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Hazard/Risk Assessment

Coral Ecotoxicological Data Evaluation for the Environmental
Safety Assessment of Ultraviolet Filters

Emily E. Burns* and lain A. Davies

Personal Care Products Council, Washington, DC, USA

Abstract: There is growing interest in the environmental safety of ultraviolet (UV) filters found in cosmetic and personal care
products (CPCPs). The CPCP industry is assessing appropriate environmental risk assessment (ERA) methods to conduct
robust environmental safety assessments for these ingredients. Relevant and reliable data are needed for ERA, particularly
when the assessment is supporting regulatory decision-making. In the present study, we apply a data evaluation approach to
incorporate nonstandard toxicity data into the ERA process through an expanded range of reliability scores over commonly
used approaches (e.g., Klimisch scores). The method employs an upfront screening followed by a data quality assessment
based largely on the Criteria for Reporting and Evaluating Ecotoxicity Data (CRED) approach. The method was applied in a
coral case study in which UV filter toxicity data was evaluated to identify data points potentially suitable for higher tier and/or
regulatory ERA. This is an optimal case study because there are no standard coral toxicity test methods, and UV filter bans
are being enacted based on findings reported in the current peer-reviewed data set. Eight studies comprising nine assays
were identified; four of the assays did not pass the initial screening assessment. None of the remaining five assays received a
high enough reliability score (R,) to be considered of decision-making quality (i.e., R1 or R2). Four assays were suitable for a
preliminary ERA (i.e., R3 or R4), and one assay was not reliable (i.e., Ré). These results highlight a need for higher quality coral
toxicity studies, potentially through the development of standard test protocols, to generate reliable toxicity endpoints.
These data can then be used for ERA to inform environmental protection and sustainability decision-making. Environ Toxicol
Chem 2021;40:3441-3464. © 2021 Personal Care Products Council. Environmental Toxicology and Chemistry published by
Wiley Periodicals LLC on behalf of SETAC.
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down-the-drain release to wastewater (Burns et al., 2021).
Therefore, the CPCP industry is developing product steward-
ship programs to assess the environmental safety of in-
gredients. The use of rigorous and standardized environmental
risk assessment (ERA) procedures has become increasingly
important as ingredient bans based on limited scientific evi-
dence have been enacted, such as sunscreen ingredient bans
in Palau (Bill SB 10-135; Remengesau, 2018) and Hawaii (Bill SB
2571; State of Hawaii Senate, 2018). These bans were not
based on the results of comprehensive ERAs, and highlight the
need for suitable ERA approaches that are protective of eco-
logically important organisms such as corals (Mitchelmore

INTRODUCTION

In recent years, there has been a growing interest in the
environmental safety of cosmetic and personal care product
(CPCP) ingredients in academic, public, and regulatory
spheres. In particular, CPCP ingredients including microplastics
(Burns & Boxall, 2018), parabens (Yamamoto et al., 2011), and
most recently ultraviolet (UV) filters (Mitchelmore et al., 2021)
are receiving attention. The CPCPs can enter the aquatic
environment through their intended use and subsequent
wash-off, either directly (e.g., swimming) or indirectly through
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et al., 2021).

The CPCP industry aims to develop a systematic risk-based
prioritization approach that begins with lower tier screening-
level assessments, to identify which ingredients are the highest
priority to assess using higher tier ERA methods. These as-
sessments will focus on down-the-drain freshwater exposure
scenarios on which most of the ecotoxicological hazard and
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exposure knowledge is based; however, in certain scenarios,
for example, products used at the beach and coastal locations,
the ERA exposure scenario may need to be extended to in-
clude direct wash-off during recreation (Burns et al., 2021). In
these special circumstances, it is particularly important to
consider relevant marine toxicological data (e.g., cnidarians,
mollusks, echinoderms; European Chemicals Agency [ECHA],
2008). These methods will be used to derive risk thresholds in
freshwater and marine environments and, if exceeded, trigger
risk management and mitigation activities to reduce exposure
to an environmentally safe level, similar to current practice
by the US Environmental Protection Agency (USEPA) or
the European Union under the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) regulation.

The CPCP ERA, in an effort to reduce duplication of envi-
ronmental data, will consider both peer-reviewed and stand-
ardized data required by regulatory authorities, which is
aligned with efforts to include all relevant information within
ERA frameworks in the United States (USEPA, 2011) and
Europe (ECHA, 2008). Ecotoxicity data published in the peer-
reviewed literature often capture endpoints, species, or taxa
outside standardized testing protocols that can provide useful
and ecologically sensitive information that could otherwise be
missed (Agerstrand et al., 2017a). Including nonstandard data
from peer-reviewed literature also maximizes the utility of often
publicly funded research, which is also aligned with industry's
ethical commitment to the three “R's” of animal testing
(reduction, refinement, and replacement) and potentially en-
hances the credibility of ERA among the public, retailers, reg-
ulators, and policy-makers (Mebane et al., 2019). It is important
that all ecotoxicological data, peer-reviewed or otherwise,
be subject to an evaluation of reliability and relevance to
determine the adequacy of a study for regulatory, decision-
making, or higher tier risk assessment purposes (Kase
et al., 2016).

Reliability can be described as the inherent quality of a
study, determined through a combined assessment of test
design, reporting, performance, and analysis with sufficient
information provided to demonstrate the reproducibility and
accuracy of the results and independently repeat the test
(Hartmann et al., 2017; Klimisch et al., 1997; Moermond et al.,
2017). Relevance can be defined as the suitability of the data
for a particular hazard identification or risk characterization.
This includes the exposure concentration (e.g., below sol-
ubility), endpoint (e.g., individual or population-level), spe-
cies, life stage, and exposure route (ECHA, 2008; Klimisch
etal., 1997; Rudén et al., 2017). For example, a reliable study
may not always be relevant; it depends on the goal of the
assessment (e.g., a marine sediment endpoint may not be
suitable for terrestrial risk assessment). To ensure consistency
and transparency in this decision-making process, systematic
reporting and documentation of the reliability and relevance
assessments are needed (Martin et al., 2019). Hartmann et al.
(2017) identified a key issue with peer-reviewed studies: a
trade-off is often made whereby relevance is favored over
reliability, and, although the study may be scientifically valid,
the regulatory ERA validity is not met. Study evaluations are

therefore critical because the use of low-quality (unreliable) or
irrelevant data could lead to overestimates or, more con-
cerningly, underestimates of risk, both of which could be
costly through unnecessary mitigation or an overlooked
hazard (Harris et al., 2014). An ERA is an inherently uncertain
process (Institute of Medicine, 2013; National Research
Council, 2009), and it is therefore essential to limit further
uncertainties by using high-quality data.

Ecotoxicological data reliability

A systematic approach to evaluate the quality of ecotox-
icological data was first proposed by Klimisch et al. (1997), with
the goal of harmonizing data evaluation processes worldwide,
ultimately for the ERA process, but also to improve the overall
quality of the science. Klimisch et al. (1997) created four data
reliability categories to classify studies based on how they were
conducted and reported: reliable (1); reliable with restrictions
(2); unreliable (3); and unassignable (4). Categories 1 and 2
were deemed suitable for risk assessment; however, Category
1 data are always preferred when multiple data points exist for
a similar endpoint. In addition, Category 3 data can also be
useful as supporting information, particularly when the results
are similar to those reported in higher quality studies. There
have been several criticisms of the Klimisch method (Kase et al.,
2016; Moermond et al., 2016), which led to the development of
new approaches that built on the foundation provided by
Klimisch (as reviewed by Moermond et al., 2017). These reli-
ability tools fall broadly into three categories: pass/fail, nu-
merical score, or categorization. These approaches assess the
following study attributes in various levels of detail: test setup,
test compound, test organism, test design and conditions,
results, and statistics. The USEPA Office of Pesticide Programs
(OPP) applies a pass/fail approach, whereby all criteria (n=28)
need to be met for a study to be included in the ERA (USEPA,
2011). Numerical scoring is a less rigid approach; a score is
assigned based on criteria met, which dictates the Klimisch
category it falls within (Breton et al., 2009). Alternatively,
Moermond et al. (2016) developed Criteria for Reporting and
Evaluating Ecotoxicity Data (CRED), a categorization method
for which objective criteria are combined with expert judgment
(Moermond et al., 2017). Each criterion is evaluated as fully,
partially, or not fulfilled, and a final reliability score is awarded
based on expert judgment. The CRED method was also one of
the key approaches reviewed in the development of methods
for systematic review in USEPA Toxic Substances Control Act
risk evaluations (USEPA, 2018).

Expert judgment within a risk assessment is unavoidable,
particularly when nonstandard species and endpoints (e.g.,
corals) are assessed. The key is that such expert judgment
should be consistently and transparently applied (Ingre-Khans
et al., 2019) to convey decision-making and facilitate necessary
scientific scrutiny. Inevitably, different aspects of study quality
will be prioritized based on an assessor's expertise (Hartmann
et al., 2017). The method therefore needs to be structured
with well-defined criteria that can be as consistently and
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transparently applied as possible, reducing bias or perceived
bias.

Calls for CPCP bans have been posited in the peer-reviewed
literature based on the outcomes of individual hazard studies
using nonstandard species and endpoints (McCoshum et al.,
2016; Zhong et al., 2019) without consideration of their results
in the context of risk, other existing data, and standard ERA
frameworks, and regardless of their quality or relevance for this
regulatory purpose. Furthermore, consideration of data quality
and standard ERA frameworks was also absent from recent
regulatory bans on the use of certain UV filters, for example,
benzophenone-3 (BP3) and ethylhexyl methoxycinnamate
(EHMCQ) in Hawaii. These actions highlight the need for CPCP
ingredients to follow a transparent and credible ERA process
that includes an assessment of data reliability when higher tier
ERA and/or regulatory decision-making are involved. To ad-
dress this gap, we developed an ecotoxicological data evalu-
ation method based on a combination of established
approaches from the peer-reviewed literature and regulatory
agencies to determine the appropriate use of nonstandard
toxicity data in ERA. Based on the reliability score, the data
broadly fall into three categories: suitable only for preliminary
ERA, potentially suitable for use in a higher tier ERA to inform
decision-making alongside or in lieu of appropriate regulatory
data (e.g., REACH data), or discarded because the data are
either unreliable or not relevant. We bring together the
strengths of existing reliability assessment methodologies into
an approach that is streamlined and well suited to addressing
the unique challenges posed by nonstandard tests and

organisms. An extended reliability scoring system is proposed
that offers increased flexibility over the four Klimisch catego-
ries, but is also compatible with Klimisch through the applica-
tion of expert judgment. We apply the evaluation and scoring
methods to a UV filter and coral and ecotoxicological case
study and discuss the results in the context of both relevance
and reliability for ERA.

MATERIALS AND METHODS
Reliability assessment methodology

A minireview of existing ecotoxicity data reliability assess-
ment methodologies was conducted, and a variety of methods
were identified that are reported in the peer-reviewed liter-
ature and currently used by regulators in the United States,
Canada, and Europe. The strengths of these approaches were
brought together to build a method that incorporates credi-
bility, consistency, and transparency within a streamlined
framework (see Figure 1).

To streamline the assessment process, two relevance
questions and three key reliability questions applicable to both
standard and nonstandard studies are proposed as screening
questions (Table 1). A study is not subject to the data quality
evaluation if the second relevance question (i.e., RQ2) or two or
more reliability screening questions are failed (i.e., RQ3-RQ5;
Table 2). An added benefit of the upfront relevance screening
is that it requires the user to state a clear problem formulation
and define the scope of endpoints/species/matrices for con-
sideration in the assessment, thereby focusing the process on
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FIGURE 1: A simplified roadmap of how the data reliability assessment precedes the environmental risk assessment (ERA) process. The data
reliability assessment consists of a data screening step followed by a 23-question data quality assessment; then the results from both steps
determine the reliability score. Studies that fail the screening assessment are not subject to the data quality assessment and do not receive a
reliability score. The existing data reliability methods that informed both steps are included in the adjacent boxes. The Criteria for Reporting and
Evaluating Ecotoxicity Data (CRED) method (Moermond et al., 2016) is bolded because it largely informed the data quality assessment questions.
SIFT = Stepwise Information-Filtering Tool; eco-QESST = Ecotoxicological Quality Evaluation System and Scoring Tool; USEPA OPP=US

Environmental Protection Agency Office of Pesticide Programs.
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relevant studies prior to conducting a lengthy reliability as-
sessment. Furthermore, the three reliability questions were
designed to cover key study design elements that, if two or
more are failed, strongly indicate the study is unlikely to be
reliable.

Studies that pass the screening assessment are then subject
to a 23-question data quality assessment (Table 1). The as-
sessment questions are largely based on the CRED approach,
but aspects from Ecotoxicological Quality Evaluation System
and Scoring Tool (Eco-QESST,; Breton et al., 2009), the USEPA
OPP (USEPA, 2011), and a method developed for marine
tropical species (Gissi et al., 2016) also informed the data
quality assessment (Figure 1). The CRED method permits the
user to weigh criteria to help this process because not all
criteria will impact study reliability equally. For example, a
missing control is of greater concern for reliability than if a
guideline is followed (Moermond et al., 2016). In the proposed
tool, a numerical score is awarded for each question that is
weighted based on the importance of each criterion to overall
study reliability. Others have assigned weightings to CRED
criteria (see Hartmann et al., 2017; Ingre-Khans et al., 2019),
and these approaches, along with weighing recommendations
of others (see Breton et al., 2009; USEPA, 2011), were used to
derive the value of each data quality question (Figure 1 and
Table 1).

The weightings can be altered, nonrelevant questions may
be removed, or question guidance could be refined to address
species-specific or test compound-specific considerations. For
example, when a carrier solvent is not used, the related ques-
tions (22 and 23) are removed. This tool is still not “plug and
play,” as noted by Hartmann et al. (2017), and expert judgment
will be required within the assessment. The key is that the ex-
pert judgment should be transparent, facilitated by including a
comment explaining the score and thereby helping other as-
sessors or readers to determine whether they agree with the
outcome (Moermond et al., 2017).

Study reliability classification system

The study reliability classification and how it generally
compares with Klimisch data reliability categories are shown in
Figure 2. In the proposed method, a greater number of cate-
gories are included, described in Table 2. This provides the
assessor with more options for studies that, according to Kli-
misch, are deemed reliable with restrictions. For example,
studies that have one major issue are more easily differentiated
from a study that contains several minor issues. These cate-
gories can be roughly translated to Klimisch scoring; however,
exercising expert judgment is suggested if this is necessary.
The Klimisch approach also has global regulatory implications,
and it is our intent for the proposed method to be standalone
from these processes. Our proposed method for awarding a
final reliability score based on the screening and data quality
assessment is presented in Table 2. The thresholds for each
reliability category are flexible and can be altered if the as-
sessor determines it would be more appropriate. For example,

passing thresholds for categories R1 and R2 could be increased
for assessing standard test method data (for example Organ-
isation for Economic Co-operation and Development [OECD]
guidelines [2004; 2012; 2013; 2019a]) when guidelines require
many of the criteria covered in the tool to be met for a test to
be deemed valid. Alternatively, an assessor could exercise
expert judgment and over-ride the scoring system if needed;
however, this decision should be justified.

For some contaminants it is expected that there will
be limited data, which will have varying levels of reliability.
Regardless, there is still a need to conduct the evaluation with
available data. This could result in the use of data that may not
meet the Klimisch et al. (1997) reliability standards. Alter-
natively, the proposed scoring method could provide reliability
context for use in a preliminary or screening-level ERA with the
goal of prioritizing critical data gaps that should be filled prior
to conducting a higher tier ERA, or, for example, the method
could be used to provide additional lines of evidence (e.g., R3
and R4 scoring studies; Table 2). This issue is not considered
with current reliability methodologies. For example, Markovic
etal. (2018) set out to generate a species sensitivity distribution
(SSD) for nanoparticles and determined that the NanoCRED
data reliability method proposed by Hartmann et al. (2017),
would rule out all or much of the existing data on the grounds
of insufficient quality. A method leading to a lower exclusion
rate, ToxRTool (Schneider et al., 2009), was therefore applied
to conduct a preliminary ERA. As an alternative solution to a
similar problem, Gissi et al. (2016) presented SSDs that were
based on varying levels of data quality. The data reliability
categories presented could help accommodate this type of
situation. When only R3 or lower data are available, a prelimi-
nary ERA can be conducted to provide recommendations for
refinements through the collection of higher tier data or by
filling key data gaps. However, in terms of regulatory ERA and
decision-making, R1 and R2 studies from this method would be
potentially suitable for this purpose, and lower scoring studies
would be limited to supporting evidence.

The result is a systematic approach to evaluate the reliability
of primarily nonstandard toxicity studies that are relevant to a
particular problem formulation, as outlined in Figure 1. This is
achieved by first developing the problem formulation, which
includes relevant species, endpoints, and chemicals, identi-
fying potentially suitable studies, and conducting a five-
question screening assessment to identify relevant studies and
studies likely to be reliable (e.g., score above Ré), followed by a
23-question data quality assessment (Table 1), with the result
informing the final reliability score (Table 2).

UV filter and coral toxicity case study

The goal of the case study was to evaluate the relevance
and reliability of published coral toxicity studies for application
to UV filter ERAs using the data quality evaluation process
described. Following the process outlined in Figure 1, a
problem formulation is first required. For this case study, the
problem formulation is whether existing coral toxicity data are
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relevant and reliable for use in a higher tier UV filter ERA in the
United States with decision-making implications. The scope of
the assessment is therefore limited to intact corals (i.e., whole-
organism studies) of all life stages (e.g., larval or adult). Because
coral are colonial organisms, coral fragments (nubbins) are
appropriate for adult whole organisms. Coral species can
originate from any region due to the current paucity in data. In
the future, when more data are available, regional refinement
of the scope to species relevant to the United States and its
overseas territories (e.g., Indo-Pacific or Caribbean species)
could be considered. Because coral are a colonial species,
assays should be designed to consider normal variations in
coral by covering differences within and between colonies of
the same species (Shafir et al., 2003, 2007). Studies that include
only genetically identical individuals (from the same colony) are
therefore of reduced relevance. Ecologically relevant end-
points include growth (adults or coral recruits), mortality (e.g.,
sloughing of tissue to the point of skeletal exposure), re-
production (e.g., larval production, larval settlement, larval
metamorphosis, and fertilization of gametes), and bleaching
(Mitchelmore et al., 2021). Bleaching (expulsion of symbiotic
algae) is a stress response that can lead to a coral's reduced
ability to survive, grow, or reproduce and is thus of ecological
relevance (Anthony et al., 2009; Douglas, 2003; Hughes et al.,
2017, 2019). Bleaching can be quantified in numerous ways
including algal cell counts, chlorophyll a content, or visually by
examination of coral pigment, for example, the Coral Watch
coral health chart (Summer et al., 2019). Nonecologically rele-
vant endpoints are sublethal responses for which a clear link to
an ecologically relevant effect has yet to be demonstrated
(e.g., morphological changes, behavioral responses, and im-
pacts on the photosynthetic abilities of the symbiont algae).
These endpoints are of reduced relevance and are only suitable
for a preliminary ERA (in the absence of ecologically relevant
data) or as additional lines of evidence (see Discussion,
Screening assessment).

Relevant study compounds include organic UV filters ap-
proved for use in the United States (see Mitchelmore et al.,
2021). Exposures are limited to the water phase, and specific
considerations for coral are covered in question five of the data
quality assessment (Table 1). To achieve the highest score for
question five, the exposure needs to occur in flowing or agi-
tated water (see Discussion, test species). Question 21f is not
included for this case study. Full screening and data quality
assessments with comments for each study are given in the
Supporting Information.

RESULTS
Description of the case studies included

In total, eight studies that investigated the ecotoxicological
effects of UV filters on coral were identified for assessment in
the case study (Tables 3 and 4). A summary of the phys-
icochemical properties of the UV filters studied is provided in
Table 3, and a brief summary of the ecotoxicological inves-
tigations is presented in Table 4. The scope was limited to coral
studies due to the hypothesis that this taxon is uniquely

sensitive to UV filter exposure and is therefore important to
consider within ERAs (Danovaro et al., 2008; Downs et al.,
2016). On the other hand, a recent review has challenged this
hypothesis, but more work is required to validate and stand-
ardize coral testing prior to drawing conclusions on the relative
sensitivity of corals in comparison with other standard test
species in terms of UV filter exposure (Pawlowski et al., 2021).

In all studies, exposed corals were hard coral (reef-building),
with the exception of Xenia sp.; a soft coral studied by
McCoshum et al. (2016). All coral species studied maintain a
symbiotic relationship with algae (dinoflagellates). The studies
included cover both acute tests ranging from 24 h to 14 days
(Danovaro et al., 2008; Downs et al., 2016; He et al., 20193,
2019b; McCoshum et al., 2016; Stien et al., 2019) and chronic
tests ranging from 35 to 41 days (Fel et al., 2019; Wijgerde
et al.,, 2020). Researchers studied adult coral fragments
(nubbins) and/or larvae (planula) collected from wild-caught or
laboratory-cultured organisms (Table 4). The endpoints studied
were varied, including mortality, deformity, larval settlement,
bleaching, algal density, polyp retraction, growth reduction,
photosynthetic efficiency, and metabolomic changes. In addi-
tion, one study reported identical endpoints under dark and
light conditions to demonstrate the potential phototoxicity of
the UV filter (Downs et al., 2016). The He et al. (2019b) study
was split into two evaluations because the larvae test system
and design was significantly different from those of adults. The
in vitro cell line (calcioblast) toxicity data reported by Downs
et al. (2016) were not included in the case study because they
are beyond the scope of assessment (i.e., not whole organism).
The validity of cell lines as a surrogate for whole-coral toxicity is
uncertain, as discussed in detail by Mitchelmore et al. (2021).
All but one study, that of Danovaro et al. (2008), was published
within the past 5 years, indicating that this is a growing research
field still in the early stages of development.

Screening assessment

The results of the screening assessment are summarized
in Table 5. Two of the studies failed RQ1 because only
nonecologically relevant endpoints for ERA were reported
(Fel et al., 2019; Stien et al., 2019). Other studies did report
nonecologically relevant endpoints, but passed RQ1 because
an ecologically relevant endpoint was also included. By failing
RQ1, a study cannot receive a reliability score of higher than R3
(Table 2). This is because ecologically relevant endpoints are
needed for regulatory or higher tier ERA. Seven of the eight
studies were determined to be relevant for the data quality
assessment by passing RQ2 (Table 5). McCoshum et al. (2016)
failed RQ2 because a sunscreen formulation was studied, and
the UV filters within the sunscreen formulation were not
quantitatively characterized or tested individually. Thus it
cannot be determined whether any effect observed is the result
of a single UV filter, a mixture of UV filters, or another in-
gredient in the formulation. Single-component toxicity data are
prioritized over mixture toxicity as the toxicity of a mixture
should ideally be calculated from the toxicity of individual
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components (OECD, 2019b). Furthermore, McCoshum et al.
(2016) only included nubbins (adults) from a single colony in
their test design.

The three reliability screening questions were designed to
address three key areas of a study: adequate controls (RQ3), a
suitable number of concentrations to observe a dose-response
depending on test design (RQ4), and analytical verification of the
test chemical concentration (RQ5). The study of Fel et al. (2019)
was the only one to pass all three reliability screening criteria (i.e.,
RQ3-RQ5). Downs et al. (2016) and He et al. (2019a, 2019b) each
failed one reliability screening question, indicating that the
highest reliability score achievable for these studies is R3
(Table 2). Wijgerde et al. (2020), McCoshum et al. (2016), and
Danovaro et al. (2008) failed two of the reliability screening
questions and therefore do not pass the screening assessment.

Wijgerde et al. (2020) and Stien et al. (2019) both failed RQ3
because they did not include a negative control. Adequate
controls are essential to conducting a reliable ecotoxicity study
(Harris et al., 2014). This is important because, without a neg-
ative control, there is increased potential for false negatives
(type Il errors; Weyman et al., 2012). Wijgerde et al. (2020)
provide a potential example of this: 33% mortality of Acropora
tenuis was observed in the solvent control. Without a negative
control, it cannot be determined whether effects occurred due
to test conditions or possibly the solvent chosen. Meanwhile,
Danovaro et al. (2008) included both a solvent and negative
control, but only for one test species in one of the two in situ
test locations.

Two studies failed RQ4, because only a single test con-
centration was included (McCoshum et al., 2016; Wijgerde
et al.,, 2020). Neither study was designed as a limit test

Klimisch categories

Score

(i.e., tested near solubility), and in both cases an effect was
observed in the single concentration studied, preventing the
calculation of a no-observable-effect concentration (NOEC).
Reichelt-Brushett and Harrison (2005) had previously noted this
issue with coral research in which observed ecotoxicological
values could not be used for decision-making because only two
study concentrations were included. Certain situations, such as
a limit test (either acute or chronic) could include fewer treat-
ments without observation of a dose-response, but still pass
RQ4. This is an aspect in which expert judgment is critical be-
cause both the test design and the results in treatments and
controls (e.g., significant effect, no effect, variability in control)
need to be considered. For example, when one is calculating a
NOEC, increasing the number of replicates at the expense of
treatments is suitable to achieve sufficient statistical power
(ECHA, 2008). On the other hand, if an effect is observed in the
lowest treatment, a NOEC cannot be derived. The number of
test treatments should be at least five according to OECD
guidance (see OECD, 2004, 2012, 2013, 2019a). The reason for
this is to both sufficiently bracket the endpoint and observe a
significant dose-response relationship. To achieve this with
fewer than five treatments is challenging, even with a range-
finding test. When all these factors are considered together,
they show why a higher number of treatments are favored.
The reliability screening question failed most often was
RQ5, conducting analytical verification of test concentration
and basing endpoints on measured concentrations, if appro-
priate. Four studies conducted no analytical monitoring
(Danovaro et al., 2008; Downs et al., 2016; McCoshum et al.,
2016; Stien et al., 2019), whereas a further two did conduct
monitoring but inappropriately reported endpoints based on

Proposed cateqories

Score
R1 Reliable without restriction

a

. | Reliable without restriction

Reliable with minor restriction

2 ‘ Reliable with restriction

3 Not reliable

R3 | Reliable with modest restriction

“*R4 | Reliable with major restriction

. Unassignable <

/

R5 Unreliable
R6 Highly unreliable
NA1 Not evaluated (relevance)
"NA2 Not evaluated (reliability)

FIGURE 2: The data reliability scores used in the present study (right) and how they roughly compare with Klimisch categories (left; Klimisch et al.,
1997). In the case of R4, depending on the nature of criteria that are considered unreliable, a comparable Klimisch category score of 2 or 3 could be
appropriate. The proposed categories in our study are standalone and not intended to be interpreted in terms of Klimisch categories. The scoring
approach we provide is meant to serve as a guideline; expert judgment and context should always be considered when a final score is awarded.
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nominal exposures (He et al., 2019a, 2019b). Without meas-
uring the concentration of UV filters in the test system, there is
no way to determine what the coral was actually exposed to,
which can lead to under- or overestimates of toxicity (Harris
etal., 2014). Turner and Renegar (2017) observed similar issues
in a review of coral toxicity studies with petroleum hydro-
carbons and stated that the usefulness of a toxicity study is to
determine a threshold concentration that can be compared
with concentrations observed in the environment to inform
chemical management. Without an actual measure of ex-
posure, this cannot be achieved. Overall, the screening evalu-
ation presented in Table 5 indicates that only four of the eight
studies would be eligible to go through the subsequent data
quality assessment and receive a final reliability score.

Data quality assessment

All studies were run through the data quality assessment
regardless of their screening score as a proof of concept
(Table 1), and the results are presented in Table 6. The larval
settlement assay conducted by He et al. (2019b) received the
highest data quality score, 72%. This was followed by the Fel
et al. (2019) long-term study on adults (68%). The two He et al.
(2019a, 2019b) adult assays were similar, 64% and 62%, with
the difference between these scores explained by the con-
centration of solvent used. He et al. (2019b) exceeded the
recommended maximum concentration of 0.1 ml/L (OECD,
2019b). In contrast to the larval assay conducted by the same
authors (He et al., 2019b), the He et al. (2019a, 2019b) adult
studies received lower scores because dose-response rela-
tionships were not observed. This also prevented the calcu-
lation of appropriate endpoints for ERA (e.g., median effect or
lethal concentrations [EC(LC)50]), suggesting that the dosing
range for certain UV filters (e.g., BP3, BP4) needed to be re-
fined (He et al., 2019b). Conversely, the reported test con-
centration far exceeded solubility for EHMC, octocrylene, and
benzophenone-8 (BP8), which suggests an inappropriate test
design (e.g., a limit test may have been a more suitable option).
Furthermore, the He et al. (201%a, 2019b) coral adult studies
were also pseudoreplicated, because individual experimental
units (coral nubbins) were exposed in the same treatment
bottles. When these factors were taken together, the result was
an approximately 10% lower data quality assessment score for
the adult assays in comparison with the larvae settlement assay
(Table 6; see the Supporting Information, Tables S1-S8 for
detailed assessments of each study).

Generally speaking, the studies that failed the screening
assessment also had the lowest data quality scores. Wijgerde
et al. (2020) is the exception, scoring higher than Downs et al.
(2016), yet failing the reliability screening. This is largely due to
the comprehensive characterization and suitability of the test
system for coral and appropriate characterization of the test
chemical (BP3) reported by Wijgerde et al. (2020). The major
issues with the Wijgerde et al. (2020) study (lack of controls and
a single test concentration) were addressed in the screening
assessment and do not contribute to the data quality score

reported in Table 6. McCoshum et al. (2016) had the lowest
score (30%), receiving points for only 8 of the 21 questions
evaluated in our study.

Data reliability scores

The final data reliability scores reported in Table 6 consider
the screening results (Table 5) and the data quality scores, also
presented in Table 6. This score will inform how the data can be
used for ERA, whether they are of potential regulatory standard
(e.g., used for decision-making), suitable for preliminary ERA,
suitable only as supporting evidence, or not suitable due to
lack of relevance and/or reliability (see Table 2). No study was
classified as R1 or R2, indicating that none of the studies were
of potentially suitable quality for a regulatory ERA, beyond
supporting evidence. Four studies were determined to be
suitable for preliminary or screening-level ERA by scoring either
R3 or R4. The larval settlement assay reported by He et al.
(2019b) received the highest reliability score, R3, which is in-
dicative of a study that is well designed but does have flaws
that lower the reliability. These flaws were largely the reporting
of endpoints based on nominal rather than measured con-
centrations, significant losses of the test chemical from the test
system, and suitability of the test system for the coral. Fel et al.
(2019) also scored R3; this was the only study to receive points
for including a reference toxicant and to pass the three reli-
ability screening questions (RQ3-RQ5). The adult assays con-
ducted in the He et al. (2019a, 2019b) studies scored R4 due to
the failure of a screening question and the less than 70% data
quality scores achieved. The final study to receive a reliability
score was that of Downs et al. (2016), which had the lowest
score achievable (Ré). Less than 50% was awarded in the data
quality assessment, and a screening question was not passed
(see Tables 5 and 6). The score indicates that this study is un-
reliable and not useful for preliminary ERA, even as supporting
evidence. The remainder of the studies resulted in scores of
NA1 and/or NA2 because they failed the screening assess-
ment. Their low data quality scores (e.g., 30%, 33%, 38%, and
54%) support the conclusion from the screening assessment,
that conducting lengthy data quality assessments on these
studies is unnecessary because achieving reliability scores of R4
or higher is unlikely.

DISCUSSION

Screening assessment

Screening assessments successfully delineated between
studies that were likely to receive a reliability score of R4 or
higher. Based on these results, we conclude that the elements
evaluated in the screening approach suitably streamline the
reliability assessment process by focusing lengthy evaluations
on studies that are likely to result in a score of R4 or higher,
rather than R5 or R6 which are not overly useful for ERA. In-
terestingly, the study that failed the relevance screening as-
sessment (score of NA1), McCoshum et al. (2016), also failed
the reliability screening assessment (score of NA2). The value of
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TABLE 3: Summary of the organic ultraviolet (UV) filters authorized for use as sunscreen ingredients in the United States® that have been evaluated

in the peer-reviewed studies included in the case study

Physicochemical properties®

INCI name (INN)P CAS no. Abbreviation  Log Kow Solubility (ug/L)  Associated coral toxicity studies
Butyl methoxydibenzoylmethane 70356-09-1 AVO 6.1 27 Fel et al. (2019)
(avobenzone) Danovaro et al. (2008)
McCoshum et al. (2016)
Homosalate (homosalate) 118-56-9 HMS 6.34 400 Danovaro et al. (2008)
McCoshum et al. (2016)
Ethylhexyl methoxycinnamate 83834-59-7; 5466-77-3 EHMC 6 51 Danovaro et al. (2008)
(octinoxate) He et al. (2019a)
Ethylhexyl salicylate (octisalate) 118-60-5 EHS 6.36 500 Danovaro et al. (2008);
McCoshum et al. (2016)
Octocrylene (octocrylene) 6197-30-4 oC 6.1 40 Danovaro et al. (2008);
Fel et al. (2019);
He et al. (2019a);
McCoshum et al. (2016);
Stein et al. (2019)
Benzophenone-3 (oxybenzone) 131-57-5 BP3 3.45 6000 Downs et al. (2016);
He et al. (2019b);
McCoshum et al. (2016);
Wijgerde et al. (2020)
Benzophenone-4 (sulisobenzone) 4065-45-6 BP4 0.52 3.0x108 He et al. (2019b)
Benzophenone-8 (dioxybenzone) 131-53-3 BP8 2.33 13 He et al. (2019b)

2See Mitchelmore et al. (2021).

PUV filters are identified by their International Nomenclature of Cosmetic Ingredients (INCI) name and their international nonproprietary name (INN).
“Experimental physicochemical properties were obtained from publicly available Registration, Evaluation, Authorization and Restriction of Chemicals technical

registration dossiers maintained by the European Chemicals Agency (2021).

the upfront assessment of both reliability and relevance, similar
to the Stepwise Information-Filtering Tool (SIFT; Beasley et al.,
2015), is a key streamlining mechanism to identify appropriate
studies for the problem formulation prior to conducting time-
consuming data quality assessments.

The relevance assessment (RQ1) also found that non-
ecologically relevant endpoints for ERA were commonly re-
ported (see Table 7). These endpoints are sublethal indicators
of stress (Nordborg et al., 2020), and a reproducible relation-
ship to population-level ecological effects has yet to be dem-
onstrated (Warne et al., 2018). Such endpoints are of reduced
relevance for ERA, but are still useful to monitor because they
can provide insights into the toxic mode of action. For ex-
ample, photosynthetic efficiency (quantum yield), an endpoint
reported by Fel et al. (2019), quantifies the impact on the
photosynthesizing ability of symbiont algae. Significant reduc-
tions in quantum yield have been observed, particularly when
coral are exposed to photosystem Il inhibitors such as diuron
(Jones & Kerswell, 2003). However, this response is variable
among coral species and is not clearly correlated with
bleaching or other ecologically relevant effects, despite being
a precursor to these effects in some cases (Negri et al., 2005).

Downs et al. (2016) reported morphological changes in
planulae (deformity) in response to BP3 exposure. Deformity
has been shown to be a precursor for mortality in coral larvae
(Epstein et al., 2000) and an indicator of sublethal toxicity in
other cnidarians (Echols et al., 2016), but in terms of ecological
relevance it is not favored over endpoints that directly relate to
population-level effects such as mortality, larval settlement, or
metamorphosis (Nordborg et al., 2021). Polyp retraction is a

behavioral response, and the data do suggest that this is a
sensitive response; for example, He et al. (2019a) observed
more polyp retraction at lower UV filter concentrations than any
other response (Table 7). Renegar and Turner (2021) also ob-
served that polyp retraction progressed to tissue attenuation
and eventually mortality in coral exposed to polycyclic aromatic
hydrocarbons. These data indicate there should be more in-
vestigation into a potential link to ecologically relevant pop-
ulation effects; however, a direct relationship needs to be
established before this response could be used in higher tier
ERA or for decision-making as a validated ecologically relevant
endpoint. Other researchers have also found that toxicological
thresholds for coral are difficult to compare between studies
due to variability in the methods used and the endpoints re-
ported (Negri et al., 2018; Nordborg et al., 2018). Therefore, it
would be useful to establish standardized endpoints that are
comparable and reproducible for ERA (Gissi et al., 2017;
Nordborg et al., 2021).

Data quality assessment

The discussion of data quality assessment is organized by
study aspect including test setup and system, test species, test
substance, results, and statistics, rather than numerical score.
Questions refer to the data quality assessment presented in
Table 1 and results from the assessment presented in Table 6.

Test setup. There is no standardized test for coral (e.g.,
OECD, International Organization for Standardization, or
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TABLE 5: Screening assessments for case study of coral ultraviolet filter toxicity tests®

Screening assessment (Pass/fail)

Study RQ1¢ RQ2° RQ3' RQ4¢ RQ5" Result
Danovaro et al. (2008) Pass Pass Fail Pass Fail NA2

Downs et al. (2016) Pass Pass Pass Pass Fail Fail 1 of RQ3-RQ5
Fel et al. (2019) Fail Pass Pass Pass Pass Fail RQ1; Pass RQ2-RQ5
He et al. (2019a) Pass Pass Pass Pass Fail Fail 1 of RQ3-RQ5
He et al. (2019b)f Pass Pass Pass Pass Fail Fail 1 of RQ3-RQ5
He et al. (2019b) Pass Pass Pass Pass Fail Fail 1 of RQ3-RQ5
McCoshum et al. (2016) Pass Fail Pass Fail Fail NA1/NA2

Stein et al. (2019) Fail Pass Fail Pass Fail NA2

Wijgerde et al. (2020) Pass Pass Fail Fail Pass NA2

“The screening result is combined with the data quality assessment result (see Table 1) to derive a final reliability score (see Table 2). A result of NA1° or NA2C indicates
the screening assessment is failed and the study is not subject to the data quality assessment and will not receive a reliability score.

PNAT1 indicates the study failed RQ2 and will not be subject to the data quality assessment because it is not relevant.

°NA2 indicates the study failed two or more of RQ3-RQ5 and will not be subject to the data quality assessment because it is highly likely it is not reliable.

9Is the endpoint ecologically relevant?

©ls the test organism relevant to the compartment, test compound and/or assessment?

Was a negative control and solvent control (if necessary) at least duplicated?

9Are >4 treatment concentrations included (including control) or specifically designed as a limit test?

PAre endpoints based on measured concentrations if they deviate by >20% of the nominal concentration? If only nominal endpoints are presented, is any analytical
verification undertaken?

"Two scores are awarded to He et al. (2019b); this score is for the adult assay.

ITwo scores are awarded to He et al. (2019b); this score is for the larval settlement assay.

USEPA). However, significant efforts toward developing such (hermatypic scleractinian corals) to aid in the validity assess-
protocols for larval fertilization, survival, and settlement assays ment of the exposure medium. Instead, three basic validity
(Gissi et al., 2017; Leigh-Smith et al., 2018; Negri et al., 2018; criteria applicable to any ecotoxicity study were assessed
Reichelt-Brushett & Hudspith, 2016; Reichelt-Brushett & (Table 1), which eases the challenge for assessing validity in

Harrison, 2000), as well as adult lethal and sublethal (coral nonstandard tests and species (Moermond et al., 2016). The
condition) assays (Gissi et al., 2019; Hédouin et al., 2016; Wijgerde et al. (2020) study is a good example of why following
Renegar et al., 2017; Renegar & Turner, 2021; Shafir et al. these basic validity criteria is important. Substantial mortality
2003, 2007), can be found in the peer-reviewed literature. was observed for A. tenuis in the solvent control (33%), which is
None of the studies could follow a guideline method, but ex- beyond acceptable levels of control mortality in standard test
isting efforts toward assay standardization in the peer-reviewed guidelines (e.g., 10%-20% in OECD, 2004, 2013, 2012). In
literature were largely not considered. An exception is the addition, Danovaro et al. (2008) observed 16% zooxanthellae

study of Downs et al. (2016), in which a modification of OECD release in the solvent control, which was higher than some
test guideline 236 (2013; fish embryo acute test) was cited. A experimental treatments with the test substance and the neg-
lack of test guidelines could explain the observed variability in ative control, but statistical significance was not reported.

test design, exposure conditions, endpoints evaluated, and McCoshum et al. (2016) did not report control mortality or
level of experimental detail included in the studies. Expert growth in addition to initial polyp counts in treatment, which is
judgment was required to establish appropriate basic validity =~ important because growth (based on number of polyps) was
criteria (Question 2). It was therefore necessary for the evalu- the observed endpoint. Beyond the basic validity criteria as-
ation to become an iterative process to ensure consistency and sessed, it would be beneficial to further establish coral-specific
reflect key knowledge gleaned throughout the process. In this criteria because validity criteria in an ecotoxicological assay is
way, it was possible to apply consistent expert judgment across an important quality control measure. This is particularly true
the studies. for nonstandard assays for which typical endpoint responses
The fulfillment of test validity criteria (Question 2) is and exposure conditions are not well established. Rigorous
weighted heavily, similarly to the Eco-QESST method (Breton reporting of control responses and inclusion of typical validity
et al., 2009). Efforts to establish validity criteria for coral studies parameters (e.g., dissolved oxygen) would improve both the
have been made (Summer et al., 2019), in particular, control consistency of and confidence in future coral toxicity studies.
responses for larval fertilization and larval settlement should The test duration was highly variable among the studies,
exceed 80% and 70%, respectively (Gissi et al., 2017; Negri and it was not always clear whether the endpoint was acute or
et al.,, 2018). However, these particular criteria were not rele- chronic (Question 16). For example, He et al. (2019b) calcu-
vant to the majority of studies assessed. This issue is further lated an EC50 for larval settlement from a 14-day test. This is a
complicated by a lack of water quality requirements (e.g., chronic reproductive endpoint, but an EC10 or no-effect con-
suitable ranges of dissolved oxygen, temperature, salinity, centration is not reported, which would be useful for ERA.

nutrients, and elements) broadly applicable for hard coral Warne et al. (2018) reported that due to the variable life history
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strategies of invertebrate taxa, it was difficult to generally
classify appropriate acute and chronic text durations. This
could help explain why the durations of the coral acute and
chronic tests were so variable among the studies, which was
also identified by Mitchelmore et al. (2021). Warne et al. (2018)
provide guidance on appropriate test durations of acute and
chronic coral tests based on the life stage and endpoint, which
we used to assess the studies (see Table 1, Question 14).
Briefly, adult/juvenile chronic tests are 14 or more days,
whereas acute tests are less than 14 days for all endpoints.
Embryo/larvae acute test durations are less than 7 days, except
for studying larval development/metamorphosis, which is less
than 48 h. Conversely, embryo/larvae chronic test durations for
larval development/metamorphosis assays are 48h or more,
whereas embryo fertilization studies can be very short, 1h or
more, despite being chronic assays.

Test species and test system. Determining the appropri-
ateness of the test system (Question 5) was challenging to
evaluate without known ranges of acceptability for exposure
conditions for the species of coral studied. Basic water quality
parameters (e.g., pH, salinity, dissolved oxygen, key nutrients)
were largely unreported (Question 21), despite being required
and even part of the validity criteria for most guideline studies
(see OECD, 2004, 2012, 2013). The study of Wijgerde et al.
(2020) is an exception: temperature, salinity, alkalinity, calcium,
nitrate, and phosphate were measured and maintained. The
authors stated that their laboratory conditions did not reflect an
oligotrophic reef, but rather the ideal combination for keeping
coral healthy for the duration of a laboratory exposure. Fur-
thermore, large variability in the exposure medium was ob-
served. Four studies used artificial seawater, and three studies
used filtered seawater in their static exposures (Danovaro et al.,
2008; He et al., 2019a, 2019b). Fel et al. (2019) used unfiltered
seawater renewed weekly throughout their 35-day exposure,
raising concerns over the variability in exposure conditions.
Reporting of the average and range of water quality parame-
ters during a test is not only ecotoxicological good practice,
but can greatly aid in the interpretation of results when
anomalies arise. For example, Hédouin et al. (2016) observed
species-specific changes in coral toxicity due to small changes
in temperature (~3°C), highlighting the importance of re-
cording and maintaining species-appropriate temperature
conditions.

A range of light intensities was used across the studies
evaluated. Three studies reported that the light intensity led to
significant evaporation and that test vessels required recon-
stitution during the exposure (as noted in the concurrent pla-
nulae experiment conducted under the same conditions by
Downs et al., 2014, 2016; He et al., 2019a, 2019b); light in-
tensity was even lowered to reduce evaporation (He et al.,
2019b). He et al. (2019b) posited that differences in exposure
conditions, in particular light intensity, could explain the dif-
ference in BP3 toxicity they observed in comparison with
Downs et al. (2016). Indeed, Downs et al. (2016) did observe
differences in toxicity under light and dark conditions (see
Table 6), which suggests that for UV filters in particular, light

conditions could be an important factor for toxicity. To ensure
adequate light for the test species and to identify potential
relationships between light conditions and toxicity, we suggest
better characterization, or even standardization of an accept-
able range, of light exposure in terms of both spectrum and
quantity in coral studies.

A final observation on the appropriateness of the test sys-
tems for adult coral was the presence or absence of flowing
water (water movement), a point that was also raised in the
recent Mitchelmore et al. (2021) review. Evidence compiled by
Turner and Renegar (2017) demonstrated that corals have in-
creased sensitivity to static conditions compared with flow-
through conditions and suggested that differences in toxicity
could be related to depletion of oxygen and accumulation of
waste products. Indeed, many coral toxicity studies on metals
and other contaminants include detailed descriptions of
flowing (including flow-through) or agitated exposure systems
(Gissi et al., 2019; Leigh-Smith et al., 2018; Negri et al., 2011,
2018; Renegar & Turner, 2021; Summer et al., 2019); such
studies have suggested that stagnant exposure conditions are
not ideal for maintaining healthy adult coral. Employment of a
flow-through system would also mitigate the evaporation is-
sues observed in the static and semistatic exposures (Downs
et al.,, 2016; He et al.,, 2019a, 2019b) and permit the use of
appropriate lighting. Evaporation impacts the test substance
concentration and the stability of water quality parameters, and
efforts should therefore be made to avoid it. Looking forward
to future studies, it would be useful to identify a selection of
representative and sensitive test species for each region in-
habited by coral (e.g., Pacific, Meso-American, Indian Ocean,
etc.) for which acceptable ranges for these parameters can be
derived (e.g., light intensity and period, pH, dissolved oxygen,
temperature, key nutrients) and to determine how these pa-
rameters can be maintained without degrading the quality of
the test system (e.g., reducing evaporation).

The test acclimation period varied among the studies and
between larvae and adults (Question 17). In two studies, wild-
caught organisms were immediately exposed to the test sub-
stance, indicating that no acclimation period was undertaken
(Danovaro et al., 2008; Downs et al., 2016). Coral collected
from the wild were also used in three further studies (Fel et al.,
2019; He et al., 2019a, 2019b), but these corals were accli-
mated or spawned in the laboratory setting for a suitable pe-
riod of time before ecotoxicity testing. When adult corals are
tested, it is necessary to cut fragments from the mother colony,
and these fragments need time to heal and acclimatize prior to
testing (Negri et al., 2011; Shafir et al., 2003). The length of the
"healing period” varied by study (3—4 weeks for hard coral, 96 h
for soft coral). There is currently no acclimation protocol for
adult coral, but Gissi et al. (2019) suggested monitoring coral
condition by observing the color and presence of skeletal
growth at the base of the coral nubbins. Danovaro et al. (2008)
included no acclimation period after cutting adult corals. On
the other hand, much shorter acclimation periods are appro-
priate for larvae, due to the shorter time frame between key life
history events (e.g., fertilization or settlement). For example,
when studying the effect of manganese, Summer et al. (2019)
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used a 15-min acclimation period for coral larvae. However, the
parent colonies were maintained in a laboratory holding tank
until larvae had spawned, rather than being directly collected
from the wild and exposed in artificial seawater as Downs et al.
(2016) reported.

Test substance. Clear identification and concentration/purity
of the test substance are key criteria to fulfill, but three studies
either did not receive points for this question or required ex-
pert judgment to evaluate it (Question 8). In the case of Downs
et al. (2016), a Chemical Abstracts Service number is provided,
but it describes benzophenone-2 rather than BP3. In the case
of Fel et al. (2019), chemical structures are provided, but the
source of the test substance is not. In five studies, the test
compound purity was not reported (Question 9), although this
was mitigated by analytical verification of test concentrations in
two of the five studies (Fel et al., 2019; Wijgerde et al., 2020).

Many UV filters are highly hydrophobic and poorly soluble
and can be classified as difficult to test compounds (OECD,
2019b). As a result, carrier solvents were used in all but one
study to help disperse the UV filters into solution. Even so, Fel
et al. (2019) commented that a “nonsolubilized” fraction of
organic UV filters was still present despite using solvent and
that the organic UV filters were difficult to analytically quantify.
Two studies used excessive solvent in their tests (more than
0.1 ml/L; Question 22), and dimethyl sulfoxide (DMSO) was
used as a solvent in three studies (Question 23; Downs et al.,
2016; Stien et al., 2019; Wijgerde et al., 2020). The solvent
DMSO is not considered acceptable (USEPA, 2011), because it
can increase uptake of the test substance across cell mem-
branes (Kais et al., 2013). These phenomena cannot be cap-
tured with a solvent control and therefore resulted in score
reduction due to possible over- or underestimation of effects,
particularly in chronic studies (Turner et al., 2012).

In addition to solubility challenges, UV filters are unstable in
aqueous test systems (Mitchelmore et al., 2021). Question 4
was designed to identify when measured exposure concen-
trations were variable throughout the duration of the test,
which provides an indication as to whether the test setup was
appropriate for the test chemical, whereas RQ5 in the
screening assessment determined whether any analytical
monitoring was conducted and whether endpoints were in-
appropriately reported only as nominal (see Table 1). This is
important because endpoints estimated from nominal values
are of reduced reliability: it cannot be confirmed that test or-
ganisms were exposed to the correct test chemical and con-
centration (Harris & Sumpter, 2015). There can be exceptions
to this requirement that call for expert judgment to evaluate
(see Table 1); however, generally a lack of any analytical ver-
ification or inappropriate use of nominal concentrations (e.g.,
measured concentrations deviated by greater than 20% of the
nominal concentration) will reduce reliability. For example, if
RQS5 is failed, the study cannot exceed a reliability score of R3,
making it potentially only suitable for preliminary or screening-
level ERA.

Of the eight studies, only four included analytical mon-
itoring even though many UV filters fell under the description of

difficult to work with substances (OECD, 2019b). This is evi-
denced by the monitoring data from all four studies demon-
strating significant losses of the test compound from the test
system, with losses greatly exceeding 20% of the nominal
concentration, indicating that endpoints should be based on
measured concentrations rather than nominal. Wijgerde et al.
(2020) reported a mean measured concentration of 0.06 ug/L,
6% of the nominal dose of BP3 (1 ug/L). He et al. (2019b) re-
ported only 2% of the nominal dose of BP3 remaining at the
end of the 7-day test. More concerningly, all test concen-
trations of BP8 in the definitive larval settlement assay were
below the limit of detection on Day 14 (10-1000 pg/L nominal).
He et al. (2019a) also observed significant losses for EHMC and
octocrylene, for which only 2% and 24%-61%, respectively,
remained in the test system after the 7-day exposure. Fel et al.
(2019) observed significant losses of avobenzone and octoc-
rylene, with only 8% and 52%, respectively, remaining from
their initial 1000 pg/L nominal exposure. These significant loses
highlight why, particularly for difficult to test compounds such
as several UV filters, conducting analytical verification and re-
porting endpoints based on measured values are critical for
accurate endpoint determination (Moermond et al., 2016).
A flow-through test design with appropriate test vessels (e.g.,
glass) and adequate setup including test chemical equilibration
and stability assessment would be an ideal strategy to mitigate
organic UV filter concentration stability issues. Providing water
flow would also address the adult coral husbandry concerns
associated with exposure medium stability outlined earlier in
the Test species and test system section.

Results and statistics. A dose-response relationship was
observed in only two studies (Question 11). For an effect to be
reliably demonstrated, a dose-response relationship must be
shown (Molander et al., 2015; Sumpter et al., 2016). There are,
however, exceptions, as noted for RQ4 (Table 1), such as limit
tests. He et al. (2019b) derived an EC50 for larval settlement by
including an initial range-finding test and as a result were able
to fit a suitable model to the data and not extrapolate to de-
termine the EC50. The other endpoints studied all resulted in
either no effect or a lowest-observable-effect concentration
(LOEC). Several LOECs corresponded to a 100% effect (e.g.,
mortality) at the highest concentration tested, whereas no ef-
fect was observed in the next highest test concentration. These
results indicate that the dosing needs to be adjusted to ob-
serve a dose-response relationship (i.e., by conducting a de-
finitive test). Conducting a range-finding study prior to the
definitive test is useful for this purpose. Downs et al. (2016) was
the only other study that derived statistical endpoints based on
a dose-response curve.

Another  consideration was appropriate replication
(Question 10). Without a test guideline, this criterion was as-
sessed through expert judgment. The minimum number of
replicates used was assessed as three. Pseudoreplication was
observed in four studies (He et al., 2019a, 2019b; McCoshum
et al., 2016; Stien et al., 2019), a problem commonly observed
in ecotoxicology that can affect the inferential statistics applied
to the data (Krull et al., 2013), resulting in lowered reliability.
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Finally, although not directly evaluated through the data
quality assessment, the reporting of raw data was rarely com-
plete. Limited additional data could be found in the supporting
information, but it was often incomplete or consisted only of
derived values (e.g., averages) rather than raw data and would
not meet the ecotoxicological reporting standards suggested
by Mebane et al. (2019).

Data reliability scores

When the final reliability scores are translated into Klimisch
categories, the advantage of our proposed extended scoring
system emerges. An R4 score in our approach would most
often translate to an R3 (unreliable) in the Klimisch method
(Figure 2). However, a paucity of suitable coral data for risk
assessment is evident from our evaluation. We also identified
significant differences in study data quality that might be
missed using a Klimisch approach. For example, the R4 score
for the He et al. (2019a, 2019b) studies with adults was com-
pared with the He et al. (2019b) larval study, which received a
higher reliability score of R3. Data from R3 studies are preferred
to data from R4 studies (Table 2). Studies scoring R3 and R4 are
of appropriate quality to use in a preliminary or screening-level
ERA, for which they can be used in combination with their re-
liability score to conduct preliminary assessments and identify
knowledge gaps, but will only provide supporting information
in a regulatory or higher tier ERA. In addition, it was found that
all the R3 and many of the R4 endpoints were above the sol-
ubility of the test compound (see Table 7). The remainder of
the studies assessed are not suitable for higher tier or pre-
liminary ERA because they are missing key aspects that re-
sulted in a failing of the screening assessment (Danovaro et al.,
2008; McCoshum et al., 2016; Stien et al., 2019; Wijgerde
et al., 2020), or because they received a score of Ré, indicating
unreliability (Downs et al., 2016).

General discussion

Ecotoxicity testing on coral has been conducted for other
chemicals, including diuron (Jones, 2005), hydrocarbons (Negri
et al., 2016), and heavy metals (Reichelt-Brushett & Harrison,
2005). However, as an ecotoxicological test species generating
endpoints for risk assessment, relatively little work has been
conducted in comparison with other taxa (Reichelt-Brushett,
2012). One of the main goals of conducting a reliability as-
sessment is to ensure that data used for regulatory and higher
tier risk assessment are of a suitable quality and fit-for-purpose.
More broadly, such an assessment provides a mechanism to
assess and incorporate peer-reviewed data into a regulatory or
higher tier ERA regardless of whether standard test species or
protocols were followed. A challenge identified in our study is
that it is more difficult to assess species from historically under-
represented taxa in ecotoxicology. This is because established
animal husbandry, testing protocols, and validity criteria are
not widely known. At the current time, this is laboratory-specific
knowledge that, although useful for judging the quality of

work, is traditionally omitted from publication (Mebane et al.,
2019). Knowledge in this field is rapidly growing, and thus
methods applied today may be deemed unsuitable in the fu-
ture. To address this limitation, the reliability scores resulting
from our case study are nonbinding; instead, they provide a
guide to interpret test data for use in ERA. As we learn more
about best practice for a particular species, test system design,
or analytical verification, we propose revisiting the assessments
and updating them as needed. More broadly, authors of non-
standard tests in particular should utilize the supporting in-
formation to justify and fully describe test design and setup to
promote repetition or further development of the work (Harris
et al., 2014). Hanson et al. (2017) provide an informative
overview of what information should be reported to enhance
the value of a study that aims to enhance environmental pro-
tection. On the other hand, many of the criteria assessed are
general to any ecotoxicological study (e.g., appropriate con-
trols, dose—response relationships, appropriate solvents), and
similarly to the findings of Agerstrand et al. (2011), it was these
general criteria that reduced the reliability of the peer-reviewed
studies.

The weighting of questions in the data quality assessment,
which is intended to help simplify and guide the process, could
also be a limitation if applied too strictly. Moreover, considering
the context of criteria that are not met is also important when
one is determining the overall reliability score. It should be ac-
knowledged that this is a subjective determination guided by
the data quality questions and weighting, but ultimately facili-
tated through expert judgment. Transparency is the key to
overcoming this limitation; a clear description of why a particular
question is scored can provide a platform of discussion for those
who disagree with a particular decision (Kase et al., 2016).

The results from our assessment indicate that none of the
current studies on the toxicity of UV filters to coral are of po-
tential regulatory or decision-making quality, R1 or R2 (Table 7).
Despite this lack of reliability, a common theme of perceived
regulatory importance was identified in the authors’ recom-
mendations and conclusions. This point was also recently
identified and explored in the broader context of ecotox-
icology by Brain and Hanson (2021). The authors' perceptions
of the impact and value of a study is important because it
influences how the scientific community and the public per-
ceive the policy/regulatory importance of the results. The rec-
ommendations from the studies analyzed as part of the coral
toxicity case study fell into two broad categories: (1) based on
their findings, more research should be conducted on the
subject, and (2) their findings can/should support coral reef
management. Interestingly, the studies that were perceived to
be evidence for policy-making/regulation were those de-
termined to be least reliable for risk assessment. For example,
studies with generally higher reliability scores called for further
investigation and more data to perform refined risk assessment
(Fel et al., 2019; He et al., 2019a, 2019b). On the other hand,
McCoshum et al. (2016) suggested that, based on their find-
ings, sunscreen usage should be limited by coral reef man-
agers, and beach-goers should limit their use when swimming
near coral reefs. Meanwhile, studies have suggested that their
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data be directly fed into coral reef management action plans
(Downs et al., 2016) or used to inform regulators seeking to
develop coral reef protection measures (Danovaro et al., 2008).
This is problematic because it encourages perception-driven
policy-making based on individual studies versus unbiased
science-based policy-making based on ERA. In our view,
science-based policy-making is an effective approach to
chemical management. A major process that underpins this
process is ERA, which, when based on reliable science, can
help decision-makers and risk managers chose the appropriate
course of action for environmental protection (USEPA,
1998, 2003).

It is possible that the authors are not aware of the ERA
approach and why reliable data are needed to support
decision-making (Agerstrand et al., 2017b; Breton et al., 2009).
Meanwhile, regardless of reliability, the authors’ recom-
mendations have been used to influence policy-makers’ prior-
ities and decisions. As a result, UV filter bans (e.g., Bill SB-2571,
State of Hawaii Senate, 2018) aiming to protect coral reefs are
based on the most unreliable coral studies to date (Danovaro
et al., 2008; Downs et al., 2016). This phenomenon is not lim-
ited to UV filters. For example, the environmental impact of
microplastic is an exponentially growing field of research that
has been largely built on the perception that microplastics (in
particular cosmetic microbeads) are harmful to the environ-
ment. However, in the context of an ERA, this has yet to be
demonstrated (Besseling et al., 2019; Burton, 2017). Policy-
making efforts globally to reduce the environmental burden of
primary microplastics (i.e., microbeads) have been undertaken
despite their almost inconsequential fraction of the plastics
found in the environment (Burns & Boxall, 2018).

A similar discourse has recently been observed pertaining to
the environmental safety of the pharmaceutical metformin.
Niemuth et al. (2015) reported that environmentally relevant
concentrations of the widely used active pharmaceutical in-
gredient could cause endocrine disruption in fish and should be
added to the list of potential endocrine-disrupting compounds.
In response, Sumpter et al. (2016) identified shortcomings in
their methodology including one test concentration, the status
of control fish, and the repeatability of their results, among other
things. Klaper and Niemuth (2016) responded by stating their
research was “hypothesis-generating,” drawing on a point made
by Collins and Tabak (2014), in that there is an “over inter-
pretation of creative hypothesis-generating experiments, which
are designed to uncover new avenues of inquiry rather than
provide definitive proof for any single question.” The scientific
community would benefit greatly from authors’ clearly stating
their study is an exploratory investigation and as a result has
limited regulatory impact (Burns & Davies, 2020).

Issues with data reliability are not limited to peer-reviewed
data. During the development of the Ecological Threshold for
Toxicological Concern (Eco-TTC) tool (Connors et al., 2019),
the EnviroTox database was created by compiling data from
various United States, European, and Japanese regulatory da-
tabases and peer-reviewed literature. Only 41% of the possible
entries were included after being assessed for duplication,
relevance, validity, and acceptability based on the SIFT

methodology developed by Beasley et al. (2015). Poorly con-
ducted studies can actually hinder or delay environmental
protection efforts because they need to be repeated, under-
mining their intended purpose and utility (Hanson et al., 2017).
Moreover, they can trigger costly investigations to refute a
poorly executed study. Another reason why data reliability as-
sessments are so valuable is that independent assessment
determines whether the design and execution of a particular
study could facilitate the generation of credible results.
Although value judgments will still differ throughout scientific
and public spheres, data reliability scores provide a mechanism
for the discussion of environmental protection to be founded
on credible data or a clear understanding of the limitations of
unreliable data.

CONCLUSIONS

In the present study we assessed the reliability of currently
available coral ecotoxicity studies for higher tier or regulatory
ERA of UV filters. The reliability approach built on existing
methods (e.g., CRED, SIFT) and expanded on the commonly
used four-category reliability scoring system derived by Kli-
misch. Coral are a nonstandard test species, and UV filters are
challenging test substances, making these studies an ideal as-
sessment for the usability and suitability of the proposed data
evaluation approach. The approach has been designed pri-
marily to assess data pertaining to CPCP ingredients in non-
standard test species and methods, but can also be applied to
other consumer chemicals. The results of the case study in-
dicated that none of the coral studies published were reliable
for higher tier risk assessment and decision-making purposes
without other lines of evidence. Four of the studies were de-
termined to be suitable for preliminary ERA purposes. If a
preliminary ERA indicates unacceptable risk, the generation of
higher quality data is needed prior to decision-making and
concluding on risk. Poorly scoring studies were successfully
identified in the screening process, providing evidence that the
screening assessment prior to the intensive data quality as-
sessment is broadly suitable. Although difficult to interpret
from an ERA perspective, these studies have highlighted a
significant need to generate higher quality coral toxicity data,
potentially through the development of robust standard test
protocols, to obtain reliable endpoints suitable for higher tier
ERA and decision-making.
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