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Abstract

Background: Tropical coral reefs have been recognized for their significant ecological and economical value. How-
ever, increasing anthropogenic disturbances have led to progressively declining coral reef ecosystems on a global
scale. More recently, several studies implicated UV filters used in sunscreen products to negatively affect corals and
possibly contribute to regional trends in coral decline. Following a public debate, bans were implemented on several
organic UV filters and sunscreen products in different locations including Hawaii, the U.S. Virgin Islands and Palau.
This included banning the widely used oxybenzone and octinoxate, while promoting the use of inorganic filters such
as zinc oxide even although their toxicity towards aquatic organisms had been documented previously. The bans of
organic UV filters were based on preliminary scientific studies that showed several weaknesses as there is to this point
no standardized testing scheme for scleractinian corals. Despite the lack of sound scientific proof, the latter contro-
versial bans have already resulted in the emergence of a new sunscreen market for products claimed to be reef safe’
(or similar). Thus, a market analysis of reef safe’ sunscreen products was conducted to assess relevant environmental
safety aspects of approved UV filters, especially for coral reefs. Further, a scientifically sound decision-making process
in a regulatory context is proposed.

Results: Our market analysis revealed that about 80% of surveyed sunscreens contained inorganic UV filters and that
there is a variety of unregulated claims being used in the marketing of reef safe’ products with 'reef friendly’being the
most frequently used term. Predominantly, four organic UV filters are used in ‘reef safe’sunscreens in the absence of
the banned filters oxybenzone and octinoxate. Analysis of safe threshold concentrations for marine water retrieved
from existing REACH registration dossiers could currently also safeguard corals.

Conclusion: There is a substantial discrepancy of treatments of organic versus inorganic UV filters in politics as well
as in the reef safe’ sunscreen market, which to this point is not scientifically justified. Thus, a risk-based approach with
equal consideration of organic and inorganic UV filters is recommended for future regulatory measures as well as a
clear definition and regulation of the reef safe’terminology.
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opportunities, as well as resource for natural building
materials (i.e., lime stones) and new medicines [5, 55].
Although tropical coral reefs cover less than 0.1 percent
of the ocean’s surface [76, 77], they harbor around one-
quarter of all known marine species [5]. In particular,
tropical hermatypic (reef-building) corals, the actual reef
engineers, thrive in oligotrophic waters owing to highly
efficient retention and close nutrient cycling by them and
other reef organisms [13, 68, 71]. This high productivity
within these otherwise unproductive “marine deserts”
emphasizes the importance of coral reefs as biodiversity
hotspots and high value economic resources for human
populations living in their proximity [40].

Despite their ecological and economical importance,
coral reefs are declining at a historically unprecedented
pace due to multiple local and global stressors that are all
caused directly or indirectly by anthropogenic activities
[4, 5, 42, 47]. These man-made disturbances are quickly
progressing, thus pushing coral reefs towards the tip-
ping point of functional collapse [41, 45, 48, 70]. As a
key driver of climate change, excessive emissions of fos-
sil organic carbon into the atmosphere have been lead-
ing to a steady increase of sea surface temperatures [49].
Already, several major global mass bleaching events have
occurred in tropical coral reef areas around the world
starting in the 1980s [37]. Such mass bleaching events
have become more frequently, resulting even in recurrent
year to year mass bleaching events as observed in 1998,
2002 and 2016 [43, 47]. The latest widespread bleaching
event occurred in 2020 at the world’s largest contigu-
ous coral reef, the Great Barrier Reef (AIMS [1]). Thus,
immediate and rapid action to reduce global warming is
needed to secure the future of tropical coral reefs [42,
47).

However, on a local scale, more than 60% of the world’s
reefs are threatened by one or several man-made distur-
bances with overfishing being the most ubiquitous imme-
diate pressure [5]. Other local perturbations such as
destructive fishing, watershed-based pollution, marine-
based pollution and damage from ships and coastal
development, including associated sedimentation, also
pose direct and immediate threats to coral reefs [5,
56]. Given the multitude of stressors and threats, some
authors suggest that besides trying to achieve global scale
measures, local actions should be taken into account to
minimize the impact on coral reefs as this may even con-
tribute to the overall resilience towards mass bleaching
events [2, 3, 32, 42, 44, 46, 47, 72, 87].

Recent research indicates that some ultraviolet (UV)
filters used in sunscreens and other personal care prod-
ucts (PCPs) may impact coral health on a local scale.
Some researchers have claimed negative health effects,
bleaching and enhanced mortality after exposure of
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corals to several widely used UV filters [10, 12, 16, 17,
28, 34, 51, 74, 78, 79, 90]. Following media driven pub-
lic attention gained from the findings of Danovaro et al.
[12] and particularly from those of Downs and colleagues
[16, 17], Hawaii was the first state (followed by other
states and nations) to take legislative action to ban (as of
January 2021) two organic UV filters commonly used in
sunscreens: benzophenone-3 (BP3 also known as oxy-
benzone) and ethylhexyl methoxycinnamate (EHMC or
octinoxate) [33]. On the other hand, inorganic UV fil-
ters such as zinc oxide (ZnO), known to be very toxic to
aquatic life [18] (including cnidaria with a no observed
effect concentration (NOEC) of 300 pg Zn>* L), are
still allowed to be used in these locations.

However, sunscreens and the UV filters within are
part of human sun protection measures to shield human
skin from harmful UV-A (315-400 nm) and UV-B
(280-315 nm) radiation that are well-known causes for
sunburn, skin aging and skin cancer [6, 30, 61]. As ingre-
dients of personal care products, the number of UV filters
is highly regulated and limited by various national legisla-
tions. For example, prior to marketing in the EU an UV
filter used as cosmetic ingredient requires the positive
assessment by the independent EU advisory Scientific
Committee for Consumer Safety (SCCS). The positive
evaluation is typically followed by an approval by the EU
Commission leading to an inclusion of the assessed filter
into the respective annex allowing the use in the EU. Cur-
rently, 29 UV filters meet the requirements for being used
in cosmetic products [24] (¢f. Additional file 1: Table S1).
In the United States, sunscreen products are classified as
over-the-counter (OTC) products and are strictly regu-
lated by the US Food and Drug Administration (FDA)
according to pharma requirements. Thus, only 16 UV fil-
ters are currently allowed [82, 84, 85]. Because of these
stringent requirements by US legislation, no approval of
any new UV filter has been granted and consequently
listed in the monograph since 1998. Owing to their high
complexity in sunscreen and cosmetic products, sub-
stituting one UV filter with another is challenging since
not all UV filters are compatible with each other and a
combination of several UV filters is required to reach suf-
ficient broad spectrum protection as well as a high sun
protection factor (SPF; [66, 75]).

Therefore, regulatory measures should be evaluated
thoroughly and should be based on actual evidence before
legislative action is implemented. In fact, the passed sun-
screen bans are considered as controversial, since on the
one hand corals are difficult to culture organisms and on
the other UV filters are difficult test substances [56, 59,
64], leading to a potentially high variability in possible
test results if the test procedure does not follow a stand-
ardized testing protocol. Therefore, some of the reported
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UV filter toxicity data for corals should be taken with
caution. Thus, further exploration using standardized
and validated testing methods to avoid both false posi-
tive and false negative test results is required [54, 56, 75].
Data from such standardized toxicity tests could then
be used as the basis for further regulatory action. For a
detailed review on ecotoxicological studies of UV filters
on corals and a discussion on the need for standardized
coral toxicity testing, see Moeller et al. [56].

Nevertheless, the public debate on UV filter bans has
already influenced marketing strategies of various sun-
screen labels in a way that several products are currently
marketed as ‘reef safe’ (or similar), even though such
marketing claims may lack sound scientific proof [50,
56]. Within this article, relevant environmental aspects of
approved UV filters and its safety for the marine environ-
ment (i.e., corals and coral reefs) are evaluated and a pro-
posal for a scientifically sound decision-making process
in a regulatory context is discussed.

Methods

UV filter bans

The current state of UV filter bans was reviewed by an

online search using the terms ‘UV filter ban’ AND ‘sun-

screen ban’ in different search engines such as Google

[31], Ecosia [23] and metaGer [52]. The online search was

conducted between January 11 and February 12, 2021.
Details about specific bans were compiled from the

respective legislative documents as outlined in the result

sections.

Market analysis of reef-safe sunscreens

To give further insights in marketing strategies, we con-
ducted a web-based analysis on sunscreens that were
marketed as ‘reef safe’ around the globe. To do so, the
terms ‘sunscreen’ AND ‘reef safe’ AND ‘reef friendly’
AND ‘coral safe’” AND ‘marine safe’ were used in differ-
ent search engines such as Google [31], Ecosia [23] and
metaGer [52], to search the web for products using those
terms. Subsequently, the product websites were screened
for marketing claims as well as the used UV filters in the
particular sunscreen product. Additionally, the DailyMed
database [58] was used for information about product
ingredients. The online search was conducted between
February 1 and March 11, 2021.

Comparable aquatic toxicity

UV filters require approval from the SCCS before they
can be used in cosmetic products. Furthermore, a regis-
tration as a chemical under the EU REACH legislation is
needed to address potential concerns related to worker
and environmental safety. Thus, for each substance a vast
amount of related information is required to allow for a
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proper hazard and risk assessment. In order to make this
process transparent, available data are published by the
European Chemicals Agency (ECHA) via their webpage
[19] and can be used for a comparative environmental
assessment of the UV filters registered within the EU.
Since these data sets are in some cases extremely data
rich (i.e., ZnO), we focused in our analysis on the most
sensitive taxonomic species and the predicted no effect
concentration for marine water (PNEC_ i . water)- These
values were then compared with results from available
scientific literature, investigating the in vivo toxicity of
corals. Again, we only considered results from the most
sensitive species for the comparative assessment. This
procedure allowed for a worst-case comparison between
the existing data sets according to the REACH registra-
tion dossiers of the individual substances and the coral
toxicity data from recent literature studies.

Results

UV filter bans used in sunscreens

Following a large public debate in the media about the
ramifications of an influx of active sunscreen ingredients
on coral reefs, Hawaii was the first state that took regula-
tory actions to ban the sale of sunscreen products con-
taining BP3 and/or EHMC [33]. The bill was passed by
the Senate of Hawaii in 2018 and formally took effect in
January 2021. Education and outreach campaigns, as well
as widespread news coverage already raised public aware-
ness about the potential negative effects of sunscreen
products on coral reefs prior to the ban [50]. Other states
and nations followed Hawaii’s example and prohibited
the same but also further organic UV filters (see Table 1
for summary). For example, the Republic of Palau was

Table 1 Locations that took regulatory measures to ban certain
organic UV filters

Location Banned UV filter  Effective asof = Reference

Hawaii BP3 January 2021 [33]
EHMC

Palau BP3 January 2020 [69]
EHMC
OCR
4MBC

US.Virginlslands ~ BP3 March 2020 (86]
EHMC
OCR

Aruba BP3 July 2020 4]

[53]

Bonaire BP3 January 2021 [57]
EHMC

Key West Florida®  BP3 January 20212 [7°
EHMC

2 City of Key West's vote was later overruled by the state of Florida bill SB 172,
preempting such regulatory decisions to the state only [29, 80]
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the first nation to pass a bill to ban certain chemicals that
are commonly used in personal care products (PCPs)
[69]. Besides BP3 and EHMC two further UV filters,
namely octocrylene (OCR) and 4-methylbenzylcathinone
(4MBC) as well as six additional chemicals used as fun-
gal- or microbial agents and preservatives were banned
since January 2020. The regulatory decision was based
on a report on the sunscreen pollution analysis in Palau’s
Jellyfish Lake conducted by the Coral Reef Research
Foundation [9]. The parliament of the Caribbean island
nation Aruba prohibited among other products, the
import, sale, production and distribution of sunscreen
products containing oxybenzone effective since July 1,
2020 [14, 53]. Another constituent island nation of the
Netherlands, Bonaire, also approved a motion to prohibit
sunscreens containing BP3 and EHMC came also into
effect in January 2021 [57]. Also, some nature reserves in
Mexico have approved bans [57]. For example, visitors of
a water park in Xel-Ha (Mexico) are encouraged to swap
out their sunscreen for an ecofriendly biodegradable
option [62, 73]. Furthermore, US National Park Services
lecture their visitors about the impacts of sunscreens on
corals and encourages the use of mineral-based (inor-
ganic) sunscreens [73]. According to Narla and Lim [57],
similar bans are being actively discussed in the European
Union as well as in Brazil.

A somewhat different situation developed in Florida
(USA), where the Key West jurisdiction passed a bill pro-
hibiting the sale of sunscreens that contained the active
ingredients BP3 and EHMC in 2019 [7]. However, the
same bill, which would also had gone into effect in Jan-
uary 2021, was later overruled (bill SB 172) by the state
of Florida [29, 80]. Lawmakers argued that the scientific
proof to ban certain UV filters in sunscreens was insuf-
ficient. Furthermore, the states’ bill prohibits local leg-
islation to ban over-the-counter (OTC) drugs such as
sunscreens, confining such decisions only to the state.

Whereas within the EU the number of approved UV
filters is considered as still sufficient to compose suitable
sunscreen formulations for the global sunscreen mar-
ket, certain national restrictions impact the number of
approved UV filters. In fact, the ban of two widely used
UV filters in some US states limits the number of glob-
ally approved filters down to eight. One may consider this
number still as sufficient, however, it should be taken into
account that differences in photochemical stability and
other physico-chemical properties such as water and/or
oil solubility limits the possibility to compose applicable
UV filter compositions (c¢f. Sohn et al. [75] for details).

Reef-safe sunscreen claims
Following the public debate and the implementation of
sunscreen bans, consumers are progressively concerned

Page 4 of 13

about the potential impacts their sunscreen products
may have on the coral environment [50]. Consequently,
several cosmetic manufacturers have already acted on
these concerns by incorporating claims such as ‘reef safe’
or ‘reef friendly’ into the marketing strategies of their
sunscreen products. According to a survey conducted by
Levine [50] in Hawaii, a vast majority of people are will-
ing to purchase sunscreens labeled to be harmless for
coral reef environments.

Our search resulted in a total of 62 sunscreen prod-
ucts claiming ‘reef safe’ or ‘reef friendly’ properties (cf.
Fig. 1). Detailed results for each product are presented
in the supplements (Additional file 1: Table S2). It should
be noted at this point that the results of our web search
can only provide a snapshot of available products on the
market as it is impossible to find all reef-safe marketed
sunscreen products available around the world. However,
this analysis provides an overview of the ‘reef safe’ sun-
screen industry that has recently evolved, the UV filters
they use and the claims they make, and thus, sheds some
light on issues that came along with preliminary scientific
findings and unsound regulatory measures.

The web-based analysis revealed that the majority
(79%, n=49) of the sunscreens marketed as “reef safe”
contained inorganic (or mineral) UV filters only, while
21% of the products used organic (or chemical) UV filters
in their formulations (n=13).

Different labels or claims are being used to promote
that products are safe to use on coral reefs. ‘Reef friendly’
and ‘reef safe’ were the most frequently used market-
ing claims with 45% and 44% of all products, respec-
tively. One product was advertised as ‘coral friendly’ and
another product as ‘coral safe & reef friendly. Moreover,
two formulators promoted their products as being ‘coral-
reef friendly. Furthermore, some labels directly referred
to the Hawaiian ban [33] with two products being
labeled as ‘compliant with Hawaii reef bill' and another
one claimed to be ‘Hawaii safe! Some of the brands used
those claims directly on their products, while others only
promoted it on their website. Particularly mineral sun-
screen brands often seem environmentally conscious and
offer educational material on their platforms informing
their customers about the impacts of organic UV filters
(i.e., oxybenzone) on coral reefs referring to scientific
findings. The term ‘oxybenzone free’ is also often found
additionally on the products’ packaging or on the label’
websites for both, organic and inorganic sunscreen prod-
ucts. For this article, we will collectively use ‘reef safe’ as a
representative term for the above-mentioned claims.

About one-fifth of the ‘reef safe’ marketed sunscreens
used a range of 9 different organic UV filters for their
filter system. In 92% of the ‘reef safe’ sunscreens with
organic filters were butyl methoxydibenzoylmethane
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a) b)

organic 21%

inorganic 79%

c) d)

Organic Sunscreens

EHS +
BMDM A
HMS A
OCR 1
BEMT +
EHT +
DHHB A
PBSA A
DBT +

UV filter

25 50 75
Relative abundance (%)

100

o -

of abbreviations

compliant with Hawaii reef bill -

Fig. 1 Results of web-based analysis of ‘reef safe’marketed sunscreens (n=
marketing claims associated with the identified products; c relative abundance of organic UV filters used in chemical reef-safe sunscreens; d relative
abundance of inorganic UV filters used in mineral reef-safe sunscreens. The here used chemical abbreviations are further explained in Table S1 or list

Marketing Claims

reef friendly
reef safe -

coral friendly -

coral-reef friendly -

Hawaii safe -

coral safe & reef friendly

Inorganic Sunscreens

ZnO

ZnO & TiO2

UV filter

TiO2

0 25 50 75
Relative abundance (%)

T
100

62 products). a Relative abundance of all UV filter types found; b

(BMDM or avobenzone) and homomethyl salicylate
(HMS or homosalate) the active ingredients, while eth-
ylhexyl salicylate (EHS or octisalate) was present in all
of the organic sunscreens. OCR was used additionally
in 77% of the investigated products (Fig. 1c). Less than
one-quarter of surveyed products contained either PBSA
(8%), BEMT (23%), EHT (15%), DHHB (15%) and DBT
(8%) in various combinations with the before mentioned
filters. Interestingly, the latter four are allowed in the EU
but not in the US (cf. Additional file 1: Table S1).

About three quarters (78%) of all surveyed ‘reef safe’
inorganic sunscreens (n=49) used ZnO as the single
active ingredient to reach broad spectrum UV protec-
tion (Fig. 1d), while one product contained TiO, as active
ingredient only. A combination of the latter two inor-
ganic UV filters was declared in one-fifth of the inorganic
sunscreen products.

Comparable aquatic toxicity and impact on the PNEC,,.;ine
water

UV filters can be organic or inorganic. In any case, the
absorption of UV light is for both “classes” of chemi-
cals similarly obtained by shifting pi-electrons into
an excited energy level [38]. In principle, when these

excited electrons return to their basic energy level,
the UV-filters transform high energy and thus harm-
ful UV light into harmless heat. Particulate UV filters,
like the inorganic mineral-based filters, but also some
organic UV filters, add another boosting feature to the
profile by reflecting and/or scattering the light, which
increases the efficacy [39]. Thus, inorganic UV fil-
ters must be semiconductors (or conductors) to have
the option of electron transfer in an additional energy
level [8]. This is the case for TiO, and ZnO. Beside the
transformation into heat, for inorganic UV filters also
photocatalytic activity is described which may lead to
the formation of toxic ozone [67]. Organic UV filters
have as common chemical feature one or several con-
jugated double bonds. Therefore, individual chemical
structures can differ significantly, resulting in different
physico-chemical properties. For example, there are
well water-soluble filters such as terephthalylidene
dicamphor sulfonic acid (TDSA) (water solubility of
600 g L), but there are also poorly water-soluble ones
like bis-ethylhexyloxyphenol methoxyphenyl triazine
(BEMT) with a solubility of only 4.5 ng L™! (cf. Table 2).
Whereas the majority lacks sufficient biodegradation in
the environment, some UV filters such as EHMC may
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Table 2 Overview of UV filters, associated water solubility, environmental classification, ecotoxicological threshold levels and derived

PNECmarine water
UV filter* Water Environmental Freshwater® Seawater
solubility GHS
(ngL™")P classification Most sensitive  Effectlevel Testduration  Value (ugL™") Assessment PNEcmaii’ne water
species (d) factor (ngL™h)
(taxonomic
group)®
4MBC 1.1x10° Aquatic acute Daphniamagna  NOEC 21 20 500 0.04
1 Aquatic (crustacea)
Chronic 1
BP3 6 x 10° Aquatic Acute Pseudokirchneri-  EC5o/NOEC  3/3 670/180 10,000 0.067
1 Aquatic ella subcapitata
Chronic 2 (green algae)
BP4 3% 108 Not classified Pimephales NOEC 14 4895 500 9.79
promelas (fish)
BEMT 45x 1073 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable  No hazard
tified identified
DBT <0° Not classified No hazard iden-  NOEC Not applicable >WS Not applicable  No hazard
tified identified
EHT <1 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable  No hazard
tified identified
TDSA >6x108 Not classified No hazard iden-  NOEC Not applicable >100x% 103 Not applicable ~ No hazard
tified identified
DTS No data No data No data No data No data No data Not applicable ~ No data
BMDM 27 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable ~ No hazard
tified identified
EHMC 51 Aquatic Chronic  Danio rerio (fish)  NOEC 30 30 100 03
2
EHS 500 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable ~ No hazard
tified identified
HMS 400 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable ~ No hazard
tified identified
MBBT <5x 1073 Aquatic Chronic  No hazard iden-  NOEC Not applicable >WS Not applicable ~ No hazard
4 tified identified
OCR 40 Aquatic Chronic  Daphniamagna  NOEC 21 2.7 100 0.027
1 (crustacea)
TiO, 100 Not classified No hazard iden-  NOEC Not applicable >WS Not applicable ~ No hazard
tified identified
ZnO 29%10° Aquatic Acute 1 Ceramium NOEC 7 7.8 1 6.1

Aquatic Chronic
1 Environment

tenuicore (red
algae)

2 Refer to List of abbreviations section and Additional file 1: Table S1 of the supplementary material for full names of abbreviated UV filters
b According to ECHA REACH registration dossiers [20]

©Value retrieved from the ECHA website (<0 g L™") does not allow for a more precise value

9 PNEC,

‘marine water

was derived from an Species Sensitivity distribution (SSD) method

ECs,, 50% effect concentration; NOEC, no observed effect concentration; PNEC, predicted no effect concentration

even be considered as readily biodegradable [20]. The
differences in the chemistry lead to significant vari-
ability in their aquatic ecotoxicity, and a potential eco-
toxic effect does not differentiate between inorganic or
organic compounds.

Overall, it should be considered that depending on the
availability of data, the observed aquatic toxicity relates
either to short-term (acute) or long-term (chronic) expo-
sure. In the acute toxicity scenario, the relevant threshold

value is a 50% effect or lethal concentration (i.e., ECgy/
LCs), in the latter one (chronic toxicity exposure), the
no observed effect concentration (NOEC) is considered
as adequate for determining the predicted no effect con-
centration for marine water (PNEC_,ine water): 1he ECgo/
LCy, values are typically derived by regression-based
interpolation, while NOEC values are based on a tested
concentration [60]. As the prediction of the PNEC ;..

water DECOmes more accurate with the availability of
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long-term toxicity test data, the value of the applied
assessment factor (AF) can be reduced. In fact, in cases
where only acute data are available, an assessment fac-
tor of 10,000 is applied to the EC/LCg, value [21, 25, 65].
On the other hand, dependent on the number of available
chronic toxicity data an AF in the range of 1000 to 100
will be applied to the NOEC value. In rare cases, where
the number of data and the range of species/taxonomic
groups tested is sufficient (i.e., at least 8 chronic toxicity
tests representing various trophic levels and taxonomic
groups), a species sensitivity distribution (SSD) may be
applied by reducing the AF in the range between 5 and 1
[21, 25, 65]. In any case, the size of the AF used takes into
account existing differences in the available data, allow-
ing for a derived PNEC,, i1 water cONsidered as being pro-
tective for other taxa, such as corals that have not been
tested.

As summarized in Table 2, the analysis of data from
standardized ecotoxicological tests shows that aquatic
toxicity of UV filters is not limited to organic UV filters
such as 4MBC, BP3, EHMC or OCR (which are already
banned in some locations; Table 1), but also to inor-
ganic ones such as ZnO. In fact, the derived NOECs
from chronic freshwater toxicity studies were about 23,
628, 2.6 and 3.8 times higher for BP3, BP4, 4MBC and
EHMC, respectively, than the derived NOEC for ZnO
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(NOEC 7.8 pg L"), while the derived NOEC for OCR
(NOEC 2.7 pg L) was about 3 times below that of
ZnO. Due to the large data set related to ZnO, a SSD
was applied based on marine algae species, resulting in
an AF of 1 which in turn leads to a PNEC,, e water Of
6.1 pug L™ [18], whereas for the other four organic UV
filters the safe threshold concentration for marine water
ranges from 0.027 (OCR) to 9.79 ug L™" (BP4) (Table 2).
The differences in the applied AF, however, resulted in
a PNEC, . ine water fOr ZnO, which is much higher, com-
pared to those of 4MBC, BP3 and EHMC. For OCR,
the resulting PNEC, . ine water Was even far below that of
ZnO. Again, the purpose of the derived PNEC, ..ine water
is to cover the uncertainty of a given lab-based result
with a single test species and to develop safe concentra-
tions in applications in marine environments. Thus, the
results from available coral toxicity studies may then
be compared with the determined PNEC,_.i.c water @S
retrieved from the REACH registration dossier of the
individual UV filters. To evaluate whether the observed
toxicity in corals is covered by the derived PNEC,__ ;..
water for the individual UV filters, available derived
lowest observed effect concentrations (LOECs) from
toxicity tests with corals or coral larvae were used (cf.
Table 3). Likewise, the LOEC is based on a tested con-
centration related to the next higher concentration than

Table 3 Overview of UV filters and most sensitive observed effect levels of existing UV filter coral toxicity studies

UV filter® Species Life stage Test duration Effect level Value (ugL™") Reference
(d)
4MBC Acropora sp. Adult 2 LOEC 37 x 10 2
BP3 Stylophora pistillata Larvae 1 ECsp 17 [17]
BP4 Pocillopora damicornis Larvae/Adult 14/7 EC5o/LOEC >1000 (36]
BP4 Seriatopora caliendrum Larvae/Adult 14/7 EC5y/LOEC > 1000 [36]
BEMT Pocillopora damicornis Adult 7 ECs/LOEC >1000¢ [79]
DBT Pocillopora damicornis Adult 7 EC5,/LOEC > 1000 [79]
EHT Stylophora pistillata Adult 35 LOEC >177¢ [28]
TDSA Stylophora pistillata Adult 35 LOEC >5030 [28]
DTS Stylophora pistillata Adult 35 LOEC >480 [28]
BMDM Stylophora pistillata Adult 35 LOEC 516° [28]
EHMC Seriatopora caliendrum Adult LOEC 1000 [35]
EHS Pocillopora damicornis Adult ECy/LOEC >1000 [79]
HMS Pocillopora damicornis Adult EC5,/LOEC >1000 [79]
MBBT Pocillopora damicornis Adult EC,/LOEC >1000°¢ [79]
OCR Stylophora pistillata Adult 35 LOEC 1318¢ [28]
TiO2 Acropora sp. Adult 2 EC,/LOEC > 6300 0]
Zn0O Stylophora pistillata Adult 35 LOEC 94 [28]

2 Refer to List of abbreviations section and Additional file 1: Table S1 of the supplementary material for full names of abbreviated UV filters

b Value recalculated based on 33 pL L~" and a specific density of 1.108 g cm 3

¢ Solvent used; value above known water solubility (WS)

ECs,, 50% effect concentration; LOEC, lowest observed effect concentration; n.d., not determined
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the NOEC. However, in this specific case, the LOECs
were used despite the observed differences in the expo-
sure times of the corals tested. To allow for a cross
comparison of the endpoints, only the most sensitive
visible effect on the test organisms such as mortality,
bleaching or inhibition of metamorphosis was consid-
ered. Based on a recent literature review by Moeller
et al. [56] 16 out of 29 within the EU registered filters
have been tested in non-standardized coral tests rang-
ing from lab to field conditions. Thus, we focused our
comparable toxicity assessment on these substances,
of which six (4MBC, BP3, EHMC, methylene bis-ben-
zotriazolyl tetramethylbutylphenol (MBBT), OCR,
ZnO, cf. Table 3) are already classified and labeled for
the environment according to the Global Harmonized
System within the European Union (GHS EU), while
one (drometrizole trisiloxane, DTS) lacks any aquatic
toxicity data from standardized tests [20]. Five out of
six UV filters, namely, 4MBC, BP3, EHMC, OCR and
ZnO were acute and/or chronically toxic to aquatic
organisms, while MBBT revealed no acute or chronic
toxicity in any aquatic tests available. However, MBBT
still falls into the “Aquatic Chronic 4” safety category
(“may cause long-term toxicity towards aquatic organ-
isms”), due to the absence of readily biodegradability
and due to a high logarithmic octanol-water partition
coefficient (log Pow) above four. Interestingly, four UV
filters (4MBC, BP3, EHMC, ZnO) known to be toxic
to aquatic organisms were also considered as toxic to
corals, whereas the other two (MBBT and OCR) were
tested as being non-toxic up to the highest test con-
centration or up to the maximum known water solu-
bility (c¢f. Table 2). For OCR however, no toxicity was
observed in corals within the range of its water solu-
bility, although it is known to be toxic to other aquatic
organisms such as crustacean (Table 2). Comparing the
derived PNEC, . ine water With the observed effect levels
(lowest observed effect concentration, LOEC) meas-
ured in corals reveals that in all cases, measured toxic-
ity of corals was above the derived PNEC. In fact, for
4MBC and BP3, derived PNECs for marine water were
0.04 and 0.067 pg L%, respectively, and thus well below
the LOECs from coral toxicity tests (37 mg L™! and
17 pg L™, respectively). However, it should be noted
that most coral toxicity studies performed so far lack
analytical verification of actual test concentrations and
thus, toxicity values may likely be over- or underesti-
mated. Additionally, the range of available coral toxicity
data on UV filters consist of both short and long-term
toxicity results mainly from adult corals. Only in two
cases, coral larvae were assessed [17, 36] which makes
a cross comparison of UV filters based on these data
difficult. Furthermore, there is no standardized test
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protocol (i.e., using the same test species, test condi-
tions, number of replicates, etc.) available for coral
toxicity assays, and the majority of the studies show
serious limitations as outlined in recently published lit-
erature reviews [54, 56].

Discussion
Our analyses revealed that the existing sunscreen bans
so far only focused on organic UV filters and are based
on insufficient scientific findings from non-standardized
ecotoxicological tests [54, 56]. These bans on organic UV
filters resulted in the emergence of a new sunscreen mar-
ket in which terms such as ‘reef safe’ are incorporated as
marketing strategies. However, the variety of the different
labels and marketing claims used, revealed the regulatory
shortcomings in this regard. There is currently no legisla-
tion in place that regulates any of the used terms claiming
that the said product is safe for corals or the reef environ-
ment. There is also no clear definition of ‘reef safe’ prod-
ucts. However, there seems to be a general consensus
among ‘reef safe’ sunscreen manufacturers and also leg-
islatures that avoiding oxybenzone or octinoxate, the two
UV filters first banned in Hawaii [33], in any sunscreen
product is equal to being ‘reef safe. Many of the investi-
gated brands defined their understanding of what ‘reef
safe’ actually means in the online presences of the com-
pany of the corresponding product or in the FAQ section.
Based on our market analysis, there is a tendency
towards the use of inorganic UV filters in so-called ‘reef
safe’ sunscreens. This is probably due to the general belief
that inorganic UV filters are, due to their natural origin,
safe for the environment. However, in a regulatory con-
text, considering the use of a substance as being safe or
not for the environment relies on two basic aspects: (1)
the intrinsic hazard profile and (2) the results of an envi-
ronmental risk assessment (ERA). Whereas the hazard
assessment of the individual substance is considered as
mandatory in a regulatory context, the latter one may
only be required if the data related to both environmen-
tal fate and environmental toxicity, revealed that the sub-
stance is hazardous towards the environment (see [19,
20, 22]). Taking this into account, our analysis clearly
revealed that there are members of both organic (i.e.,
OCR, EHMC, BP3) and inorganic UV filters (i.e., ZnO)
that are hazardous to the environment and are classi-
fied and labeled according to GHS regulations based on
available aquatic toxicity data [81]. Consequently, step 2
(i.e., performing an ERA) will typically follow to evalu-
ate whether the environmental concentrations will sur-
pass the so-called PNEC, . i e water OF NOt. At this stage,
however, it has to be acknowledged that the ERA is
already part of each REACH registration dossier if an
UV filter was identified as hazardous to the environment.
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Nevertheless, ERAs can be either based on annual pro-
duction volumes (i.e., based on tonnages) or based on
application rates (i.e., concentrations used in products
and associated release rates). Whereas the first approach
relates to percentage-based release rates and thus is
strictly correlated to the amount of a substance being
produced, the latter one takes much more specific data
into account. Risk assessments based on application rates
are therefore considered to provide a much more realis-
tic exposure scenario. Those highly sophisticated models
exist for the regulation of plant protection and biocidal
products [26, 27], but do not yet exist for UV filters used
in sunscreens. In other words, such environmental expo-
sure assessments should take into account the direct
release of UV filters from the use of sunscreen products
into the aquatic environment, which is actually not cov-
ered by existing specific environmental release categories
(SpERC) provided by the “The European Cosmetic and
Perfumery Association’ (Colipa) (Cosmetics [11]). Thus,
there is an urgent need to develop such models by the
chemical industry, taking substance properties, environ-
mental fate and toxicity aspects into account and relate
them to product concentrations, amount of sunscreens
applied, number of swimmers, release rates and various
local and regional conditions (i.e., current, tidal activities,
temperatures).

However, in the absence of such existing models, the
analysis of the intrinsic hazardous properties may be
regarded as a suitable and practical fallback position to
select for the most ecofriendly UV filters [63]. Again,
as such hazard property analyses are applicable to both
organic and inorganic UV filters, it can be concluded
(based on the derived NOEC) that for example ZnO,
claimed as a suitable UV filter in ‘reef safe’ products, is
indeed similarly toxic as the banned organic UV filter
OCR, and even more toxic than BP3 and EHMC (all of
which are banned in some locations; ¢f. Tables 1 and 2).
However, only due to the application of a minimum AF
(ie, 1), the derived PNEC,_ . . water for ZnO became
more favorable compared to the organic UV filters
4MBC, BP3 and EHMC. However, in “reef safe” formu-
lations the allowed concentration limit of ZnO is much
higher (e.g., 25%) compared to those of the organic UV
filters (e.g., within EU max. 4, 6 and 10% for 4AMBC, BP3
and EHMC, respectively; Additional file 1: Table S1).
Therefore, replacing some or even all organic UV filters
from a certain sunscreen formulation by inorganics such
as ZnO, would certainly increase the concentration of
such a UV filter in the aquatic environment. Thus, the
term ‘reef safe’ may be regarded as controversial con-
sidering the known aquatic toxicity of ZnO, its increas-
ing release rates from the intensified use in ‘reef safe’
sunscreens and the absence of suitable environmental
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exposure calculation models. Furthermore, a recently
developed evaluation tool, called EcoSun Pass combines
both the intrinsic hazard profile of a UV filter and its
efficacy to absorb UV light at the required wavelength
to select the most ecofriendly and efficient UV filters for
upcoming sunscreen formulations [63]. Thus, this tool
may also help to reduce the amount of hazardous UV fil-
ters being released into the aquatic/marine environment.

To translate effect levels such as ECy, EC,, or NOEC
values from single species tests under standardized labo-
ratory conditions into a safe environmental concentration,
the use of assessment factors is regarded as applicable [25].
Although the effect concentrations (e.g., NOECs) of various
UV filters may be at a comparable concentration level, due
to differences in the applied AF, the resulting PNEC_ ..
water May be highly variable among the substances of con-
cern. Nevertheless, it may also cover other species which
have not been previously tested in such standardized toxic-
ity tests. In other words, even if corals have not been con-
sidered in the hazard assessments, the observed toxicity
levels from non-standardized toxicity tests may even be
covered by the PNEC . e water @S retrieved from the cor-
responding REACH dossier of the substance. Our analysis
indeed demonstrates that the observed LOECs from vari-
ous coral toxicity tests were well within the derived PNECs
for marine water, which were based on already available
test results. Thus, they may not contribute to a significant
change in these PNECs. However, it should be mentioned
that the majority of the currently published coral toxic-
ity data have several shortcomings with respect to assay
design, which makes the interpretation of the results dif-
ficult and the conclusions drawn thereof questionable (see
[54, 56]). Due to the observed shortcomings and the lack of
using validated testing methods, the use of such data as part
of the hazard profiling of a substance is not recommended.
Since corals are currently at high risk from several direct
anthropogenic impacts such as untreated sewage discharge
from coastal villages and cities, pesticides and personal care
products (including sunscreens and UV filters within), fur-
ther research is needed to include also coral toxicity data
into regulatory toxicity testing programs for marine appli-
cations. To do so, we consider the development of stand-
ardized toxicity tests under the umbrella of ISO, CEN and/
or OECD as mandatory to allow for (1) a scientifically
sound test results, (2) comparable assessments of sub-
stances and (3) mutual regulatory acceptance of test results.
This standardization process may also include the selec-
tion of suitable and representative test coral species con-
sidered to be easily cultured and reproduced in aquaria or
aquaculture facilities and thus preventing collections from
wild populations. Similar to existing standardized OECD
test guidelines for freshwater organisms, such standardized
tests would require to cover both acute and chronic toxicity
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as well as effects on different coral life stages ranging from
larvae to adults (see Moeller et al. [56] for detailed consid-
erations for standardized coral toxicity tests). This process
will certainly lead to a compromise (sensitivity versus sus-
tainable culture) regarding the species of choice. However,
testing a range of species using reference toxicants may
also allow for the assessment of species-specific differ-
ences. This may also trigger the need for an additional AF
to cover sensitive coral species, which, to this point, has
not been tested. Results from those standardized tests may
then be considered also as a suitable basis for a regulatory
decision-making process. As such standardization pro-
cesses are likely to take several years, a safety assessment
for the marine compartment, including coral reefs, may be
initiated by using existing effect data from available toxic-
ity tests and applying appropriate AFs. Based on our initial
assessment it can be concluded that the observed effects on
corals are captured by the current PNEC_,irc water @5 PrO-
vided within individual REACH dossiers of the UV filters.
Furthermore, the ‘reef safe’ sunscreen terminology at
its current state may even mislead consumers to exten-
sive use of sunscreen and distract from alternative and
important photoprotective measures. In addition to
applying sunscreen to sun-exposed areas of the body,
more emphasis should be given to educating the public
on alternative ways of sun protection, namely, seeking
shade when outdoors and using photoprotective clothing
including rash guards, hats and sunglasses [15, 73, 83, 88,
89]. Reducing the influx of sunscreen into reef environ-
ments should be emphasized in addition to decreasing
their toxic effects towards corals. Even new formulations
of sunscreens with lower toxicities to corals may still
exert adverse effects to corals during periods of high
usage. In this context, it should also be mentioned that
apart from UV filters, sunscreens also contain a variety
of other ingredients or co-formulants that largely con-
sist of water, sensory enhancers, boosters/film formers,
thickeners, emulsifiers and emollients [61, 66]. Those co-
formulants aim for a sufficient product stability during
both storage and use phase, and in addition allow for an
easy application and good skin feeling [61]. Since co-for-
mulants are released together with the UV filters into the
marine environment during recreational activities, they
may increase the bioavailability of the UV filters to corals
and further exacerbate the toxicity of sunscreen products
[35]. However, it should be taken into account, that phys-
ical effects by such co-formulants (i.e., increased water
solubility of UV filters by the use of emulsifiers), is likely
to occur in the formulation itself, where concentrations
of such co-formulants are sufficiently high, but not neces-
sarily in the marine environment where rapid dilution is
likely to take place. Even though available toxicity data of
co-formulants are suggesting these being less hazardous
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to the aquatic environment compared to UV filters [65],
their potential to boost the bioavailability of active ingre-
dients to corals should be further investigated.

Conclusion

To conclude, the substantial unequal treatment of organic
and inorganic UV filters in political decision-making, as
well as in the ‘reef safe’ sunscreen market is not scientifi-
cally justified leading to regulatory shortcomings in the
decisions that have been taken by various states and thus
requires adequate revisions. For future regulatory meas-
ures, we recommend and highly encourage a risk-based
approach for each individual UV filter with equal consid-
eration of both, organic and inorganic UV filters. Thus,
the development of an appropriate internationally recog-
nized and standardized ecotoxicological testing protocol
for corals is required to allow for a comparable toxicity
assessment of UV filters to best protect corals by the
use of appropriate sunscreen compositions [56]. Besides
this, the development of sophisticated environmental
exposure models based on the application of UV filters
in sunscreens is urgently needed in order to allow for a
quantitative risk assessment for the marine compartment
[63]. In this regard, regulatory requirements need to be
put in place, especially for the USA where the number
of available UV filters has been limited, despite the lack
of a scientifically sound data basis and analysis. Finally,
we stress the need to introduce a clear and scientifically
sound criteria for the definition of a coral-/reef-safe ter-
minology, besides efforts to reduce the overall influx of
sunscreen products into reef environments.
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