanauma Bay, Oahu, Hawaii), avobenzone ranged from below the level of
quantification to 28.0 pg/g (Downs et al., 2022).

Environmental levels for octisalate in marine or reef environments are scarce with reports ranging
from <LOQ- 1,030 ng/L (Tsui et al., 2014, Sankoda et al., 2015, Mitchelmore et al., 2019). In
beach sand (Hanauma Bay, Oahu, Hawaii), octisalate ranged from below the detection limit to
133.1 pg/g across four sites tested (Downs et al., 2022).

A single study with a third UVF, 4-methylbenzylidene camphor (4-MBC, Enzacamene, CAS:
36861-47-9, not approved in US, but potentially introduced into U.S. waters by international
tourists) reported coral bleaching effects in Acropora sp. (LOEC=33 pg/L) and Acropora pulchra
(LOEC=50 pg/L) (Danovaro et al., 2008). Widely used in sunscreens outside of the U.S., 4-MBC
is frequently found in wastewater effluents and recreational areas in ng/L levels (Paredes et al.,
2014, Huang et al., 2016, Kung et al., 2018) to highs of 1.043 pg/L (Sanchez Rodriguez et al.,
2015). Developmental anomalies have been reported for sea urchin embryos (LOEC=0.8 pg/L)
(Torres et al., 2016), fish (Li et al., 2016, Araujo et al., 2018), and copepods (Chen et al., 2018) at
environmentally relevant concentrations. /n vitro hormonal-response assays indicate that 4-MBC
exhibited hormonal disruptive activities (Schlumpf et al., 2004, Kunz & Fent, 2000).

No coral toxicity studies were found for HMS or octyldimethyl para-aminobenzoic acid (OD-
PABA) though a few studies have been reported for marine organisms. Both chemicals are readily
found in reef waters. HMS concentrations ranging from <LOQ-1,413 ng/L were reported (Bargar
et al., 2015, Sanchez Rodriguez et al., 2015, Mitchelmore et al., 2019), while one study found OD-
PABA in reef waters ranging from 13.2-22.7 ng/L (Tsui et al., 2017). Both UVFs have shown
hormone-receptor disrupting activities in in vitro assays (Kunz & Fent, 2006). No data were found
on the bioaccumulation of HMS into marine biota; however, Tsui et al. (2017) reported OD-PABA
concentrations in tissues of five species of wild coral (Platygyra acuta, Porites sp., Pavona
decussata, Acropora valida, and Favites abdita) that ranged from 2.8-12.4 ng/L ww. OD-PABA
was also measured in fish (n.d-7.3 ng/g dw), clams (18.7-22.6 ng/g dw) and mussels (n.d.-24.1
ng/g dw) (Sang & Leung, 2016). Interestingly, in Europe, OD-PABA concentrations were much
higher, e.g., mussels reached 833 ng/g (dw) (Picot-Groz et al., 2014).

Lethal and sublethal effects (LCs0=74 ug/L, LOEC=10 pg/L) were found when the marine algae
(Tetraselmis sp.) was exposed to HMS or OD-PABA indicating potential impacts to phytoplankton
communities, and highlighting the need for testing the effects of HMS on Symbiodiniacea and
corals (Thorel et al., 2020). Toxicity studies with OD-PABA were more extensive than HMS.
Giraldo et al. (2017) evaluated the toxicity of OD-PABA in microalga (ECs0=59 ng/L), a sea
urchin (ECs0=279 pg/L), and mussels (ECso=130 pg/L). Juvenile carp exposed to OD-PABA
displayed variable tissue distribution, bioconcentration, effects on acetylcholinesterase, and
antioxidant enzyme activities (4.66-459.32 ng/L) (Ma et al., 2017).
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Table 11. The effects of UV filters on corals.

Avobenzone aka: Acropora Adult 96 h LOEC: >35,600 Bleaching Danovaro et al.
butylmethoxydibenzoyl | spp. ng/L [2008]
methane
Avobenzone aka: Pocillopora | Adult 7d LOEC: >1000 Changes in Stien et al.
butylmethoxydibenzoyl | damicornis png/L metabolic [2020]
methane profiles
Avobenzone aka: Stylophora Adult 35 days NOEC: 1000 F./F,, Fel et al.
butylmethoxydibenzoyl | pistillata (87m) ng/L; photosynthetic | [2018]
methane LOEC: 5000 efficiency

(516m) pg/L
2,4 Pocillopora | Adult 7 days LOEC: 1000 pg/L | mortality - He et al.
dihydroxybenzophenone | damicornis 100% [2019a]
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone
2.4 Pocillopora | Adult 7days LOEC: 1000 pg/L | visual He et al.
dihydroxybenzophenone | damicornis bleaching [2019a]
(Benzophenone-1
metabolite of
benzophonone-3 i.e.,
oxybenzone
2,4 Pocillopora | Adult 7 days no effects zooxanthellae | He et al.
dihydroxybenzophenone | damicornis determination due | density [2019a]
(Benzophenone-1) to high mortality
metabolite of and bleaching
benzophonone-3 i.e.,
oxybenzone
2.4 Pocillopora | Adult 7 days LOEC: 1000 pg/L | total polyp He et al.
dihydroxybenzophenone | damicornis retraction [2019a]

(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone
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2,4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

adult

7 days

LOEC: 1000 pg/L

mortality -
100%

He et al.

[2019a]

2.4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

adult

7 days

LOEC: 1000 pg/L

visual
bleaching

He et al.

[2019a]

2,4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

adult

7 days

LOEC: 1000 pg/L

zooxanthellae
density

He et al.

[2019a]

2,4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

adult

7 days

LOEC: 100 pg/L

polyp
retraction

He et al.

[2019a]

2,4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

larvae

14 days

LOEC: 10 pg/L

larval
settlement

He et al.

[2019a]

2,4
dihydroxybenzophenone
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone

Seriatopora
caliendrum

larvae

14 days

ECso: 184.13 pg/L

larval
settlement

He et al.

[2019a]
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2,4 Seriatopora | larvae 14 days LOEC: 500 pg/L | visual He et al.
dihydroxybenzophenone | caliendrum bleaching [2019a]
(Benzophenone-1)
metabolite of
benzophonone-3 i.e.,
oxybenzone
Benzophenone-2 Stylophora Planula- | 8 h LCso: 120 ppb; bleaching, Downs et al.
(Benzophenone-2) pistillata light 2.46 ppb DNA damage, | [2014]
used in skin and hair necrosis
care products
Benzophenone-2 Stylophora Planula- | 24 h EC50: 165 ppb; deformity Downs et al.
(Benzophenone-2) pistillata light EC20: 246 [2014]
used in skin and hair pptrillion
care products
Benzophenone-2 Stylophora Planula- | 8 h LC50: 144 ppb; mortality; Downs et al.
(Benzophenone-2) pistillata dark 24.6: ppb; 246: bleaching; [2014]
used in skin and hair ppb DNA damage;
care products autophagy
Benzophenone-2 Stylophora Planula- | 24 h LC50: 548 ppb; mortality; Downs et al.
(Benzophenone-2) pistillata dark 9.6 ppb deformity [2014]
used in skin and hair
care products
Benzophenone-2 Stylophora calicobla | 4 h LC50: 456 ppb; mortality Downs et al.
(Benzophenone-2) pistillata st LOEC: 6.15 ppb [2014]
used in skin and hair primary
care products cells -
light
Benzophenone-2 Stylophora calicobla | 4 h LC50: 1.027 ppm; | mortality Downs et al.
(Benzophenone-2) pistillata st LOEC: 615 [2014]
used in skin and hair primary pptrillion
care products cells -
dark
Benzopheonone-3 Acropora sp. | adult 48 h 33.0 uL/L (6% Bleaching Danovaro et al.
(Oxybenzone) W/W) 83% [2008]
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Benzopheonone-3 Acropora Calicobl | 4 hlight | LC50:9 pg/L - mortality Downs et al.
(Oxybenzone) cervicornis ast EC20: 0.063 pg/L [2016]
primary
cells
Benzopheonone-3 Acropora planulae | 48 h LC50: 0.75 pg/L; | mortality in Miller et al.
(Oxybenzone) digitifera survival assay | [2022]
LOEC: 41.7
(24.9m) pg/L
Benzopheonone-3 Acropora planulaec | 48 h LC50: 1042.31 mortality in Miller et al.
(Oxybenzone) millepora ng/L; LOEC: survival assay | [2022]
1333.4 (1289.81m)
ng/L
Benzopheonone-3 Acropora adult 96 h 50.0 uL/L (6% Bleaching Danovaro et al.
(Oxybenzone) pulchra W/W) 93% [2008]
Benzopheonone-3 Cassiopea planulae | 72 h LOEC: 228 pg/L | mortality Fitt and
(Oxybenzone) frondosa Hofmann
[2020]
Benzopheonone-3 Cassiopea planulae | 72 h LOEC: 22.8 ug/LL | swimming Fitt and
(Oxybenzone) frondosa speed/direction | Hofmann
[2020]
Benzopheonone-3 Cassiopea planulae | 72 h LOEC: 228 pg/L | mortality Fitt and
(Oxybenzone) xamachama Hofmann
[2020]
Benzopheonone-3 Cassiopea planulae | 72 h LOEC: 228 pug/L | swimming Fitt and
(Oxybenzone) xamachama speed/direction | Hofmann
[2020]
Benzopheonone-3 Galaxea adult 96 h LC50: 4450 mortality Conway et al.
(Oxybenzone) fascicularis ng/L [2021]
Benzopheonone-3 Galaxea adult 96 h EC50: 3101, pg/L | bleaching Conway et al.
(Oxybenzone) fascicularis [2021]
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Benzopheonone-3 Galaxea adult 96 h EC50: 2810y, chlorophyll-a Conway et al.
(Oxybenzone) fascicularis ng/L [2021]
Benzopheonone-3 Galaxea adult 96 h EC50: 4190, PSII yield Conway et al.
(Oxybenzone) fascicularis png/L (AF/Fm") [2021]
Benzopheonone-3 Leptastrea planulae | 48 h LC50: 13.47 mortality in Miller et al.
(Oxybenzone) purpurea png/L; LOEC: 41.7 | survival assay | [2022]
(21.6m) pg/L
Benzopheonone-3 Leptastrea planulae | 48 h LC50: 23.35 pg/L | mortality in Miller et al.
(Oxybenzone) purpurea settlement [2022]
assay
Benzopheonone-3 Leptastrea planulae | 48 h EC50: 1.84 pg/L ; | settlement Miller et al.
(Oxybenzone) purpurea LOEC: 41.7 [2022]
(10.8m) pg/L
Benzopheonone-3 Montastrea | Calicobl | 4 hlight | LC50:74 pg/L - mortality Downs et al.
(Oxybenzone) annularis ast EC20: 0.562 pg/L [2016]
primary
cells
Benzopheonone-3 Montastrea | Calicobl | 4hlight | LC50:52 pg/L - mortality Downs et al.
(Oxybenzone) cavernosa ast EC20: 0.502 pg/L [2016]
primary
cells
Benzopheonone-3 Pocillopora | Calicobl | 4hlight | LC50: 8 pg/L - mortality Downs et al.
(Oxybenzone) damicornis ast EC20 0.062 pg/L [2016]
primary
cells
Benzopheonone-3 Pocillopora | adult 7 days LOEC: >1000 mortality He et al.
(Oxybenzone) damicornis ng/L [2019a]
Benzopheonone-3 Pocillopora | adult 7 days LOEC: >1000 bleaching He et al.
(Oxybenzone) damicornis ng/L [2019a]
Benzopheonone-3 Pocillopora | adult 7 days LOEC: >1000 zooxanthellae | He et al.
(Oxybenzone) damicornis ng/L density [2019a]
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Benzopheonone-3 Pocillopora | adult 7 days LOEC: >1000 polyp He et al.
(Oxybenzone) damicornis ng/L retraction [2019a]
Benzopheonone-3 Porites Calicobl | 4 hlight | LC50: 340 pg/L - | mortality Downs et al.
(Oxybenzone) astreoides ast EC20 8 pg/L [2016]

primary

cells
Benzopheonone-3 Porites Calicobl | 4 hlight | LC50:36 pg/L - mortality Downs et al.
(Oxybenzone) divaricata ast EC200.175 pg/L [2016]

primary

cells
Benzopheonone-3 Seriatopora | adult 7 days LOEC: 1000 pg/L | mortality He et al.
(Oxybenzone) caliendrum [2019a]
Benzopheonone-3 Seriatopora | adult 7 days LOEC: 1000 pg/L | visual He etal.
(Oxybenzone) caliendrum bleaching [2019a]
Benzopheonone-3 Seriatopora | adult 7 days LOEC: >1000 zooxanthellae | He et al.
(Oxybenzone) caliendrum ng/L density [2019a]
Benzopheonone-3 Seriatopora | adult 7 days LOEC: 10 pg/L polyp He et al.
(Oxybenzone) caliendrum retraction [2019a]
Benzopheonone-3 Seriatopora | larvae 14 days LOEC: 1000 pg/L | settlement He et al.
(Oxybenzone) caliendrum [2019a]
Benzopheonone-3 Seriatopora | larvae 14 days LOEC: 1000 pg/L | visual He et al.
(Oxybenzone) caliendrum bleaching [2019a]
Benzopheonone-3 Stylophora Planula 8 hdark | LC50: 12800 mortality Downs et al.
(Oxybenzone) pistillata ng/L [2016]
Benzopheonone-3 Stylophora Planula 8 hlight | LC50:2900 pg/L | mortality Downs et al.
(Oxybenzone) pistillata [2016]
Benzopheonone-3 Stylophora Planula | 24 hdark | LC50: 799 pg/L mortality Downs et al.
(Oxybenzone) pistillata [2016]
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Benzopheonone-3 Stylophora Planula 24 h light | LC50: 139 pg/L mortality Downs et al.
(Oxybenzone) pistillata [2016]
Benzopheonone-3 Stylophora Planula 8 hdark | EC50: 737000 deformity Downs et al.
(Oxybenzone) pistillata deformit pg/L - EC20: 15.5 [2016]

y ng/L
Benzopheonone-3 Stylophora Planula 8 hlight | EC50: 133000 deformity Downs et al.
(Oxybenzone) pistillata deformit pg/L - EC20: 6.3 [2016]

y ng/L
Benzopheonone-3 Stylophora Planula 24 hdark | EC50: 137 pg/L - | deformity Downs et al.
(Oxybenzone) pistillata deformit EC20: 10.4 pg/L [2016]

y
Benzopheonone-3 Stylophora Planula 24 hlight | EC50: 49 pg/L - | deformity Downs et al.
(Oxybenzone) pistillata deformit EC20: 6.5 pg/L [2016]

y
Benzopheonone-3 Stylophora Calicobl | 4 hlight | LC50:42 ng/L - mortality Downs et al.
(Oxybenzone) pistillata ast EC20: 2 pg/L [2016]

primary

cells
Benzopheonone-3 Stylophora Calicobl | 4 hdark | LC50: 671pg/L - | mortality Downs et al.
(Oxybenzone) pistillata ast EC20: 14 pg/L [2016]

primary

cells
Benzopheonone-3 Tubastraea | planulae | 48 h LC50: 2951.24 mortality in Miller et al.
(Oxybenzone) faulkneri ng/L; LOEC: survival assay | [2022]

2666.8 (684.4,)
ng/L
Benzopheonone-3 Tubastraea | planulae | 48 h LC50: 799.4 ng/L | mortality in Miller et al.
(Oxybenzone) faulkneri settlement [2022]
assay

Benzopheonone-3 Tubastraea | planulac | 48 h EC50:298.92 settlement Miller et al.
(Oxybenzone) faulkneri ng/L LOEC: [2022]
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2666.8 (684.4.)
pg/L

Benzophenone-4 Pocillopora | adult 7 days LOEC: >1000 mortality He et al.
(sulisobenzone) damicornis png/L [2019a]
Benzophenone-4 Pocillopora | adult 7 days LOEC: >1000 bleaching He et al.
(sulisobenzone) damicornis ng/L [2019a]
Benzophenone-4 Pocillopora | adult 7 days LOEC: >1000 zooxanthellae | He et al.
(sulisobenzone) damicornis ng/L density [2019a]
Benzophenone-4 Pocillopora | adult 7 days LOEC: >1000 polyp He et al.
(sulisobenzone) damicornis ng/L retraction [2019a]
Benzophenone-4 Seriatopora | adult 7 days LOEC: >1000 mortality He et al.
(sulisobenzone) caliendrum ng/L [2019a]
Benzophenone-4 Seriatopora | adult 7 days LOEC: >1000 visual He et al.
(sulisobenzone) caliendrum ng/L bleaching [2019a]
Benzophenone-4 Seriatopora | adult 7 days LOEC: >1000 zooxanthellae | He et al.
(sulisobenzone) caliendrum ng/L density [2019a]
Benzophenone-4 Seriatopora | larvae 14 days LOEC: 1000 pg/L | settlement He et al.
(sulisobenzone) caliendrum [2019a]
Benzophenone-4 Seriatopora | larvae 14 days LOEC: >1000 bleaching He et al.
(sulisobenzone) caliendrum ng/L [2019a]
Benzophenone-8 Pocillopora | adult 7 days LOEC: 1000 pg/L | mortality - He et al.
(dioxybenzone) damicornis 100% [2019a]
metabolite of

oxybenzone

Benzophenone-8 Pocillopora | adult 7 days LOEC: 1000 pg/L | visual He et al.
(dioxybenzone)metaboli | damicornis bleaching [2019a]

te of oxybenzone
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Benzophenone-8 Pocillopora | adult 7 days LOEC: 1000 pg/L | zooxanthellae | He et al.
(dioxybenzone) damicornis density [2019a]
metabolite of

oxybenzone

Benzophenone-8 Pocillopora | adult 7 days LOEC: 1000 pg/L | total polyp He et al.
(dioxybenzone) damicornis retraction [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | adult 7 days LOEC: 100 pg/L | mortality - He et al.
(dioxybenzone) caliendrum 100% [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | adult 7 days LOEC: 100 pg/L | visual He et al.
(dioxybenzone) caliendrum bleaching [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | adult 7 days LOEC: 100 pg/L. | zooxanthellae | He et al.
(dioxybenzone) caliendrum density [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | adult 7 days LOEC: 10 pg/L polyp He et al.
(dioxybenzone) caliendrum retraction [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | larvae 14 days LOEC: 500 pg/L | mortality He et al.
(dioxybenzone) caliendrum [2019a]
metabolite of

oxybenzone

Benzophenone-8 Seriatopora | larvae 14 days LOEC: 100 pg/L | larval He et al.
(dioxybenzone) caliendrum settlement [2019a]
metabolite of

oxybenzone
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UV Filter Species Life Duration Exposure Effect Citation
stage

Benzophenone-8 Seriatopora | larvae 14 days LOEC: 10 pg/L larval He et al.
(dioxybenzone)metaboli | caliendrum settlement - [2019a]
te of oxybenzone day 7

shrinkage and

skeletal

detachment
Benzophenone-8 Seriatopora | larvae 14 days EC50: 530 pg/L larval He et al.
(dioxybenzone) caliendrum settlement [2019a]
metabolite of
oxybenzone
Benzophenone-8 Seriatopora | larvae byday 9 | LOEC: 250 pg/L | visual He et al.
(dioxybenzone) caliendrum of 14 bleaching- [2019a]
metabolite of days zooxanthellae
oxybenzone expulsion
Homosalate (3,3,5- Pocillopora | adult 7 days LOEC: 1000 pg/L | polyp Stien et al.
Trimethylcyclohexyl damicornis retraction [2020]
salicylate)
Octinoxate aka: Acropora sp. | adult 12h 33.0 uL/L (6% Bleaching Danovaro et al.
ethylhexylmethoxy- W/W) 91% [2008]
cinnamate (EHMC)
Octinoxate aka: Acropora adult 48 h 50.0 pL/L (6% Bleaching Danovaro et al.
ethylhexylmethoxy- pulchra W/W) 91% [2008]
cinnamate (EHMC)
Octinoxate aka: Pocillopora | Adult 7 days LOEC: >1000 Mortality He et al.
ethylhexylmethoxy- damicornis (13.03m) pg/LL [2019b]
cinnamate (EHMC)
Octinoxate aka: Pocillopora | Adult 7 days LOEC: >1000 Bleaching He et al.
ethylhexylmethoxy- damicornis (13.031m) ng/L [2019D]
cinnamate (EHMC)
Octinoxate aka: Pocillopora | Adult 7 days NOEC: 100 Total polyp He et al.
ethylhexylmethoxy- damicornis (1.47x) png/L; retraction [2019b]
cinnamate (EHMC) LOEC: 1000

(13.03,) pg/L
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Octinoxate aka: Seriatopora | Adult 7 days NOEC: 100 partial He et al.
ethylhexylmethoxy- caliendrum (1.17m) pg/L; mortality 33% | [2019b]
cinnamate (EHMC) LOEC: 1000 mortality
(16.48m) ng/L
Octinoxate aka: Seriatopora | Adult 7 days NOEC: 100 Bleaching He et al.
ethylhexylmethoxy- caliendrum (1.17m) pg/L; [2019b]
cinnamate (EHMC) LOEC: 1000pg/L
(16.48m) ng/L
Octinoxate aka: Seriatopora | Adult 7 days NOEC: 1.0 total polyp He et al.
ethylhexylmethoxy- caliendrum (0.02,) pg/L; retraction [2019b]
cinnamate (EHMC) LOEC: 10 pg/L
(0.19m) pg/L
Octisalate (2-ethylhexyl | Pocillopora | Adult 7 days LOEC: 50 pg/L metabolic Stien et al.
salicylate) damicornis profile shift: [2020]
upregulation
of steroids.
Metabolic
response
resembes
stress/inflamm
atory
signature.
Octocrylene aka: 2- Pocillopora | Adult 7 days: LOEC: 50 pg/L metabolomic Stien et al.
ethylhexyl 2-cyano-3, 3- | damicornis 24 h profiling; OC [2019]
diphenylacrylate (OC) static conjugates to
renewal coral FA
increasing
bioaccumulati
on rate;
abnormal
fatty-acid
metabolism
related to
mitochondrial
dysfunction
Octocrylene aka: 2- Pocillopora | Adult 7 days LOEC: 300 pg/L. | polyp Stien et al.
ethylhexyl 2-cyano-3, 3- | damicornis retraction [2019]

diphenylacrylate (OC)
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Octocrylene aka: 2- Pocillopora | Adult 7 days LOEC: >1000 Mortality He et al.
ethylhexyl 2-cyano-3, 3- | damicornis (249.08,) pg/L [2019b]
diphenylacrylate (OC)
Octocrylene aka: 2- Pocillopora | Adult 7 days LOEC: >1000 Bleaching He et al.
ethylhexyl 2-cyano-3, 3- | damicornis (249.08.) pg/L [2019b]
diphenylacrylate (OC)
Octocrylene aka: 2- Pocillopora | Adult 7 days NOEC: 100 Total polyp He et al.
ethylhexyl 2-cyano-3, 3- | damicornis (29.86m) retraction [2019b]
diphenylacrylate (OC) ng/L;LOEC: 1000

(249.08,,) pg/L
Octocrylene aka: 2- Seriatopora | Adult 7 days LOEC: >1000 Mortality He et al.
ethylhexyl 2-cyano-3, 3- | caliendrum (255.95m) pg/L [2019Db]
diphenylacrylate (OC)
Octocrylene aka: 2- Seriatopora | Adult 7 days LOEC: >1000 Bleaching He et al.
ethylhexyl 2-cyano-3, 3- | caliendrum (255.95m) pg/L [2019b]
diphenylacrylate (OC)
Octocrylene aka: 2- Seriatopora | Adult 7 days NOEC: 100 Total polyp He et al.
ethylhexyl 2-cyano-3, 3- | caliendrum (19.18m) pg/L; retraction [2019b]
diphenylacrylate (OC) LOEC: 1000

(255.95m) png/L
Octocrylene aka: 2- Stylophora Adult 35 days NOEC:1000 F./F, - Fel et al. [2019]
ethylhexyl 2-cyano-3, 3- | pistillata (519m) pg/L; photosynthetic
diphenylacrylate (OC) LOEC: 5000 efficiency

(1318 )ug/L
Titanium dioxide Acropora sp. | Adult 24-48 h 6300 pg/L (single | Bleaching 6- Corinaldesi et
nanoparticles (nano- dose) 7% not al. [2018]
Ti02) Mn doped significant
(Optisol, oxonica)
Titanium dioxide Acropora sp. | Adult 24-48 h 6300 pg/L (single | Bleaching 6- Corinaldesi et
nanoparticles (nano- dose) 7% not al. [2018]
Ti02) Al203 significant

dimethicone coated
(rutile, 20 nm, Eusolex
T2000, Merck
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UV Filter Species Life Duration Exposure Effect Citation
stage

Titanium dioxide Orbicella Adult 17 days 100 and 10,000 Decrease in Jovanovi¢ and
nanoparticles (nano- faveolata ng/L Zooxanthellae | Guzman [2014]
TiO2) (anatase, <25 nm, (100 pg/L-
97% purity, Sigma) 14% and

10,000 pg/L-

25%). Coral

gene

expression,

upregulation

of HSP 70
Zinc Oxide nanoparticles | Acropora sp. | Adult 48 h 6300 nug/L (single | Bleaching Corinaldesi et
(nZnO) (uncoated 20-20 dose) 67%; al. [2018]
nm,NP>50% microbial

enrichment
Zinc Oxide nanoparticles | Seriatopora | Adult 24 h 50, 100, 200 pg/L | dose Tang et al.
(nZnO) (uncoated 50-70 | caliendrum dependent [2017]
nm, Sigma cod. 544906 change in lipid

profiles

(glycerophosp

hocholine);

decrease in

20:4 GPCs
Zinc Oxide (ZnO) Stylophora Adult 35 days NOEC: 10 (24n) F./F,, Fel et al. [2019]

pistillata ng/L; LOEC: 100 | photosynthetic
(94m) ng/L; efficiency

EC50: 1000 (864,
) hg/L

7.2 Inorganic UV Filters

Mineral (inorganic) compounds, i.e., titanium dioxide (TiO2, CAS: 13463-67-7) and zinc oxide
(ZnO, CAS: 1314-13-2) are important UV filters in sunscreens because they are broad spectrum,
act by blocking, absorbing, reflecting, or scattering sunlight, and are highly photostable with low
allergic potential (Gelabert et al., 2014). In addition to the increased interest in environmentally
friendly sunscreens, TiO2 and ZnO also are used in diverse industrial applications, resulting in
escalating production estimates by 2025 (Sharma, 2009, Haynes et al., 2017). Mineral UVF are
found in various particulate size classes, including nanometer range (Serpone et al., 2007, Ouchene
et al., 2019, Schneider & Lim, 2019). Nano-sized metal oxides (20-50 nm) dominate mineral
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sunscreen formulations because they are transparent when applied to skin. However, the behavior
of nanoparticles is difficult to predict in various media (e.g., freshwater, saltwater, pools, cells)
and the ability of nanoparticles to permeate cell membranes differs from the bulk form, which has
brought into sharp focus their toxicity potential (Gelabert et al., 2014, Haynes et al., 2017). This
is an environmental concern because of the increased production, use, and waste streams ending
in aquatic environments. Determining the anthropogenic contribution of TiO2 and ZnO in aquatic
environments is challenging because both are minerals and naturally occurring in varying
background levels (Labille et al., 2020a). Predicted loads of just TiO are in the mg/L range with
loads of 2-6 million tons by 2025 that are concentrated in the nearshore (Haynes et al., 2017).

The toxicity of inorganic nano-sized UVFs is a growing concern, with a number of studies
ascribing toxic effects for algae (Sendra et al., 2017b,c; Hou et al., 2018, Fastelli & Renzi, 2019,
Hou et al., 2019), coral (Jovanovic & Guzman, 2014, Tang et al., 2017, Corinaldesi et al., 2018),
crustaceans (Wong et al., 2010, El-Atti et al., 2019, Farner et al., 2019, Fastelli & Renzi, 2019),
bivalves (Barmo et al., 2013, Sendra et al., 2017a, Guan et al., 2018), sea urchins (Manzo et al.,
2013, Manzo et al., 2017, Oliviero et al., 2017, Fastelli & Renzi, 2019, Oliviero et al., 2019), fish
(Hao et al., 2013, Juliano & Magrini, 2017, Barone et al., 2019, Chen et al., 2019), and dolphin
primary cells (Frenzilli et al., 2014). However, major concerns have been raised about
experimental designs and conclusions regarding toxicity without standardization of metal oxide
crystalline forms (i.e., rutile, anatase), sizes (i.e., bulk, nanoparticles), surface coatings (e.g.,
silicon dioxide, alumina, dimethicone), and the pH, salinity, temperature, organic matter (e.g.,
microbes, humic material) of the test medium, all of which influence the behavior (e.g., aggregated,
dispersed, dissolution) and toxicity of these compounds (reviewed in Sharma, 2009, Varner et al.,
2010, Gelabert et al., 2014, Haynes et al., 2017).

Titanium dioxide TiOz2 (titanium (IV) oxide, titania, CAS: 13463-67-7)

Titanium dioxide is a natural mineral that is dominated by rutile (Ti02) and ilmenite (FeTiO3). In
the US, ore is predominantly mined in Florida and Virginia, influencing natural background levels.
Toxicity has not been attributed to bulk TiO> for marine organisms at environmentally relevant
concentrations. However, studies have found TiO2 nanoparticles with varying degrees of toxicity
and size, coated versus uncoated, crystalline form, and presence of UV light significantly influence
toxicity (reviewed by Sharma, 2009, Lozano et al., 2020). The primary mechanism of toxicity is
thought to be from the production of damaging hydroxyl radicals and superoxide radicals when
irradiated; to mitigate radical production, TiO> particles are coated with compounds that capture
the radicals and reduce the toxic effects (Serpone et al., 2007, Smijs & Pavel, 2011).

Two studies have reported the effects of TiO; in stony corals. Jovanovic and Guzman (2014)
investigated the effects of bulk and nano-TiO; (uncoated anatase) on the Caribbean mountainous
star coral (Montastraea faveolata, now Orbicella faveolata). Being exposed to 0.1 or 10 mg/L
nano- TiO> in sunlight resulted in a short-term stress (48 h) associated with slight bleaching, but
corals recovered by the end of the 17-day exposure with no damaging effects, which may be due
to coral acclimation and/or aggregation of the nanoparticles. The second study by Corinaldesi et
al. (2018) separately exposed Acropora spp. nubbins to two different forms of TiO»
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(Eusolex®T2000, rutile crystals 20 nm and surfaced coated with alumina and dimethicone;
Optisol™ modified with manganese as a free radical scavenger) each at 6.3 mg/L. In each case,
bleaching was not significantly different from controls, and there was no significant increase in
microbial abundance over time. These studies indicate that use of coated or modified TiO; has
very limited impact on tropical stony corals.

Zinc Oxide (ZnO, amalox, CAS: 1314-13-2)

Many toxicological effects have been reported for bacteria and algae (Escherichia coli 14% growth
inhibition-10 mg/L; Bacillus subtilis 90% inhibition-10 mg/L; Adams et al., 2006; Vibrio fischeri,
Daphnia magna LCs0=3.2 mg/L nano ZnO vs 8.8 mg/L bulk ZnO; Thamnocephalus platyurus
LCs50=0.18 mg/L nanoZnO versus 0.24 mg/L bulk ZnO, Heinlaan et al., 2008). In the purple sea
urchin (Strongylocentrotus purpuratus, Cunningham et al. 2020) reported an ECso <0.04 mg/L for
Zn?".

Three studies have evaluated the effect of ZnO nanoparticles on corals. Tang et al. (2017)
conducted a lipidomics study of cell membrane lipid changes in the pocilloporid coral, Seriatopora
caliendrum exposed to ZnO nanoparticles (50-70 nm, 24 h) at 50, 100, and 200 pg/L under
artificial light (~110 pmol quanta/s/m?). The 24 h exposure resulted in distinct alterations in coral
membranes exposed to the ZnO nanoparticles characteristic of cellular accommodation; however,
chronic exposure resulted in membrane lipid restructuring, affecting cell function (e.g., physical
barriers, transmembrane transport, metabolic and signaling pathways (Tang et al., 2017).
Corinaldesi et al. (2018) exposed Acropora spp. nubbins (48 h) to uncoated ZnO nanoparticles
ranging in size from 20-200 nm at 6.3 mg/L. They observed a significant, rapid (24 h) bleaching
(2 orders of magnitude loss and damaged zooxanthellae versus controls), and enrichment of
prokaryotes and viruses after 48 h of treatment (42.05 x 10% cells/44.83 x 10® viruses in treated
versus 14.4 x 10% cells/16.62 x 10® in controls).

Fel et al. (2019) exposed Stylophora pistillata to 10-1,000 pg/L ZnO (particle size nor source were
specified) and reported a reduction in photosynthetic yield (F./F, 38% after 35 d LOEC=100
ug/L).

8 Preservatives

Preservatives are chemicals (either natural or synthetic in origin) added to various PCPs to restrict
microbial growth and to extend the shelf life of the product, particularly with respect to oxidative
damage. This class consists of both antimicrobial compounds (e.g., triclosan, parabens,
phenoxyethanol, organic acids) and antioxidants (butylated hydroxytoluene [BHT] or butylated
hydroxyanisole [BHA]. Because preservatives are found in a wide variety of textiles, plastics,
food, and PCPs (toiletries, pharmaceuticals, cosmetics, etc), they enter the marine environment
primarily via wastewater effluents and recreational swimming. Despite widespread use, few
studies have documented concentrations in aquatic environments (Haman et al., 2015). Only one
toxicological study occurred with a preservative (Phenoxyethanol) on a Caribbean acroporid,
Acropora palmata (Woodley et al. unpublished).
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Triclosan and Triclocarban

Triclosan (5-chloro-2-(2,4-dichlorophenoxy) phenol; CAS: 3380-34-5) and its analog, triclocarban
(3.,4,4'-trichlorocarbanilide; CAS: 101-20-2), are synthetic, chlorinated phenolic compounds
widely used as antimicrobial agents in textiles, healthcare, and personal care products. They are
recognized as ubiquitous environmental pollutants due to extensive use and propensity for
bioaccumulation (Halden et al., 2017). The high bioaccumulation potential is reflected in the high
log Kow values of 4.8 (triclosan) (Heidler & Halden, 2007) and 4.3 (triclocarban) (NCBI, 2023).
Bioaccumulation of these compounds in several marine species (fishes, mussel) is in the range of
104-319 ng/g dry weight tissue (triclosan) and <7.9-26 ng/g dry weight tissue (triclocarban)
(Meador et al., 2016, Krogh et al., 2017). There is evidence that bioaccumulation is enhanced
under climate change scenarios (Costa et al., 2020). Additionally, a bioconcentration factor of 4.25
recently has been reported for triclosan in sea cucumbers (Martin et al., 2020).

There have been no toxicity studies to evaluate effects of either compound on coral or
dinoflagellate symbionts, to date. Acute toxicity of a marine rotifer (Han et al., 2016), intertidal
copepod (Park et al., 2017), and fish (Tamura et al., 2013, Wang et al., 2018b) has been
demonstrated for triclosan (LCso range = 52-1,112 pg/L). The acute LCso value for triclocarban
(388 pg/L) for a marine rotifer also has been reported (Han et al., 2016). Sublethal effects of
triclosan include genotoxicity, oxidative stress, endocrine disruption, fecundity, growth inhibition,
neurotoxicity, embryogenesis, and reduction in community abundance (Cortez et al., 2012, Ho et
al., 2013, Tamura et al., 2013, Xu et al., 2015, Schnitzler et al., 2016, Park et al., 2017, Tato et al.,
2018, Eriksson et al., 2020, Ling et al., 2020, Wang et al., 2020) for concentrations between 0.001
and 1,063 png/L. Triclosan and triclocarban may also facilitate antibiotic resistance (Cen et al.,
2020, Lu et al., 2020). Aquatic life criteria have been calculated for triclocarban using 8 species (3
fish, 2 crustaceans, 1 insect, 1 annelid, 1 amphibian): criterion maximum = 1.46 pug/L and
continuous concentration limit = 0.21 pg/L (Fan et al., 2019a).

Triclosan has been detected in marine waters in the range of <0.1-2,300 ng/L (Brausch & Rand,
2011, Spongberg et al., 2011, Bayen et al., 2013, Emnet et al., 2015, Brumovsky et al., 2017, Kung
et al., 2018). Triclocarban has been detected in wastewater effluents, drinking water, and surface
waters in concentrations as high as 6.75 mg/L (Halden & Paull, 2005), with the detection range in
rivers ranging from 6.5 to 478 ng/L (Zhao et al., 2010). Triclocarban was recently measured in
surface waters from Salt River Bay, St. Croix, USVI (0.51-1.25 pg/L) in close proximity to
Acropora palmata reefs (Woodley unpublished). It is important to note that triclosan and
triclocarban photodegrade and sources of toxic and carcinogenic compounds, including dioxins,
chloroform, and chlorinated anilines (Halden et al., 2017). Recognizing the human and aquatic life
hazards presented by the use and environmental persistence of triclosan and triclocarban, the U.S.
Food and Drug Administration issued a final rule in the Federal Register (Administration FDA
2019) under which over-the-counter consumer antiseptic wash products containing these two
chemicals will no longer be marketed. However, these two chemicals are not restricted from other
products and are still measured in the environment.

Parabens

142



Parabens are ester derivatives of parahydroxybenzoic acid and are the most commonly used
chemical preservatives. To date, one study has documented significant bleaching in two Pacific
acroporid coral species from acute (48-96 h) exposures to butylparaben (5 g/L) (Danovaro et al.,
2008; Table 11). The authors used concentrations of the paraben that were found in sunscreens,
but not environmentally relevant. The chronic effects of parabens to other aquatic organisms have
been documented in a single known study examining toxicity in Daphnia magna and Pimephales
promelas (Dobbins et al., 2009). Growth and reproduction were impacted at 0.12-9.0 mg/L in D.
magna, while P. promelas was less sensitive (ECso range = 1.0-25.0 mg/L). These authors found
benzyl- and butylparaben were most toxic to the invertebrate (LCso range = 4.0-24.6 mg/L) and
fish (LCso range = 3.3->160 mg/L), while methyl- and ethylparaben appeared least toxic. This
corresponds directly with the results of acute studies in other organisms, indicating increased chain
length of parabens increases toxicity, which may be due to the increase in log Kow (Madsen et al.,
2001, Petersen et al., 2007, Yamamoto et al., 2011). In addition, chlorinated environments can
yield chlorinated parabens, which are substantially more toxic to D. magna (ECso range for
immobilization = 2.2-62 mg/L) (Terasaki et al., 2009). Accumulation of parabens has been
documented in fish muscle tissue between 7-3600 ng/g (on a lipid weight basis) (Kim et al., 2011,
Ramaswamy et al., 2011) and 0.2-84.7 ng/g dw (Jakimska et al., 2013). Estrogenic activity of
parabens in in vitro and in vivo systems of vertebrate fish have been demonstrated at concentrations
as low as 68 pg/L (Pedersen et al., 2000, Inui, 2003, Bjerregaard et al., 2008).

Parabens have been identified in surface water with concentrations ranging from 3-17,300 ng/L
depending on paraben analyte, whereas WWTP effluent had lower concentrations ranging from
50 to 85 ng/L (Benijts et al., 2004, Lee et al., 2005, Loraine & Pettigrove, 2006, Kasprzyk-Hordern
et al., 2008, Jonkers et al., 2010, Villaverde-de-Saa et al., 2010, Renz et al., 2013, Ma et al., 2018).
Parabens are easily degraded in the environment. The main degradation product
(parahydroxybenzoic acid) has been detected in relatively high concentrations (up to 8,400 ng/L)
in raw wastewater and effluents (Eriksson et al., 2003, Blanco et al., 2009). In a study confirming
the ubiquity of parabens in the environment, the methylparaben concentration in a shallow
estuarine system in northwestern Portugal ranged from 2.1 to 51 ng/L and they were detected in
every sample (Jonkers et al., 2010).

Phenoxyethanol

Phenoxyethanol (CAS: 122-99-6) is an ether and aromatic alcohol with broad spectrum antibiotic
activity (Dreno et al., 2019). It is incorporated in decorative cosmetics, fine fragrances, shampoos,
toilet soaps, and other toiletries, as well as in non-cosmetic products such as household cleaners
and detergents. It also is utilized in the aquaculture industry as a fish anesthetizer (Scognamiglio
et al., 2012). Phenoxyethanol is structurally similar to parabens, is readily biodegradable, and has
a low Kow (~1.2), so is not expected to bioconcentrate in aquatic organisms (Madsen et al., 2001).
The median lethal concentration observed for A. palmata larvae was slightly higher than median
toxicity thresholds reported for juvenile sea bass (LCso = 0.3-0.45 mL/L) and sheatfish (LCso =
0.29 mL/L) (Basaran et al., 2007, Velisek et al., 2007), but lower than those observed for fathead
minnow (344 mg/L) and juvenile green sea urchin (40 mL/L) (Hagen, 2003). Impacts to maximum
quantum yield (F,/F,,) of brown macroalgae gametophytes also has been observed (6 h ECso = 2.4
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mL/L) (Lee H et al., 2019). Acute toxicity studies with Acropora palmata and Orbicella faveolata
larvae indicate that there should be concern with input into nearshore tropical waters, however
(Woodley, unpublished data; Table 11). Sensitivity to phenoxyethanol was observed for A.
palmata larvae in 48 h acute tests at two tested temperatures (LCso = 0.89 ppm at 31 °C; LOEC =
1000 ppm at 29 °C) and in a fertilization assay (LOEC = 1000 ppm at 29 °C). Phenoxyethanol
exposure significantly increased larval mortality and decreased fertilization efficiency for
Orbicella faveolata at 29 °C (LOEC = 500 ppm for both).

While environmental concentrations are thought to be transient due to biodegradation, a study of
Japanese rivers indicates that this may not be the case. Concentrations of phenoxyethanol ranged
from <0.9- 14,000 ng/L in a 2014 study (Kimura et al., 2014). Phenoxyethanol also has been
detected in a Victorian estuary up to 880 ng/L (Allinson et al., 2018). More data are needed to
better understand the environmental fate of this compound.

Formaldehyde releasers

Formaldehyde releasers are a third category of preservatives found in Pharmeceutical and Personal
Care Products (PPCPs). As the name suggests, these compounds slowly release formaldehyde as
they degrade, which inhibits microbial growth in various PCPs such as cosmetics and toiletries.
The timed-release action reduces human formaldehyde exposure, but still may result in contact
dermatitis for those sensitive to this compound. Examples of formaldehyde releasers include a
quaternary ammonium compound, quaternium-15 (CAS: 4080-31-3), imidazolidinylurea (CAS:
39236-46-9), diazolidinyl urea (CAS: 78491-02-8), 1,3-Bis(hydroxymethyl)-5,5-
dimethylimidazolidine-2,4-dione (DMDM hydantoin; CAS: 6440-58-0) and 2-bromo2-
nitropropane-1,3-diol (CAS: 52-51-7). There have been no toxicity studies to evaluate effects of
formaldehyde releasers on coral or dinoflagellate symbionts; however, toxicity has been observed
in sea urchins and mussels. Imidazolidinylurea inhibited sea urchin fertilization and egg cleavage
(IC50 = 60 pg/mL) (Amouroux et al., 1999), and quaternium-15 (1.0-2.0 pg/mL) altered immune
defense and detoxifying systems of Mytilus galloprovicialis in an 18-day exposure (Pagano et al.,
2016). Formaldehyde releasers are highly soluble in water, and the bioaccumulation potential is
assumed to be low.

There have been no studies documenting occurrence or accumulation in aquatic ecosystems for
this class of preservatives.

Isothiazolinones

Isothiazolinones (CAS: 1003-07-2) are organic compounds with a five-membered heteroaromatic
nucleus (isothiazole), containing 3 carbon atoms, one nitrogen atom, and one sulfur atom. They
are efficient biocides with antibacterial, antifungal, and herbicidal (algae) activity, are used
extensively in the manufacture of PPCPs (cosmetics, detergents and pharmaceuticals), and also
are used to control biofilm formation in aquatic environments (e.g., cooling tanks) (Silva et al.,
2020). There are no available studies investigating toxicity of isothiazolinones to coral or
symbionts; however herbicidal effects could be detrimental for symbiont species. A 6 h exposure
of five freshwater planarians to one analyte (methylisothiazolinone [MIT], CAS: 2682-20-4) was
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observed to increase mortality (LCso range = 4.5-5.8 mg/L) and inhibit tissue regeneration (0.57
mg/L) (Van Huizen et al., 2017). Negative effects for Daphnia magna (immobilization ECso =513
ug/L) and Xenopus tadpole tissue regeneration (LOEC = 5.8 mg/L) also have been documented
(Delos Santos et al., 2016, Kresmann et al., 2018). Researchers have suggested that the sulfur
moiety reacts with cysteine residues to disrupt normal growth, which could affect animals such as
coral that regenerate tissue from wounds such as from fish bites, or injury due to storms and human
contact. Bioaccumulation factors have not been reported.

There has been one recent study on the environmental concentration of isothiazolinones. The
analysis showed that the selected locations in Poland have sediment contamination by MIT in the
range of 1.04-10.08 pug/L; however, no MIT was detected in river water samples (Nowak et al.,
2020). A 1975 study indicated that aquatic degradation is rapid; the half-life of two analytes
incubated in river water occurred within two days (Krzeminski et al., 1975). Degradation
proceeded by chemical, photochemical, and biological means.

Organic acids

Organic acids are broad-spectrum antimicrobial agents and can be naturally occurring or
synthesized. This group includes compounds, such as benzoic acid (sodium benzoate, CAS: 65-
85-0), sorbic acid (potassium sorbate, CAS: 110-44-1), propionic acid (CAS: 79-09-4), and
salicylic acid (CAS: 69-72-7). They are used as ‘natural preservatives’ in food, cosmetics, and
toiletries. The organic acids have increased antimicrobial activity with increased alkyl chain
length, which also results in decreased solubility in water (Halla et al., 2018). Therefore, pH is a
determinant of the compound effectiveness, with increases in pH above neutral reducing efficacy
(Ricke, 2003). There are no studies documenting toxicity of organic acids to corals or
zooxanthellae; however, increased ocean acidity may affect skeletal formation in scleractinian
corals (Hoegh-Guldberg et al., 2007). There also are no discrete studies on aquatic toxicity of
organic acids used in PPCPs; the enhanced metal or chemical contaminant toxicity of naturally-
occurring organic acid mixtures (humics) to aquatic organisms has been observed, however (Lee
et al., 1993, Penttinen et al., 1998).

No data for environmental levels of organic acids have been found.

Antioxidants

Antioxidant preservatives such as BHT (CAS: 138-27-0) and butylated hydroxyanisole (BHA,
CAS: 25013-16-5) are lipophilic compounds extensively used to prolong the shelf life of food,
pharmaceuticals, and cosmetics. The toxicity of antioxidant preservatives to coral and
dinoflagellates has not been ascertained._Antioxidant exposures of zebrafish have resulted in
decreased heart rates and body lengths and diverse morphological deformities in dose-response
tests using BHA

Environmental contamination of antioxidant preservatives has been observed in rivers,
groundwater, and surface runoff in the range of 7-190 ng/L (Soliman et al., 2007).
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9 Surfactants

Surfactants (surface-active agents) are a diverse group of organic chemicals that contain both
hydrophobic (‘tails’) and hydrophilic (‘head’) moieties making them soluble in water and organic
solvents. This structure allows them to decrease surface tension between liquids or liquids and
solids thereby being useful as emulsifiers, detergents, wetting agents, dispersants, or foaming
agents (Grandview Research 2015). Surfactants are classified as anionic, cationic, nonionic, or
zwitterionic, depending on the charge of their head group, which determines its properties and
application. Surfactants differ from most toxicants as one name encompasses a large number of
different compounds. The majority of surfactants are anionic (linear alkylbenzyne sulfonate
[LAS], alcohol sulfates [AS], alkyl ethoxysulfates [AES]) used for cleaning (e.g., detergents and
soaps). The most common cationic surfactants are quaternary ammonium compounds (QAC) used
for example as disinfectants, fabric softeners, and hair conditioners. Zwitterionic surfactant
activities depend on pH and are commonly found as foam boosters in detergents. Nonionic
surfactants are neutrally charged (e.g., alkylphenol polyethoxylates) allowing compatibility with
other charged surfactants and used as emulsifiers and wetting agents, as well as in pesticide
formulations for solubilization and in biotechnology for stabilizing drug carriers (Ivankovic &
Hrenovic, 2010, Cowan-Ellsberry et al., 2014). No known studies have examined the effects of
surfactants on a Caribbean Acropora coral species.

Globally, surfactants are in high demand across most industrial sectors, but predominantly in
household cleaning products, PCPs, pharmaceuticals, agrochemicals, and petroleum exploration
(Reviewed in Ivankovic & Hrenovic, 2010; Konnecker et al., 2011; Cowan-Ellsberry et al., 2014).
Worldwide consumption in 2014 was estimated at 15,642 kilotons with a rapidly expanding market
(Grandview Research 2015) that, by 2022, was valued at $429.2 billion and projected to reach
$864.6 billion by 2032 (Raushan & Yerukola 2023). The toxicological effects of surfactants to
aquatic organisms are a significant concern because of their high-volume production, excessive
use, and their down-the-drain residues that are discharged into wastewater that, upon entering the
environment, can disperse into various aquatic ecosystems. Surfactants are continuously
discharged into the marine environment as either parent compounds or more toxic biodegraded
metabolites (e.g., nonylphenol, octylphenol). Biodegradation is slowed in seawater (Perales et al.,
2007) and, when coupled with adhesion to particles, can accumulate in sediments, acting as sinks
(Jackson et al., 2016). Reported environmental concentrations are highly variable and can range
in surface waters from ng-mg/L (e.g., 0.062-1090 mg/L, Ivankovic & Hrenovic, 2010; 0.05-0.9
mg/L, Kegler et al., 2015; n.d.-658.3 ng/L, Fisch et al., 2017; n.d.-1,293,000 ng/L, Montes-
Grajales et al., 2017; 0.04-786 ng/L, Kung et al., 2018).

Though a number of studies have reported adverse effects in marine vertebrates and invertebrates,
the factors affecting toxicity have not been standardized, making comparisons between studies
difficult (reviewed in Abel, 1974; EPA, 2010). USEPA (2010) reports acute and chronic toxicity
data for nonylphenol (CAS: 84852-15-3) and nonylphenol ethoxylates, and has set water quality
criteria (EPA-822-R-05-005) at 7.0 pg/L for acute exposure and 1.7 pg/L for chronic exposure
(EPA, 2005). Note that these National Criteria do not address metabolites, nor were coral included
in the toxicity data used to establish the guidelines. In general, acute toxicity has been reported at
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concentrations ranging from 0.4-40.0 mg/L with early life stages being more sensitive and
prominent effects to gills, epidermis, and chemoreceptors (Abel, 1974, Hamlin et al., 2015, Lee
D-H et al., 2018) reported with anionic surfactant toxicity associated with the induction of reactive
oxygen species (Salamat & Derakhshesh, 2020). For nonionic surfactants, nonylphenol and its
metabolites are well studied in model systems. Nonylphenol has been shown to disrupt endocrine
functions (1-400 pg/L) affecting reproductive and nervous systems (reviewed in Bonefeld-
Jorgensen et al., 2007; Lee D-H et al., 2018; Tato et al., 2018; Cao et al., 2019, Cao et al., 2020).
Routledge and Sumpter (1996) found that parent compounds showed no estrogenic activity in yeast
reporter assays; however, the nonionic surfactant (i.e., alkylphenols) degradation products (e.g.,
WWTP effluents) were weakly estrogenic and are environmentally persistent.

Three surfactant (or metabolites) toxicity studies have reported effects on coral (Table 11. The
effects of UV filters on corals.). Shafir et al. (2014) compared responses of two coral species
(Pocillopora damicornis and Stylophora pistillata) and three different genotypes of each exposed
to two surfactants, an anionic (linear alkylbenzene sulfonates, LAS) and nonionic (nonylphenol
ethoxylate, NPE), at six concentration treatments for 24 h, followed by observations for 203 days.
Mortality was seen at higher concentrations of both surfactants that differed with species (LCso
values at 28 d for P. damicornis 2.2 mg/L for LAS, 2.26 mg/L for NPE; S. pistillata 1.0 mg/L
LAS, 3.03 mg/L NPE) and were influenced by genotype. Overall LAS surfactants were more toxic
to coral nubbins than NPE surfactants. Kegler et al. (2015) similarly exposed Pocillopora
verrucosa nubbins to 0.19 mg/L (0.00019%) LAS at two temperatures (28°C, 31°C) for 84 h. At
control temperature, no difference in photosynthetic yield was observed at 48 h between
treatments, but a significant drop was observed with LAS exposure at 31°C. Signs of tissue loss
was visible as early as 48 h and increased with duration. After 84 h, tissue loss ranged from 16-
95%, averaging 53% (with amount of loss correlated with donor colony), which was exacerbated
at 31°C with an average 92% tissue loss.

Acute toxicity studies with exposures of Orbicella faveolata to the nonylphenol metabolite
(bundles scored after 4-6 hours of exposure), 4-n-nonylphenol (CAS: 104-40-5, 4-n-nonylphenol)
raised concerns with inputs into the tropical nearshore waters. Fertilization trials (data pooled from
individual pairwise crosses of two parents) resulted in an approximate 65% reduction in
fertilization efficiency for Orbicella faveolata (LOEC = 100 pg/L; Woodley, unpublished data).

Given the magnitude of chemicals considered surfactants, toxicity threshold data for the effects of
surfactants on coral are scarce. The EPA National Water Quality Criteria for nonylphenol is a
starting point, but whether it is protective for corals, is a significant data gap.

10 Synthetic Musks

Synthetic musks were originally produced as inexpensive alternatives to natural fragrances that
are incorporated into many household products (e.g., shampoos, lotions, detergents, deodorants;
Peck et al., 2006; Rainieri et al., 2017). This broad range of lipophilic compounds are classified
into four groups based on chemical structure. Nitro musks were the first to be introduced in the
late 1800s, but, with their bioaccumulation, molecular instability, and associated carcinogenic,
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estrogenic, and neuro-toxicities, polycyclic musks began replacing them in the 1950s (Daughton
& Ternes, 1999, Nakata et al., 2007, Homem et al., 2015). Polycyclic musk production has
increased to the point that two compounds, galaxolide (HHCB, CAS: 1222-05-5) and tonalide
(AHTN, CAS: 1506-02-1), are listed as high production chemicals by U.S. EPA with an estimated
450 tons of galaxolide imported into the U.S. annually (US EPA 2014). Macrocyclic musks were
developed next, appearing chemically very similar to natural musks and easier to biodegrade, but
expensive to produce (Homem et al., 2017). The alicyclic musks are fourth generation musks, but
rarely are used in PCPs (Homem et al., 2015, Pinkas et al., 2017, Castro et al., 2018, Tumova et
al., 2019). Due to their massive production and widespread, continuous use in PCPs, musks are
among a new class of priority pollutants referred to as emerging contaminants and pseudo-
persistent in the environment. A component of most down-the-drain products, musks enter the
marine environment primarily through wastewater effluent or sludge due to incomplete removal
during the waste treatment process. Due to the high lipophylicity of polycyclic musks (log Kow
ranging from 5.7 for tonalide and 5.9 for galaxolide to 6.3 for traseolide), they are known to
bioconcentrate in organisms (BCF ranging from 20-1584) (Tumova et al., 2019), which is
exacerbated by low degradation rates in the environment (Clara et al., 2011, Hu et al., 2011, Lee
etal., 2014, Homem et al., 2015). No known studies have examined the effects of synthetic musks
on a Caribbean Acropora coral species.

Synthetic musks currently in high production are among the most frequently detected pollutants in
surface waters globally, yet have little to no regulation (Vallecillos et al., 2014, Homem et al.,
2015, Rainieri et al., 2017). Dominated by galaxolide and tonalide, environmental concentrations
are commonly reported for wastewater, sludge, rivers, and lakes that range from 28.4-49.9 ng/L
(Fromme et al., 2001, Homem et al., 2015, Dsikowitzky et al., 2016, Tumova et al., 2019).
Concentrations in marine environments are rarely reported. Dsikowitzky et al. (2016) found
galaxolide at all stations (n=18) in rivers emptying into Jakarta Bay, Indonesia ranging from 50-
15,000 ng/L and tonalide ranging from <10-1,400 ng/L. These levels are comparable to ranges of
64-12,470 ng/L for galaxolide and 52-6,780 ng/L reviewed by Brausch and Rand (2011). Synthetic
musks were found in beach sand from all 23 beaches along the northern Atlantic coast of Portugal,
and ranged from 0.1-27 ng/g dw, with tonalide, exaltolide, and galaxolide most frequently detected
(Homem et al., 2017). Bargar et al. (2013) reported galaxolide above the method’s detection limits
(1.2 ng/L) but not quantifiable in surface waters at Tektite Reef and Whistling Cay, St. John, USVI.

Synthetic musks have not been measured in coral tissues, however, the high production musks,
galaxolide and tonalide, are known to accumulate in a number of other marine organisms across
trophic levels with bioaccumulation factors that vary with location, species, and tissue type. In
shellfish, a survey of mussels from Asia-Pacific coastal waters across 10 countries found
galaxolide concentrations ranging from 110-3300 ng/g lipid weight, with tonalide concentrations
ranging from nd-860 ng/g lipid weight (Nakata et al., 2012). Shek et al. (2008) found that
concentrations in mussels from Hong Kong ranged from 0.25-6.08 ng/g and 0.52-0.74 ng/g lipid
weight in galaxolide and tonalide, respectively. In Portugal, concentrations in wild mussels ranged
from nd-159 ng/g dw and 5.8-31.7 ng/g dw for galaxolide and tonalide, respectively (Castro et al.,
2018), and aquacultured oysters ranged from <22-61 ng/g dw (Gadelha et al., 2019). Shrimp and
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crabs were also found to concentrate galaxolide and tonalide (Nakata et al., 2007). Musk
concentrations in fish from shallow water areas of Japan’s coast ranged from <0.8-6.4 ng/g ww
and <0.4-3.5 ng/g ww for galaxolide and tonalide, respectively (Nakata et al., 2007). In top level
predators, galaxolide concentrations ranged from 4.6-5.2 ng/g ww and tonalide concentrations
from 1.2-1.7 ng/s ww in Atlantic sharpnose shark liver (Kannan et al., 2005), while galaxolide was
found in livers of hammerhead sharks from Japan at concentrations from 16-48 ng/g ww (Nakata,
2005). In marine mammals, musks have been reported in striped and bottlenose dolphins from
Florida (galaxolide 4.2-25 ng/g ww blubber, Kannan et al., 2005) and in the Indo-Pacific finless
porpoise (galaxolide 11-47 ng/g lipid weight; tonalide 2.1-32 ng/g lipid weight, (Moon et al.,
2011).

No studies evaluating the toxicity of synthetic musks affecting coral or other coral reef organisms
were found. Because of their persistence in the marine environment and highly bioaccumulative
nature, several studies have investigated effects of tonalide and galaxolide on marine invertebrates.
Wollenberger et al. (2003) reported 48 h LCso values for adult marine copepods, Acartia tonsa, for
galaxolide (0.47 mg/L), tonalide (0.71 mg/L), and celestolide (2.5 mg/L). Larval development (5
d exposure) was inhibited at approximate one order of magnitude lower when exposed to
galaxolide (ECs50=0.059 mg/L), tonalide (ECso= 0.026 mg/L), and celestolide (ECs0=0.160 mg/L).
In two separate 48 h acute toxicity tests, Daphnia magna immobilization was reported with ECso
values of 1.170 mg/L (Chen et al., 2015) and 2.684 mg/L (Fan et al., 2019b). In 21 d reproduction
tests, Daphnia magna had reported EC values of 0.244 mg/L and 0.282 gm/L for tonalide and
galaxolide, respectively (cited by Balk & Ford, 1999). Another copepod, Nitocra spinipes, was
most sensitive to tonalide as adults (96 h LCs0=0.61 mg/L), but larval development was unaffected
(Breitholtz et al., 2003). When exposed to galaxolide, N. spinipes adults were much less sensitive
(96 h LCs0=1.90 mg/L), while the larval development rate was significantly affected (LOEC=0.02
mg/L) (Breitholtz et al., 2003). In chronic exposure studies (21 d) of clams, Ruditapes
philippinarum, with galaxolide and tonalide at low doses (0.005-50 pg/L), biomarkers of oxidative
stress and DNA damage were detected at all concentrations (Ehiguese et al., 2020). For fish
exposed to galaxolide, (Zhang et al., 2012) a 96 h LCso for embryo zebrafish (Danio rerio) was
4.45 mg/L, and medaka (Oryzias latipes) larvae had a 96 h LCso of 0.95 mg/L for galaxolide and
1.0 mg/L for tonalide (Yamauchi et al., 2008).

Galaxolide and tonalide have been reported to have endocrine disrupting properties and to interfere
with xenobiotic metabolizing enzymes and anti-oxidant systems. In an in vivo transgenic zebrafish
study, antagonistic effects to the zebrafish estrogen receptor were observed at 0.1 uM and 1.0 uM
of tonalide and galaxolide with 10 uM resulting in mortality (Schreurs et al., 2004). Vitellogenin
was significantly elevated in male medaka after 3 d exposure to either galaxolide or tonalide
(LOEC=0.5 mg/L), indicating estrogenic effects (Yamauchi et al., 2008). Schnell et al. (2009)
provided the first evidence in fish that galaxolide and tonalide were strong inhibitors of
cytochrome P450 enzymes (Cyp3A, Cypl7, Cypl1f, Cypl9) involved in the synthesis and
metabolism of steroids. Fernandes et al. (2013) provided additional evidence in male sea bass that
galaxolide could exert an inhibitory effect on androgen synthesis by inhibiting cytochrome P450
enzymes, Cypl7 and Cyp11p, involved in the synthesis and metabolism of sex steroids.
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Multidrug/multixenobiotic resistance efflux transporters are a first line of defense against
xenobiotics and toxicants accumulating in cells (Smital et al., 2004). A hallmark of this efflux
system is an affinity for diverse substrates; chemicals that overwhelm or inhibit these transporters
are referred to as chemosensitizers (Luckenbach & Epel, 2005). Studies in mussels (gill tissue,
Mytilus californianus) found synthetic musks (nitro and polycyclic musks) are inhibitors of
cellular multi-drug transporters (i.e., xenobiotic defense system, multi-drug resistance [MXR]) at
1 and 10 uM (Luckenbach et al., 2004). Further work determined IC10 and IC50 values for
galaxolide of 0.37 and 2.43 pM and for tonalide 0.35 and 2.05 uM, respectively (Luckenbach &
Epel, 2005). Surprisingly, the gill tissue efflux system was compromised up to 48 h after a 2 h
exposure to galaxolide (Luckenbach and Epel 2005). The inhibition of the MXR transport by
galaxolide (LOEC=1.0 uM) and tonalide (0.1 uM) was subsequently documented in zebrafish
embryos (Fischer et al., 2013) and concluded that the zebrafish Abcb4 protein mediates the MXR-
mediated efflux activity of toxicants.

It is important to recognize that polycyclic musk compounds, such as galaxolide and tonalide,
generally are not considered overt toxicants, but they can act indirectly, increasing the
bioavailability of other compounds by inhibiting the MXR transporter activity. Acting as
chemosensitizers, musks can enhance toxicity of other MXR substrates by allowing unanticipated
accumulation in cells and unforeseen toxicities of low concentrations of many compounds that
otherwise would be removed (Luckenbach et al., 2004, Smital et al., 2004). The underappreciated
role that efflux reporters play in cellular defense against toxicants underscores the potential to
underestimate the toxicity of individual compounds in the presence of synthetic musks.

11 Insect Repellents

Insect repellents are a type of PCP used extensively for the protection of humans and domestic
animals against blood-feeding insect-transmitted diseases (Brown & Herbert, 1997). In contrast to
insecticides, repellents modify the behavior of the insect target (Dickens & Bohbot, 2013). The
most common active ingredients used currently in insect repellents are N,N-diethyl-meta-
toluamide (DEET), IR3535, picaridin, and 2-undecanone (Bohbot & Dickens, 2010). Each are
broad-spectrum arthropod repellents; however, DEET is by far the leading active ingredient in
commercial formulations (Brown & Herbert, 1997, Costanzo et al., 2007, Brausch & Rand, 2011).
In their review, Merel and Snyder (2016) reported 422 EPA registration numbers for 524
commercial DEET-containing products; however, because of the diverse manufacturing and
usage, recent consumption values are not available and default to a 1998 value of 1.8 kg/y in the
U.S. Concentrations of insect repellents (primarily of DEET and picaridin) have been detected in
surface waters in the US, Europe, and Asia up to low pg/L levels (Kolpin et al., 2002, Costanzo et
al., 2007, Nendza et al., 2013). No known studies have examined the effects of insect repellents
on a Caribbean Acropora coral species.

The mode of action of repellents is mediated through chemical cues i.e., infochemicals, that affect
the behavior of target organisms (i.e., mosquitoes, ticks) (von Elert et al., 2016). The reliance of
marine and freshwater organisms on chemical communication is widely documented (von Elert et
al., 2016). Because infochemicals are involved in many behavioral and physiological responses
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(e.g., feeding, mating, life history changes, predator-prey interactions), the concern with the
ubiquitous nature and bioaccumulation of these chemicals in the marine environment is the
unintended consequences on non-target species.

These four insect repellents primarily affect the olfactory and gustatory (taste) receptors, disrupting
sensory signaling and feeding (Ditzen et al., 2008, Bohbot & Dickens, 2010, Dickens & Bohbot,
2013, Sparks & Dickens, 2017). These chemicals have also been reported to affect other proteins
(e.g., acetylcholinesterase) in the aquatic midge, Chironomus riparius (Campos et al., 2016a), and
mammals (reviewed by (Roy et al., 2017).

DEET (N,N-diethyl-3-methylbenzamide, N,N-diethyl-m-toluamide, CAS: 134-62-3)

Global usage of DEET in the United States was 1100 tons in 2009 (Aronson et al., 2012). Among
the repellents, DEET is ubiquitous in the environment with surface water concentrations ranging
from 490 ng/L in Oceania to 24,000 ng/L in Jakarta (Dsikowitzky et al., 2014, Merel & Snyder,
2016). The largest source of these chemicals reaching the environment are wastewater treatment
effluents and landfill leachates (Singh et al., 2010, Merel & Snyder, 2016). Singh et al. (2010)
reported levels of DEET in the Miami River, southeast Florida (4.8-49 ng/L), Key Largo Harbor
(5.5-44 ng/L), and Looe Key (ND-13 ng/L). In Biscayne Bay, Florida, DEET concentrations
ranged from ND-25.9 ng/L (Wang, 2012). An analysis of emerging contaminants in sponge tissues
from the Maldives found DEET concentrations ranging from 2.49-13.0 ng/g dw across 8 sites
(Rizzi et al., 2020). In the Saudi Red Sea, DEET concentrations in fish ranged from n.d.-63.8 ng/g
dw and, in barnacles, ranged from 4.1-11.7 ng/g dw (Ali et al., 2018).

No experimental toxicity studies in coral have been reported for the effects of DEET. The toxicity
of DEET to aquatic organisms has been reviewed by Weeks et al. (2012) and included fish
(rainbow trout LCso 71.25-97 mg/L, fathead minnow LCso=110 mg/L, mosquito fish LCs0=235
mg/L, tilapia LCso= 120-150 mg/L), amphibians (Xenopus embryo teratogenesis assay NOEC=10
mg/L), invertebrates (Daphnia magna LCso= 10 mg/L, amphipods NOEC 100 mg/L), algae (green
algae ECs0=4.1-43 mg/L), and microorganisms (bioluminescent bacteria ECs0=68 mg/L). Brausch
& Rand (2011) summarized LCso values for DEET exposures in Daphnia magna (48h= 160 mg/L,
96 h= 108 mg/L) (Seo et al., 2005), Gammarus fasciatus (freshwater shrimp 96 h= 100 mg/L)
(Mayer & Ellersieck, 1986); O, orinekas (96 h 110mg/L); Gambusia affinis (24-48 h 235 mg/L);
and Oncorhynchus mykiss (96 h 71.3). It should be noted that significant sensitivity differences in
aquatic algae, e.g., Chlorella protothecoides (algae 24 h photosynthesis 388 mg/L) (Costanzo et
al., 2007) and Pseudokirchneriella subcapitata (algae growth, ECso=4.1 mg/L) (Harada et al.,
2008) could result in biomass decline and community composition shifts and warrant further study
for coral reef related marine algae. In contrast to Costanzo et al. (2007), the ECs50=72.9 mg/L was
shown for the dinoflagellate, Gymnodinium instriatum (Martinez et al., 2016) and underscores the
need to evaluate the effect of DEET on dinoflagellates that are symbiotic to corals. Campos et al.
(2016a; 2016b) showed that DEET is moderately toxic to chironomids, an ecologically important
aquatic midge, and high concentrations cause significant effects to multiple physiologic and
defense systems (LOEC ranged from 6.90 pg/L- 34 mg/L: growth, neurotoxicity, inhibition of
antioxidants and detoxifying enzymes). This study highlights the potential damaging ecological
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effects on non-target insects through neurotoxicity and physiological impairments to feeding and
odor receptors.

Other insect repellents

In addition to DEET, there are approximately eight other active components in commercial insect
repellents (Gao et al. 2020). Of these, three are prominent in commercial markets: IR3535 (ethyl
N-acetyl-N-butyl-B-alaninate (EBAAP), e.g., Avon Skin-so-Soft, CAS: 52304-36-6), Picaridin
(trade names: Icaridin, Bayrepel, CAS: 119515-38-7), and 2-undecanone (methyl nonyl ketone, 2-
U, CAS: 112-12-9). Published data on environmental concentrations is scant. Picaridin has
increasingly been replaced in the European market since 2001, and low pg/L concentrations have
been reported in lakes and rivers (Knepper, 2004, Molins-Delgado et al., 2018); no data on
environmental levels was found for IR3535.

No toxicity studies were found involving corals or coral reef organisms for any of the insect
repellents. IR3535 displayed no toxicity with Daphnia magna or algae tested. Toxicity data
available for 2-undecanone include Daphnia magna (crustacean ECso=540 pg/L), Lepomis
macrochirus (blugill sunfish LCso=2.1 mg/L), and Oncorhynchus mykiss (rainbow trout LCs0=3
mg/L). Picaridin toxicity data includes Scenedesmus subspicatus (freshwater green algae growth
ECs0=73.21 mg/L), Daphnia magna (crustacean ECso>103 mg/L), and Oncorhynchus mykiss
(rainbow trout LCs0=172.7 mg/L) (ECOTOX; Olker et al. 2022). Of note is a study by Almeida et
al. (2018) of the effects of picaridin on larval salamanders, which are predators of mosquito larvae.
This study showed that salamander larvae displayed tail deformity, reduced growth, and mortality
(>20 ng/L), which only began on day 4 and continued through day 25. The picaridin data relies
solely on typical 96 h ecotoxicology studies, which in this case would have concluded picaridin
was non-toxic.

12 Contaminant effects on Caribbean acroporid corals

Overall, land use, permitting, and monitoring information provide evidence that toxic metals,
pesticides, PCPs, pharmaceuticals, legacy contaminants, and petroleum-associated contaminants,
including PAHs and dispersants, are present in the waters and sediments within critical Acropora
habitat. The potential effects of these contaminants on ESA-listed Acropora species, summarized
in Table 12, needs further evaluation. However, evidence collected and presented from toxicity
tests on other coral species and, in particular, Pacific Acropora species suggests that critical
thresholds exist, which physiologically impaired adult corals, their algal symbiont partners, and,
especially the early life stages of these critically important foundational species. There are five
particular knowledge gaps identified from this review:

1. alack of studies using Caribbean Acropora spp.,
a lack of consistency in methodologies among toxicology studies making cross
comparisons difficult,

3. little to no known exposure studies on many emerging PCPP and other novel contaminants,
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4. alack of consistent spatial and temporal environmental data for contaminants within coral
reef ecosystems, and

5. a lack of information regarding integrating multiple stresses in association with
contaminant exposure.

Very little experimental work has been conducted on Caribbean Acropora spp corals to determine
toxicity thresholds for these threatened species. Specifically, out of the >60 different contaminants
discussed within this modest review, only eleven have been exposed to Caribbean Acropora
species (Table 12) in toxicological-based studies. This is surprising given the availability of these
two species for experimental study, especially A. cervicornis, which is the coral species most
propagated and outplanted for restoration. Although wild Acropora spp. are rare in many
Caribbean locations, in-water coral nurseries have been propagating these species asexually for
over a decade, particularly in Florida. Therefore, the lack of experimental study of the
contaminants on this species group may be related to the lack of scientific interest, reduced
perception of this topic as a priority, and/or the limited funding available to conduct these
ecotoxicological studies. The ARIT, therefore, recommends that characterizing and quantifying
the effects of multiple known and emerging contaminants on Acropora species be a priority for
future research.

There is also a lack of consistency among toxicology studies that make comparing outcomes
difficult. Even within coral studies, exposure times vary from hours to days to months, which are
often understandably associated with prioritized research questions that may require different
exposure periods to elicit responses. However, ARIT recommends that future studies focus on
establishing thresholds that are comparable among experiments, allowing for a greater
understanding of how these contaminants can influence coral health and physiology. In addition
to utilizing similar exposure concentrations and time periods within similar contaminant groups,
having the same endpoints utilized across studies would be a substantial step forward in cross
comparative studies. The ARIT recommends the creation of a coordinated methodology that
utilizes similar exposure times, concentrations, and endpoints to study the effects of contaminants
on Caribbean Acropora toward creating comparable outcomes to elucidate toxicity thresholds
relevant for establishing appropriate water quality criteria.

There is also a lack of information associated with new and emerging contaminants such as novel
biocides, pharmaceuticals, and PCPs. Although biocides have been studied, in particular Diuron,
very little work has been conducted using Caribbean Acropora species and new contaminants
continue to become available for utilization on land and in the water. Additionally, as the use of
pharmaceuticals increases within the human population, the presence of them within the
environment increases along with PCPs and other emerging contaminants such as surfactants. As
legacy contaminants are phased out and new ones enter the environment, a robust, established
protocol for establishing toxicity thresholds (as discussed above) should be available for
researchers and management agencies to guide policy decisions related to these emerging
contaminants.
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It is difficult to know whether existing thresholds are exceeded within the ocean because of the
lack of consistent spatial and temporal data associated with monitoring contaminants within the
environment in general, but particularly within coral reef ecosystems. Toxicity thresholds can be
identified and guidelines can be put in place, but whether those thresholds are exceeded within
critical habitat will have to be identified using established, committed funding and methodologies
in order to curtail effects and reduce the negative impacts associated with human-introduced
pollutants within Caribbean Acropora habitat.

Finally, recent studies have shown that integrating multiple threats into toxicological studies can
cause synergistic effects where toxicants negatively affect coral, but more so in the presence of
other stressors such as high water temperatures. As our climate continues to change, the chemistry
of the ocean is altered, water quality degrades, and pollutants get introduced; these all happen
concurrently, likely resulting in different effects than from these stressors in isolation. Therefore,
the ARIT recommends that ecotoxicological studies integrate contaminants within the
experimental design in a factorial design to understand threats individually and in concert to better
understand how coral physiology will change in more realistic real-world scenarios.

Table 12. List of contaminants discussed within the present report and the presence or absence
of research associated with any species of coral, Acropora spp., or Caribbean Acropora spp. An
“X” denotes that at least one study has been conducted within the contaminant group and ““--”
means no studies have taken place to date.

Contaminant Contaminant Name Experiments Acropora Caribbean
Group on Coral sp. Acropora
Metals Copper X X X
Metals Nickel X -- --
Metals Cobalt X X --
Metals Iron X -- --
Metals Lead X X --
Metals Cadmium X X --
Metals Zinc X X --
Hydrocarbons Crude Oil X X X
Hydrocarbons Drilling mud X X X
Hydrocarbons Fuel Oil X X --
Hydrocarbons Diesel X -- --
Hydrocarbons Gasoline X -- --
Hydrocarbons I-methylnaphthalene X X X
Hydrocarbons Dispersants X X X
Hydrocarbons Natural gas X -- --
Hydrocarbons Vegetable-derived lubricants X X --
Hydrocarbons Mineral-derived lubricants X X --
Hydrocarbons Toluene X X X
Hydrocarbons Benzo(a)pyrene X -- --
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Contaminant Contaminant Name Experiments Acropora Caribbean
Group on Coral sp. Acropora
Hydrocarbons Anthracene X X --
Hydrocarbons Phenanthrene X X X
Biocides Chlorpyrifos X X --
Biocides Profenofos X X --
Biocides Carbaryl X X --
Biocides MEMC X X --
Biocides Glyphosate X X --
Biocides Naled X X X
Biocides Permethrin X X --
Biocides DDVP X X --
Biocides Systemic Pesticides X X --
Biocides 2,4-D X - -
Biocides Cyanide X X --
Biocides Diuron X X --
Biocides Atrazine X X --
Biocides DDT X X -
Biocides Other biocides X X --
Antifoulants Tributyltin X X --
Antifoulants Irgarol 1051 X X --
Plastics microplastics X X X
Pharmaceuticals Antibiotic Drugs X X --
Pharmaceuticals Analgesics/Anti-inflammatory -- -- --
Pharmaceuticals Steroidal Hormones X -- --
Pharmaceuticals Antiepileptic Drugs -- -- --
Pharmaceuticals Antidepressant -- -- --
Pharmaceuticals Beta-blockers -- -- --
Pharmaceuticals Lipid Regulators -- -- --
Pharmaceuticals Mllicit Drugs -- -- --
Personal Care

Products BP-1 X -- --
Personal Care

Products BP-2 X -- --
Personal Care

Products BP-3 X X X
Personal Care

Products BP-4 X -- --
Personal Care

Products BP-8 X -- --
Personal Care

Products Octinoxate X -- --
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Contaminant Contaminant Name Experiments Acropora Caribbean
Group on Coral sp. Acropora
Personal Care

Products Octocrylene X X --
Personal Care

Products Other organic UV filters X X --
Personal Care

Products Titanium Dioxide X -- --
Personal Care

Products Zinc Oxide X X --
Preservatives Triclosan & Triclocarban -- -- --
Preservatives Parabens X X --
Preservatives Phenoxyethanol X X X
Preservatives Formaldehyde -- -- --
Preservatives Isothiazolinones -- -- --
Preservatives Organic acids -- -- --
Preservatives Antioxidants -- -- --
Emerging Surfactants X -- --
Emerging Synthetic Musks -- -- --
Emerging Insect Repellents -- -- --
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13 Appendices

Appendix 6A: Occurrences of Pharmaceuticals in the Marine Environment

Pharmaceutical Therapeutic use Concentration Location Reference

Acetylsalicylic acid Analgesic 2.1 ng/L South coast of France Togola and Budzinski 2008
Diclofenac Analgesic 22 ng/L Ireland McEneff et al. 2014
Diclofenac Analgesic 2.6 ng/L South coast of France Togola and Budzinski 2008
Diclofenac Analgesic 2.50-53.60 ng/L Northern Taiwan Fang et al. 2012
Ibuprofen Analgesic 1.7 ng/L South coast of France Togola and Budzinski 2008
Ibuprofen Analgesic 12.1 ng/L Southwestern Taiwan Jiang et al. 2014
Ibuprofen Analgesic 2.50-57.10 ng/L Northern Taiwan Fang et al. 2012
Ketoprofen Analgesic 1.8 ng/LL South coast of France Togola and Budzinski 2008
Ketoprofen Analgesic 23.3 ng/L Southwestern Taiwan Jiang et al. 2014
Ketoprofen Analgesic <1.70-6.59 ng/L Northern Taiwan Fang et al. 2012
Naproxen Analgesic 2.1 ng/L South coast of France Togola and Budzinski 2008
Naproxen Analgesic 0.7 ng/L Southern California Vidal-Dorsch et al. 2012
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Pharmaceutical Therapeutic use Concentration Location Reference
Tramadol Analgesic 1.3-5.8 ng/L Australia Birch et al. 2015
Diltiazem Antianginal 11 ng/L Mallorca, Spain Rodriguez-Navas et al. 2013

Erythromycin Antibiotic 26.6 ng/L Southwestern Taiwan Jiang et al. 2014
Erythromycin Antibiotic <0.23-50.4 ng/L North China Zhang et al. 2013)
Erythromycin Antibiotic 0.665-1.02 ng/L Southern sea of Korea Kim et al. 2017
Erythromycin Antibiotic 1.7 ng/L Yellow Sea in China Du et al. 2017
Erythromycin Antibiotic 12-1974 ng/L Hong Kong Minh et al. 2009

Sulfamethoxazole Antibiotic <0.23-50.4 ng/L North China Zhang et al. 20130

Sulfamethoxazole Antibiotic 0.6—47.5 ng/L Hong Kong Minh et al. 2009

Sulfamethoxazole Antibiotic 2.23 ng/L Dalian, China Naetal. 2013

Sulfamethoxazole Antibiotic 48.1 ng/L Yellow Sea in China Du et al. 2017

Trimethoprim Antibiotic <0.23-50.4 ng/L North China Zhang et al. 2013b
Trimethoprim Antibiotic 3 ng/L Ireland McEneff et al. 2014
Trimethoprim Antibiotic 1.37-13.3 ng/L Southern sea of Korea Kim et al. 2017
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Pharmaceutical Therapeutic use Concentration Location Reference
Trimethoprim Antibiotic 1.4-95.8 ng/L Yellow Sea in China Du et al. 2017
Trimethoprim Antibiotic 0.6-47.5 ng/L Hong Kong Minh et al. 2009

Amoxicillin Antibiotic 2.7-128 ng/L Hong Kong Minh et al. 2009
Ampicillin Antibiotic 88.7 ng/L Southwestern Taiwan Jiang et al. 2014
Azithromycin Antibiotic 138.9 ng/L Yellow Sea in China Du et al. 2017

Chloramphenicol Antibiotic 1.14 ng/L Dalian, China Naetal. 2013

Chloramphenicol Antibiotic 73.2 ng/L Yellow Sea in China Du et al. 2017
Ciprofloxacin Antibiotic 0.798-1.52 ng/L San Francisco, USA Kim et al. 2017

Clarithromycin Antibiotic 89.0 ng/L Yellow Sea in China Du et al. 2017
Lincomycin Antibiotic 47.8 ng/L San Francisco, USA Kim et al. 2017
Sulfadiazine Antibiotic 0.207-5.69 ng/L Southern sea of Korea Kim et al. 2017
Sulfadiazine Antibiotic 2.05 ng/L Dalian, China Naetal. 2013

Sulfadimethoxine Antibiotic 2.00 ng/L Dalian, China Naetal. 2013

Sulfadimethoxine Antibiotic 9.3 ng/L Yellow Sea in China Du et al. 2017
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Pharmaceutical Therapeutic use Concentration Location Reference
Sulfamethazine Antibiotic 2.81 ng/L Bohai Sea of China Naetal. 2013
Sulfamethazine Antibiotic 6.9-86 ng/L Hong Kong Minh et al. 2009
Sulfamethizole Antibiotic 1.34 ng/L Dalian, China Naetal. 2013

Sulfamethoxypyrid Antibiotic 1.95 ng/L Dalian, China Na et al. 2012
azine
Sulfathiazole Antibiotic 1.89 ng/g Dalian, China Naetal. 2013
Tetracycline Antibiotic 6.9-86 ng/L Hong Kong Minh et al. 2009
Fluoxetine Antidepressant 0.9-36.0 ng/L Australia Birch et al. 2015
Imipramine Antidepressant 1.6 ng/L South coast of France Togola and Budzinski 2008
Venlafaxine Antidepressant 0.8-44.7 ng/L Australia Birch et al. 2015
Carbamazepine Antiepileptic 4 ng/L Ireland McEneff et al. 2014
Carbamazepine Antiepileptic 2.2 ng/L South coast of France Togola and Budzinski 2008
Carbamazepine Antiepileptic 12 ng/L Gulf of Lions, France Munaron et al. 2012
Carbamazepine Antiepileptic 3.83 ng/L Southwestern Taiwan Jiang et al. 2014

160



Pharmaceutical

Therapeutic use

Concentration

Location

Reference

Carbamazepine Antiepileptic 3.964.13 ng/L Southern Sea of Korea Kim et al. 2017
Carbamazepine Antiepileptic 1.9-2.7 ng/L Australia Birch et al. 2015
Diazepam Anxiolytic 1.9 ng/L South coast of France Togola and Budzinski 2008
Diazepam Anxiolytic 19 ng/L Mallorca, Spain Rodriguez-Navas et al. 2013
Clofibric acid Lipid regulator 1.3 ng/L North Sea Weigel et al. 2002
Clofibric acid Lipid regulator 1.40-55.10 ng/L Northern Taiwan Fang et al. 2012
Gemfibrozil Lipid regulator 38 ng/L Ireland McEneffet al. 2014
Gemfibrozil Lipid regulator 1.2 ng/L South coast of France Togola and Budzinski 2008
Gemfibrozil Lipid regulator 3.67 ng/L Southwestern Taiwan Jiang et al. 2014
Gemfibrozil Lipid regulator 0.9 ng/L Southern California Vidal-Dorsch et al. 2012
Codeine Nonsteroidal 63.6 ng/L Southwestern Taiwan Jiang et al. 2014
Codeine Nonsteroidal 1.9-9.5 ng/L Australia Birch et al. 2015
Mefenamic acid Nonsteroidal 29 ng/L Ireland McEneff et al. 2014
17B-Estradiol Steroidal ND-1.8 ng/L Key Largo Harbor, USA Singh et al. 2010
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7a-ethinylestradiol Steroidal n.a Key Largo Harbor, USA Singh et al. 2011
7a-ethinylestradiol Steroidal 3.01-4.67 Acushet river estuary, USA Zuo et al. (2006)
7a-ethinylestradiol Steroidal 2.00- 0.01 Surface water (Hamadam), Jafari et al.(2009)
Iran
7a-ethinylestradiol Steroidal 11.70-14.00 Buyukcekme watershed, Aydin and Talinli (2013)
Turkey
7a-ethinylestradiol Steroidal 0.00-0.52 South East Queensland, Ying et al. (2009)
Australia
7a-ethinylestradiol Steroidal ND-25.00 Brazilian surface water, Sodré et al. (2010)
Brazil
7a-ethinylestradiol Steroidal <0.20 Czech Republic and Stachel et al. (2003)
Germany
7a-ethinylestradiol Steroidal <0.30-0.40 Netherlands (surface water) Vethaak et al. (2005)
7a-ethinylestradiol Steroidal 0.00 River Lambro, Italy Vigano et al. (2006)
7a-ethinylestradiol Steroidal <0.80-34.00 Venice Lagoon, Adriatic Pojana et al. (2007)
Sea
7a-ethinylestradiol Steroidal <0.30-0.70 Wiirm river, Germany Bogi et al. (2003)
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Pharmaceutical

Therapeutic use

Concentration

Location

Reference

7a-ethinylestradiol Steroidal 7.53-27.40 Dan-Shui River, Taipei, Chen et al. (2007)
Taiwan
7a-ethinylestradiol Steroidal 7.00-24.00 Jiaozhou Bay, Qingdao, Zhou et al. (2011)
China
7a-ethinylestradiol Steroidal ND-24.40 Tiajin area, Northern China Lei et al. (2009)
7a-ethinylestradiol Steroidal ND-0.43 Yundang Lagoon, China Zhang et al. (2011a)
Caffeine Stimulant 32 ng/L Gulf of Lions, France Munaron et al. 2012
Caffeine Stimulant 16.92 ng/L Southwestern Taiwan Jiang et al. 2014
Caffeine Stimulant 16 ng/L North Sea Weigel et al. 2002
Caffeine Stimulant 8.5-152.2 ng/L Oregon coast, USA Rodriguez del Rey et al. 2012
Caffeine Stimulant 370-6700 ng/L Boston Harbor, USA Siegener and Chen 2002
Caffeine Stimulant 2-10 ng/L Kauai (Hawaii, USA) Knee et al. 2010
Caffeine Stimulant 0.134-357ug/L Southeast Brazil Ferreira et al. 2005
Caffeine Stimulant ND-5000 ng/L Jamaica Bay, New York, Benotti and Brownawell 2007

USA
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Pharmaceutical Therapeutic use Concentration Location Reference
Caffeine Stimulant 55.1-778 ng/L Southern Sea of Korea Kim et al. 2017
Caffeine Stimulant 5.7-57 ng/L Key Largo Harbor, USA Singh et al. 2010
Caffeine Stimulant 0.1-6.9 pg/L Barbados, West Indies Edwards et al. 2015
Atenolol B-blocker 8-38 ng/L Mallorca, Spain Rodriguez-Navas et al. 2013

Metoprolol B-blocker 8 ng/L Mallorca, Spain Rodriguez-Navas et al. 2013
Propranolol B-blocker 7.02-7.58 ng/L Southern Sea of Korea Kim et al. 2017
Propranolol B-blocker 1.5-8.9 ng/L Australia Birch et al. 2015

Adapted with permission from “Pharmaceuticals in the marine environment: a review” by C. Y. Ojemaye, 2019, Environmental
Reviews, 27: 151-165 (2019). dx.doi.org/10.1139/er-2018-0054. © Canadian Science Publishing or its licensors and
supplemented with additional references.
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Appendix 6B: Occurrences of Pharmaceuticals in Marine Sediment

Caffeine Stimulant 29.7 ng/g San Francisco, USA Klosterhaus et al. 2013
Caffeine Stimulant 23.4 ng/g Bahia, Brazil Beretta et al. 2014
Caffeine Stimulant 17.2-466 ng/g Southern Sea of Korea Kim et al. 2017

Clofibrate clofibric | Lipid lowering agent 8.6 ng/g Wuxi, China Xie et al. 2017
acid

Diazepam Anxiolytic 0.71 ng/g Bahia, Brazil Beretta et al. 2014
Diclofenac Analgesic 1.06 ng/g Bahia, Brazil Beretta et al. 2014
Ibuprofen Analgesic 14.3 ng/g Bahia, Brazil Beretta et al. 2014

indomethacin Hypnotic 15.8-19.2 ng/g Murcia, Spain Moreno-Gonzalez et al.

2015
Sulfamethoxazole Antibiotic 0.7 ng/g San Francisco, USA Klosterhaus et al. 2013
Erythromycin Antibiotic 3.4 ng/g San Francisco, USA Klosterhaus et al. 2013
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Pharmaceutical

Therapeutic use

Concentration

Country

Reference

Erythromycin Antibiotic 20.4-48.1 ng/g Southern sea of Korea Kim et al. 2017
Erythromycin Antibiotic 2-2.37 ng/g Murcia, Spain Moreno-Gonzalez et al.
2015
Erythromycin Antibiotic 2.29 ng/g Bahia, Brazil Beretta et al. 2014
Trimethoprim Antibiotic 18.2 ng/g San Francisco, USA Klosterhaus et al. 2013
Trimethoprim Antibiotic ND-10.6 ng/g Southern sea of Korea Kim et al. 2017
Bezafibrate Lipid-lowering agent 0.37 ng/g Murcia, Spain Moreno-Gonzalez et al.
2015
Chloramphenicol Antibiotic 2.31 ng/g Dalian, China Naetal. 2013
Pravastatin Lipid-lowering agent 2.48 ng/g Murcia, Spain Moreno-Gonzalez et al.
2015
Valsartan Diuretic 1.27-1.72 ng/g Murcia, Spain Moreno-Gonzalez et al.
2015
Cocaine CNS stimulant and 0.2 ng/g San Francisco, USA Klosterhaus et al. 2013
local anesthetic
Sulfadiazine Antibiotic 1.22-3.13 ng/g Southern sea of Korea Kim et al. 2017
Sulfamethazine Antibiotic 1.39 ng/g Dalian, China Naet al. 2013
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Sulfamethazine Antibiotic 1.76 ng/g Bohai Sea of China Naetal. 2013
Clarithromycin Antibiotic 3 ng/g Murcia, Spain Moreno-Gonzalez et al.
2015
Sulfamethoxypyri Antibiotic 7.67 ng/g Dalian, China Naetal. 2013
dazine
Amphetamine CNS stimulant 3.3 ng/g San Francisco, USA Klosterhaus et al. 2013
Sulfathiazole Antibiotic 1.24 ng/L Dalian, China Naetal. 2013
Hydrochlorothiazi Diuretic 1.8 ng/g Murcia, Spain Moreno-Gonzalez et al.
de 2015
Triamterene Diuretic 10.8 ng/g San Francisco, USA Klosterhaus et al. 2013
Sulfamerazine Antibiotic 3.67 ng/g Dalian, China Naetal. 2013
Adapted with permission from “Pharmaceuticals in the marine environment: a review” by C. Y. Ojemaye, 2019, Environmental
Reviews, 27: 151-165 (2019). dx.doi.org/10.1139/er-2018-0054. © Canadian Science Publishing or its licensors
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Appendix 6 C: CAS Numbers for Select Pharmaceuticals

Acetylsalicylic acid Analgesic 50-78-2
Diclofenac Analgesic 15307-86-5
Ibuprofen Analgesic 15687-27-1
Ketoprofen Analgesic 22071-15-4
Naproxen Analgesic 22204-53-1
Tramadol Analgesic 27203-92-5
Diltiazem Antianginal 42399-41-7
Erythromycin Antibiotic 114-07-8
Sulfamethoxazole Antibiotic 723-46-6
Trimethoprim Antibiotic 738-70-5
Amoxicillin Antibiotic 26787-78-0
Ampicillin Antibiotic 69-53-4
Azithromycin Antibiotic 83905-01-5
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Chloramphenicol Antibiotic 56-75-7
Ciprofloxacin Antibiotic 93106-60-6
Clarithromycin Antibiotic 81103-11-9
Lincomycin Antibiotic 154-21-2
Sulfadiazine Antibiotic 68-35-9
Sulfadimethoxine Antibiotic 122-11-2
Sulfamethazine Antibiotic 57-68-1
Sulfamethizole Antibiotic 144-82-1
Sulfamethoxypyridazine Antibiotic 80-35-3
Sulfathiazole Antibiotic 72-14-0
Tetracycline Antibiotic 60-54-8
Fluoxetine Antidepressant 54910-89-3
Imipramine Antidepressant 50-49-7
Venlafaxine Antidepressant 93413-69-5
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Carbamazepine Antiepileptic 298-46-4
Diazepam Anxiolytic 439-14-5
Clofibric acid Lipid regulator 882-09-7
Gemfibrozil Lipid regulator 25812-30-0
Codeine Nonsteroidal 76-57-3
Mefenamic acid Nonsteroidal 61-68-7
17p-Estradiol Steroidal Hormone 50-28-2
7a-ethinylestradiol Steroidal Hormone 57-63-6
Caffeine Stimulant 58-08-2
Atenolol B-blocker 29122-68-7
Metoprolol B-blocker 37350-58-6
Propranolol B-blocker 525-66-6
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Appendix 6D: Pharmaceuticals’ Effect on Marine Invertebrates

Appendix 6D.1. Analgesics and Anti-inflammatory Drugs

Acetaminophen R. philippinarum Adult LOEC =5 mg/L 96-hr Increased GST Antunes et al. [2013]
(Manila clam)

Acetaminophen R. decussata Adult LOEC = 0.05 mg/L 96-hr Decreased GST | Antunes et al. [2013]
(European clam)

Acetaminophen Mytilus Adult LOEC =23 pg/L 10-d Increased CbE Solé et al. [2010]
galloprovincialis
(mussel -
digestive gland)
Acetaminophen M. Adult LOEC = 147 pg/L 10-d Decreased AChE Solé et al. [2010]
galloprovincialis 147 pg/L No effect GST
(Mediterranean 147 pg/L No effect LPO

mussel - gill)

Acetaminophen M. Adult LOEC =23 ng/L 10-d Increased LPO Solé et al. [2011]
galloprovincialis
(Mediterranean
mussel - digestive
gland)
Acetaminophen M. Adult LOEC =23 ng/L 10-d Increased CbE Solé et al. [2010]
galloprovincialis 147 pg/L No effect GST
(Mediterranean 147 pg/L No effect CAT

mussel - hepatic)
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Pharmaceutical Organism Life Stage Exposure Duration Effect Reference
Acetylsalicylic Mysidopsis Juvenile LCso= 190 mg/L 96-hrs Mortality da Silva et al. [2019]
acid Jjuniae (shrimp)
Acetylsalicylic Artemia Nauplii LCso=333 mg/L 24-hrs Mortality da Silva et al. [2019]
acid sp.(shrimp)
Acetylsalicylic Artemia Nauplii LCso=305 mg/L 48-hrs Mortality da Silva et al. [2019]
acid sp.(shrimp)
Acetylsalicylic Echinometra Pluteus LOEC =1.56 pg/L 36-hrs Reduction in da Silva et al. [2019]
acid lucunter (sea stage Normal
urchin) Development
Diclofenac Mytilus Trocophora LOEC =10 ug/L 30 min post Reduction in Balbi et al. [2018]
galloprovincialis stage fert. Normal
(mussel) Development
Diclofenac Mytilus Trocophora LOEC =1 pg/L 24-hrs post Reduction in Balbi et al. [2018]
galloprovincialis stage fert. Normal
(mussel) Development
Diclofenac Mytilus Trocophora LOEC =10 pg/L 24-hrs post Reduction in Balbi et al. [2018]
galloprovincialis stage fert. Normal
(mussel) Development
Diclofenac Mytilus Trocophora LOEC=1 pg/L 30 min post Reduction in Balbi et al. 2018
galloprovincialis stage fert. Normal
(mussel) Development
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Pharmaceutical Organism Life Stage Exposure Duration Effect Reference
Diclofenac M. Adult LOEC =250 ng/L 3-d Increased SOD Gonzales-Rey et al.
galloprovincialis 15-d No effect CAT [2014]
(Mediterranean 3-d Increased GR
mussel - gills) 7-d Increased GST
3-d Increased LPO
Diclofenac M. Adult LOEC =250 ng/L 3-d Increased SOD Gonzales-Rey et al.
galloprovincialis 3-d Increased CAT [2014]
(Mediterranean 3-d Increased GR
mussel - digestive 15-d No effect GST
gland) 3-d Increased LPO
Diclofenac Paracentrotus Pluteus LOEC =12.5 pg/L 48-hrs Reduction in Ribeiro et al. [2015]
lividus (sea Normal
urchin) Development
Diclofenac Arenicola marina Sperm LOEC =1 pg/L 90 min Decreased Mohd Zanuri et al.
(polychatae) motility [2017]
Diclofenac Arenicola marina Sperm LOEC =1 pg/L 90 min Reduced VCL Mohd Zanuri et al.
(polychatae) [2017]
Diclofenac Arenicola marina Sperm LOEC =10 pg/L > 30 min Reduced Mohd Zanuri et al.
(polychatae) fertilization [2017]
Diclofenac Arenicola marina Oocyte LOEC =10 pg/L > 20 min Reduced Mohd Zanuri et al.
(polychatae) fertilization [2017]
Diclofenac Arenicola marina | Oocyte and LOEC =1 pg/ml 60 min Reduced Mohd Zanuri et al.
(polychatae) Sperm fertilization [2017]
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Pharmaceutical Organism Life Stage Exposure Duration Effect Reference
Diclofenac Asterias rubens Sperm LOEC =1 pg/L >20 min Decreased Mohd Zanuri et al.
(sea star) motility [2017]
Diclofenac Asterias rubens Sperm LOEC=0.1 pg/L >20 min Reduced VCL Mohd Zanuri et al.
(sea star) [2017]
Diclofenac Asterias rubens Sperm LOEC =1 pg/L > 20 min Reduced Mohd Zanuri et al.
(sea star) fertilization [2017]
Diclofenac Asterias rubens Oocyte LOEC =10 pg/L > 20 min Reduced Mohd Zanuri et al.
(sea star) fertilization [2017]
Diclofenac Asterias rubens Oocyte and LOEC =1 pg/ml 60 min Decreased Mohd Zanuri et al.
(sea star) Sperm fertilization [2017]
Diclofenac Psammechinus Sperm LOEC =0.1 pg/L >20 min Decreased Mohd Zanuri et al.
miliaris (sea motility [2017]
urchin)
Diclofenac Psammechinus Sperm LOEC=0.1 pg/L > 1 min Reduced VCL Mohd Zanuri et al.
miliaris (sea [2017]
urchin)
Diclofenac Psammechinus Sperm LOEC=1 pg/L > 60 min Reduced Mohd Zanuri et al.
miliaris (sea fertilization [2017]
urchin)
Diclofenac Psammechinus Oocyte LOEC =10 ug/L > 20 min Reduced Mohd Zanuri et al.
miliaris (sea fertilization [2017]
urchin)

174



Diclofenac Psammechinus Oocyte and LOEC =1 pg/ml 60 min Decreased Mohd Zanuri et al.
miliaris (sea Sperm fertilization [2017]
urchin)
Ibuprofen Ruditapes Adult LOEC =100 ng/L 14-d Increased LMS Aguirre-Martinez et
philippinarum damage al. [2013a]
(Manila clam)
Ibuprofen Carcinus maenas Adult LOEC =5 pg/L 28-d Increased LMS Aguirre-Martinez et
(crab) damage al. [2013b]
Ibuprofen M. Adult LOEC =250 ng/L 7-d Increased SOD Gonzales-Rey et al.
galloprovincialis 3-d Increased CAT [2012]
(Mediterranean 3-d Increased GR
mussel -digestive 7-d Increased GST
gland) 3-d Increased LPO
Ibuprofen Hediste Adult LOEC =0.5 ng/g 14-d Decrease DBF Maranho et al. [2014]
diversicolor LOEC =500 ng/g Increase AChE
(Marine LOEC =5 ng/g Increase LPO
polychaete) LOEC =5 ng/g Increase DNA
Damage
Ibuprofen Botryllus Adult LOEC =100 pg/L 60-min Effected Matozzo et al. [2014]
schlosseri LOEC =100 pg/L phagocyte shape
(Colonian LOEC =100 pg/L Increased LMS
ascidian) damage
Increased
apoptotic
hemocytes
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Ibuprofen Arenicola marina Sperm LOEC =10 pg/L >30 min No effect motility Mohd Zanuri et al.
(polychatae) [2017]

Ibuprofen Arenicola marina Sperm LOEC =10 pg/L >30 min Reduced VCL Mohd Zanuri et al.
(polychatae) [2017]

Ibuprofen Arenicola marina Sperm 1 mg/ml 120 min No effect Mohd Zanuri et al.
(polychatae) fertilization [2017]

Ibuprofen Arenicola marina Oocyte 1 mg/ml 120 min No effect Mohd Zanuri et al.
(polychatae) fertilization [2017]

Ibuprofen Arenicola marina | Oocyte and LOEC =1 mg/L 60 min Decreased Mohd Zanuri et al.
(polychatae) Sperm fertilization [2017]

Ibuprofen Asterias rubens Sperm 50 pg/L 120 min No effect motility Mohd Zanuri et al.
(sea star) [2017]

Ibuprofen Asterias rubens Sperm 50 pg/L 120 min No effect VCL Mohd Zanuri et al.
(sea star) [2017]

Ibuprofen Asterias rubens Sperm LOEC =50 pg/L 120 min No effect Mohd Zanuri et al.
(sea star) fertilization [2017]

Ibuprofen Asterias rubens Oocyte 1 mg/ml 120 min No effect Mohd Zanuri et al.
(sea star) fertilization [2017]

Ibuprofen Asterias rubens Oocyte and 1 mg/L 60 min No effect Mohd Zanuri et al.
(sea star) Sperm fertilization [2017]
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Ibuprofen Psammechinus Sperm LOEC=1 pg/L >20 min Decreased Mohd Zanuri et al.
miliaris (sea motility [2017]
urchin)
Ibuprofen Psammechinus Sperm LOEC = pg/L >20 min Reduced VCL Mohd Zanuri et al.
miliaris (sea [2017]
urchin)
Ibuprofen Psammechinus Sperm LOEC =1 pg/L 1 min Reduced Mohd Zanuri et al.
miliaris (sea fertilization [2017]
urchin)
Ibuprofen Psammechinus Oocyte LOEC =100 pg/L >20 min Reduced Mohd Zanuri et al.
miliaris (sea fertilization [2017]
urchin)
Ibuprofen Psammechinus Oocyte and LOEC =1 pg/L 60 min Decreased Mohd Zanuri et al.
miliaris (sea Sperm fertilization [2017]
urchin)
Ibuprofen Paracentrotus Oocyte and 0.01 mg/L Sperm - 60 No Effect on Aquirre-Martinez et
lividus (sea Sperm min/Egg - 60 Fertilization al. [2015a]
urchin) min
Ibuprofen Paracentrotus Pluteus LOEC = 0.00001 48-hrs Reduction in Aquirre-Martinez et
lividus (sea stage mg/L Normal al. [2015a]
urchin) Development
Ibuprofen Isochrysis Adult LOEC =5 mg/L 72-hr Reduction in Aquirre-Martinez et
galbana (algae) Growth al. [2015a]
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Ibuprofen Perna perna Zygotes LOEC =150 ng/g 48-hrs - SE Reduction in Pusceddu et al.
(clam) Normal [2018]
Development
Ibuprofen Perna perna Zygotes LOEC =15 ng/g 48-hrs -SWI Reduction in Pusceddu et al.
(clam) Normal [2018]
Development
Ibuprofen Lytechinus Pluteus LOEC =15 ng/g 24-hrs - SE Reduction in Pusceddu et al.
variegatus (sea stage Normal [2018]
urchin) Development
Ibuprofen Lytechinus Pluteus LOEC =15 ng/g 24-hrs - SWI Reduction in Pusceddu et al.
variegatus (sea stage Normal [2018]
urchin) Development

Appendix 6D.2. Steroidal Hormones and Erectile Dysfunction Drugs

estradiol

Montipora

capitata (coral)

Adult (gravid)

Single exposure
conc. (approx. 11.7
ng/L geom. mean)

Approx. 10-fold
enrichment over
control background
of natural seawater

21-d

Spawning- reduction
in egg-sperm

bundles

[2004]

Tarrant et al.
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Pharmaceutical Organism Life Stage Exposure Duration Effect Citation
estrone Porites compressa Adult Single exposure 1 mo. Fall Growth rate Tarrant et al.
(coral) conc. 2 ng/L reduced by 24% [2004]
estrone Porites compressa Adult Single exposure 8 wks Spring Growth rate Tarrant et al.
(coral) conc. 2 ng/L decreased 13% [2004]
17a- Mytilus D-shaped veliger LOEC =5 ng/L 48-hrs Reduction in Capolupo et al.
ethinylestradiol | galloprovincialis stage Normal [2018]
(mussel) Development
17a- Mytilus Oocyte and LOEC =500 ng/L Sperm - 90 Reduction in Capolupo et al.
ethinylestradiol | galloprovincialis Sperm min/Egg - 30 Fertilization [2018]
(mussel) min
17a- Paracentrotus Pluteus stage LOEC =50 ng/L 48-hrs Reduction in Capolupo et al.
ethinylestradiol lividus (sea Normal [2018]
urchin) Development
17a- Paracentrotus Oocyte and LOEC =5 ng/L Sperm - 75 Reduction in Capolupo et al.
ethinylestradiol lividus (sea Sperm min/Egg - 15 Fertilization [2018]
urchin) min
17a- Hediste Adult 10 ng/g 14-d Mortality (37%) Maranho et al.
ethinylestradiol diversicolor [2014]
(Marine
polychaete)




170- Hediste Adult LOEC =0.01 ng/g 14-d Increased EROD Maranho et al.
ethinylestradiol diversicolor LOEC =0.1 ng/g Increased GR [2014]
(Marine LOEC =0.01 ng/g Increased AChE
polychaete) LOEC =0.01 ng/g Increased LPO
LOEC =0.01 ng/g Decreased DNA
Damage
17a- Mpysidopsis Juvenile LCso=0.36 mg/L 96-hrs Mortality Silva et al.
ethinylestradiol Jjuniae (shrimp) [2019]
17a- Artemia Nauplii LCso=51 mg/L 24-hrs Mortality Silva et al.
ethinylestradiol sp.(shrimp) [2019]
17a- Artemia Nauplii LCso= 18 mg/L 48-hrs Mortality Silva et al.
ethinylestradiol sp.(shrimp) [2019]
17a- Echinometra Pluteus stage LOEC =1.56 pg/L 36-hrs Reduction in Silva et al.
ethinylestradiol lucunter (sea Normal [2019]
urchin) Development
Sildenafil Arenicola marina Sperm 1 pg/ml 120 min No effect motility Mohd Zanuri et
(polychatae) al. [2017]
Sildenafil Arenicola marina Sperm 1 pg/ml 120 min No effect VCL Mohd Zanuri et
(polychatae) al. [2017]
Sildenafil Arenicola marina Sperm 1 pg/ml 120 min No effect Mohd Zanuri et
(polychatae) fertilization al. [2017]




Sildenafil Arenicola marina Oocyte 1 pg/ml 120 min No effect Mohd Zanuri et
(polychatae) fertilization al. [2017]
Sildenafil Arenicola marina Oocyte and 1 pg/ml 60 min No effect Mohd Zanuri et
(polychatae) Sperm fertilization al. [2017]
Sildenafil Asterias rubens Sperm LOEC =50 ng /L > 40 min Increased motility Mohd Zanuri et
(sea star) al. [2017]
Sildenafil Asterias rubens Sperm LOEC =18 ng/L > 20 min Increased motility Mohd Zanuri et
(sea star) al. [2017]
Sildenafil Asterias rubens Sperm LOEC=50ng/L > 40 min Increased Mohd Zanuri et
(sea star) fertilization al. [2017]
Sildenafil Asterias rubens Oocyte 1 pg/ml 120 min No effect Mohd Zanuri et
(sea star) fertilization al. [2017]
Sildenafil Asterias rubens Oocyte and LOEC =18 ng 60 min Increased Mohd Zanuri et
(sea star) Sperm fertilization al. [2017]
Sildenafil Psammechinus Sperm LOEC=50ng/L >20 min Increased motility Mohd Zanuri et
miliaris (sea al. [2017]
urchin)
Sildenafil Psammechinus Sperm LOEC =2 ng/L > 20 min Decreased motility Mohd Zanuri et
miliaris (sea al. [2017]
urchin)
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Sildenafil Psammechinus Sperm LOEC =50 ng /L > 20 min Increased motility Mohd Zanuri et
miliaris (sea al. [2017]
urchin)
Sildenafil Psammechinus Sperm LOEC=50ng/L > 40 min Increased Mohd Zanuri et
miliaris (sea fertilization al. [2017]
urchin)
Sildenafil Psammechinus Oocyte 1 pg/ml 120 min No effect Mohd Zanuri et
miliaris (sea fertilization al. [2017]
urchin)
Sildenafil Psammechinus Oocyte and LOEC =18 ng 60 min Increased Mohd Zanuri et
miliaris (sea Sperm fertilization al. [2017]
urchin)

Appendix 6D.3. Antibiotic Drugs

Amoxicillin Synechococcus Culture EC50=2.22 pug/L 96-hr Mortality Andreozzi et al.
leopolensis [2004]
(Cyanophyta)
Amoxicillin Ruditapes Adult 400 pg/L 7-d No effect LPO Matozzo et al.
philippinarum [2016]
(Manila clam -
gills)
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Amoxicillin Ruditapes Mat tal
hilippinarum atozzo et al.
meﬁfa i Adult 400 pg/l 7-d No effect SOD [2016]
gills)
Amoxicillin I.Qz{dit.apes Matozzo et al.
philippinarum Adult LOEC =100 pg/L 3-d Increased CAT [2016]
(Manila clam -
gills)
Amoxicillin Ruditapes LOEC =200 pg/L 7-d Increased LPO
philippinarum Adult Matozzo et al.
(Manila clam - [2016]
digestive gland)
Amoxicillin Ruditapes
philippinarum Adult LOEC =400 pg/L 7-d Increased SOD Matozzo et al.
(Manila clam - [2016]
digestive gland)
Amoxicillin Ruditapes
philippinarum Adult LOEC =100 pg/L 7-d Increased CAT Matozzo et al.
(Manila clam - [2016]
digestive gland)
Amoxicillin Mytilus Adult 400 pg/L 7-d No effect LPO Matozzo et al.
galloprovincialis v [2016]
(Mediterranean
mussel - gills)
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Amoxicillin Mytilus
galloprovincialis Adult LOEC =200 pg/L 3d Increased SOD Mat[ozzoz f 6E]:t al
(Mediterranean
mussel - gills)
Amoxicillin Mytilys o i Matozzo et al.
galloprovincialis Adult LOEC =100 pg/L 3d Increased CAT [2016]
(Mediterranean
mussel - gills)
Amoxicillin Mytilus Adult 400 png/L400 ng/L 7-d No effect LPO Matozzo et al.
galloprovincialis [2016]
(Mediterranean
mussel - digestive
gland)
Amoxicillin Mytilus Adult Matozzo et al.
galloprovincialis LOEC =100 pg/L 7-d No effect SOD [2016]
(Mediterranean
mussel - digestive
gland)
Amoxicillin Mytilys o Adult Increased CAT Matozzo et al.
galloprovincialis LOEC =100 pg/L 7-d [2016]
(Mediterranean
mussel - digestive
gland)
Novobiocin Ruditapes Adult LOEC =100 ng/L 14-d Increased LMS Aguirre-Martinez
philippinarum damage etal. [2013a]
(Manila clam)
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Novobiocin Carcinus maenas Adult LOEC =1 pg/L 28-d Increased LMS Aguirre-Martinez
(Crab) damage et al. [2013b]

Novobiocin C. maenas (Crab - Adult LOEC=0.1 pg/L 28-d Increased EROD Aguirre-Martinez
gill) et al. [2013c¢]

Novobiocin C. maenas (Crab - Adult LOEC =50 ng/L 28-d Aguirre-Martinez
gill) Increased DBF et al. [2013c]

Novobiocin C. maenas (Crab - Adult 28-d Aguirre-Martinez
gill) LOEC =50 ng/L Increased GST et al. [2013c¢]

Novobiocin C. maenas (Crab - Adult 28-d Increased GPx Aguirre-Martinez
gill) LOEC=1 pg/L et al. [2013¢]

Novobiocin C. maenas (Crab - Aguirre-Martinez
gill) Adult LOEC = 0.1 pg/L 28-d Increased LPO etal. [2013¢]

Novobiocin C. maenas (Crab - Adult LOEC = 10 pg/L 28-d Increased DNA Aguirre-Martinez
gill) damage et al. [2013c¢]
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Novobiocin C. maenas (Crab - Adult LOEC=10 pg/L 28-d Increased EROD Aguirre-Martinez
hepatopancreas) et al. [2013c]
Novobiocin C. maenas (Crab - Adult 28-d Aguirre-Martinez
hepatopancreas) u LOEC =10 pg/L ) Increased DBF et al. [2013c]
Novobiocin C. maenas (Crab - Aguirre-Martinez
Adult 28-d
hepatopancreas) LOEC =10 ng/L B Increased GST et al. [2013c¢]
Novobiocin C. maenas (Crab - Aguirre-Martinez
Adult 28-d
hepatopancreas) LOEC =1 pg/L B Increased GPx et al. [2013c¢]
Novobiocin C. maenas (Crab - Aguirre-Martinez
Adult 28-d
hepatopancreas) LOEC =50 ug/L B Increased LPO etal. [2013¢]
Novobiocin C. maenas (Crab -
hepatopanf:reas) Adult LOEC =50 pg/L 28-d Increased DNA Aguirre-Martinez
damage etal. [2013c]
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Novobiocin C. maenas (Crab - Adult LOEC =10 pg/L 28-d Increased EROD Aguirre-Martinez
muscle) et al. [2013c¢]

Novobiocin C. maenas (Crab - Aguirre-Martinez
muscle) Adult LOEC = 50 pg/L 28-d Increased DBF etal. [2013c]

Novobiocin C. maenas (Crab - Adult Aguirre-Martinez
muscle) v LOEC = No effect 28-d GST etal. [2013c]

Novobiocin C. maenas (Crab - Adult Aguirre-Martinez
muscle) v LOEC = 10 pg/L 28-d Increased GPx et al. [2013¢]

Novobiocin C. maenas (Crab - Adult Aguirre-Martinez
muscle) v LOEC=0.1 pg/L 28-d Increased LPO et al. [2013c]

Novobiocin C. maenas (Crab - Adult Aguirre-Martinez
muscle) LOEC =50 pg/L 28-d Increased DNA etal. [2013c]

damage
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Novobiocin C. maenas (Crab - Adult LOEC =10 pg/L 28-d Increased EROD Aguirre-Martinez
gonad) et al. [2013c¢]
. Aguirre-Martinez
Novobiocin C. maenas (Crab - Adult LOEC = 0.1 pg/L 28-d Tncreased DBF et al. [2013c]
gonad)
Novobiocin C. maenas (Crab - Adult LOEC=1 pg/L Increased GST Aguirre-Martinez
gonad) 28-d etal. [2013c]
. Aguirre-Martinez
Novobiocin | C. maenas (Crab- | Adult LOEC = 50 pg/L 28-d Increased GPx etal. [2013¢]
gonad)
. Aguirre-Martinez
Novobiocin C. maenas (Crab - Adult LOEC = 0.1 pg/L 28-d Increased LPO et al. [2013c]
gonad)
. Aguirre-Martinez
L C. maenas (Crab - Adult LOEC = 0.1 pug/L 28-d Increased DNA et al. [2013¢]
gonad) damage
Novobiocin Paracentrotus Oocyte and 0.001 mg/L Sperm - 60 No Effect on Aquirre-Martinez
lividus (sea urchin) Sperm min/Egg - 60 Fertilization et al. [2015a]
min
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Novobiocin Paracentrotus Pluteus stage LOEC = 0.0005 48-hrs Reduction in Normal | Aquirre-Martinez
lividus (sea urchin) mg/L Development et al. [2015a]
Novobiocin Isochrysis galbana Adult LOEC =50 mg/L 72-hr Reduction in Growth | Aquirre-Martinez
(algae) et al. [2015a]
Oxytetracycline Mytilus Adult LOEC=1 pg/L 4-d Increased LMS Banni et al. [2015]
galloprovincialis damage
(Mediterranean
mussel - digestive
gland)
Oxytetracycline M. Adult LOEC =1 pg/L 4-d Increased LPO Banni et al. [2015]
galloprovincialis
(Mediterranean
mussel - gills)
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Appendix 6D.4. Cardiovascular Drugs

Gemfibrozil Mytilus galloprovincialis D-shaped veliger LOEC =500 ng/L 48-hrs Reduction in Normal Capolupo
(mussel) stage Development et al.
[2018]
Gemfibrozil Mytilus galloprovincialis Oocyte and Sperm LOEC = 5000 ng/L Sperm - 90 Reduction in Fertilization Capolupo
(mussel) min/Egg - 30 min et al.
[2018]
Gemfibrozil Paracentrotus lividus Pluteus stage LOEC =500 ng/L 48-hrs Reduction in Normal Capolupo
(sea urchin) Development et al.
[2018]
Gemfibrozil Paracentrotus lividus Oocyte and Sperm LOEC = 5000 ng/L Sperm - 75 Reduction in Fertilization Capolupo
(sea urchin) min/Egg - 15 min et al.
[2018]
Simvastatin Paracentrotus lividus Pluteus LOEC =5 pg/L 48-hrs Reduction in Normal Silvia et al.
(sea urchin) Development [2015]
Atenolol Arbacia lixula (sea Adult LOEC =5 ng/L 72-hr Reduction in Normal Karaaslan
urchin) Development et al.
[2012]
Propranolol Mpytilus galloprovincialis D-shaped veliger LOEC = 50000 48-hrs Reduction in Normal Capolupo
(mussel) stage ng/L Development et al.
[2018]
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Propranolol Mpytilus galloprovincialis Oocyte and Sperm 50000 ng/L Sperm - 90 No Effect Capolupo
(mussel) min/Egg - 30 min et al.
[2018]
Propranolol Paracentrotus lividus Pluteus stage LOEC =500 ng/L 48-hrs Reduction in Normal Capolupo
(sea urchin) Development et al.
[2018]
Propranolol Paracentrotus lividus Oocyte and Sperm LOEC =500 ng/L Sperm - 75 Reduction in Fertilization Capolupo
(sea urchin) min/Egg - 15 min et al.
[2018]
Propranolol Mytilus galloprovincialis Adult LOEC =3 ng/L 7-d Increased CAT Franzellitti
(Mediterranean mussel - et al.
digestive gland) [2011]
Propranolol Mytilus galloprovincialis Franzellitti
(Mediterranean mussel - Adult LOEC = 0.3 ng/L 7-d Increased GST et al.
digestive gland) [2011]
Propranolol Mytilus galloprovincialis Adult LOEC =0.3 ng/L 7-d Increased CAT Franzellitti
(Mediterranean mussel - et al.
mantle/gonads) [2011]
Propranolol Mpytilus galloprovincialis Franzellitti
(Mediterranean mussel - Adult LOEC =0.3 ng/L 7-d Increased GST etal.
mantle/gonads) [2011]
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Propranolol Hediste diversicolor Adult LOEC =0.05 ng/g 14-d Increased EROD Maranho
(marine polychaete) et al.
[2014]
Propranolol Hediste diversicolor Adult 14-d Maranho
(marine polychaete) LOEC =0.05 ng/g Decreased DBF et al.
[2014]
Propranolol Hediste diversicolor Adult 14-d Maranho
(marine polychaete) LOEC = 0.5 ng/g Decreased GST et al.
[2014]
Propranolol Hediste diversicolor Adult LOEC =0.05 ng/g 14-d Maranho
(marine polychaete) Increased LPO et al.
[2014]
Propranolol Hediste diversicolor Adult 14-d Decreased DNA Damage Maranho
(marine polychaete) LOEC =50 ng/g et al.
[2014]
Propranolol Paracentrotus lividus Pluteus LOEC =12.5 pg/L 48-hrs Reduction in Normal Ribeiro et
(sea urchin) Development al. [2015]
Propranolol M. galloprovincialis Adult LOEC =403 pg/L 10-d Decreased AChE Solé et al.
(Mediterranean mussel - [2010]
gill)
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Propranolol M. galloprovincialis Adult 10-d Solé et al.
(Mediterranean mussel - u LOEC=11 pug/L ) Increased GST [2010]
gill)
Propranolol M. galloprovincialis Adult 10-d Solé et al.
(Mediterranean mussel - u LOEC =403 pg/L ) Increased LPO [2010]
gill)
Propranolol M. galloprovincialis Adult LOEC =403 pg/L L0-d Increased CbE Sol¢ et al.
(Mediterranean mussel - B [2010]
hepatic )
Propranolol M. galloprovincialis Adult Solé et al.
(Mediterranean mussel - v LOEC =11 pg/L 10-d Increased GST [2010]
hepatic )
Propranolol M. galloprovincialis Solé et al.
(Mediterranean mussel - Adult 403 pg/L 10-d No effect CAT [2010]
hepatic )
Propranolol M. galloprovincialis Adult 403 pg/L 10-d No effect LPO Solé et al.
(Mediterranean mussel - [2011]
digestive gland)

Appendix 6D.5. Antiepileptic Drugs

Carbamazepine Ruditapes philippinarum Adult LOEC =100 ng/L 14-d Increased LMS damage Aguirre-
(Manila clam) Martinez
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et al.
[2013a]
Carbamazepine Carcinus maenas (crab) Adult LOEC =1 pg/L 28-d Increased LMS damage Aguirre-
Martinez
et al.
[2013b]
Carbamazepine Carcinus maenas (crab - Adult LOEC=1 pg/L 28-d Increased EROD Aguirre-
gill) LOEC =10 pg/L Increased DBF Martinez
LOEC =10 pg/L Increased GST et al.
LOEC =10 pg/L Increased GPx [2013c]
LOEC =50 pg/L Increased LPO
LOEC=0.1 pg/L Increased DNA damage
Carbamazepine Carcinus maenas (crab - Adult LOEC =50 pg/L 28-d Increased EROD Aguirre-
hepatopancreas) LOEC =10 ug/L Increased DBF Martinez
LOEC =10 pg/L Increased GST et al.
LOEC =10 pg/L Increased GPx [2013c]
LOEC =50 pg/L Increased LPO
50 ng/L No effect DNA damage
Carbamazepine Carcinus maenas (crab - Adult LOEC=0.1 pg/L 28-d Increased EROD Aguirre-
muscle) LOEC=1 pg/L Increased DBF Martinez
LOEC =1 pg/L Increased GST et al.
LOEC =10 ug/L Increased GPx [2013c]
LOEC=0.1 pg/L Increased LPO
50 pg/L No effect DNA damage
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50 ng/L 28-d No effect EROD Aguirre-

Carbamazepine Carcinus maenas (crab - Adult
gonad) LOEC =50 ug/L Increased DBF Martinez
LOEC=1 pg/L Increased GST et al.
LOEC =1 pg/L Increased GPx [2013c]
LOEC=0.1 pg/L Increased LPO
LOEC=0.1 pg/L Increased DNA damage
Carbamazepine Ruditapes decussata Adult LOEC =9 pg/L 96-h Decreased LPO Almeida et
(European clam) LOEC=0.3 pg/L Increased SOD al. [2014]
LOEC =0.03 pg/L Increased GSH
LOEC =10.03 pg/L Decreased CAT
LOEC =0.03 ng/L Increased GSH/GSSG
LOEC=10.3 pg/L Increased GR
Carbamazepine Ruditapes decussata Adult LOEC =9 pg/L 96-h Increased LPO Almeida et
(European clam) LOEC =9 pg/L Increased SOD al. [2014]
LOEC =0.03 ng/L Increased GSH
LOEC =0.03 pg/L Decreased CAT
LOEC=10.3 pg/L Increased GSH/GSSG
LOEC =9 pg/L Increased GR
Carbamazepine Hediste diversicolor Adult 50 ng/g 14-d Mortality (38%) Maranho
(marine polychaete) et al.
[2014]
Carbamazepine Hediste diversicolor Adult LOEC = 0.05 ng/g 14-d Increased GST Maranho
(marine polychaete) LOEC =0.05 ng/g Increased GPX et al.
LOEC =0.5 ng/g Increased AChE [2014]
LOEC =500 ng/g Increased LPO
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Carbamazepine M. galloprovincialis Adult 10 pg/L 7-d No effect on LPO Martin-
(Mediterranean mussel - LOEC=0.1 pg/L Increased GST Diaz et al.
digestive gland) LOEC=0.1 pg/L Increased CAT [2009]
Carbamazepine Mpytilus galloprovincialis Adult LOEC=0.1 pg/L 7-d Increased LPO Martin-
(Mediterranean mussel - 10 pg/L No effect GST Diaz et al.
gills) 10 pg/L No effect CAT [2009]
Carbamazepine M. galloprovincialis Adult LOEC =10 pg/L 7-d Increased LPO Martin-
(Mediterranean mussel - LOEC=0.1 pg/L Increased GST Diaz et al.
mantle/gonads) LOEC =10 pg/L Increased CAT [2009]
Carbamazepine M. galloprovincialis Adult LOEC=0.1 pg/L 7-d Increased LMS damage Martin-
(Mediterranean mussel - 10 pg/L No effect DNA damage Diaz et al.
hemacytes) [2009]
Carbamazepine Paracentrotus lividus (sea Oocyte and Sperm 0.001 mg/L Sperm - 60 No Effect on Fertilization Aquirre-
urchin) min/Egg - 60 min Martinez
et al.
[2015a]
Carbamazepine Paracentrotus lividus (sea Pluteus stage LOEC = 0.00001 48-hrs Reduction in Normal Aquirre-
urchin) mg/L Development Martinez
et al.
[2015a]
Carbamazepine Isochrysis galbana (algae) Adult LOEC = 0.5 mg/L 72-hr Reduction in Growth Aquirre-
Martinez
et al.
[2015a]
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Carbamazepine Anemonia sulcate Adult LOEC =>100 8-d Glucose no effect Vitale et
ug/L al. [2020]
(sea anemone) Lactate increase
LOEC=1 pg/L
(only 2 conc.
tested)
Carbamazepine Actinia equina Adult LOEC=1 pg/L 8-d Glucose increase Vitale et
al. [2020]
(sea anemone) LOEC =100 pg/L Lactate decrease
(only 2 conc.
tested)

Appendix 6D.6 Stimulants and Antidepressant Drugs

Caffeine Ruditapes philippinarum Adult LOEC =100 ng/L 35-d Increased LMS damage Aguirre-
(Manila clam) Martinez et
al. [2013a]

Caffeine Carcinus maenas (crab) Adult LOEC =15 pg/L 28-d Increased LMS damage Aguirre-
Martinez et
al. [2013b]

Caffeine Paracentrotus lividus (sea Oocyte and Sperm 0.015 mg/L Sperm - 60 No Effect on Fertilization Aquirre-
urchin) min/Egg - 60 min Martinez et
al. [2015a]
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Pharmaceutical Organism Life Stage Exposure Duration Effect Citation
Caffeine Paracentrotus lividus (sea Pluteus stage LOEC =0.0001 48-hrs Reduction in Normal Aquirre-
urchin) mg/L Development Martinez et
al. [2015a]
Caffeine Isochrysis galbana (algae) Adult LOEC =100 mg/L 72-hr Reduction in Growth Aquirre-
Martinez et
al. [2015a]
Caffeine Symbiodinium goreaui Culture LOEC =30 mg/L 35-d Reduction in Growth Pollack et
(coral symbiotic algae) al. [2009]
Caffeine Aptasia pulchella Adult LOEC=25mM 2.5-h Loss of symbiotic algae and | Sawyer and
(cnidarian anemone) (4854.75 mg/L) cell adhesion Muscatine
[2001]
Caffeine Aptasia pulchella Adult NOEC =10 mM 2.5-h Loss of symbiotic algae and | Sawyer and
(cnidarian anemone) (1941.9 mg/L) cell adhesion Muscatine
[2001]
Citalopram Lithopoma americanum Adult LOEC =405 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]
Citalopram Chlorostoma funebralis Adult LOEC =2030 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]
Citalopram Tegula fasciatus (snail) Adult LOEC =4050 4-hr Foot detachment Fong et al.
ng/L [2013]
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(Mediterranean mussel -
digest gland)

Citalopram Urosalpinx cinereal Adult 4 ng/L 4-hr No Effect Fong et al.
(snail) [2013]
Citalopram Nucella ostrina (snail) Adult LOEC =4050 4-hr Foot detachment Fong et al.
pg/L [2013]
Fluoxetine Lithopoma americanum Adult LOEC = 3450 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]
Fluoxetine Chlorostoma funebralis Adult LOEC =345 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]
Fluoxetine Tegula fasciatus (snail) Adult LOEC =345 pg/L 4-hr Foot detachment Fong et al.
[2013]
Fluoxetine Urosalpinx cinereal Adult LOEC = 3450 4-hr Foot detachment Fong et al.
(snail) pg/L [2013]
Fluoxetine Nucella ostrina (snail) Adult LOEC = 3450 4-hr Foot detachment Fong et al.
pg/L [2013]
Fluoxetine Mytilus galloprovincialis Adult LOEC =0.03 ng/L 7-d Increased LMS Damage Franzellitti
(Mediterranean mussel) etal. [2014]
Fluoxetine Mytilus galloprovincialis Adult LOEC =0.3 ng/L 7 Increased CAT Franzellitti

etal. [2014]
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Fluoxetine Mytilus galloprovincialis Adult 7-d Franzellitti
(Mediterranean mussel - u LOEC =0.3 ng/L Increased GST et al. [2014]
digest gland)
Fluoxetine Mytilus galloprovincialis Adult 7-d Franzellitti
(Mediterranean mussel - u LOEC =0.3 ng/L ) Increased LPO et al. [2014]
digest gland)
Fluoxetine Mytilus galloprovincialis Adult LOEC =0.03 ng/L 7-d Increased CAT Franzellitti
(Mediterranean mussel - etal. [2014]
gills)
Fluoxetine Mytilus galloprovincialis Adult 7d Franzellitti
editerranean mussel - =3n ) ncrease et al.
(Medi 1 v LOEC =3 ng/L I d GST 1. [2014]
gills)
Fluoxetine Mytilus galloprovincialis Adult 7 Franzellitti
(Mediterranean mussel - u LOEC =0.03 ng/L ) Increased AChE et al. [2014]
gills)
Fluoxetine Hediste diversicolor Adult 1 ng/g 14-d Mortality (38%) Maranho et
(marine polychaete) al. [2014]
Fluoxetine Hediste diversicolor Adult LOEC =0.01 ng/g 14-d Increased EROD Maranho et
(marine polychaete) al. [2014]
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Fluoxetine Hediste diversicolor _ Maranho et
(marine polychaete) Adult LOEC=1ng/g 14-d Increased GR al. [2014]

Fluoxetine Hediste diversicolor Adult 14-d Maranho et
(marine polychaete) u LOEC =10 ng/g ) Increased AChE al. [2014]

Fluoxetine Hediste diversicolor Adult 14-d Maranho et
(marine polychaete) v LOEC =100 ng/g ) Increased LPO al. [2014]

Fluoxetine Hediste diversicolor Adult 14-d Decreased DNA Damage Maranho et
(marine polychaete) v LOEC =0.01 ng/g ) al. [2014]

Fluoxetine Carcinus maenas (crab) Adult males LOEC =120 pg/L 7-d Increased AChE Mesquita et
al. [2011]

. . Mesquita et
Fluoxetine Carcinus maenas (crab) Adult males LOEC = 3 pg/L 7-d Increased GST al. [2011]

. . _ Mesquita et
Fluoxetine Carcinus maenas (crab) Adult males LOEC =120 pg/L 7-d Increased GR al. [2011]
Fluoxetine Carcinus maenas (crab) Adult males 7-d Mesquita et

LOEC =120 pg/L Increased GSH al. [2011]
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Fluvoxamine Lithopoma americanum Adult LOEC =434 png/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Fluvoxamine Chlorostoma funebralis Adult LOEC =217 pg/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Fluvoxamine Tegula fasciatus (snail) Adult LOEC =434 pg/L 4-hr Foot detachment Fong et al.
[2013]

Fluvoxamine Urosalpinx cinereal Adult LOEC =868 pg/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Fluvoxamine Nucella ostrina (snail) Adult LOEC =4340 4-hr Foot detachment Fong et al.
pg/L [2013]

Sertraline Paracentrotus lividus (sea Pluteus LOEC =10 pg/L 48-hrs Reduction in Normal Silvia et al.
urchin) Development [2015]

Venlafaxine Lithopoma americanum Adult LOEC =313 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Venlafaxine Chlorostoma funebralis Adult LOEC =157 ug/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Venlafaxine Urosalpinx cinereal Adult LOEC =313 pg/L 4-hr Foot detachment Fong et al.
(snail) [2013]

Venlafaxine Urosalpinx cinerea Adult LOEC =313 pg/L 4-hr Foot detachment Fong et al.
[2013]
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Venlafaxine Nucella ostrina (snail) Adult LOEC = 1570 4-hr Foot detachment Fong et al.
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Appendix 6E: Illicit and other Drugs of Interest

Chemical Location Range (ng/L) Reference
Cocaine Rias Baixas (coastal Spain) n.d. - 42.30 Fernandez-Rubio et al. (2019)
Cocaine Santos Coast (Brazil) 12.6 - 537 Pereira et al. (2016)
Cocaine San Francisco Bay (USA) nd. - 2.4 Klosterhaus et al. (2013)
Benzoylecgonine Rias Baixas (coastal Spain) n.d. - 142.00 Fernandez-Rubio et al. (2019)
(cocaine metabolite)
Benzoylecgonine Santos Coast (Brazil) 4.6 -20.8 Pereira et al. (2016)
(cocaine metabolite)
Benzoylecgonine Aegean Sea (Lesvos Island, <23 Nodler et al. (2016)
Greece)
(cocaine metabolite)
Benzoylecgonine San Francisco Bay (USA) 2.8e7.2 Klosterhaus et al. (2013)
(cocaine metabolite)
Benzoylecgonine Aegean Sea & Dardanelles 16 (Max) Nodler et al. (2014)
(Greece and Turkey)
(cocaine metabolite)
Benzoylecgonine Venice (Italy) 13 (Max) Nodler et al. (2014)
(cocaine metabolite)
Benzoylecgonine San Francisco Bay (USA) 54 (Max) Nodler et al. (2014)
(cocaine metabolite)
Benzoylecgonine Balearic Sea (Spain) 2.5 (Max) Nodler et al. (2014)
(cocaine metabolite)
Cocacthylene Rias Baixas (coastal Spain) nd. - 5.20 Fernandez-Rubio et al. (2019)
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Chemical

Location

Range (ng/L)

Reference

(metabolite in presence of
cocaine and ethanol)

Ephedrine

(used in production of
methamphetamine)

Rias Baixas (coastal Spain)

n.d.- 57.80

Fernandez-Rubio et al. (2019)

3.4-
methylenedioxymethamphe
tamine (MDMA; aka
Ecstacy)

Rias Baixas (coastal Spain)

n.d. - 10.00

Fernandez-Rubio et al. (2019)

3.4-
methylenedioxymethamphe
tamine (MDMA; aka
Ecstacy)

Southwestern coast of (Taiwan)

n.d. - 4.82

Jiang et al. (2014)

3,4-
methylenedioxymethamphe
tamine (MDMA; aka
Ecstacy)

Saronikos Gulf (Greece)

n.d. - <0.3

Alygizakis et al. (2016)

Morphine

Rias Baixas (coastal Spain)

nd.- 15.70

Fernandez-Rubio et al. (2019)

Methadone

Rias Baixas (coastal Spain)

nd.- 22.70

Fernandez-Rubio et al. (2019)

2-ethyl-1,5-dimethyl-3,3-
diphenylpyrrolinium
(EDDP; methadone
metabolite)

Rias Baixas (coastal Spain)

nd.- 71.70

Fernandez-Rubio et al. (2019)

11-nor-9-carboxy-D9THC

(metabolite of cannabis
users)

Saronikos Gulf (Greece)

<0.02-0.1

Alygizakis et al. (2016)

Adapted with permission from Chemosphere, V224, Fernandez-Rubio et al., “Psychoactive pharmaceuticals and
illicit drugs in coastal waters of North-Western Spain: Environmental exposure and risk assessment”, p. 386.

Copyright Elsevier (2019).
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