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ABSTRACT

The organic UV filters 2-ethylhexyl 2-cyano-3,3-diphenylacrylate or octocrylene (OCT) and 2-ethyl-hexyl salic- ylate (EHS) are chemicals globally approved for personal
care and sunscreen products. The release of these substances into natural environments is raising concerns within the scientific community due to their potential
for bioaccumulation and the possible toxic effects they may have on biological communities. We tested the ef- fects of OCT and EHS on the reproduction and
feeding of the calanoid copepod Acartia tonsa by exposing the individuals to these chemicals from the egg stage to maturity. We used egg and pellet production in
exposedfemales as proxies for reproduction and feeding, respectively. UV filters significantly and negatively affected egg and pellet production at 7.46 ng L—* EHS

and 4.36 pg L— OCT. In particular, EHS resulted in a 62.4 % reduction in egg production and a 31.6 % reduction in pellet production, whereas OCT reduced egg

production by 61.5 %and pellet production by 26.9 %. Our results corroborated the concern about the occurrence of OCT in aquatic environments, as its detrimental
effects on copepods were observed at concentrations matching those reported in surface waters from highly visited beaches. In contrast, the effect of EHS is of less
concern since its environmental concentrations are, to date, far below the levels exerting adverse effects on copepod feeding and reproduction.
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1. Introduction

Organic ultraviolet filters (UVFs) are emerging contaminants
attracting the attention of the scientific community due to their wide-
spread diffusion (D’Amico et al., 2022; Vecchiato et al., 2021), bio-
accumulation potential (Wang et al., 2022), and toxic effects on key
species of vulnerable ecosystems such as coral reefs (Vuckovic et al.,
2022). UVFs are widely used in personal care products such as sunscreen
lotions, sticks, protection lipsticks, and moisturiser lotions (Vila et al.,
2016a) to protect the skin from harmful UVA and UVB radiations
(Perugini et al., 2019; Sander et al., 2020). Furthermore, several organic
UV filters are used in other consumer products to prevent polymer and
pigment photodegradation, including food packaging, plastics, paints,
textiles, detergents, and disinfectants (Cadena-Aizaga et al., 2022; Dia-
z-Cruz and Barcelo”, 2015). In temperate regions (e.g., many European
countries), the consumption of these compounds is massive during the
summer months (Capela et al., 2019; Labille et al., 2020). Consequently,
large quantities of UVFs are directly released in estuaries and coastal

ecosystems during the summer holidays, causing the exposure of the
biological community to potentially harmful concentrations (Chen et al.,
2018; Corinaldesi et al., 2017; Paredes et al., 2014). Furthermore,
relevant fluxes of UVFs to the aquatic environment are also due to the
discharge of untreated and treated wastewater (Amine et al., 2012) since
UVFs are only partially removed in wastewater treatment plants and are
often present in their effluents (Cadena-Aizaga et al., 2022; Kim et al.,
2017).

In the past decades, several studies have highlighted the harmful
effects of organic UVF on coral reefs, including bleaching, necrosis,
alteration of gene expression, behavioural changes, and larval abnor-
malities (Conway et al., 2021; Danovaro et al., 2008; Downs et al., 2014,
2015; He et al., 2019; Ishibashi et al., 2024; Miller et al., 2022; Stien
etal., 2019, 2020; Thorel et al., 2022). The outcomes of these studies led
to limitations on the sale and use of sunscreen products containing
organic UVF, such as benzophenone-3 (BP3), ethylhexyl methox-
ycinnamate (EHMC), octocrylene (OCT), and 4-methylbenzylidene
camphor (4-MBC) by the state of Hawaii, the U.S. Virgin Islands, the



island of Key West in Florida, the Republic of Palau, the Marshall
Islands, the Mariana Islands, the Dutch Caribbean islands of Aruba and
Bonaire, and some nature reserves in Mexico and Thailand (Khanna and
Singh, 2023; Levine, 2021; Ouchene et al., 2019). Nevertheless, BP3,
EHMC, OCT, 4-MBC and 30 other organic UVF are still approved for use
in sunscreen products in Europe (Regulation 1223/2009/EC, as amen-
ded by Regulation, 2024/996/EU) despite the increasing evidence of
adverse effects on marine species other than corals from non-tropical
ecosystems, including bacteria, algae, invertebrates, fish, and reptiles
(Cocci et al., 2020, 2022; Cuccaro et al., 2022, 2023; Giraldo et al.,
2017; Lozano et al., 2020; Paredes et al., 2014; Thorel et al., 2020).

Octocrylene or 2-ethylhexyl 2-cyano-3,3-diphenylacrylate (OCT)
and 2-ethylhexyl-salycilate or octisalate (EHS) are two UVFs globally
approved for personal care and frequently present in sunscreen products
(Hodge et al., 2025; Roh and Cheng, 2022). Their widespread use led to
the frequent detection in surface water worldwide, with concentrations
ranging from below the detection limits up to 2.5 pg L in the Medi-
terranean and Black seas (Chiriac et al., 2021; Garcia-Pimentel et al.,
2023; Vila et al., 2017) and 1.0 pg L~ in the Pacific Ocean (Tsui et al.,
2014). In the European Union, Regulation 1229/2009/EC fixed the
maximum allowable level in consumer products at 5 % and 10 % for EHS
and OCT, respectively. Australia (Therapeutic Goods Administration,
2023) and Japan (Ministry of Health and Welfare, notification
n.331/2000) fixed the same limits. According to the ECHA database (htt
p://echa.europa.eu, accessed on 2025/04/19), OCT and EHS are used in
Europe for an estimated 1000-10000 tons per year. They are also clas-
sified under the REACH registration as very toxic to aquatic life with
long-lasting effects. In addition, OCT is under assessment for classifi-
cation as a persistent, bioaccumulative, and toxic contaminant and was
included in the watch list of substances for which increased monitoring
is necessary according to the water policy pursued by Directive
(2008)/105/EC (Commission Implementing Decision, 2022/1037).
Furthermore, recent studies evidenced that OCT in sunscreen formula-
tion may degrade to benzophenone, an established carcinogen and toxic
chemical, raising concerns about the safety of products containing OCT
(C.A. Downs et al., 2021). Concerning EHS, it is also suspected of
damaging the unborn child (http://echa.europa.eu, accessed on
2025/04/19).

The ecotoxicological effects of OCT and EHS were less investigated
than those of BP3 and 4-MBC (Hodge et al., 2025). Known effects of OCT
on corals include mitochondrial dysfunctions, polyp retraction, and
lethality (He et al., 2019; Stien et al., 2019, 2020; Thorel et al., 2022).
However, no experimental evidence exists that OCT causes coral
bleaching (Danovaro et al., 2008) except in a mixture with other organic
UVFs (He et al., 2023). Studies on other marine invertebrates evidenced
acute effects on bioluminescent bacteria and brine shrimps (Lozano
et al., 2020; Marcin and Aleksander, 2023), impairments on the larval
development of polychaetes, mussels, oysters, and sea urchins
(Carvalhais et al., 2025; Giraldo et al., 2017; Vieira Sanches et al., 2021),
biochemical changes (i.e., oxidative stress, genotoxicity, and apoptosis)
in blue mussels and pacific oysters (Carvalhais et al., 2025; Falfushynska
et al., 2021), and reduced growth on unicellular algae (Giraldo et al.,
2017; Thorel et al., 2020; Vieira Sanches et al., 2021). The larval
development was the endpoint at the individual level mostly affected by
OCT, with the Pacific oyster Magallana (Crassostrea) gigas resulting the
more sensitive species, with significant effects measured at 0.1 pg L—*
(Carvalhais et al., 2025), while the NOEC for mussels and sea urchins
was 20 pg L= (Giraldo et al., 2017). Concerning EHS, fewer ecotoxi-
cological data are available. Toxicity tests on corals (Pocillopora dam-
icornis) evidenced that EHS triggers stress and inflammatory response at
300 pg L~ and metabolic changes in response to stress at 50 pg L
(Stien et al., 2020). Toxicological data on other marine species include
minor effects on brine shrimp (4rtemia salina) survival (up to 2 mg L—1),
adverse effects on metabolic activities, growth, and fluorescence of the
green algae Tetraselmis suecica, and the absence of estrogenic activity on
the sergeant major damselfish (Abudefduf saxatilis) (Soto and

Rodriguez-Fuentes, 2014; Thorel et al., 2020).

Pelagic copepods are a crucial component of the zooplankton in es-
tuaries and coastal areas due to their role as grazers on phytoplankton,
consumers of detritus, and food for other invertebrates and vertebrates
(Turner, 2004). Furthermore, copepods graze primarily in surface wa-
ters, where the concentration of UVF tends to be higher (Labille et al.,
2020), exposing them to the adverse effects these chemicals can exert on
marine plankton. Consequently, since adverse effects on copepod as-
semblages might affect lower and higher trophic levels in marine trophic
webs (Beaugrand et al., 2003; Tiselius and Moller, 2017), investigating
the effects of UVF on copepod growth and reproduction is fundamental
for comprehensively assessing the impacts of OCT and EHS on the
conservation of the marine ecosystems. (Giraldo et al., 2017; Thorel
et al., 2020; Vieira Sanches et al., 2021). Nevertheless, effects of OCT
and EHS on planktonic copepods were, to date, disregarded and only
data on benzophenones and 4-MBC are available (Beiras et al., 2019;
Chen et al., 2018; Guyon et al., 2018; Hong et al., 2021; Kusk et al.,
2011; Picone et al., 2025).

The calanoid Acartia tonsa is widely distributed in estuarine envi-
ronments along the Atlantic coasts of the Americas and Europe and in
the Mediterranean Sea. In estuaries and coastal areas, 4. tonsa is
generally abundant and often the dominant zooplankton species
(Camatti et al., 2019). Furthermore, short generation time, sensitivity to
a wide range of contaminants, and easy culturing in the laboratory make
Acartia tonsa an excellent model species to assess the potential effects of
UVFs on the copepod assemblage in coastal areas (Andersen et al., 1999;
Kusk et al., 2011; Picone et al., 2022).

In the present study, we investigated the effects of OCT and EHS on
the reproduction and feeding of the marine copepod 4. ronsa by
exposing laboratory-cultured 4. fonsa from the egg to the adult stage to
increasing concentrations of OCT and EHS. We expected a decrease in
egg production and a low feeding rate at increasing OCT and EHS con-
centrations. Moreover, we aimed to assess possible negative feedback
between reproduction and feeding, where lower feeding impairs
reproduction.

2. Material and methods
2.1. Chemicals

EHS and OCT analytical standards (purity >98 %) were purchased
from Sigma-Aldrich. The main physicochemical characteristics of EHS
and OCT are summarised in Table 1. Due to the hydrophobicity of both
compounds, EHS and OCT stock solutions were prepared in ACS reagent-
grade acetone (Sigma-Aldrich, purity >99.5 %) and preserved at
—20 °C. Test solutions were prepared by diluting appropriate amounts of
the stock solutions with a testing medium obtained by mixing a 20 %o
salinity medium (ISO, 2015) with appropriate aliquots of an algal
mixture (Tetraselmis suecica, Tisochrysis lutea, and Pavlova lutheri) to
obtain a density > 6 X 104 cell mL—. The concentration of the algal
mixture was periodically verified by counting the cells under an inverted
microscope using a Biirker haemocytomer.

Solid phase extraction (SPE, Waters Oasis® HLB cartridges, 200 mg,
6 cms3, Waters Corp., Milford, MA USA) was used to measure the UV-

Table 1

Summary of the physico-chemical properties of OCT and EHS. Data retrieved
from the ECHA database (http://echa.europa.eu, accessed on 2024/12/07)
except Log Kow and half-lives, which were obtained from (D’Amico et al., 2025).

Chemical Label CAS n. Log Kow Water Water
solubility half-life
Octocrylene OoCT 6197- 7.14 40 pg L (pH 501.87 h
30-4 (25 °C) =6.2)
2-ethylhexyl- EHS 118- 5.7 74.4 ug L1 364.27 h
salycilate 60-5 (25 °C) (pH = 7.1)



http://echa.europa.eu/
http://echa.europa.eu/
http://echa.europa.eu/
http://echa.europa.eu/

filter concentration in the test solution at the beginning of the test (day-
0), before water renewals (days 3, 5, and 7), and at the end of the
exposure (day-10). All solvents used for the chemical analyses (n-hex-
ane, dichloromethane and toluene) were at pesticide-grade (Romil Ltd.,
Cambridge, UK).

2.2. Toxicity testing

To analyse the effect of OCT and EHS on the reproduction and
feeding of A. fonsa, we measured the egg and pellet production, used as
proxies for reproduction and feeding, respectively, where a high number
of eggs indicate intense reproduction and a high number of pellets
indicate an intense feeding (Jensen and Carroll, 2010; Jensen et al.,
2008). 4. tonsa is a calanoid copepod that releases eggs directly into the
water column and does not produce egg sacs, making this approach
appropriate for assessing its reproductive output. The test procedure
adopted allows the assessment of the effects of chemicals on the
attainment of sexual maturity, feeding and reproduction in young adult
copepods whose exposure to UVFs occurred via uptake from the water
phase and/or trophic transfer (i.e., ingestion of algae that took up con-
taminants or have contaminants adsorbed on their surface).

A preliminary larval development test was performed to define the
range of potentially effective yet non-lethal concentrations that allow
larval development up to the reproductive stage (see Supplementary
Material for details). Based on these preliminary test results, four con-
centrations spaced by a factor of 3 were selected within the range of
0.1-10 pg L~ for both OCT and EHS, along with a negative control
(hereafter referred to as “control”) prepared using the ISO 20 %o medium
(IS0, 2015).

The test solutions underwent analytical assessment at the beginning
of the exposure (on day 0), revealing actual initial concentrations of
0.07, 0.19, 0.67, and 4.36 ug L~ for OCT, and 0.06, 0.37, 2.23, and 7.46
ug L~ for EHS. The concentration of each test solution was also peri-
odically tested throughout the experiment, specifically on days 3, 5, 7,
and 10 (the end of the exposure), revealing values within the range
found in natural environments (Cadena-Aizaga et al., 2022).

In addition, a solvent control test using acetone was run to exclude

possible effects of the solvent on egg and pellet production. To this end, a
single acetone concentration (7.3 mg L) higher than the maximum
acetone used in the tests with UVF (1.9 mg L—* and 2.3 mg L~ for EHS
and OCT testing, respectively) was tested.

The experiment started (day o) with the exposure phase by adding
approximately 300 eggs produced by an in-house laboratory culture to
500 mL test solution enriched with the algal mixture, prepared as re-
ported above, in Schott® borosilicate glass bottles with lids (Fig. 1). One
bottle per treatment was used. The maintenance of the in-house labo-
ratory culture is reported in detail by Picone et al. (2022, 2021). The
bottles were sealed with Parafilm®, mounted onto a rotatory mixer
(mod. Rotax, VELP Scientifica, Italy), and wheeled at 1 rpm for ten days.
The exposure was performed under a controlled temperature (20 °C) at
16:8 light:dark photoperiod and semi-static condition. Under these
conditions, in the absence of toxicants, the eggs hatch within 24 h, the
larvae reach the copepodite I (C-I) stage after 5/6 days, while the adult
stage is reached after 10/11 days. Finally, the onset of egg production is
expected on day 11 (Picone et al., 2022; Wollenberger, 2005).

Test solutions’ renewal was performed on days 3, 5, and 7. This
operation was done by siphoning off 50 % of the test solution, filtering
(60 pm mesh size) the medium for recovering the copepods, adding
freshly prepared test solution, and finally reintroducing the copepods
retained by the filter into the glass bottle. Daily renewal was avoided to
minimize handling stress and potential damage to the nauplii, particu-
larly during the early developmental stages (from day o to day 3), when
they are more vulnerable and sensitive to disturbance. The new test
solutions were prepared by diluting the stock solution with algal sus-
pension and ISO 20 %o medium. The algal suspension used for feeding
the copepods was the same for all treatments to guarantee that all
treatments received the same quantity of algae at each water renewal.
The siphoned-off solutions were partly used to determine pH and dis-
solved oxygen (50 mL) and partly stored at —20 °C for later verification
of the UVF concentration in the test solution (250 mL).

On day 10, the copepods were filtered through a 150 um mesh size
screen, poured into a 200 mL crystallising dish, and observed under a
dissecting microscope (Stemi SV6, Zeiss, Germany) to check for their
developmental stage and sex (Fig. 1, female isolation phase). The

EXPOSURE PHASE

® 300 eggs in 500 mL

® 10 days incubation

e wheeling at 1 rpm

e semi-static conditions
® 4 treatments + 1 control

B FEMALES ISOLATION

e 1 female in 25 mL
® 5-10 females per treatment

® static exposure

EGG/PELLET COUNT

e females transferred to new vials
e filtration of vials' content
e count of eggs and pellets

Fig. 1. Phases of the testing procedure.



filtered medium was preserved for verification of the UVF concentration
in the test solution at the end of the 10-days exposure (200 mL) and for
measuring final pH and dissolved oxygen (50 mL). Then, 10 adult fe-
males were initially selected and individually exposed to the UVF con-
centrations in 30 mL glass vials filled with 25 mL of the test solution,
ensuring that at least 5 females remained alive until the end of the
experiment. Only females alive at the end of the experiments and which
produced eggs for at least 2 days were considered for the statistical
analysis. Consequently, the number of replicates used for analysis
ranged from a minimum of 4 to a maximum of 10 individuals. The
content of each vial was monitored daily for counting eggs and faecal
pellets from day 11 to day 14 (Fig. 1, eggs and pellet count phase). At
each monitoring, the adult female was transferred to another vial filled
with freshly prepared test solution at the same concentration from which
it was taken. Then, the vial’s content was filtered through a cellulose-
nitrate filter with gridlines, and all eggs and pellets were counted
under a dissecting microscope. The data were reported as egg produc-
tion per female per day (egg female—* d—1) and pellet production per
female per day (pellet female— d—1), for each treatment. Only the data
obtained from females that survived until day 14 were used for the
statistical analyses.

2.3. Chemical analyses

Samples of the solution renewals (200 mL) were extracted with SPE
cartridges that were previously conditioned with 10 mL of n-hexane, 10
mL of dichloromethane and 10 mL of ultrapure water (ELGA, High
Wycombe, UK). Cartridges were eluted with 1 mL of toluene, 15 mL of
dichloromethane, and 10 mL of n-hexane, drying the eluates with an
aliquot of Na.SO,. Samples were finally concentrated to 250 pL using
Turbovap II®, Caliper Life Science, Hopkinton, MA, USA, under nitrogen
flow at 23 °C. Prior to extraction 50 pL of Phenanthrene :3C (Cambridge
Isotope Laboratories, Andover, MA USA) at the concentration of 1 ng
uL—t were spiked to samples as Internal Standard, according to previ-
ously developed methods (D’ Amico et al., 2022; Vecchiato et al., 2021).

UV filters were analyzed by GC-MS/MS (Trace 1310 - TSQ 9000
Thermo Fisher equipped with a 60-m HP-5MS 0.25 mm I.D., 0.25 um;
Agilent Technologies, Avondale, USA). Oven conditions were: 120 °C for
1.0 min, increased to 180 °C at 25 °C min—, then to 250 °C at 10 °C
min—, and finally to 310 °C at 20 °C min—. The SRM transitions for
quantification (Q) and confirmation (q) were respectively 360.2 — 276.1
(CE 20; Q) and 232 — 203 (CE 20; q) for OCT; 138 — 120 (CE 5; Q) and
120 — 92 (CE 10; q) for EHS; 184 — 158 (CE 22; Q) and 184 — 157 (CE
28; q) for Phenanthrene 3C.

2.4. Statistical analyses

Two-way ANOVA was used to verify whether acetone affected pellet
and egg production over time, compared to the negative control. Data
normality and variance homoscedasticity were verified with
Kolmogorov-Smirnov and Levene’s tests.

To analyse the effects of EHS or OCT on feeding and egg production
we used generalised linear mixed models (GLMM) for count data (by
using Poisson error distribution; “lme4” R package, (Bates et al., 2015).
Separate models were run for each chemical (EHS and OCT), as
described below.

In the feeding models, the number of faecal pellets produced by each
individual, used as a proxy for feeding, was set as the dependent vari-
able, whereas in the egg production models, the dependent variable was
the number of eggs produced by each individual. For both models, the
concentration of the tested chemical (EHS or OCT) and the days elapsed
since the beginning of the experiment were included as independent
variables, while individuals were set as a random factor. Continuous
independent variables (i.e., chemical concentration and day) were
scaled to their mean and standardised by their standard deviation to
facilitate direct comparisons. To estimate the model’s explained

variance, we calculated both conditional and marginal R2 values
(Nakagawa and Schielzeth, 2013). Furthermore, since limited feeding
can affect egg production in copepods (Jensen et al., 2008; Klok et al.,
2012), we explored the link between feeding and egg production
through a Spearman correlation.

3. Results
3.1. Chemical analysis

EHS concentrations in the test treatments showed a sharp decreasing
trend over the duration of the experiment, despite the periodical
renewal of the testing solution (Table 2). The EHS decrease is particu-
larly evident for the treatments with the two highest initial concentra-
tions (at 2.23 and 7.46 pg L—1), where less than 5 % of the initial amount
remained by the end of the exposure (day 10). In the test with OCT,
treatments’ concentrations remained more stable, and, at the end of the
test, they were within the range of 80-120 % compared to the initial
concentrations.

Based on these results, despite the conspicuous decrease in EHS
concentrations during the exposure, the results of the toxicity testing
were presented and discussed using the concentrations at day o as the
reference. This decision was based on biological considerations and is
supported also by the ISO standard method for testing with 4. fonsa (ISO,
2015): the early naupliar stages are the most sensitive to the action of
toxicants and, therefore, are particularly vulnerable to the peak of
concentration experienced at the beginning of the test. By operating in
this manner, we conservatively assessed the effects of EHS on 4. tonsa,
which are attributed to the peak concentration, despite the decreasing
trend over time. Under this scenario, there is no risk of overestimating
the toxicity of EHS; however, it is plausible to underestimate its effects,
as they were still observed even when the EHS concentrations decreased
over time. In other words, 4. tonsa was exposed to lower concentrations
as the test progressed, but adverse effects persisted, suggesting that the
early peak exposure (initial maximum concentration of 7.46 pug L—1) was
sufficient to trigger lasting effects or concentrations lower than the peak
are enough to exert detrimental effects.

3.2. Toxicity testing

3.2.1. Larval development and achievement of the reproductive stage

The solvent control with acetone affected neither the pellet (two-way
ANOVA: F = 0.177, p = 0.676) nor egg production (two-way ANOVA: F
= 0.084, p = 0.773) compared to the negative control. Furthermore, no
significant interaction treatment x day was observed for the pellet (two-
way ANOVA: F = 0.114, p = 0.995) and egg production (two-way
ANOVA: F = 0.038, p = 0.991). Accordingly, acetone-induced effects on
egg and pellet production in the tests with OCT and EHS can be
excluded.

Table 2

Summary of the chemical analyses performed on the aliquots of test medium
retrieved from the treatments at the beginning of the test (day o) and before
water renewals on days 3, 5, 7, and 10.

day o day 3 day 5 day 7 day 10

EHS concentrations (ug L)

Treatment 1 0.06 0.04 0.07 0.05 0.02
Treatment 2 0.37 0.05 0.03 0.02 0.02
Treatment 3 2.23 0.25 0.09 0.07 0.02
Treatment 4 7.46 3.84 0.93 1.12 0.32
OCT concentrations (Ug L)

Treatment 1 0.07 0.06 0.10 0.07 0.09
Treatment 2 0.19 0.11 0.12 0.10 0.22
Treatment 3 0.67 0.63 0.65 0.65 0.57
Treatment 4 4.36 2.20 5.16 8.30 5.71




At the end of the 10-day exposure phase, all the recovered copepods
had reached the adult stage in all treatments, and none of them showed
narcotisation (i.e., lack of movement). Copepod mortality during the 4
days of the pellet and egg count was lower than 20 % in all treatments
and averaged 13 % and 5 % in the tests with OCT and EHS, respectively.
The onset of egg production was observed on day 11 in all the tested
treatments, with a percentage of egg-producing females ranging from
50 % (at 77.46 pg L—1) to 83 % (in control) in the test with EHS and from
17 % (at 4.36 ng L) to 80 % (at 0.07 and 0.19 ug L) in the test with
OCT. At the end of the exposure (day 14), the percentage of egg-
producing females ranged from 88 % to 100 % in the EHS and from
83 % to 100 % in the OCT tests, respectively (Supplementary Material,
Table 18S).
The mean egg production + standard error (se) in control was 14.3
+ 4.4and 18.9 + 5.4 egg female— d—1 for the test with OCT and EHS,
respectively (Supplementary Material, Tables 2S and 3S). These data
agree with the expected egg production for copepod fed with the algal
mixture used in our experiment, set as an acceptability criterion for egg
production in long-term tests with 4. ronsa (>7 egg female— d—1)
(Picone et al., 2022).

3.2.2. Effects of EHS

The number of pellets significantly decreased with increasing EHS
concentrations (GLMM: p < 0.001), while it increased over time (GLMM:
p < 0.001) (Table 3; Fig. 2). The negative interaction between EHS
concentration and time (“Day”) suggests that, over time, the number of
pellets increased more slowly at higher EHS concentrations compared to
lower concentrations. Indeed, at the highest EHS concentration, the
initial number of pellets was low and remained consistently low
throughout the experiment, highlighting a slower rate of increase
compared to lower concentrations. The maximum daily pellet produc-
tion was observed on day 14 at 0.37 ug L—* EHS (155 + 19 pellets
ind—1), while the minimum was observed on day 11 in control (31 + 7
pellets ind—) and at 7.46 pg L—* EHS (31 + 4 pellets ind—1). The lower
pellet production over the duration of the experiment (96-h) was
measured at 7.46 pg L— EHS (61 + 13 pellets ind—), while the
maximum was observed at 0.37 pug L—* EHS (122 + 13 pellets ind—).
Pellet production in control was 89 =+ 13 pellet ind—. Conditional Rz,
which accounts for the explanatory power of both fixed and random
effects, was 0.97, while marginal R2, which only accounts for fixed ef-
fects, was 0.44. Accordingly, the daily number of pellets largely
depended on individuals.

The number of eggs produced significantly decreased with increasing
EHS concentrations (GLMM: p = 0.002), while it increased over time
(GLMM: p < 0.001) (Table 3; Fig. 3). The positive interaction between
EHS and Day indicates that the egg production rate increased more
rapidly over time at the highest EHS concentration. However, the
number of eggs remained consistently lower than at the other concen-
trations throughout the experiment. The maximum daily egg production
was observed on day 14 at 0.37 ug L—* EHS (27.5 + 5.2 eggs ind—;
Table 3S), while the minimum was observed on day 11 at 7.46 pg L—!
EHS (2.9 + 2.5 eggs ind—1). The lower egg production over the duration
of the experiment (96-h) was measured at 7.46 pg L—* EHS (7.1 = 3.7
eggs ind—1), while the maximum was observed at 2.23 ug L—t EHS (23.2
+ 4.2 eggs ind—). Egg production in control was 18.9 + 9.4 eggs ind—
(Supplementary Material, Table 3S). On average, over the 96-h of
exposure, the egg and pellet production were higher at EHS concen-
trations in the range 0.06-2.23 pg L—* than in the control, with a
particularly marked difference on day 11 (Supplementary Material,
Tables 2S and 3S). Conditional R2 was 0.97, while marginal R2 was 0.22.
The number of eggs was strongly and positively correlated with the
number of pellets (Spearman’s rank correlation coefficient, p = 0.72; p
< 0.001).

3.2.3. Effects of OCT
The number of pellets and eggs significantly decreased with

Table 3

Summary table of the results of the GLMM models showing the relationship
between the number of pellets and eggs produced by copepods with the con-
centrations of EHS and OCT, the day of observation (Day) and their interaction.

S.D. = standard deviation; S.E. = standard error. Significant p-values (o = 0.05)
are reported in bold.

Model 1: Pellets ~ EHS x Day + (1|Ind)
N = 164, groups = 41

Random effects
Groups Name Variance S.D.
Individuals Intercept 0.191 0.437
Fixed effects

Estimate S.E. z value p value
Intercept 4.45 0.07 64.59 < 0.0001
EHS —0.23 0.07 —3.34 0.0008
Day 0.32 0.01 39.03 < 0.0001
EHS x Day —0.02 0.01 —2.42 0.0155
Model 2: Eggs ~ EHS x Day + (1|Ind)
N = 164, groups = 41
Random effects
Groups Name Variance S.D.
Individuals Intercept 1.394 1.181
Fixed effects

Estimate S.E. z value p value
Intercept 2.34 0.19 12.44 < 0.0001
EHS —0.60 0.19 —3.10 0.0019
Day 0.23 0.02 11.53 < 0.0001
EHS x Day 0.06 0.03 2.28 0.0229
Model 3: Pellets ~ OCT x Day + (1|Ind)
N = 104, groups = 26
Random effects
Groups Name Variance S.D.
Individuals Intercept 0.1203 0.3468
Fixed effects

Estimate S.E. z value p value
Intercept 4.52 0.07 65.56 < 0.0001
EHS —0.18 0.07 —2.65 0.00807
Day 0.37 0.01 35.97 < 0.0001
EHS x Day 0.12 0.01 10.39 < 0.0001
Model 4: Eggs ~ OCT x Day + (1/Ind)
N = 104, groups = 26
Random effects
Groups Name Variance S.D.
Individuals Intercept 1.541 1.242
Fixed effects

Estimate S.E. z value p value
Intercept 1.85 0.25 7.34 < 0.0001
EHS —0.56 0.26 —2.17 0.0297
Day 0.36 0.03 10.98 < 0.0001
EHS x Day 0.15 0.04 3.50 0.0005

increasing OCT concentrations, while they increased over time (Table 3;
Figs. 2 and 3). The positive interaction between OCT concentration and
time ("Day’) in both models indicates that the number of pellets or eggs
increased more rapidly over time at higher OCT concentrations. For
pellet production, conditional R2 was 0.97, while marginal R2 was 0.59.
For egg production, conditional R2 was 0.97, while marginal R was
0.23. This discrepancy between conditional and marginal R2 values re-
flects inter-individual variability, especially evident in egg production.
The maximum average pellet production was obtained at 0.07 ug L—!
OCT (118 + 22 pellets ind—) and minimum at 4.36 pg L—* OCT (79 = 8
pellets ind—?) (Supplementary Material, Table 4S). The daily egg pro-
duction was maximum on day 14 in control (20.2 + 4.6 eggs ind—) and
minimum on day 11 at 4.36 ug L—* OCT (2.0 + 2.0 eggs ind—). Over the
entire exposure period, maximum egg production was achieved in
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control (14.3 + 4.4 eggs ind—) and at 0.07 ug L—1 OCT (14.9 * 4.5 eggs
ind—), while the minimum egg production was observed at 4.36 pg L—!
OCT (5.5 * 1.9 eggs ind—) (Supplementary Material, Table 5S).

The number of eggs was strongly and positively correlated with the
number of pellets (Spearman’s rank correlation coefficient, p = 0.75; p
< 0.001).

4. Discussion

4.1. Effects on egg production as a potential consequence of the disruption
of the energy budget

OCT and EHS inhibited pellet and egg production in A4. fonsa, sug-
gesting that these UVFs, taken up directly from the water phase or
assimilated through the food, could impair feeding and reproduction in
marine copepods. According to the dynamic energy budget theory,
toxicants may have indirect and direct effects on reproduction
(Kooijman, 2009). Indirect effects include reduced feeding, increased
maintenance, and growth costs, while direct effects encompass
increased costs for egg production and higher larval mortality (Klok
et al., 2012). In our experiments, the effects on the reproduction of
A. tonsa cannot be ascribed to larval mortality since the exposure was
intentionally performed at concentrations, which demonstrated no ef-
fect on larval survival and development up to the copepodite-I stage
(Supplementary Material). Conversely, the other four pathways deserve
consideration.

Among the indirect effects, inhibition of feeding or digestion could
explain the observed relationship between egg production and pellet
production, where a higher number of eggs was associated with
increased pellet production (as confirmed by Spearman’s correlation).
This suggests that the lower reproductive output of 4. tonsa could be a
consequence of these inhibited processes (Jensen and Carroll, 2010;
Jensen et al., 2008). In copepods, reduced reproduction due to the in-
hibition of feeding was observed for metals (Xu et al., 2001), PAHs
(Barata et al., 2002; Saiz et al., 2009), and alkylated PAHs (Saiz et al.,
2009). In the case of PAHs and alkylated PAHs, feeding inhibition was
imputed to toxicant-induced narcosis (Barata et al., 2005; Ott et al.,
1978). Although we did not observe narcosis (i.e., lack of motility) in the
exposed copepods during all phases of the experiment, we cannot exclude that
exposure to OCT and EHS caused a loss of motility, resulting in a reduced
grazing capability in copepods and, finally, in a lower energy income for
females. In particular, the ability of OCT to cause immobilisation in crusta-
ceans has already been documented (Boyd et al., 2021).

Additionally, increased maintenance costs (i.e. higher costs for
detoxification and antioxidant defense) can help explain our results
from the treatments with the highest concentration of OCT and EHS,
where lower egg production was observed. Although the onset of egg
production was observed at day 11 in all treatments, the percentage of
egg-producing females was always lower at 4.36 pug L= OCT and 7.46
pg L— EHS than the other test concentrations and controls for both OCT
and EHS. Then, despite the exposure was performed at OCT and EHS
concentrations not affecting the early larval development from the egg
to the copepodite-I stage, the presence of the toxicants in the test me-
dium and in the food might have increased the maintenance costs and
limited the metabolic energy available for searching for food and pro-
ducing eggs. Recent studies confirmed that OCT and EHS can induce
oxidative stress and impair reproduction in fish and crustaceans
(Gayathri et al., 2023; Yoo et al., 2024; Zhou et al., 2021), making this
scenario plausible.

Increased growth costs at 4.36 ug L—* OCT and 7.46 pg L—* EHS
cannot be a priori excluded. However, the lack of effects on early larval
development, which is the most sensitive life stage for copepods, and
attainment of sexual maturity suggests that growth costs are less prob-
able than increased maintenance costs as a possible explanation for the
observed decreased egg and pellet production. Conversely, a lower
reproductive output due to reduced growth and smaller adulthood size

will likely be excluded (Klok et al., 2012), since we did not observe
anomalous size in the copepods selected for the egg production test.

Lastly, the possibility that OCT and EHS may increase the cost of egg
production as a direct effect of exposure to contaminated water or
ingestion of contaminated algae deserves future investigation. In
particular, exposure to OCT might have damaged the gonads or altered
the process of oogenesis since this compound has been shown to alter
hormonal biosynthesis in fish (Meng et al., 2021) and affect endocrine
regulation during invertebrate development (Oza ez et al., 2016).

4.2. Potential effects of EHS and OCT on A. tonsa in natural
environments

Our results showed that the effects of EHS on A. tonsa feeding and egg
production occurred at slightly higher concentrations than the
maximum levels reported to date for the Mediterranean Sea (2.5 ug L—1),
the Black Sea (1.3 pug L), and the Pacific coasts of Asia and the
Americas (1.0 ug L—* and 0.12 pg L1, respectively) (Chiriac et al., 2021;
Garcia-Pimentel et al., 2023; Tsui et al., 2014; Vila et al., 2017). How-
ever, it should be considered that EHS concentrations in seawater are
also very variable in the short term (i.e., daily variations) due to
chemicals’ short residence time in the water column (Labille et al.,
2020), high susceptibility to photodegradation (Sankoda et al., 2015),
and the pronounced preferential repartition to the gaseous phase
(Pegoraro et al., 2020), which makes it difficult to estimate the actual
environmental exposure in natural seawater and might lead to its un-
derestimation. Susceptibility to photodegradation and partitioning into
the gaseous phase may also have contributed to the decline in EHS
concentration during the test. The half-life in water (Table 2) and the
reported biodegradability of EHS (Fagervold and Lebaron, 2022) sug-
gest that a decrease in the test solution could have been expected,
although not as pronounced (>95 %) as observed in the test system.
Conversely, photodegradation in artificial seawater has been observed
to reduce EHS concentration by more than 9o % within 150 min,
resulting in an estimated half-life of 39 min in this medium (Sankoda
et al., 2015). Additionally, a portion of the chemical may have evapo-
rated during exposure, lowering its concentration in the test solution.

Under this scenario, the toxic effects observed in the treatment at
7.46 ug L—1 EHS underscore that the initial concentration was high
enough to disrupt egg production in A. tonsa despite its rapid decrease
within a few hours. Consequently, although the residence time of the
organic UV filters in the water column is generally short (Labille et al.,
2020), peak concentrations reached during daytime in the more atten-
ded beaches and recreational areas might reach critical concentrations
for copepods. However, future research is warranted to verify whether
the toxic effects are due to EHS or its degradation products and me-
tabolites and to understand better how photodegradation and biological
transformation affect EHS concentration in natural ecosystems and test
systems.

As for OCT, the inhibitory effects we observed on 4. tonsa occurred at
concentrations possibly matching those reported for surface waters
worldwide (Mitchelmore et al., 2021; Tsui et al., 2014). In seawater,
OCT was generally detected at concentrations of 0.01-10 pg L—
(Cadena-Aizaga et al., 2022; Langford and Thomas, 2008; Mitchelmore
et al., 2019; Tashiro and Kameda, 2013). Moreover, copepods might
experience critical exposure to OCT in coastal areas with intense tourism
pressure during the summer months: levels up to 170 pg L— were indeed
reported in surface waters from highly visited beaches in Gran Canaria
Island (Spain) and Eastern Spain (Cadena-Aizaga et al., 2022; Vila et al.,
2016b). These data confirmed that the environmental occurrence of
OCT due to intense tourism might act as a significant stressor for the
local copepod assemblages, also in consideration that several copepods
of temperate areas, including 4. fonsa, reach their peak of abundance
and reproduction during summer months (Camatti et al., 2019; Maz-
zocchi et al., 2012). Our findings support the potential effects of OCT in
natural environments, as the concentrations of OCT remained relatively



stable during the 10-day exposure period, confirming the resistance of
this UV organic filter to photodegradation (Karlsson et al., 2012) and
hydrolysis.

4.3. Could low concentrations of EHS promote maturation in copepods?

The possible endocrine activity of organic UV filters has raised
concern in the scientific community (Carve et al., 2021; Duis et al.,
2022). Exposure of copepods to organic UV filters at sublethal concen-
trations has demonstrated that these compounds (i.e., 4-MBC or enza-
camene) can promote the development from the egg stage to maturity
and induce the transcription of the ecdysone receptor gene (EcR),
affecting their moulting cycle and leading to shorter generation times
(Chen et al., 2018). To our knowledge, data on their effects on endocrine
regulation in copepods and crustaceans for both OCT and EHS are
missing. However, studies performed on Chironomus riparius larvae
showed that OCT does not up-regulate EcR and its downstream path-
ways, suggesting that it does not alter the larval development
(Mun"iz-Gonza"lez and Martinez-Guitarte, 2018; Oza”ez et al., 2013). For
OCT, our data are consistent with this hypothesis since we did not
observe impairments in the development from the egg to the
copepodite-I stage in the preliminary larval development test (Supple-
mentary Material) nor differences in the onset of egg production and egg
production compared to the control for the treatments at 0.07, 0.19, and
0.67 ug L. Conversely, in the case of EHS, the higher egg and pellet
production observed at 0.06, 0.37 and 2.23 ug L~ compared to the
control (Supplementary Material, Tables 2S and 3S) deserves future
consideration. This difference was primarily driven by the low egg
production in the control on day 11 compared to the EHS treatment,
while from day 12, the egg production in the control aligned with that in
the EHS treatments at 0.06, 0.37 and 2.23 pg L~ This trend might
suggest that female copepods exposed to low EHS concentrations might
have reached their full reproductive potential before the not-exposed
specimens due to toxicant-induced promotion of the development to
the mature stage. EHS-induced promotion of the larval development is
excluded since we did not observe any difference compared to the
control up to 10 pg L~ (Supplementary Material). Further research is
warranted to elucidate the possible EHS-mediated promotion of the
A. tonsa development, possibly exploring the expression of EcR and
downstream pathways after exposure to OCT and EHS.

4.4. Sensitivity of A. tonsa to OCT and EHS compared to other marine
invertebrates

Copepods are particularly susceptible to the presence of organic
chemicals, as confirmed by previous studies on pesticides, fragrance
materials, pharmaceuticals, and other personal care products (Andersen
et al., 1999; Kusk et al., 2011; Picone et al., 2021, 2022; Wollenberger
et al., 2003). This trend is confirmed by the results obtained for OCT and
EHS, which underline how copepods are among the most exposed and
sensitive components of the marine food web to these chemicals. The
reproduction and feeding of 4. tonsa were indeed affected by OCT and
EHS at concentrations lower than those exerting adverse effects on the
larval development of polychaetes (48h-ECio = 3.9 mg L for OCT;
Vieira Sanches et al., 2021) and survival and behaviour in brine shrimps
(48h-LCs0 = 610 pg L~ for OCT and 48h- LCso > 2 mg L~ for EHS;
Thorel et al., 2020). In addition, effects on copepods were also observed
at concentrations lower than those reported to impair the larval devel-
opment of sensitive biological indicators such as mussels and sea urchins
(48h-LOEC = 40 pg L~ for OCT; (Giraldo et al., 2017). Finally, copepods
were also more sensitive to OCT than Hexacorallia: acute and chronic
effects on mortality, bleaching, algal symbiont density, and polyp
retraction in the stony corals Seriatopora caliendrum and Pocillopora
damicornis were observed at concentrations higher than 300 pg L— (He
et al., 2019; Stien et al., 2019).

5. Conclusion

Copepods confirmed to be marine invertebrates susceptible to the
toxic effects of organic contaminants discharged in surface waters. The
inhibition of reproduction and feeding we observed after the exposure to
OCT confirmed that this UVF commonly used in sunscreen formulations
and personal care products is a contaminant of potential concern for
estuaries and coastal areas characterised by intense tourism, where OCT
environmental concentrations may approach and exceed adverse effect
levels. On the other hand, EHS affected 4. ronsa at concentrations higher
than those measured to date in the marine environment. Nevertheless,
conclusions regarding the potential impacts of EHS require careful
consideration. Firstly, the short-term variability of EHS concentrations
in the marine environment, due to susceptibility to photodegradation
and partitioning into the gaseous phase, complicates the assessment of
possible EHS-related effects that copepods may experience in natural
environments. Secondly, the conservative approach we used for
assessing the toxicity of EHS may lead to the underestimation of its ef-
fects on copepods, which are attributed to the initial (and maximum)
actual concentration (7.46 pg L—1), even though adverse effects were
observed despite a decrease in exposure concentrations during the
experiment.

Our data provide a further piece of evidence concerning the need to
strengthen the surveillance of UVF in surface waters to monitor their
environmental concentration and assess the environmental risk for the
aquatic ecosystems receiving the major inputs of these chemicals due to
tourism and other recreational uses of marine and estuarine water
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