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Offshore wind farms (OWFs) play a key role in combating climate change, but the coatings used to protect
submerged infrastructure can leach potentially harmful chemicals into the marine environment. These leachates
may affect marine species colonizing OWF structures or being cultured near OWFs, such as blue mussels. To

EOXEC“_Y \ assess the impacts, we monitored valve gape behaviour and heart rate in Mytilus edulis exposed to coating
cotoxicolo o N . . . .

CTmax &y leachates under controlled conditions, followed by a thermal ramping to assess potential constraints in their
Pollution stress performance. Using non-targeted screening with two-dimensional gas chromatography and high-resolution

PAHSs mass spectrometry, we identified nine chemicals in the leachates plausibly assigned to the coatings, including
alcohols, ketones, lactones, bromobenzenes, dibromophenols, and polycyclic aromatic hydrocarbons. At constant
temperatures, exposed mussels showed both up to 12 % reduced and up to 18 % increased daily cardiac arrest
compared to control mussels. However, during cardiac activity heart rate and valve gape were similar among
treatments. Leachate exposure did not lead to reductions in fitness endpoints during the thermal ramping, i.e. the
temperature at which heart rate was maximal (21.3 + 0.4 °C) and valves started to close (19.2 + 0.6 °C). Non-
targeted screening does not allow for comparisons of chemical concentrations from field samples, yet the painted
surface to volume of seawater ratio used here potentially led to much higher leachate concentrations than any
environmentally relevant conditions. Future research on leachates from other OWF sources, such as sacrificial
anodes, is needed to gain a comprehensive understanding of ecological risks and support sustainable OWF
development.

1. Introduction Energy Council, 2022).

Foundations and transition pieces of the turbine pillars in an offshore

To combat climate change, countries worldwide increase their
carbon-neutral energy production by investing in renewable energy
sources, including wind energy. With record-setting years occurring in
2020 and 2021, the global capacity for wind farms has been steadily
increasing, not only for land but also offshore. However, the current
growth rate for renewable energy needs to increase fourfold if society is
to meet the targets of the Paris Agreement and the European Union
Green Deal, which aims for net-zero emissions by 2050 (Global Wind

wind farm (OWF) are submerged and must withstand the impacts of the
corrosive marine environment for a period of time that exceeds their
service life (Eom et al., 2020; Price and Figueira, 2017). A combination
of corrosion protective coatings and sacrificial anodes is therefore used
to minimize the risk of corrosion and material fatigue. The coatings
prevent the direct contact of the metal structure with the environment
while the sacrificial anodes reduce the metal corrosion rate when the
coating is damaged. The coatings typically consist of several layers of
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organic coat or a combination of metal and organic coat (Fom et al.,
2020, Price and Figueira, 2017).

Offshore wind farms are not typically considered as sources of
pollutant emissions, especially as the use of some common coating in-
gredients (e.g. zinc chromate, red lead, calcium plumbates) with known
risks to human health and the environment are already restricted
(Abramic et al., 2022; Price and Figueira, 2017). Over time, however,
chemicals used in OWF coatings can leach into the surrounding seawater
whereby the process and rate is dependent on local environmental
conditions (Yu et al., 2021; Eom et al., 2020). Once in the marine
environment, these chemical leachates can be bioavailable to organisms.
Although available reports about achieving good environmental status
emphasize the need to determine baseline levels of OWF-related
chemical contaminants in marine organisms (Abramic et al., 2022), no
studies on OWF chemical contaminant concentrations in organisms have
been published to date.

While the bioavailability and toxicity of chemicals can vary with
changing environmental conditions (Nardi et al., 2017; Noyes and Lema,
2015), the inter-related effects of climate change and chemical pollution
on marine organisms are rarely studied simultaneously. Also, the bio-
accumulation of chemicals can depend on temperature, as the latter
stimulates an increased metabolism that is often accompanied by
increased feeding and thus an increased potential for chemical bio-
accumulation (Maulvault et al., 2018; Alava et al., 2017). Arguably the
most important influence, however, are the potential synergistic effects
between the two drivers, i.e. warming and chemical pollution, that
could result in increased susceptibility to chemicals or a decreased
ability to withstand environmental changes, such as temperature peaks
(Alava et al., 2017).

An ideal model species to study the effects of OWF-derived chemical
leachates and warming are blue mussels because they are one of the
dominating species colonizing the subtidal structures of OWFs. In
addition, mussels are target species for aquaculture facilities located
near to OWFs. They are highly sedentary, have a filter feeding life
strategy, and they respond behaviourally and physiologically to envi-
ronmental factors and chemical stressors (Durier et al., 2021; Degraer
et al., 2020; Tran et al., 2020). Environmental and chemical stress can
trigger shell movement and valve closure in mussels which are
measurable indicators that are more sensitive than other traditional
endpoints such as mortality and growth (Hartmann et al., 2016). Hence,
valve closure can be used as a behavioural sign that reflects unfav-
ourable conditions. By closing their valves, mussels prevent contact of
their soft tissues with the surrounding environment, yet this defence
mechanism also restricts food uptake and respiration. The reduction in
oxygen tension can also lead to bradycardia (reduced heart rates) and
mussels may eventually switch to an anaerobic metabolism
(Kholodkevich et al., 2009; Braby and Somero, 2006). This can be an
energy saving strategy, but when maintained for too long, can ultimately
impact the mussels’ vital rates (Riisgard and Larsen, 2015). Further,
cardiac activity can also be used as a physiological indicator of general
health and fitness (Bakhmet et al., 2021; Turja et al., 2014; Halldorsson
et al., 2008). During exposure to a short-term thermal increase, for
example, heart rate will increase until the temperature for maximal
heart rate is reached (Alter et al., 2025). A sudden decrease after the
performance maximum is indicative of cumulative cell damage caused
by the foregone thermal stress and indicates the individuals’ sublethal
limit (Moyen et al., 2019).

Considering the large number and diversity of chemicals used in
OWF corrosion protection coatings, it is difficult to assess the impact of
all possible combinations of chemicals (Hengstmann et al., 2025).
Therefore, we exposed the blue mussel, Mytilus edulis, to metal plates
that were fully covered with the coating systems most commonly used
for OWF installations to assess the impact of the combined effect of all
chemical leachates. We monitored valve gape and heart rate of mussels
continuously and determined the composition of the chemical leachate
in seawater regularly. After a two-week exposure at a constant
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temperature of 13 °C, mussels were subjected to a gradual increase in
temperature to assess potential interactions with OWF-derived leachates
in the presence of an additional environmental driver. Because blue
mussels are one of the dominating species colonizing the shallow sub-
tidal structures of OWFs (Degraer et al., 2020), we hypothesized that
exposure to chemical leachates from OWFs would not affect their valve
gape and heart rate. However, even without measurable effects on the
organismal level, exposure to chemical leachates may still affect mussels
at the cellular level (Bordalo et al., 2023; Kasiotis et al., 2015), reducing
the overall ability to withstand changes in environmental factors (Alava
et al., 2017; Sokolova and Lannig, 2008). Thus, we hypothesized that
when challenged with a thermal ramping, mussels that were previously
exposed to chemical leachates would show lower fitness compared to
control individuals.

2. Methods
2.1. Animal collection and husbandry

Adult M. edulis were supplied from a North Sea blue mussel farm
(Colruyt Group) off the Belgian coast (Zeeboerderij Westdiep, N
51°09'924" E 2°37'747") in June 2023 and transported to the University
of Antwerp. Mussels (approx. 500 individuals) were held in tanks (300 L,
n = 2) filled with artificial seawater (hw-Marinemix professional, Wie-
gandt GmbH, Germany, in deionized water) at 13 °C, 33 salinity, with
constant aeration, and a 12 h:12 h light: dark period. They were fed
freeze dried microalgae (Tetraselmis chuii, TetraPrime C, Proviron,
Belgium) at a concentration of 25,000 cells/mL every other day and
water was renewed once a week.

2.2. Animal preparation and experimental design

Chemical exposure during stable temperature (hereinafter “coupon
exposure”): In September 2023, mussels of similar size (n = 27, mean
shell length + SE: 58.0 & 0.6 mm, range: 52.1-64.3 mm) were randomly
selected from the holding tanks and used in experiments to test if
exposure to chemical leachates from OWFs affects their heart rate and
valve gape behaviour. Experiments took place in a temperature
controlled room set to 13 °C and a 12 h:12 h light: dark period. In a glass
aquarium (49 x 28 x 30 cm, L x W x H, n = 6), one stainless steel plate
(10 x 20 x 0.3 cm) coated on all surfaces (Interthane 990 RAL 1003
(primer 1: Interzone 954 grey, primer 2: Interzone 954 white, top:
Interthane), International) was placed in 20 L artificial seawater at 33
salinity. The two short sides of the plate were placed on a glass petri dish
and contained a hole in which a glass tube was inserted for aeration and
to ensure water circulation around the plate and throughout the
aquarium. An aquarium served as direct (n = 3) or indirect (n = 3)
exposure treatment by placing mussels (n = 3 per aquarium) either
directly on the plate (direct) or around the plate without direct contact
(indirect). Additional aquaria (n = 3 with n = 3 mussels each) without a
plate served as control treatment. Before placing mussels in the aquaria,
each individual was equipped with a wired heart rate sensor (Pulse V2,
Electric Blue, Portugal) and a custom-built valve gape sensor (Ballesta-
Artero et al., 2017) which were attached onto the shell above the heart
and onto the posterior margin of both valves, respectively, using
cyanoacrylate (Colle Seconde Lijm, Bison, the Netherlands). The heart
rate sensor illuminated the heart with an infra-red light which was then
reflected and detected by an infra-red sensor, recorded at a sampling
rate of 10 Hz and stored in a log file (Pulse V2, Electric Blue, Portugal).
The valve sensor consisted of paired electromagnetic coils that measured
the strength of an electromagnetic field that existed between them. The
strength of the field changed according to the distance between the two
coils. The field was recorded at a sampling rate of 1 Hz and stored in a
log file. Recording of heart rate and valve gape started immediately after
deployment. During the following exposure period, mussels were fed
(conditions as above) on experimental day 2, 5, 7, 9 and 12. Water was
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exchanged (100 %) with reservoir water on day 5 and 10. In reservoir
glass aquaria (100 x 40 x 50 cm, L x W x H, 140 L volume, n = 1 per
treatment), painted plates were placed at the same ratio as in the
exposure aquaria (1 plate/20 L sea water) to keep chemical composi-
tions and -abundances similar between water exchanges. Duplicate
water samples (250 mL) were taken from all three reservoir tanks on
days 6, 7,9, 12, 14 and 15. Samples were spiked with 15 % hydrochloric
acid (HCI) and stored in glass bottles (Borosilicate 3.3 glass, VWR) with a
Teflon-lined bottle cap (PBT with PTFE-coated gasket, Duran) and were
kept in darkness at 13 °C. After termination of experiments, samples
were frozen at —20 °C for later chemical analysis of leachates. Tem-
perature, salinity, and oxygen level (WTW Multi 3620 IDS with Tetra-
Con 925 and FDO 925 electrodes, Germany) in exposure aquaria were
measured every other day. Apart from these maintenance procedures
during which the presence of people in the room were noted, animals
were left undisturbed.

Stress performance test: For a stress performance test in form of a
thermal ramping, mussels were transferred from their aquaria into in-
dividual chambers (500 mL beakers, Duran, Germany) containing arti-
ficial seawater from the reservoir tanks at their respective treatment
condition. Not all individuals could be measured simultaneously. Hence,
thermal ramping trials were conducted on two consecutive days (days
13 and 14 after the start of exposure to the painted plates), using in-
dividuals from all treatment groups each day to minimize potential ef-
fects of exposure duration. In each chamber, gentle aeration was
provided via a glass tube. In four chambers, loggers (Hobo Pendant Mx
Temp) measuring temperature at a sampling rate of one reading per
minute were attached to the tip of the glass tube which reached the
bottom of the chamber. Chambers were placed in two water baths
(Lauda Alpha RA24, Lauda-Brinkmann, Germany; n = 6-9 mussels per
water bath). The next morning, 16 h after the transfer of mussels, the
seawater was siphoned out and replaced with seawater from the
respective reservoir to keep ammonia levels low (<0.25 mg/L, Test
NH3/NH4, Tetra GmbH). One hour after the water exchange, the ther-
mal ramping commenced by stepwise raising the temperature in the
water baths by 1 °C every 15 min (4 °C/h) until 30 °C was reached (cf.
Alter et al., 2025; Moyen et al., 2019). Heart rate, valve gape, and
temperature were measured continuously at sampling rates as described
above. Trials were conducted between 9 am and 4 pm in light conditions
and without food supply in the same temperature-controlled room in
which the coupon exposure took place. Salinity (range 33-34, WITW
Multi 3620 IDS with TetraCon 925 electrode, Germany) and oxygen
level (>95 % air saturation, WTW Multi 3620 IDS with FDO 925, Ger-
many) were measured at the time the mussels were transferred to their
individual chambers and at termination of the thermal ramping. After
the trial was terminated, length, height, and width of the shell (Mitu-
toyo, Japan, +0.01 mm), and wet weights of shell and tissue of in-
dividuals were determined (Model 1712 MP 8, Sartorius GmbH,
Germany, precision 0.01 mg). Dry weights were determined after drying
the tissue and shell in an oven at 100 °C for 48 h. The condition index
(CI) was calculated by dividing the tissue dry weight (in mg) by the cube
of the shell length (in cm).

2.3. Chemical analysis of leachates

Non-targeted chemical analysis was performed on seawater samples
only and bivalve tissue was not analysed to confirm whether chemicals
were taken up by the mussels. The seawater samples (approx. 200 mL)
from the experiments were spiked with surrogate internal standards
representing a range of volatilities (100 ng naphthalene-d8, 50 ng
phenanthrene-d10, 50 ng chrysene-d12, 50 ng perylene-d12), pH
adjusted to below 2 (using 15 % HCI), and extracted three times using
dichloromethane (DCM, 30-15-15 mL). The combined organic extract
was dried using anhydrous sodium sulphate and volume adjusted to
approximately 500 pL using a gentle stream of nitrogen gas. A recovery
standard (100 ng acenaphtene-d10 and 100 ng fluorene-d10) was added
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to all extracts prior to analysis.

Comprehensive two-dimensional gas chromatography-mass spec-
trometry (GC x GC-MS) analyses were performed using a 7890B GC
coupled with a 7250 quadrupole time of flight mass spectrometer
interfaced with a Zoex ZX2 cryogenic modulator. The first-dimension
column was a Zebron ZB-1plus (30 m x 0.25 mm x 0.25 pm) and the
second-dimension column was a BPX50 (1.0 m x 0.25 mm x 0.25 pm),
interfaced by a1 m x 0.25 mm deactivated fused silica modulation loop.
The carrier gas was high purity helium at constant flow (1.1 mL/min).
Samples (1 pL) were injected at 250 °C splitless. The oven temperature
started at 60 °C (1 min hold) and was then ramped by 5 °C/min to 300 °C
(10 min hold). The hot jet was offset starting at 10 °C (1 min hold) and
was then ramped by 7 °C/min to 360 °C (10 min hold). The modulation
time was 6 s with a 350 ms pulse length. The transfer line temperature
was 300 °C, the ion source temperature was 200 °C, and the quadrupole
temperature 150 °C. The electron ionization (EI) source was operated at
70 eV. Scan speed was 50 Hz and the recorded mass range was 50-650
m/z. A standard mixture (Table S1) was co-injected at least every ten
samples.

MassHunter Unknowns Analysis software was applied to the raw
data files for deconvolution and tentative identification of analytes as
the best matches from the NIST17.L mass spectral library match with a
similarity of >85 %. Additional parameters applied in the software is
specified in Supplementary Material. Output files with all peaks, as well
as with assigned tentative identities, were then exported to .csv format
for further processing using R (R Development Core Team, 2021).

First dimension retention indexes (RIs) were calculated for all
tentatively identified compounds (van Den Dool and Kratz, 1963). For
GC x GC-MS, comparing first dimension Rls and second dimension
absolute retention times predicted from physicochemical properties
(automatically retrieved from PubChem using pubchempy) were used to
filter out unlikely matches using partial least prediction (Sgrensen et al.,
2023a; Sgrensen et al., 2023b), leaving only tentatively identified
compounds with <200 deviation from predicted RI and <2 s absolute
deviation of second dimension retention time. The resulting data set was
investigated manually, and isomeric or similar mass spectral matches
assigned at the same retention times (within 0.5 % deviation) were
combined. Where total peak abundance was below the maximum of the
laboratory blank samples (manual investigation), the data was removed
from the data set during first prioritization. For compounds ‘of interest’
(detected in higher amounts in leachates than in controls), the peaks
were re-introduced for preparation of time trend datasets. Where
missing values were caused by a poorer match in some (less than half) of
the leachates, these were also reintroduced if they were detected with a
similarity >75 %. Compounds were included in the final data set if the
average of all values in leachates met a set threshold criteria that was
above 150 % of the average value observed in the control samples and
they were detected with >85 % match in at least six of the leachate
samples.

The peak response of the internal standards was used to monitor the
stability and comparability of the extraction and analytical recoveries
between samples and injections. Due to differences in the molecular and
mass spectral properties of the internal standards and those of the
tentatively identified chemicals, (semi-)quantification could not be
performed.

2.4. Valve gape and heart rate analyses

The thickness of each mussel and the placement of the valve gape
sensors on the margins of both valves influenced the strength of the
electromagnetic field and, hence, the absolute distance between the two
coils. The relationship between the strength of the field and the distance
was calibrated to become linear by taking the square root of the recip-
rocal of each raw measurement. In this calibration, a value of 0 indicates
a closed mussel and a value of 1 is the maximum distance measured
between the coils (Ballesta-Artero et al., 2017). For the coupon
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exposure, valve gape of each individual was averaged per day. For data
from the performance stress test, valve gape was averaged across 5 min
intervals. Broken stick regressions were then fitted to valve gape data in
R (respirometry) to determine the breakpoint temperature (BPT), i.e. the
temperature at which mussels closed their valves.

All data measured via the heart rate sensor were visually inspected
(R, version 4.2.2) as the shape of the frequency curve may feature
multiple peaks per heartbeat (Burnett et al., 2013). For the coupon
exposure and stress test, the average heart rate was calculated for every
10 and 5 min interval, respectively.

Heart rate values across the different coupon exposures were used to
construct frequency distribution histograms to estimate standard heart
rates, similar to methods used for estimating standard metabolic rates
(Fig. 1). The lowest and highest heart rate values of each individual were
used to calculate 20 bins for which the histogram was determined. The
peak of the distribution was considered as standard heart rate which was
calculated for each experimental day (Steffensen et al., 1994). The
lowest three bins of the histogram were used to calculate the time
(fraction of day) during which blue mussels had an inactive heart rate.
Heart rate data measured during the stress test were used to determine
thermal performance curves (TPCs) which were fitted (rTPC, nls.mult-
start) in R using nonlinear least squares regression (Padfield et al.,
2021). For this, five models, which included a performance maximum
estimation in their formulation, were selected (“Gaussian_1987”,
“Joehnk_2008”, “Oneill 19727, “Pawar 2018, “Weibull 1995”; Pad-
field et al., 2021). These five models were then weighted based on the
smallest Akaike information criterion (AIC) and the temperature at
which heart rate was maximal, as well as the maximum numerical value
for heart rate was estimated. Q9 values were calculated from linear
regressions fitted to individual heart rate at temperatures between 13
and 19 °C. Across this temperature range, heart rate was positively
correlated with temperature in all individuals. For this, heart rates at
two different temperatures were used, as described in Eq. 1:

R\ _10_
Qio = (ﬁ) To=Th (@)

where Ry and R; are heart rates at high and low temperature (To, T7),
respectively.

2.5. Statistical analysis

To assess the drivers of valve gape and heart rate, i.e. presence of
cardiac activity as well as standard heart rate during cardiac activity
(bpm, log transformed), of M. edulis across the coupon exposure, hier-
archical generalized additive models (HGAM) were ran using the mgcv
package in RStudio (Pedersen et al., 2019; Wood, 2017). In each global
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model, experimental day was included using a smoother in an interac-
tion with experimental treatment. Food was included as a fixed effect
with two levels (whether mussels were fed on that day or not) and, in the
standard heart rate model, tissue dry weight was included as a covariate.
Individual mussels, nested in holding tanks, were accounted for as
random intercepts. In alternative models, the possible effect of food was
removed and the additive and interactive effects of treatment were
removed. In the null model, only experimental day and nested in-
dividuals in tanks were included (Table S2). For the valve gape model,
the average daily valve gape of each individual was used as response
variable with a beta distribution and a logit link function. For the
standard heart rate, a Gaussian distribution and identity link were used.
For the time period of cardiac activity, it was registered every 10 min
whether the heart rate was active or not (N = 144 measurements per
day), and modelled using a binomial distribution and a logit link func-
tion. We assessed the overall frequency of active heart rate presence
throughout the experimental period using a generalized linear mixed
model (glmmTMB R package, Brooks et al., 2017). Treatment was
included as fixed effect and tank as random intercept. A beta distribution
and a logit link were used. We compared this model with one only
including the random intercept through a likelihood ratio test. To
explore the valve gape of M. edulis during the thermal stress test, HGAMs
were fitted using a beta regression with a logit link. We tested whether
temperature had a linear or non-linear effect on valve gape. In the non-
linear alternative, we used a penalized spline (bs = “ps”) with four or
less knots to avoid overfitting. Models also included combinations of
treatment and its interaction with temperature, and a random intercept
for individuals. Inspection of the residuals indicated a poor fit of the full
model and that individual mussels differed in their response to thermal
stress. Hence, models that allowed individual-specific temperature ef-
fects were also assessed (Table S2).

To test for the effect of treatment on heart rate of M. edulis during the
thermal stress test, we also fitted HGAMs. Owing to the strong influence
of valve closure on heart rates (Fig. 1), heart rate data (bpm, log
transformed) was compared between treatments only at temperatures
below the BPT of valve gapes. Temperature and treatment were included
in the models as described for valve gape. Individual mussels were
accounted for as random intercepts and tissue dry weight was included
as covariate (Table S2).

For all HGAM models, validation was done by visual inspection of
quantile-quantile plots of deviance residuals, plots of deviance residuals
against the predictors, and plots of observed versus fitted values. After
validation, the best fitting model was identified based on the smallest
AIC and, in case of insignificant differences between model fits (delta
AIC < 2), the model with fewer predictor variables was chosen as the
best fitting model (Table S2). Pairwise comparisons among treatments

A 18 r09 B 2501 1
16 - r 08 :
A14 1 L h L - 07 207 | M I
IS \ s 1
g2 \ \ \ O3 & 150 |
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Fig. 1. (A) Example data of heart rate (bpm, black line) and valve gape (fraction, grey line) during coupon exposure. The thick black horizontal line indicates the
standard heart rate and values below the dashed horizontal line were classified as inactive heart rates. Heart rate data were used to construct frequency histograms
(B) from which standard (vertical solid line) and inactive heart rate (dashed vertical line) were estimated based on the peak and the three lowest bins of the dis-

tribution, respectively.
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were conducted using emmeans package. p-Value adjustment was done
with the Bonferroni method with a significance probability of <0.05.

To test if mussels used in different treatments had a different CI, a
nested analysis of variances (ANOVA) was performed. Pearson correla-
tion test was performed for data on BPT of valve gape and thermal op-
timum of heart rates. The correlation coefficients were then compared
between treatment groups by applying the Fisher’s Z-transformation.
Other parameters calculated from data acquired during the stress test, i.
e. thermal optimum for heart rate, maximum heart rate, Q¢ values, and
BPT of valve gape were used in one-way ANOVAs to test for differences
among treatments. For ANOVA tests, normality was assessed using the
Shapiro-Wilkinson test and homogeneity of variances was assessed using
Levene’s test.

All statistical analyses were conducted using RStudio (R Core Team,
version 4.2.2). Data were graphically displayed with the ggplot2 package
(Wickham, 2016). All data in the text are stated as mean =+ SE values.

3. Results
3.1. Chemical leachates

A total of 233 tentatively identified compounds (confidence in
identification equivalent to level 3 of the Schymanski classification,
Schymanski et al., 2014; adapted to GC-MS methodology, Koelmel
et al., 2022) were detected in at least one of the leachate extracts, but
162 of these were also detected in control samples. For nine tentatively
assigned compounds, the average of all values in the leachates met the
set threshold criteria i.e. 150 % of the average value observed in the
control samples and they were detected with >85 % match in at least six
samples (Table 1). Additional diagnostic evidence (two-dimensional
retention position) supports the identification, bringing it to level 2
confidence for those compounds where only one candidate structure was
proposed. For the nine compounds, most displayed a maximum in
relative abundance in leachates after 6 or 8 days, followed by a slight
decline until the end of exposure (14 days) (Fig. S1).

3.2. Coupon exposure

Mussels used in the control, indirect, and direct exposure treatment
had a similar CI of 62.2 &+ 5.5, 56.9 + 2.5, and 57.8 + 3.8, respectively
(F2,18) = 0.479, p = 0.627, Table S3). The best fitting model for valve
gape (fraction) of M. edulis during the coupon exposure was the null
model, including experimental day as smoother (HGAM; day: edf =
8.30, XZ = 184, p < 0.001) and individual mussels as random effect

Table 1
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(HGAM, edf = 22.3, Xz =286.3,p < 0.001, Table 2, Fig. 2, Tables S2 and
S4). The deviance explained by the model was 73.1 % (Table 2).

The best fitting model for data on the time at which M. edulis had an
active heart rate during the coupon exposure showed that the interac-
tion between day and treatment, as well as individual variation (HGAM,
edf = 24.339, y> = 1478.1, p < 0.001) played significant roles in
explaining the response (Table 2, Fig. 3a, Tables S2 and S4). The
interaction term had a significant non-linear relationship for the control
treatment (HGAM, edf = 8.574, x2 = 1044.1, p < 0.001), direct treat-
ment (HGAM, edf = 8.707, X2 = 888.9, p < 0.001), and indirect treat-
ment (HGAM, edf = 8.723, y? = 1009.6, p < 0.001). Compared to the
control treatment, the cardiac activity of mussels in the indirect treat-
ment was arrested by 9 and 13 % more on days 3 and 10, respectively
(HGAM, post-hoc, day 3: odds ratio = 3.077, SE = 0.571, p < 0.001; day
10: odds ratio = 1.741, SE = 0.293, p = 0.035), and by 8 and 12 % less on
days 7 and 9, respectively (HGAM, post-hoc, day 7: odds ratio = 0.131,
SE = 0.034, p < 0.001; day 9: odds ratio = 0.495, SE = 0.086, p = 0.002;
Fig. 3a, Table S4). The cardiac arrest of mussels in the direct treatment
occurred 12, 18 and 5 % more frequently than in control mussels on days
4,10 and 11, respectively (HGAM, post-hoc, day 4: odds ratio = 2.536,
SE = 0.483, p < 0.001; day 10: odds ratio = 2.137, SE = 0.384, p =
0.001; day 11: odds ratio = 2.301, SE = 0.424, p < 0.001), and 9 and 16
% less frequently on days 7 and 9, respectively (HGAM, post-hoc, day 7:
odds ratio = 0.022, SE = 0.013, p < 0.001; day 9: odds ratio = 0.485, SE
= 0.091, p = 0.005; Fig. 3a, Table S4). The deviance explained by the
model was 68.1 % (Table 2). We did not find significant differences in

Table 2

Best generalized additive models of data of Mytilus edulis on A valve gape, B time
of active heart rate, and C standard heart rate during metabolically active times
across coupon exposure days, as well as on D valve gape and E standard heart
rate during the thermal ramping. s() indicates that the variable is used as a
smoother in the model. bs = “re” indicates that the smoothers are considered
random effects.

Model specification R? Deviance
explained (%)
A valve gape ~ s(day) + s(tank, individual, bs = “re™) 0.674 73.1
B time of active heart rate ~ s(day, by = treatment) + 0.633 68.1
s(tank, individual, bs = “re™)
C log(heart rate) ~ s(day) + s(tank, individual, bs = 0.808 83.0
“re”) + DW
D valve gape ~ s(temperature, by = individual, bs =  0.880  91.2
“ps”) + treatment
E log(heart rate) ~ s(temperature, by = treatment) + 0.875 88.2

s(individual, bs = “re”) + DW

List of compounds detected with confidence and probable peak identity assigned in leachates. For some compounds, several plausible isomers are suggested, of which
all are listed. Asterisks indicate properties that were sourced from the PubChem database. IUPAC = International Union of Pure and Applied Chemistry, CAS =
Chemical Abstract Service registry number, CL = confidence level, MW = molecular weight, XlogP = predicted (PubChem) octanol/water partition coefficient log-
arithm form (proxy for the compound’s hydrophobicity for neutral compounds), Rt = retention time, 1D = 1 dimensional chromatography, 2D = 2 dimensional
chromatography, RI = retention index, Dev. = deviation, Det. Freq. = detection frequency.

IUPAC name CAS CL MW (g/mol) XlogP* Rt 1D Rt2D(s) RI Dev. 1D Dev. 2D Det. Freq.
* (min) Rt Rt (%)

2,3-Dihydroinden-1-one 83-33-0 2 132.2 1.7 13.82 3.42 1233 68 -1.0 100

1-(4-Methylphenyl)ethanol 536-50-5 2 136.2 1.8 11.06 1.94 1129  -119 -0.2 100

2-(4-Methylphenyl)propan-2-ol 1197-01-9 2 150.2 2 11.76 1.80 1156 165 -0.1 100

5,5-Dimethyl-4-(3-oxobutyl)oxolan-2- 4436-81-1 2 184.2 0.7 20.22 3.82 1482 -113 -0.9 82

one

1-Bromo-2,4-dimethylbenzene 583-70-0 3 185.1 3.3 10.87 1.57 1122 159 -0.2 82

2-Bromo-1,3-dimethylbenzene 576-22-7 3.7

1-Bromo-2,3-dimethylbenzene 576-23-8

1,2-Dihydroacenaphthylene 83-32-9 2 154.2 3.9 16.81 2.47 1346 180 -0.6 64

1-(4-Methylphenyl)ethanone 122-00-9 2 134.2 2.1 11.45 2.29 1144 85 -0.3 55

1-Bromo-2,4,5-trimethylbenzene 5469-19-2576-83- 3 199.1 3.7 15.41 1.92 1293 97 -0.1 64

2-Bromo-1,3,5-trimethylbenzene 0

2,4-Dibromophenol 615-58-7 3 251.9 3.2 16.51 3.01 1335 31 -0.9 73

2,6-Dibromophenol 608-33-3 3.4
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Fig. 2. Daily average valve gape (fraction) of Mytilus edulis across coupon
exposure days. Jittered data are raw data of individual mussels that were
exposed to seawater with chemical leachates from coatings used in offshore
wind farms with (direct treatment, blue) and without (indirect treatment, grey)
direct contact to coated plates and uncontaminated seawater (control, orange)
(n = 8-9). The black line represents the population-level values with 95 %
confidence interval (shaded area) predicted by the best model. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

the overall frequency of active heart rate (likelihood ratio test: Chi sq =
4.44, p = 0.11, Fig. S2).

The best fitting model for data on standard heart rates of M. edulis
during cardiac activity during the coupon exposure showed that a non-
linear relationship with experimental day (HGAM, edf = 4.656, F =
7.071, p < 0.001), as well as a random intercept of individual mussels
within aquaria (HGAM, edf = 2.326, F = 34.802, p < 0.001), affected the
response (Table 2, Fig. 3b, Tables S2 and S4). The deviance explained by
the model was 83.0 % (Table 2). Across coupon exposure days and
treatments, the average standard heart rate of mussels varied between a
maximum of 11.3 + 0.4 bpm on day 2 and a minimum of 9.9 + 0.3 bpm
on day 4 (Fig. 3b).

3.3. Stress performance test

Valve openness of only the control and indirect exposure treatment
could be analysed with sufficient replicate numbers (n = 6) due to
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equipment failure during the stress performance test.

The best fitting thermal performance curve model for valve gape,
which included an interaction term for temperature with treatment and
random intercepts for individual mussels, explained 91.2 % of the
deviance (Table 2, Fig. 4a, Tables S2 and S4). Despite this, post-hoc
comparisons assessing the difference in valve gape between control
and exposed mussels were not significant for any temperature
(Table S4).

The average BPT of valve gape was 19.2 + 0.6 °C and was similar
between treatments (ANOVA, F(; 10) = 0, p = 0.984, Fig. 4b, Table S3).
The thermal optimum and the maximum heart rate for mussels in the
control (22.0 + 0.8 °C, 21.1 + 2.0 bpm), indirect (20.5 + 0.9 °C, 20.4 +
2.2 bpm) and direct (21.3 + 1.0 °C, 23.5 + 1.0 bpm) exposures were
similar among treatments (ANOVA, thermal optimum: F(3 21y = 0.851, p
= 0.441, maximum heart rate: F(p 21y = 0.452, p = 0.642, Table S3). Q19
values were similar among treatments (ANOVA, Fp 01y = 0.123, p =
0.885) and ranged from 1.72 + 0.1 to 1.78 + 0.1 in the indirect and
control treatments, respectively (Table S3). The BPT of valve gape was
significantly correlated with the thermal optimum of heart rate of
M. edulis for both the control (Pearson correlation coefficient (r) =
0.892) and indirect (r = 0.912) treatment with similar correlations be-
tween the two treatment groups (z-score = —0.133, p = 0.894, Fig. 4B).

The best fitting model for heart rates during the thermal stress test
explained 88.2 % of the deviance (Table 2). It included a significant
interaction term between temperature and treatment (HGAM, control:
edf = 2.108, F = 207.6, p < 0.001, direct: edf = 1.000, F = 347.62,p <
0.001, indirect: edf = 1.061, F = 240.93, p < 0.001, Table S4) and
significant individual variability between mussels (HGAM, edf =
20.784, F = 96.39, p < 0.001, Table S4). At each 1 °C temperature step,
however, heart rates of mussels in the control treatment differed by a
maximum of 0.6 and 1.3 bpm compared to those in the direct and in-
direct treatment, respectively (Fig. 4c, Table S4).

4. Discussion

Despite some differences in cardiac arrest patterns, exposure to
chemical leachates from OWF coatings did not lead to significant
changes in the parameters of mussel behaviour and physiology
measured in this study during constant environmental conditions. The
chemical exposure also did not lead to reductions in fitness endpoints,
such as the temperature at which heart rate was maximal and the valves
closed. The coated surface (58 cm?) to volume of seawater (20 L) ratio
used in the present study is roughly equivalent to a monopile spacing of
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Fig. 3. (A) Time of active heart rate (fraction of day) and (B) standard heart rate (bpm) during metabolic active times of Mytilus edulis. Jittered dots are raw data of
individual mussels that were exposed to seawater with chemical leachates from coatings used in offshore wind farms with (direct treatment, blue) and without
(indirect treatment, grey) direct contact to coated plates and uncontaminated seawater (control, orange) (n = 8-9). Lines represent model predictions with a 95 %
confidence interval (shaded area) on the treatment-level (A) and on the population-level (B). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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8 m (assuming a 6 m diameter, 25 m water depth and square monopile
spacing). Hence, the ratio used here led to potentially much higher
leachate concentrations than any environmentally relevant conditions.
Taken together, long-term impacts on mussel growth due to chemical
leachates from OWF coatings under realistic exposure conditions are
unlikely. Field studies are recommended to determine possible bio-
accumulation of chemicals in the tissues of blue mussels and other
species colonizing OWF structures. Further, future research on leachates
from additional OWF components, such as sacrificial anodes, is needed
to better understand the wider ecological risks and support sustainable
OWF development.

Overall, few chemical compounds in the coating leachates were
reliably detected in relative abundances above that of comparable
control samples. In laboratory scale toxicity testing, high numbers of
chemicals in control samples are common due to the ubiquitousness of
chemicals in laboratory settings, in infrastructure, materials, equipment,
air, and the seawater used for the studies. Within a certainty threshold,
we discuss nine chemicals that are plausibly assigned to the coatings and
have a probable identity assigned (Table 1). However, directly linking
the proposed chemicals with uses in paints/coatings was not possible in
all cases. This can be due to mis-assigned isomeric structures or a lack of
openly available coating composition information. It is also plausible
that compounds detected were present on the coated plates as contam-
ination and not from the coating itself. 1-(4-methylphenyl)ethanol (CAS
536-50-5, also known as 1-(p-tolyl)ethanol) was the only compound
detected in all leachate samples (replicates and timepoints) but in none
of the controls. It presents in the class of branched alkyl phenols, a
known constituent in paint coatings (PubChem database). Acenaph-
thene is a polycyclic aromatic hydrocarbon (PAH) with many uses,
including in synthesis, dye, and paint production while dibromophenols
are used as building blocks for flame retardant polymers (PubChem
database, Kim and Oh, 2020).

Most of the detected chemical compounds leaching from the
polymer-based coatings reached a relative abundance maximum after
6-8 days (Fig. S1), which is in line with previous observations for
organic leachate kinetics from microplastic and rubber materials into
seawater (Halsband et al., 2020; Sgrensen et al., 2024). Of the nine
identified chemicals, five of them have low xlogp values (<2.5) meaning
they are likely to be too mobile for bioaccumulation to occur. The known
toxicity data for the nine compounds to marine organisms varies, with
halogenated aromatics (e.g., bromobenzenes, dibromophenols) and

polycyclic aromatic hydrocarbons (PAHs, such as acenaphthene) posing
the greatest risks due to their persistence, bioaccumulation, and toxicity
to algae, invertebrates, and fish. Depending on their concentration,
these compounds can cause acute and chronic effects, including growth
inhibition, reproductive harm, and ecological damage (Honda and
Suzuki, 2020; Michatowicz et al., 2022; Silva et al., 2024). Acenaph-
thene is recognized as ‘substance of possible concern’ under the OSPAR
convention. It is also monitored as part of PAH groups by HELCOM.
However, no Environmental Quality Standards for acenaphthene, bro-
mobenzene, nor dibromophenol in marine waters are currently estab-
lished under the EU Water Framework Directive, OSPAR, and HELCOM
(OSPAR, 2023; HELCOM, 2018; European Council, 2013). Alcohols,
ketones, and lactones are generally less toxic, with lower bio-
accumulation potential and greater biodegradability, though they may
still cause irritation or acute toxicity at high concentrations (Zicarelli
et al., 2024).

The strategy for chemical analysis employed herein intentionally
overlooks certain compound groups, particularly metals/inorganics and
organics that are not extractable or amenable to GC-based techniques.
This is a shortcoming of any screening methodology, and highlights the
need for multiple techniques to be employed that fully cover the
chemical space of compounds potentially leaching from OWF coatings
(Hollender et al., 2023). Furthermore, the presence of contaminants in
blank and control samples, combined with the strict removal of those
features from reporting, means that some chemicals present at low levels
may have been overlooked. It is therefore important to highlight that the
presence of contaminants in the blank and control samples, and the
approach implemented to address this may have influenced the resulting
compound prioritization and toxicological data interpretation.
Furthermore, it should be noted that only one coating formulation was
tested in the current study and that further assessment of different
coatings used within the OWF sector would provide a more compre-
hensive assessment of the potential chemical emissions and their impact
on the marine environment. In the short-term, however, no adverse ef-
fects on heart rate and valve gape were detected and whether mussels
accumulate any of the compounds leaching from coatings used in OWFs
remains to be determined.

The heart rates of mussels were more constant than their valve
gaping behaviour during the coupon exposure at constant temperatures.
However, long periods of valve closure, i.e. a minimum of 0.5 h, were
accompanied with cardiac arrest. Before long-term valve closures and
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after their reopening, heart rate typically increased for short periods
above the standard heart rate (cf. Trueman and Lowe, 1971). Thereby
the overshoot when the valves reopen is due to an oxygen debt that
builds up during closure (Trueman and Lowe, 1971 and references
therein). Active heart rates were associated with valve gaping, but the
degree of gaping or short-term closure did not influence heart rates,
which is in agreement with previous reports (Trueman and Lowe, 1971;
Curtis et al., 2000).

Although mussels maintained an active heart rate for most of the
time, the duration of cardiac arrest episodes increased and the average
valve gape decreased as the experimental period progressed. A gradual
acclimation to the experimental tanks combined with low food supply
may have resulted in the observed pattern (Riisgard et al., 2006).
Bivalve valve gaping activity is strongly correlated with phytoplankton
concentrations (Tang and Riisgard, 2016; Ballesta-Artero et al., 2017).
By gradually closing their valve during low phytoplankton availability,
M. edulis reduces both its filtration rate and respiration rate to conserve
energy (Tang and Riisgérd, 2016). Also the comparatively low numeri-
cal heart rate value (approx. 10 bpm at 13 °C) may indicate suboptimal
nutrition. Widdows (1973) showed that M. edulis reduced its heart rate
from 23 to 15 bpm during a one-month starvation period at 15 °C
(Southern North Sea, Widdows, 1973). Other studies have reported
M. edulis heart rates of 18 bpm at 15 °C (English Channel, Curtis et al.,
2000) and 16 bpm (Southern North Sea, Alter et al., 2025; White Sea,
Bakhmet et al., 2021) or 12 bpm at 10 °C (White Sea, Bakhmet et al.,
2005).

Among groups, heart rate during active periods and valve gape were
similar, yet cardiac arrest frequencies fluctuated non-monotonically
across exposure days, with significant day-by-treatment interactions.
Mussels in both, direct and indirect, exposure groups showed more
pronounced shifts in cardiac arrest than controls, with steeper declines
on days 4 and 10 and a sharper rebound on day 7. However, cumulative
cardiac arrest time over the entire exposure duration was similar be-
tween treatments and controls, leading to a net equilibrium in activity
(Fig. S2). Whether this temporal instability imposes longer-term physi-
ological costs, such as reductions in health or growth, or is fully
compensated over time, would benefit from longer-term monitoring or
comparative studies. A recent study on the metal body burden of mussels
suggests that exposure to leachates from OWF currently have no nega-
tive effects on health, as individuals originating from OWFs had similar
condition indices compared to those from outside the OWF (Zonderman
et al., 2025).

We used a non-targeted screening approach to identify as many
leached compounds as possible, rather than to determine the concen-
tration of specific compounds, so no direct comparison with environ-
mental concentrations or potential toxicity estimates could be made.
However, the coated surface to volume of seawater ratio used in our
study likely resulted in much higher leachate concentrations than would
be found under environmentally relevant conditions, even in a future
ocean with abundant OWFs. The purpose of using an unrealistically high
volume to surface ratio was to screen for potential toxicity from a novel,
unknown, and understudied mixture of pollutants. This approach was
intended as a first step to determine whether chemical leachates from
paints warrant more detailed testing under environmentally realistic
conditions. Therefore, our results should not be misinterpreted as
directly indicative of real-world ecological risk without appropriate
context. They are not suitable for setting environmental standards unless
supported by studies using more representative leachate concentrations.
It is also important to mention, that our study focused solely on organic
paint leachates as part of the anti-corrosion protection system and did
not include inorganic leachates, e.g. those derived from sacrificial an-
odes, which have been reported to cause toxic effects on marine or-
ganisms at concentrations often higher than those measured in the field
(Kirchgeorg et al., 2018, Zonderman et al., 2025 and references herein).
To comprehensively determine the impact of chemical leachates from
OWFs, assessing the impact of organic leachates combined with galvanic
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and impressed current anodes is a logical next step.

When mussels were exposed to an additional driver, namely thermal
stress, models that included an interaction term with treatment provided
the best explanation for their heart rate and valve gape responses, albeit
with insignificant post-hoc comparisons at all temperatures. For heart
rates, differences were observed among treatments at different tem-
peratures. Yet, the daily effect sizes were small, remaining below 1.3
bpm, suggesting that these differences are likely not biologically
meaningful. Individual variability, by contrast, influenced all measured
responses, also during constant temperature conditions. High inter-
individual variability in mussels has been reported previously for
heart rates, valve gaping, oxygen consumption rates, filtration rates, and
growth under both stable and acutely increasing temperatures
(Fernandez-Reiriz et al., 2016; Hansen et al., 2024; Cheng et al., 2025).
When predicting species responses to multiple driver conditions, it is
important to further investigate the breadth of individual responses to
better understand population-level effects. Varying biological responses
interact with local environmental conditions and play a key role in
shaping adaptive capacity in the face of environmental change (Tanner
and Dowd, 2019).

Temperatures of valve gape breakpoints and maximal heart rates of
M. edulis were similar to previous reports (21 and 25 °C, respectively,
Southern North Sea, Alter et al., 2025). In the current study, leachate
exposure did not reduce these fitness endpoints. This contrasts with our
hypothesis that the combination of warming and leachate exposure
would lower the upper thermal tolerance by causing an earlier onset of
aerobic energy deficiency due to elevated energy demands for basal
metabolism in chemically exposed mussels (e.g. Sokolova and Lannig,
2008; Bagwe et al., 2015; Op de Beeck et al., 2017). A reduced thermal
tolerance due to chemical exposure has been reported previously for
both aquatic invertebrates and vertebrates (reviewed in Sokolova and
Lannig, 2008 and Monteiro et al., 2021). Although our results indicate
no such effects, we cannot rule out the possibility that leachates subtly
influence energy allocation of mussels. For example, a study on fresh-
water mussels showed that high chemical concentrations resulted in an
energetic trade-off between detoxification at the cellular level and
burrowing activity, even though metabolic rates, measured as oxygen
consumption and heart rate, remained unchanged (Goodchild et al.,
2016). Exploring metabolic shifts through cellular-level measurements
or long-term growth studies could help determine whether exposure to
leachates from the coatings used in OWFs affects mussel energy meta-
bolism in ways not detectable through short-term fitness endpoints such
as maximal heart rate or valve gape BPTs.

5. Conclusion

The current study showed that chemical leachates from coatings
used in OWFs, under controlled laboratory conditions, did not induce
measurable adverse effects on the heart rate and valve gape responses of
M. edulis. Despite detecting several chemical compounds plausibly
originating from the coatings, their presence (or the presence of other,
non-detected or non-identified chemicals) did not correlate with sig-
nificant deviations in mussel performance compared to controls. Even
under additional thermal stress, responses remained within biologically
insignificant margins, and individual variability played a larger role
than treatment effects. It is important to note that while filtering criteria
were applied, the limited number of tentatively identified compounds
(levels 2-3) and the high background levels of contamination in controls
constrain the generalizability of the findings, as does the inclusion of a
single coat formulation in the study. As such, we cannot exclude the
potential for subtle, long-term effects on energy allocation or bio-
accumulation and suggest integrating cellular and population-level
endpoints, including inorganic leachates from sacrificial anodes and
other coating formulations in future studies. These efforts will be
essential for evaluating the cumulative environmental footprint and
assessing the sustainability of expanding OWFs in a changing ocean.
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