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Abstract

Freshwater ecosystems constitute major sinks for organic contaminants, increasing anthro-
pogenic pressures and threatening the unique biodiversity they harbour. In addition to per-
sistent legacy compounds, such as polychlorinated biphenyls (PCBs) and organochlorine pesti-
cides (OCPs), various pollutants are less persistent but are chronically released, including poly-
cyclic aromatic hydrocarbons (PAHSs), phthalate diesters (PAEs), pyrethroid pesticides, and in-
sect repellent. Heretofore, these pollutants have received insufficient attention in freshwater
reptiles, considering their potential to trigger detrimental effects on organisms. During two
years (2019 and 2020), we quantified plasma levels of 46 compounds from 7 chemical fami-
lies in two monitored populations of the protected European pond turtle (Emys orbicularis) in
the Camargue wetland, France. PAHs and PAEs were found predominantly and concomitantly,
with similar occurrences and levels in the two populations. We observed similar inter-annual
variations in PAHs and PAEs with differences between males and females, highlighting the need
for a better assessment of the role of sex in the exposure pathway and the toxicokinetics of
contaminants, especially in turtles. The negative relationship between PAH levels and age, as
well as the high intra-individual variation in levels of both contaminant families, provides fur-
ther evidence of limited bioaccumulation of these pollutants in the blood of E. orbicularis. This
could be explained by the metabolic biotransformation of parent compounds, highlighting the
need to quantify the levels of PAH metabolites and phthalate monoesters. Finally, our work
underscores the importance of long-term monitoring to better determine the vulnerability of
turtle populations already exposed to a wide range of contaminants.
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Introduction

Freshwater ecosystems are continuously exposed to a wide range of organic pollutants from
agricultural, urban, and industrial sources. These include legacy contaminants such as
organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs), as well as currently
emitted compounds like polycyclic aromatic hydrocarbons (PAHs), phthalate esters (PAEs), and
pesticides (Malaj et al., 2014; Rasmussen et al., 2015). Most Persistent Organic Pollutants (POPs)
are banned by international regulations, such as PCBs and OCPs, but their persistence in aquatic
environments still poses a long-term threat to biodiversity (Lohmann et al., 2007; Mateo et al.,
2016). Some PAHSs, and to a lesser extent PAESs, can also persist, notably in sediment (Manzetti,
2013; Net et al.,, 2015). However, international regulations targeting industrial and domestic
releases of PAHs and PAEs remain limited or nonexistent, leading to steady environmental
contamination (Ravindra et al., 2008; Malaj et al., 2014; Net et al., 2015).

Once in the environment, some of these contaminants can accumulate in aquatic organisms.
PCBs and OCPs tend to biomagnify through food webs because of their lipophilicity and slow
metabolism (Mackintosh et al., 2004; Walters et al., 2016; Goutte et al., 2020), whereas PAHs and
PAEs are more prone to trophic dilution due to higher metabolization and excretion in vertebrate
species (Mackintosh et al., 2004; Wan et al., 2007; Walters et al., 2016; Goutte et al., 2020; Lorrain-
Soligon et al., 2025). However, repeated contamination through water and sediment can lead to
chronic exposure and the saturation of metabolic capacities for these molecules (Van Der Oost et
al., 2003; Tyler et al., 2018). For species with pulmonary respiration, ambient air pollution is
another source of contamination (Teil et al., 2016).

Exposure to such contaminants can lead to detrimental effects in a wide range of organisms.
PCBs, OCPs, PAHs, and PAEs can cause endocrine disruption, particularly in the thyroid and
reproductive hormonal systems (Vethaak & Legler, 2013; Matthiessen et al., 2018; Wallace et al.,
2020). Impairment of immunological functions, oxidative stress, genotoxicity, and embryotoxicity
have also been reported in vertebrate species exposed to these contaminants (Reynaud &
Deschaux, 2006; Marasco & Costantini, 2016; Gonzalez-Mille et al., 2019; Wallace et al., 2020).
These various sublethal effects can ultimately compromise individual fitness through higher
mortality rates or reduced reproductive outputs, potentially leading to population decline
(Aulsebrook et al., 2020; Campioni et al., 2024). However, the majority of ecotoxicological studies
on organic contaminants still focus on abiotic environmental monitoring, excluding wildlife
exposure (Simms et al., 2025).

This knowledge gap is particularly concerning given the current state of freshwater ecosystems.
Wetlands are among the most threatened ecosystems worldwide, and pollution constitutes a major
issue (Malaj et al., 2014; Dudgeon, 2019; Reid et al., 2019). Vertebrate populations in wetlands
are declining faster and sharper than in any other ecosystem (Reid et al., 2019), highlighting the
necessity for targeted monitoring of contaminant burdens in wildlife species (Simms et al., 2025).
Furthermore, field studies have frequently focused on a specific class of pollutants, thereby
neglecting the diversity of contaminants and potential synergistic effects (Relyea, 2009; Molbert et
al., 2019).

The distribution of field studies across taxa is also uneven. Among vertebrates, reptiles remain
largely overlooked in ecotoxicology despite being one of the most threatened taxa (Sparling et al.,
2010; Simms et al., 2025). Nevertheless, some organic contaminants have been quantified in wild
reptile species (Yu et al., 2012; Meyer et al., 2016; Gonzalez-Mille et al., 2019; Sanjuan et al.,
2023). Freshwater turtles are key species for monitoring pollutant exposure because of their high
trophic positions and slow generational turnover that increase their susceptibility to
bioaccumulation (Rowe, 2008). In addition, their lifespans and high site fidelity (Olivier, 2002; Fay
et al., 2023) enable them to be exposed to pollutants over decades, providing insights into local
contamination patterns (Rowe, 2008; Merleau et al., 2024a). The European pond turtle (Emys
orbicularis) has a large Eurasian distribution with fragmented and declining populations, exposed
to a wide range of anthropogenic disturbances. Several studies have investigated levels of metallic
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trace elements (MTEs), pesticides, and POPs, suggesting that this species is a good candidate
for ecotoxicological studies (Swartz et al., 2003; Namroodi et al., 2017; Guillot et al., 2018; Beau
et al., 2019; Burkart et al., 2021; Merleau et al., 2024a, 2024b).

We measured organic contaminants in two neighboring populations of European pond turtles
monitored since 1976 (Olivier, 2002; Olivier et al., 2010) in the Camargue wetland (Southern
France), a biodiversity hotspot. These two populations are located in the Rhéne Delta and exposed
to several sources of urban and industrial pollution (Roche et al., 2000; Berny et al., 2002; Ribeiro
et al., 2005; Burkart et al., 2021). The Rhéne River, one of France’s main catchment areas, is
particularly exposed to PCBs and PAEs (Paluselli et al., 2018; Dendievel et al., 2020), and a major
industrial port zone (ZIP) and petrochemical complex are located a few kilometers downstream.
The region is also characterized by intensive rice cultivation, which is historically associated with
heavy OCP use (Roche et al., 2000). The habitats of the two populations of E. orbicularis differ in
their hydrology in relation to the irrigation and drainage systems of the rice fields. In the Camargue,
rice paddies could regulate the intakes of PCBs and OCPs, that originate from the Rhéne River,
in the hydrosystem (Roche et al., 2009). Recent works have shown contrasting exposure to
currently-used pesticides, metallic trace elements, and POPs in these two populations (Burkart et
al., 2021; Merleau et al., 2024a, 2024b). Furthermore, our long-term monitoring provides insight
into the effects of individual characteristics on contamination, such as age and sex. Using a
multiresidue method of quantification adapted for plasma matrix (Molbert et al., 2019), we
measured plasma concentration of 15 PAHs, 7 PAEs, and 24 other organic contaminants (PCBs,
OCPs, pyrethroids, DEET, and PBDEs) over two years (2019 and 2020) in 162 individuals. We
aimed to assess the spatiotemporal factors that influenced organic contaminant burdens in E.
orbicularis in relation to chemical family; the individual characteristics such as sex, body condition,
and age that shaped the levels of contaminants; and contaminant fluctuations at the intra-individual
level in a subset of individuals sampled over the two years.

Material and methods

Animal captures and marking

Turtles were captured in two populations located in the Camargue wetland (Southern France)
in the Natural Reserve of the Tour du Valat (43°30'N, 4°40'E; Figure 1). These two populations of
E. orbicularis are only a few kilometers apart, but their habitats differ strongly regarding the
hydrological characteristics (Olivier et al., 2010; Burkart et al., 2021; Merleau et al., 2024a, 2024b).
Estimated population sizes are presented in Table 1 (Ficheux et al., 2014). The population of the
Esquineau occupies canals and marshes associated with the rice paddies irrigation system, using
water coming from the Rhéne River (Figure 1). Previous work on the same individuals showed that
turtles from this population had higher levels of blood mercury and lead compared to the population
of Faisses (Merleau et al. 2024a). This second population is found in the paddy drainage system
and the associated canals and marshes (Figure 1) and presents higher occurrences and levels of
pesticides used in the rice fields (Merleau et al. 2024b).

Turtles were collected from the 23™ of April to the 26™ of July in 2019 and from the 9t of April
to the 7t of August in 2020, either manually or with funnel traps. Turtles are individually recognized
by notching their marginal and nuchal scales as part of a long-term capture-mark-recapture survey
(1976-2025) (Qlivier, 2002; Ficheux et al., 2014). Traps located in 20 and 16 capture stations
(Esquineau and Faisses, respectively) were checked every day, and individuals were released at
the precise location of capture. Captures of this protected species were performed under French
Departmental Authorities authorization (Permits: DREAL Cerfa 13616-01; N°13-2020-03-27-007).
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Figure 1 - Study zone and capture areas of two populations of E. orbicularis in the
Camargue wetland (France), in relation to the hydrosystems and the anthropic
activity zones (blue area: Esquineau, irrigation canals and marshes, orange:
Faisses, drain canals and marshes, green dashed polygon: Tour du Valat Estate).
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Biometrics and blood sampling

Turtles were weighed with a precision scale (Mettler Toledo PB3001-S) to the nearest gram
and measured with a caliper. We used the dorsal shell length (hereafter “carapace length”) as the
measure of the size. We estimated body condition using the residuals of a linear regression of the
log-transformed mass against the log-transformed carapace length with the addition of sex as a
control variable. Thanks to the CMR monitoring, the age of the individual was known for 111
samples (68 from 48 females, range: 5-32 years; 43 from 35 males, range: 4-25 years; Table 1).
When the first capture of an individual happens before 5 years old, the age is obtained by counting
the number of growth rings on the plastron (Castanet, 1988; Olivier, 2002).

In order to comply with animal welfare standards, we performed blood sampling on turtles
weighing more than 300 g, i.e., sampling volume corresponding to less than 1% body mass. When
collecting and processing biological samples, we were careful to ensure that plastic sampling
materials did not contain PAEs, and we did not use polyvinyl chloride (PVC) to avoid contamination
of biological samples. We sampled 1.5 mL of blood from 162 individuals using the dorsal coccygeal
vein and a previously heparinized syringe and a 25G needle. During the study, 56 individuals were
sampled both years (2019 and 2020), resulting in a total of 218 blood samples. After centrifugation
during three minutes at 3000 rpm to separate plasma from erythrocytes, the samples were kept at
-18 °C until analyses at Sorbonne University’s UMR 7619 METIS in 2022. All samples in this study
are part of a set of samples on which pesticide and trace element quantifications have been
previously performed and published (Merleau et al.,, 2024a, 2024b). An Ethics Committee
approved this procedure in accordance with EU Directive 2010/63/EU for animal experiments
(permit: APAFIS 17899-201 812 022 345 423).
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Table 1 - Estimated population sizes and distribution of sample group sizes by
population, year, and sex

Population Estimated Size (Ficheux et al. 2014) Year NTot Female NKA Female NTot Male NKA Male

2019 34 22 24 19
Esquineau 300 + 90

2020 37 24 24 12

2019 29 8 20 6
Faisses 73121

2020 34 14 16 6

Note: Nror: number of samples for the whole set of sampled individuals: Nka: number of samples
from individuals of known age

Multiresidue analytic protocol

Using a method developed by Molbert et al., (2019), we quantified 15 PAHs (acenaphtylene,
naphthalene, anthracene, fluorene, phenanthrene, fluoranthene, pyrene, chrysene,
benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzolk]fluoranthene,
benzo[g,h,i]perylene, dibenzo[a,h]anthracene, indeno[1,2,3-cd]pyrene), 7 PAEs (dimethyle
phthalate (DMP), diethyle phthalate (DEP), di-iso-butyl phthalate (DIBP), di-n-butyl phthalate
(DNBP), n-butyl benzyl phthalate (BBP), di-2-ethylhexyl phthalate (DEHP), di-n-octyl phthalate
(DnOP), 7 pyrethroids (bifenthrin, permethrin, phenothrin, cyfluthrin, cypermethrin, fenvarelate,
deltamethrin), 4 OCPs (PeCB, HCB, lindane, p,p’-DDE), 7 PCB congeners (28, 52, 101, 118, 138,
153, 180), and 6 polybrominated diphenyl ethers (PBDE) congeners (28, 47, 99, 100, 153, 154).
Quantification was carried out by internal calibration using a mix of standards (phenanthrene d10;
pyrene d10; benzo(a)anthracene d12; DEP d4; DEHP d4; lindane-d6; cis-permethrin 13C; PCB
30/107, and BDEs "*C-BDE-47 and '*C-BDE153; Supplementary Material, Table S3) that were
added to 100 pL of thawed plasma. After being vortexed and stored one night at4 °C, the extraction
was performed with hexane/dichloromethane/acetone (1:1:1, v/v/v) with two rounds of
centrifugation, then concentrated under a nitrogen stream to approximately 0.5 mL. Purification
was performed on Florisil cartridges (Supelco 1 g/6 mL, Sigma-Aldrich) using two cycles of elution
with 2x5 mL of hexane/dichloromethane (1:1, v/v) and 2x5 mL of hexane/acetone (1:1, v/v). After
concentration to 0.5 mL under a nitrogen stream and with the Genevac Concentrator EZ-2
(Biopharma Technologies), the extracted samples were filtered with nylon filter tubes (porosity 0.2
um, VWR, Fontenay-sous-Bois) and rinsed twice with 70 uL of hexane. Filtrates were obtained by
centrifugation (6000 rpm, 2 min) and rinsing (50 yL hexane) of the tubes.

The samples were then analysed by gas chromatography coupled with tandem mass
spectrometry (GC-MS/MS) using an Agilent 7890 A gas chromatograph (GC) coupled to a 7000 B
triple quadrupole mass spectrometer (MS/MS) (Agilent Technologies). Following Molbert et al.
(2019) protocol, the targeted compounds were characterized in the gas phase using electron
ionization (El, +70 eV) with an ionization source set at 250 °C. A Zebron SemiVolatile analytical
column (30 m, 0.25 mm ID x 0.25 pym film thickness; Phenomenex) attached to a Restek
deactivated silica guard column (0.25 mm ID) was used to separate molecules. A 1 puL sample
extract was injected in splitless mode with the injector port temperature at 290 °C. The flow rates
for the carrier gas (helium) and collision gas (nitrogen) were maintained at 1.6 mL/min and 1.5
mL/min, respectively. The oven temperature was programmed as follows: 4 min at 70 °C, then
increased from 70 to 150 °C at 25 °C/min, then raised to 225°C at 3 °C/min and finally to 310 °C
at 5 °C/min, before being held at 310°C for 10 min. The temperature of the MS/MS transfer line
was set at 250 °C.

For each series of 12 samples, solvent blanks were prepared following the same procedure as
the plasma samples. To correct for background contamination, blank correction was performed if
plasma concentrations of target compounds were not four times higher than blank concentration
(Laborie et al., 2016). The method was validated in terms of yield, repeatability, and quantification
limits for these compounds and in this matrix (Supplementary Material, Tables S4, S5).
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Statistical analyses

We performed all statistical analyses with R software (4.4.2) and the packages Ime4 (Bates et
al., 2015), emmeans (Lenth, 2025), DHARMa (Hartig, 2024), and rptR (Stoffel et al., 2017). Non-
significant variables (p > 0.05) were gradually eliminated from the models. The statistical values
acquired in the final stage prior to their removal from the models are supplied for non-significant
variables. Tukey post hoc tests in the emmeans package were used for pairwise comparisons
(Lenth, 2025). Using the DHARMa package, residual analysis was performed to check model
assumptions and to test outliers (Bates et al., 2015).

Variation in contaminants

To account for repeated sampling of individuals, we employed LMMs (Linear Mixed Models)
with individual identity as a random effect. We examined how the sums of plasmatic concentrations
of compounds from the same chemical family were affected by year, month, site, sex, carapace
length, body condition, and the interactions site x year, sex x year, sex x size, and sex x age. To
best suit the model assumptions, the sums of PAEs and PAHs were log-transformed. We also
performed the same LMMs by examining the impact of age on the subset of known-age individuals
(n = 83), removing size and body condition variables from the models as they were highly
associated with age.

Intra-individual variation over time

We also assessed annual variations at the intra-individual level using repeated measures from
56 individuals sampled in 2019 and 2020. We used t-tests to compare groups of individuals
sampled each year in order to evaluate variations within individuals collected across the two years.
The differences were tested for normality using the Shapiro-Wilk normality test. For the PAH
concentrations, as the Shapiro-Wilk test indicated a statistically significant deviation from
normality, we confirmed the results of the t-test using a Wilcoxon test, which confirmed the
statistical result obtained. Using the program rptR, we then conducted individual repeatability tests
to evaluate the intra-individual variation, i.e., the intraclass correlation coefficients (ICCs) or
repeatability index (R), of contaminant concentrations over time between 2019 and 2020 (Stoffel
et al., 2017). ICCs are calculated by dividing the inter-individual variance by the sum of inter- and
intra-individual variances. A repeatability index < 0.4 indicates poor reproducibility within
individuals, while indicating excellent reproducibility when > 0.75 (Rosner, 2010). “Repeatability”
is defined as the stability of the intra-individual measured contaminants over time.

Results

Contaminant levels in the plasma of E. orbicularis

Organic pollutants were detected in 93.1% of the plasma samples. On average, 3 different
chemicals were quantified per sample, and only 15.1% of the samples contained a single
compound. The highest number of compounds detected in a single sample was 11, observed in
one individual, and 58.3% of the samples contained compounds from at least 2 chemical families.

PAEs were the compounds with the highest quantification rates (78.4%), followed by the PAHs
(66.5%). Among PAEs, DIBP and DNPB were the most frequently quantified (49.1% and 43.1%,
respectively) and had the maximum mean concentrations, 380.9 and 187.4 ng.mL" of plasma,
respectively. Despite being quantified in substantial proportions, DEP, DEHP, and DMP had lower
plasma concentrations (41.4, 32.6, and 4.8 ng.mL", respectively). BBP and DnOP were below the
LOQ in all the samples.

Regarding PAHs, naphthalene was the most quantified (54.1%) with the highest mean
plasmatic concentration (5.2 ng.mL-"). Two other PAHs were quantified in substantial frequencies:
phenanthrene (23.9%) and fluorene (22.9%). However, their plasmatic levels were lower than
naphthalene: 3.4 and 0.7 ng.mL"", respectively. Fluoranthene, pyrene, dibenzo[a,h]anthracene,
indeno[1,2,3-cd]pyrene, and benzo[g,h,i]perylene were quantified in less than five samples and
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thus were not included in the sum of PAH concentrations. The summary of PAE and PAH plasmatic
concentrations, by site and by year, is available in Supplementary Material (Tables S1, S2).

We quantified DEET in 19 samples (8.7%). Among the PCB congeners, we quantified PCB 28,
52, and 138 in 3, 10, and 1 samples, respectively. No pyrethroids, OCPs, or PBDEs were
quantified.

Table 2 - Effects of environmental and individual variables on the levels of PAEs
and PAHSs in the plasma of E. orbicularis in two populations of the Camargue
wetland (France). Models were selected using a top-to-bottom approach, based on
two general models: log(Zcontaminants+1) ~ population*year + month + sex*year +
sex*scale(CL) + body condition and log(2contaminants+1) ~ population*year +
sex*year + sex*age + month for the subset of known-age individuals. For each effect
tested, we present either (1) if selected in the final model, the observed significant
effect (in bold), or (2) if removed, the level before exclusion.

All (218 samples) Known-age (111 samples)
A. Sum of 5 PAEs chi? df pvalue chi? df pvalue
Population*Year 0.525 1 0.469 1.702 1 0.192
Year 7.739 1 0.005 22,191 1 <0.001
Population 0.020 1 0.889 4.922 1 0.027
Month 1.070 4 0.899 5.375 4 0.251
Sex*Year 5.300 1 0.021 1.683 1 0.858
Sex*CL (scaled) 0.275 1 0.6 - -
Sex*Age - - - 0.002 1 0.966
Sex 0.012 1 0.912 0.345 1 0.557
CL (scaled) 0.020 1 0.887
Body condition (scaled) 0.115 1 0.734 - -
Age - - - 7.765 1 0.005
B. Sum of 3 PAHs
Population*Year 0.040 1 0.841 0.041 1 0.840
Year 19.084 1 <0.001 39.081 1 <0.001
Population 0.688 1 0.407 0.128 1 0.721
Month 12.698 4 0.013 8.936 4 0.063
Sex*Year 0.156 1 0.693 0.047 1 0.828
Sex*CL (scaled) 1.420 1 0.233 - - -
Sex*Age - - - 11.912 1 0.001
Sex 0.072 1 0.788 0.607 1 0.436
CL (scaled) 0.437 1 0.509
Body condition (scaled) 0.653 1 0.419 - - -
Age - 0.626 1 0.429

Note: Results of linear mixed models (LMMs) for the sums of PAE (phthalate diester) and PAH
(polycyclic aromatic hydrocarbon) levels. Known-age: a subset of individuals of known age. CL:
carapace length, a measure of the body size. The significant variables retained in the final model
are in bold font. Sum of 5 PAEs: DIBP, DNPB, DEP, DEHP, and DMP. Sum of 3 PAHs: naphthalene,
phenanthrene, and fluorene.

PAE concentrations

The sum of the PAE concentrations differed between males and females in interaction with the
year (Table 2). Males had significantly higher levels compared to females, but only in 2020 (Figure
2). We did not detect a significant effect of the month of capture (Table 2) nor a difference between
the two populations when all the samples were taken into account (Table 2). Regarding individual
characteristics, plasmatic levels of PAEs were not affected by individual size and body condition
(Table 2). Although the final model for the subset of known-age individuals included the site of
capture as an explanatory variable, this effect was nearly non-significant (Table 2). We also found
an effect of the year: plasmatic levels of PAEs were lower in 2019 than in 2020 (Table 2, Figure 2).
The levels of PAEs significantly decreased with age (Table 2, Figure 3).
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Figure 2 - Sum () of the five phthalate diester (PAE) concentrations (ng.mL"")
quantified in the plasma of E. orbicularis from two populations in the Camargue
(France) sampled in 2019 and 2020, according to the year and the sex of individuals
(female: red; male: blue; nremale = 134, nmale = 84). Statistical significance obtained
from the LMM model: **: p < 0.01, ns: not significant.
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Figure 3 - Sum (%) of the five phthalate diester (PAE) concentrations (ng.mL-")
quantified in the plasma of E. orbicularis from the Camargue (France) sampled in
2019 and 2020, according to the age of the individuals, the year (2019: green; 2020:
purple), and the population (dots: data; lines: predictions of the LMM model including
the age, the year, and the population; R? conditional = 0.34, n2019 = 55, n2020 = 56).

PAH concentrations

The plasmatic levels of PAHs were lower in 2019 compared to 2020 (Table 2, Figure 4) and
were variable between months, although post-hoc tests did not show statistical differences
between pairs of months (Figure S1). We did not detect any other effect on the sum of PAH
concentrations when considering all the samples. However, for samples from known-age
individuals, we also detected an interaction between sex and age (Table 2). Older females had

Peer Community Journal, Vol. 6 (2026), article e19 https://doi.org/10.24072/pcjournal 684


https://doi.org/10.24072/pcjournal.684

Leslie-Anne Merleau et al. 9

higher PAH levels, whereas this correlation was negative for males (Figure 5). Females reached
higher ages in our dataset, but the interaction between sex and age was still observed when
retrieving older females. However, females’ levels were stable when only individuals under 25
years old were considered, indicating that levels increased later in females.
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Figure 4 - Sum () of the three polycyclic aromatic hydrocarbon (PAH)
concentrations (ng.mL") quantified in the plasma of E. orbicularis from two
populations in the Camargue (France) sampled in 2019 and 2020 (2019: green;
2020: purple; n2019 = 107; n2020 = 111). Statistical significance obtained from the
LMM model: ***: p < 0.001.
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Figure 5 - Sum (2) of the three polycyclic aromatic hydrocarbon (PAH)
concentrations (ng.mL"") quantified in the plasma of E. orbicularis from the
Camargue (France) sampled in 2019 and 2020, according to the age of the
individuals, the sex (female: red; male: blue), and the year (dots: data; lines:
predictions of the LMM model including the age, the sex, and the year; R? conditional
= 038, NFemale = 68, NMale = 43)
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Intra-individual variation

Using the contamination data of the 56 individuals sampled during two years, we were able to
assess the inter-annual variation at the individual level. Individuals exhibited significantly higher
levels of PAEs and PAHs in 2020 compared to 2019 (paired t-tests: PAEs, t =-3.017,df =55, p =
0.004; PAHSs, t = -4.047, df = 55, p < 0.001). We found low and non-significant intra-individual
repeatability for both the PAE and the PAH concentrations, with repeatability coefficients of 0.065
and 0.108, respectively (Figure 6).
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Figure 6 - Sum () of (A) the five phthalate diester (PAE) and (B) the three polycyclic
aromatic hydrocarbon (PAH) concentrations (ng.mL-") quantified in the plasma of E.
orbicularis from the Camargue (France) sampled both in 2019 and 2020, n = 56
(Esquineau: blue; Faisses: orange; R: repeatability coefficient; p: significance).

Discussion

In this study, we investigated the circulating levels of organic compounds from 7 major chemical
families in two populations of E. orbicularis, a threatened freshwater turtle species, in relation to
spatiotemporal characteristics and individual traits. PAHs and PAEs were quantified
predominantly, whereas DEET and PCBs exhibited low detection frequencies, and pyrethroids,
OCPs, and PBDEs were below the limits of quantification. At the spatiotemporal level, the year of
sampling emerged as the strongest driver of contaminant concentrations. In contrast, individual
traits had limited influence, with age and sex contributing primarily through interactions, either
between them or with other variables.

Diversity of contaminants

The contaminant plasmatic burden of the two populations was overwhelmingly due to PAEs
and PAHSs, and the majority of the individuals were contaminated by both of these chemical
families. These results highlight the ubiquity of these two families in the environment in the vicinity
of the petrochemical complex of Fos-sur-Mer.

PAHs are characterized by their number of benzene rings and can thus be classified as low
(LMW) or high molecular weight (HMW) (Ravindra et al., 2008). Our results showed that the PAHs
quantified in the plasma of E. orbicularis were almost exclusively two- or three-ringed:
naphthalene, phenanthrene, and fluorene. These PAHs are known to be dominant in the surface
water of the area (Guigue et al., 2014). As LMW PAHSs, they exhibit higher water solubility, less
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sorption on dissolved carbon matter, and thus slower sedimentation than PAHs with 4 or more
rings, and thus may be more bioavailable for aquatic organisms (Meador et al., 1995; Rabodonirina
et al., 2015). In addition, HMW PAHSs appear to be less absorbed and more metabolized in higher
vertebrates (Perugini et al., 2007; Frapiccini et al., 2020), which could explain the poor detection
in our populations. The nature of the matrix should also be considered: hydrophilic compounds are
more likely to be found in plasma than hydrophobic compounds. However, the lower yield rates of
some HMW PAHSs in our study might provide an additional hypothesis to explain the occurrence
differences between HMW and LMW PAHs (Supplementary Material, Table S5). The high
occurrence of naphthalene, phenanthrene, and fluorene was also observed in sea turtle Caretta
caretta and Chelonia mydas populations (Camacho et al., 2012, 2013; Cocci et al., 2018; Sinaei
& Zare, 2019; Lopez-Berenguer et al., 2023). To our knowledge, circulating levels of PAHs in
freshwater turtles were only observed in Actinemys marmorata populations in California (Meyer et
al., 2016). The sums of the plasmatic PAHs in our populations were lower than those found in A.
marmorata, mainly due to higher levels of pyrene in this species. In detail, phenanthrene
concentrations were similar to our populations of E. orbicularis, but fluorene was two times higher
(Meyer et al., 2016). Only one study has monitored PAH levels in E. orbicularis populations in
Azerbaijan, quantifying mostly naphthalene and phenanthrene in fat tissues (Swartz et al., 2003),
but the difference between the matrices limits the comparison with our results. However, a later
study suggested that chromosomal damages in these populations were correlated with
environmental levels of three-ring PAHs (Matson et al., 2005). In C. caretta, levels of circulating
LMW PAHs have been highly correlated with increased DNA methylation in blood cells (Cocci et
al., 2018). The genotoxicity of LMW PAHSs has also been highlighted in both in vitro and in vivo
studies in fish (Holth et al., 2009; Yazdani, 2020). Our results suggest that even though HMW-
PAHSs with high toxicity were not quantified, the LMW-PAH burden may have adverse effects on
the two E. orbicularis populations.

We quantified 5 PAEs in the plasma of E. orbicularis, with higher occurrences for intermediate
(DIBP, DNBP) and high (DEHP) molecular weight PAEs. These PAEs are the most abundant in
freshwater environments and have various origins, from atmospheric deposition to leaching from
plastic debris (Net et al., 2015). Despite the scarcity of PAE monitoring in wildlife, and in reptiles
in particular, these 3 PAEs exhibit frequent quantifications in vertebrate populations (Savoca et al.,
2018; Liu et al., 2019; Blasi et al., 2022; Molbert et al., 2025). To our knowledge, our work is the
first to assess PAE burden in the plasma of a freshwater turtle species. In Mediterranean
populations of C. caretta, plasma levels of DEHP were similar to our populations of E. orbicularis,
whereas DIBP and DnBP were, respectively, 9 and 3 times lower (Blasi et al., 2022). PAEs do
usually not induce mortality in vertebrates and mainly cause endocrine disruption (Oehimann et
al., 2009; Tyler et al., 2018), but long-term toxicity thresholds are unknown for reptile species. In
mammal, fish, and bird species, chronic exposure to DEHP, DnBP, or DIBP has been linked to
testicular toxicity (Tyler et al., 2018; Alam et al., 2025). In addition, DEHP exposure can lead to
ovarian and hepatotoxicity (Alam et al., 2025). In wild populations of the fish Squalius cephalus,
Molbert et al. (2021) found a negative association between PAE metabolite burden in muscles and
telomere length, suggesting an effect on life expectancy. The concentrations measured in E.
orbicularis in this study might thus have a deleterious impact on the general health of the
individuals.

In a previous study on the same populations carried out in 2018, PCB52 and PCB153 were
quantified in 45% and 41% of the individuals from Esquineau and Faisses (Burkart et al., 2021).
In the present study, we quantified PCBs with low occurrence (6%), and PCB52 was detected in
only 10 samples from 2019 and 2020. PCBs are persistent in the environment, and the main
explanation for this discrepancy over one or two years in the same populations lies in the extraction
protocol used. The method used by Burkart et al. (Burkart et al., 2021) was specifically designed
to extract and purify PCBs and OCPs, which allowed them to obtain three to 84 times lower LOQs
for these compounds than in the multiresidue method used in 2019 and 2020 (Molbert et al., 2019).
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Spatiotemporal effects

At the temporal scale, significant inter-annual variations were observed for both PAEs and
PAHSs, with overall higher concentrations in 2020, except for PAEs in females. These results are
consistent with changes in emission patterns and meteorological conditions, particularly for PAHs
(Miura et al., 2019; Dron et al., 2021). Surprisingly, plasmatic PAH burdens were higher in 2020.
While lockdown periods were associated with temporary reductions in some pollutants (Bakola et
al., 2022), bounce-back effects in post-lockdown periods have been observed (Li et al., 2024). We
also highlighted a monthly variation for PAHs that seemed mostly driven by a few individuals with
high levels in May and June (Supplementary Material, Figure S1). Although PAEs and PAHSs are
continuously released by anthropogenic activities, environmental concentrations exhibit seasonal
variations, with PAHs typically peaking in winter, a pattern also observed in the study area
(Ravindra et al., 2008; Guigue et al., 2014). Such patterns can be reflected in biota contamination,
as shown in two Mediterranean fish species (Perugini et al., 2007; Frapiccini et al., 2020), but
generally require longer sampling intervals than the present study.

Globally, plasmatic burdens of PAEs and PAHs were similar between the two populations.
These findings suggest that atmospheric deposition might be the primary source for these
populations that are geographically close but differ in the hydrology of their habitats. For semi-
volatile compounds, such as LMW PAHs and PAEs, exposure can occur via pulmonary inhalation
(Teil et al. 2016), a route that is decoupled from the hydrological system and from exposure via
water and freshwater prey. Although the Rhone River is a source of PAEs (Paluselli et al., 2018),
turtles from the irrigation site (Esquineau) did not exhibit higher levels than the ones from the
drainage site (Faisses). We previously showed that site (and presumably the hydrology) was a
significant explanatory factor in both circulating levels of MTEs and pesticides in these two
populations (Merleau et al., 2024a, 2024b). In addition, PAEs and PAHSs are present in substantial
amounts in the atmosphere, and wet and dry depositions in freshwater environments are important
factors of contamination (Ravindra et al., 2008; Bergé et al., 2013; Rabodonirina et al., 2015;
Paluselli et al., 2018). At the regional scale, the ZIP of Fos-sur-Mer (Figure 1) is a major source of
PAHSs, but lichen biomonitoring showed low disparity in rural and urban sampling points outside of
the complex (Ratier et al., 2018). In surface waters, dissolved PAH concentrations exhibited similar
concentrations in the region, except for the ZIP, with atmospheric deposition being a major source
of contamination (Guigue et al., 2014). Contrasting results have been found in wildlife in the area,
with high PAH disparity in eels (Anguilla anguilla) sampled in the Vaccares Lagoon (Ribeiro et al.,
2005) but no difference in little egret (Egretta garzetta) eggs from three colonies of the Camargue
wetland (Berny et al., 2002). All together, these results highlight that differences in the ecological
characteristics of the species and in the biological matrix used lead to a contrasting pattern of
contamination.

Individual characteristics

The long-term monitoring of the two populations allowed us to assess the effect of age, which
is rarely accessible in wild populations. Age was negatively correlated with PAE levels for both
sexes and with PAH levels in males only. These results are consistent with the hypothesis that
these compounds do not bioaccumulate in vertebrates (Mackintosh et al., 2004; Tyler et al., 2018;
Goutte et al., 2020). Metabolization capacity might improve with age, leading to lower parent
compounds in older individuals. Few studies have investigated the links between PAEs and age,
but a positive relationship between age and PAE metabolites, but not parent compounds, has been
shown in S. cephalus (Molbert et al., 2020). Changes in diet or habitat use have been suggested
to influence PAE levels in C. caretta (Blasi et al., 2022) and could be linked to age in E. orbicularis
(Ottonello et al., 2005). Growth dilution, as highlighted in C. carefta for PAHs and for PAE
metabolites (Camacho et al., 2012; Sanjuan et al., 2023), is unlikely to play a role in E. orbicularis,
given the absence of a link between the contaminant burden and the size of individuals in our
dataset.
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Sex-related differences were linked in contrasting ways to year for PAEs and age for PAHSs.
Higher levels of PAEs in males in 2020 only are more likely to reflect temporary changes in habitat
or diet than biological differences in toxicokinetics. However, the significant decrease of PAH
concentrations with age in males might indicate differential uptake/elimination or metabolization
rates between sexes, as already suggested in the sea turtle Lepidochelys kempii (Mufoz et al.,
2021). In the same populations of E. orbicularis, results supporting this hypothesis were observed
for lead, whose levels increased in older females but not in males (Merleau et al., 2024a). In
reptiles, maternal transfer has been identified for PAEs in the watersnake Enhydris chinensis and
the sea turtle C. caretta (Liu et al., 2019; Savoca et al., 2021). Physico-chemical properties of the
contaminants influence maternal transfer, notably the octanol-water partition coefficient (log Kow).
For DnBP, DIBP, and DEHP quantified in our study, these coefficient values are comprised
between 4 and 7.5 and could be compatible with a transfer to the eggs, as shown in two frog
species (Liu et al., 2020). In wild species, maternal transfer of PAHs has been demonstrated in
Eretmochelys imbricata and two fish species (Sundberg et al., 2007; Mufioz & Vermeiren, 2018).
The contaminant burden quantified in E. orbicularis females during the reproductive season might
thus have deleterious consequences for their offspring.

Intra-individual variation across the years

The individual repeatability between years was particularly low for both PAEs and PAHs,
indicating that exposure is fluctuating over time for individuals. Even though plasma is a dynamic
biological compartment, these results reinforce the conclusion that PAEs and PAHSs are efficiently
metabolized in E. orbicularis, as already shown in numerous vertebrate species (Mackintosh et al.,
2004; Wan et al., 2007; Fourgous et al., 2016; Tyler et al., 2018; Goutte et al., 2020). Temporal
variations of PAE and PAH burdens within individuals have only been assessed in humans: urinary
PAE metabolites tend to exhibit moderate to poor repeatability within individuals, but R coefficients
are generally higher, from 0.20 to 0.43 (Goerdten et al., 2022), than those found in E. orbicularis
(0.065-0.108)(Goerdten et al., 2022). Further studies should also investigate plasmatic levels of
PAH metabolites and phthalate monoesters to better assess exposure and toxicokinetics.
Temporal variations at the intra-individual level are contaminant-dependent: mercury, lead, and
selenium had high repeatability in the same individuals (R coefficient ranging from 0.61 to 0.91),
whereas bentazone, a widely used pesticide in the area, exhibited strong intra-individual variations
over the years, similarly to PAEs and PAHs (Merleau et al., 2024a, 2024b). Such variability is
mainly linked to the bioaccumulation potential of contaminants but also to their emission dynamics
in the environment.

Conclusion

Freshwater ecosystems constitute sinks for multiple organic contaminants, yet exposure
studies remain scarce for many vertebrate species, particularly reptiles. In this study, we showed
that a threatened freshwater turtle, E. orbicularis, presented elevated plasmatic concentrations of
organic pollutants. While legacy contaminant occurrences were considerably low, PAEs and PAHs
were frequently quantified at the same time. Our results suggest a local global contamination,
which appears to be independent of the hydrology type of the habitats, probably originating from
atmospheric deposition and fluctuating over time. Both the relationship of PAE and PAH levels
with age and intra-individual variation indicate limited potential for bioaccumulation in this species,
in accordance with the toxicokinetics of these compounds in vertebrates. However, the significant
differences between males and females underline the need to better understand the sex-specific
exposure pathways and metabolization mechanisms. In particular, monitoring the potential
maternal transfer of these contaminants, which can exhibit endocrine-disrupting properties and
embryotoxicity, deserves priority attention. Finally, the detection of PAEs and PAHSs in these two
populations, in which contamination by pesticides and MTEs has already been identified, raises
additional concern for the conservation of this threatened species. Long-term monitoring efforts
should be maintained to detect potential effects on individual health and population dynamics.
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