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• PFAS from three gull species from South
western France were investigated.

• Positive relationships were found be-
tween exposure to PFAS and thyroid
hormones.

• Great black-backed gulls document an
increasing trend of plasma PFAS con-
centration.

• PFAS were negatively associated with
the body condition of two of the studied
species.

• Results on thyroid hormones and body
condition were related to the sex of the
birds.
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Physiology
Per- and poly-fluoroalkyl substances (PFAS) raised increasing concerns over the past years due to their persistence
and global distribution. Understanding their occurrence in the environment and their disruptive effect on the phys-
iology of humans andwildlife remains amajor challenge in ecotoxicological studies. Here, we investigate the occur-
rence of several carboxylic and sulfonic PFAS in 105 individuals of three seabird species (27 great black-backed gull
Larusmarinus; 44 lesser black-backed gull Larus fuscus graellsii; and 34 European herring gull Larus argentatus) from
South western France. We further estimated the relationship between plasma concentrations of PFAS and i) the
body condition of the birds and ii) plasma concentrations of thyroid hormone triiodothyronine (TT3). We found
that great and lesser black-backed gulls from SouthWestern France are exposed to PFAS levels comparable to highly
contaminated species from other geographical areas, although major emission sources (i.e. related to industrial ac-
tivities) are absent in the region.We additionally found that PFAS are negatively associatedwith the body condition
of the birds in two of the studied species, and that these results are sex-dependent. Finally, we found positive asso-
ciations between exposure to PFAS and TT3 in the great black-backed gull, suggesting a potential disrupting mech-
anism of PFAS exposure. Although only three years of data have been collected, we investigated PFAS trend over the
study period, and found that great black-backed gulls document an increasing trend of plasma PFAS concentration
from 2016 to 2018. Because PFAS might have detrimental effects on birds, French seabird populations should be
monitored since an increase of PFAS exposuremay impact on population viability both in the short- and long-term.
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1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) raised increasing con-
cerns over the past years due to their persistence and global distribu-
tion. Because of their high thermal and chemical stability, these
synthetic substances have found an application in themanufacturing in-
dustry, mostly used as surfactants and additives (Buck et al., 2011), and
have been widely produced over the past 50 years (Wang et al., 2017).
Being extremely persistent in the environment, and due to their long-
range transport via atmospheric and oceanic currents, they have been
detected worldwide (Giesy and Kannan, 2001). Several studies have
found PFAS to accumulate into living organisms (including inverte-
brates, fishes, amphibians, mammals, and birds) and to biomagnify
through food webs (Kannan et al., 2005; Kelly et al., 2009; Simonnet-
Laprade et al., 2019), and to date, PFAS exposure represents a global
threat to human health and wildlife (Sunderland et al., 2019).
Documenting their occurrence in the environment and understanding
their disruptive effect on the physiology of humans andwildlife remains
a major challenge.

Seabirds are long-lived apex predators generally exposed to high
levels of environmental contaminants (Elliott and Elliott, 2013;
Furness and Camphuysen, 1997), thus they prove particularly valuable
to investigate PFAS accumulation in marine food webs especially in
northern areas. High levels of PFOS have been found in plasma samples
of several seabird species from the Arctic including ivory gulls Pagophila
eburnea (average concentration of 31 ng/g, Lucia et al., 2017); glaucous
gulls Larus hyperboreus (average concentration of 47 ng/g, Melnes et al.,
2017; and of 134 ng/g, Verreault et al., 2005); in black-legged kittiwakes
Rissa tridactyla from Svalbard (average concentration of 10.2 ng/g, Tartu
et al., 2014); and in European shags Phalacrocorax aristotelis from Isle of
May in Scotland (average concentration of 251 ng/g in females and
163 ng/g in males, Carravieri et al., 2020). High levels of PFOS were
also found in egg samples of the European shag and common eider
Somateria mollissima from Norway (average concentration of 36.8 ng/g
and 37.4 ng/g, respectively, Herzke et al., 2009); in whole blood of the
endangered lesser black backed gull Larus fuscus from Norway (average
concentration of 33.5 ng/g, Bustnes et al., 2008a); and in several other
seabird species. However, much work has been devoted to seabirds
from the Arctic regions (i.e. considered a sink for environmental con-
taminants; Barrie et al., 1992; Braune et al., 2014; Wong et al., 2018),
or in highly contaminated areas (e.g. China; Xie et al., 2013), while
fewer studies have focused on areas with not-known sources of PFAS
(i.e. Antarctica, Munoz et al., 2017b). In France, most studies examining
PFAS occurrence and exposure in aquatic ecosystems focused on water,
sediments, invertebrates, and fishes (Couderc et al., 2015; Fernandes
et al., 2018; Munoz et al., 2019; Simonnet-Laprade et al., 2019). How-
ever, to the extent of our knowledge, no studies have been carried out
on top predators including birds in this area, which may be exposed to
concentrations of concern. It is therefore crucial to investigate PFAS ex-
posure in French seabirds to document PFAS occurrence inmarine biota
and to provide early warning of its effects on their health status.

Over the past few years, there has been an increased body of evi-
dence showing that PFAS may i) impact on adipogenesis thus with
body condition (Tartu et al., 2014), and ii) disrupt several physiological
traits of seabirds. For instance, previous work found that PFAS exposure
is associated with lower levels of the stress hormone corticosterone
(Tartu et al., 2014), higher oxidative stress (Costantini et al., 2019), lon-
ger telomeres (Blévin et al., 2017a; Sebastiano et al., 2020), and a higher
metabolic rate (Blévin et al., 2017b). Further studies found PFAS to be
associated with higher levels of the parental hormone prolactin and al-
tered incubation behaviours (Blévin et al., 2020), lower hatching suc-
cess (Tartu et al., 2014), and a higher survival rate (Sebastiano et al.,
2020). Specifically, oneway through which PFASmay impact on organ-
ism function is by disrupting hormonal mechanisms. Previous work
provided evidence that PFAS have a strong affinity for proteins and are
known to bind to the thyroid hormone transport protein transthyretin
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(Ren et al., 2016; Weiss et al., 2009). In birds, the hypothalamic-
pituitary-thyroid (HPT) axis controls the secretion of the thyroid hor-
mone thyroxine (T4), which is then converted to triiodothyronine
(T3), the active form of T4 (McNabb, 2007). Although Blévin et al.
(2017b) found no association between PFAS exposure and thyroid hor-
mones in adult black-legged kittiwakes, Braune et al. (2011) founda sig-
nificant positive correlation between total triiodothyronine (TT3) levels
and hepatic concentrations of PFAS in northern fulmars. Nøst et al.
(2012) also found a positive association between PFAS levels and total
thyroxine (TT4) in black-legged kittiwake and northern fulmar chicks,
suggesting that PFAS may potentially act through an endocrine
disrupting mechanism. More recently, Melnes et al. (2017) found that
PFAS were positively associated with free triiodothyronine (FT3) in
the glaucous gull. To date, further work is needed to understand the re-
lationship between PFAS exposure and thyroid functioning in birds, es-
pecially considering that in birds, T3 and T4 are involved in a multitude
of physiological pathways (McNabb, 2007). A disruption of thyroid hor-
mone levels may be detrimental to development, behaviour, and repro-
duction (McNabb, 2007).

The Lilleau des Niges Natural Reserve is an important site for breed-
ing, wintering, and migration of several bird species. It is located north
of Ile de Ré, an island off thewest coast of France, in front of La Rochelle,
in the Bay of Biscay. By hosting several seabird species during the breed-
ing season, this island offers a unique opportunity to investigate the oc-
currence of PFAS in a French seabird community. Although most
previous studies have been carried out on a single species (Blévin
et al., 2017b; Costantini et al., 2019; Melnes et al., 2017; Tartu et al.,
2014), investigating several species simultaneously and from the same
geographical area can help to better understand the mechanisms of ex-
posure to PFAS and the potential physiological consequences of PFAS
contamination. For instance, the Herring gull Larus argentatus, the lesser
black-backed gull Larus fuscus graellsii, and the great black-backed gull
Larus marinus, which breed sympatrically on the island, are character-
ized by different foraging and migratory strategies, thus potentially ex-
posed to different concentrations of PFAS. The aims of this studywere to
i) assess to which extent French seabirds are contaminated by PFAS; ii)
investigate the relationship between exposure to PFAS and body condi-
tion; and iii) determine the association between exposure to PFAS and
plasma thyroid hormone T3 concentration in the three above men-
tioned seabirds from Ile de Ré. Data on PFAS occurrence and their poten-
tial adverse effects in seabirds from France are not yet available. To date,
we are not aware of known point sources of PFAS in the region. But con-
sidering that diverse important rivers may discharge PFAS near the
study area (Simonnet-Laprade et al., 2019), and that PFAS may reach
and accumulate in remote areas due to their long-range oceanic and at-
mospheric transport (Munoz et al., 2019), we expect comparable PFAS
concentrations with seabirds from the Arctic. In addition, if PFAS have
a stimulating effect on thyroid hormone production as found in previ-
ous work (DeWitt, 2015; Liu et al., 2011; Nøst et al., 2012), we expect
a positive association between PFAS and the concentration of thyroid
hormones. Furthermore, although some PFAS are listed as POPs by the
Stockholm Convention and their production has subsequently been re-
duced over the past years, studies investigating temporal trends of PFAS
in tissues of wildlife are limited. Although our data have been solely col-
lected over three years of study,we further aim to describe the temporal
variation in blood concentration of PFAS from 2016 to 2018 in local
seabirds.

2. Materials and methods

2.1. Sampling

Field work was performed in 2016, 2017, and 2018 at the Lilleau des
Niges Natural Reserve (46° 13′ 53″ N,−1° 30′ 22″W), managed by the
Ligue pour la Protection des Oiseaux (LPO) located on the North side of
Ile de Ré, France, as a part of a monitoring program for PFAS in the



M. Sebastiano, W. Jouanneau, P. Blévin et al. Science of the Total Environment 765 (2021) 144611
region. A total of 108 breeding adult birds from three species were cap-
tured during the incubation stage on their nests using a nest trap. Be-
cause out of the 108 observations, three were coming from the same
individuals sampled at different years, one or the other observation
was randomly excluded to perform statistical analyses. Therefore, the
final dataset included a total of 105 birds (European herring gull, n =
9 in 2016, n = 16 in 2017, and n = 9 in 2018; lesser black-backed
gull, n = 11 in 2016, n = 17 in 2017, and n = 16 in 2018; great
black-backed gull, n = 9 in 2016, n = 7 in 2017, and n = 11 in 2018).
After capture, 2 mL of blood was collected from the alar vein using a
heparinized syringe and a 25 gauge needle. Blood was kept in a cold
container and centrifuged for 10 min at 8000 ×g at 20 °C at the labora-
torywithin a fewhours after collection; plasma and red blood cellswere
kept frozen at −20 °C until laboratory analyses. Skull and tarsus were
measured with an accuracy of 0.1 mm using a caliper. Wing length
was also measured with an accuracy of 1 mm using a ruler, and birds
were weighted to the nearest 5 g using a Pesola spring balance. Birds
were sexed from red blood cells by polymerase chain reaction amplifi-
cation (PCR) of part of two highly conserved genes (CHD) of sexual
chromosomes. Briefly, DNA was extracted from erythrocytes and the
sex was determined by molecular sexing based on PCR amplification
of the CHD gene as described in Fridolfsson and Ellegren (1999). Ampli-
fication was performed in 20 μL final volume with a Eppendorf
Mastercycler using 0.5 U Taq DNA polymerase, 200 μM dNTPs, 10 mM
Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2 and 0.4 μM of primers
2550F (5′-GTTACTGATTCGTCTACGAGA-3′) and 2718R (5′-ATTGAA
ATGATCCAGTGCTTG-3′). Female birdsmay deposit a significant amount
of PFAS into their eggs. Therefore, tominimize the variation due to PFAS
deposition in eggs, we have only sampled individuals having either two
(17/105, 16% of birds) or three eggs (87/105, 83% of birds) except one
sampled females that only laid one egg (1/105, 1%). Preliminary statisti-
cal analyses were carried out to test whether females with two (8/52,
15% of females) or three eggs (43/52, 83%) had different concentrations
of PFAS. However, linear models showed that for any PFAS, concentra-
tions were similar between females that laid two or three eggs (all
t < 1.14, all P > 0.26), thus clutch size was not further included in the
statistical analyses.

2.2. PFAS analyses

A total of 14 PFAS were analysed in each plasma sample, including
eight carboxylates: branched- (Br-PFOA) and linear-perfluorooctanoate
(L-PFOA), perfluorononanoate (PFNA), perfluorodecanoate (PFDA),
perfluoroundecanoate (PFUnDA), perfluorododecanoate (PFDoDA),
perfluorotridecanoate (PFTrDA), perfluorotetradecanoate (PFTeDA); and
six sulfonates: perfluorohexanesulfonate (PFHxS), branched- (Br-
PFHpS) and linear-perfluoroheptasulfonate (L-PFHpS), branched
perfluoroctanesulfonate (Br-PFOS), linear perfluoroctanesulfonate (L-
PFOS), and perfluorooctanesulfonamide (FOSA). Analytical standards of
native PFAS along with a series of 10 13C, 18O or D mass-labelled internal
standards used for quantification purposes were supplied by Wellington
laboratories. All reagents were analytical grade or equivalent (see
Munoz et al. (2017b) for full details). Briefly, in a 2 mL polypropylene
Eppendorf tubes, a 25 μL aliquot of plasmawasweighed (~25mg) and in-
ternal standards (ISs) were subsequently added under gravimetric con-
trol (~15 mg of a 1 pg/μL IS mixture prepared in methanol). Following
protein precipitationwith 100 μL of acetonitrile (ACN), extractswere cen-
trifuged for 10min at 24,000 ×g at 20 °C. The supernatantwas then trans-
ferred to 2mLpolypropylene centrifuge tubes (0.22 μmnylonfilter). After
centrifugation for 3 min at 7000 ×g at 20 °C, extracts were transferred to
2mL auto sampler glass vials and diluted with 675 μL of HPLC-water. Ex-
tractswere briefly vortexed and then processed using anAgilent Technol-
ogies (Massy, France) on-line SPE platform which comprises a standard
auto sampler (1260 Infinity ALS), a quaternary pump (1260 Infinity Qua-
ternary Pump VL), a switch valve (1200 2 Position/6 Port Valve) and an
on-line SPE column support (1200 6 Position Selection Valve), which
3

were all automatically controlled via the Acquisition module of the
Agilent Mass Hunter software as previously done (Munoz et al., 2017b).
HPLC-water aliquots were run between each seabird plasma sample to
eliminate any cross-contamination. Note that on-line extraction was per-
formed with Waters Oasis HLB on-Line SPE columns (2 × 10 mm, dp =
25–35 μm) while analyte separation was carried out using an Agilent
C18 Poroshell analytical column (2.1 × 100 mm, 2.7 μm).

2.3. Quality assurance/quality control (QA/QC)

When analytes were detected in blanks, blank correction was per-
formed and a limit of reporting (LOR) was defined as three times the
maximum blank signal divided by the average mass of plasma used for
analysis. A limit of detection (LOD) was also defined as the concentration
yielding a signal to noise ratio of 3 in spiked plasma samples. Because lab-
oratory analyses were performed in different years, a unique left-
censoring threshold was set for each analyte, i.e. the maximum between
LORs and LODs, all years combined. For those PFAS with concentrations
below this threshold in less than 30% of samples, left-censored data
were arbitrarily replacedwith ½× LOR or LOD to enable statistical analy-
ses. Therefore, ten PFAS (PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA,
PFHxS, L-PFHpS (hereafter PFHpS), Br-PFOS, and L-PFOS) could be further
investigated (i.e. other analytes were excluded from statistical analyses).
LORs, LODs anddetection frequencies are presented in the supplementary
information (Table S1). For each sample batch (20 samples), several QA/
QCpointswere assessed by analyzing: i) twoprocedural blanks consisting
of 25 μL of HPLC-water thatwent through the entire analytical procedure;
ii) one human serum standard reference material (NIST SRM 1957, true-
ness assessment); iii) replicate spiked chicken plasma samples (target
analytes added jointlywithmass-labelled ISs at the beginningof theprep-
aration procedure at 2 ng/g each, accuracy assessment); and iv) HPLC-
water samples spiked at 2 ng/g, accuracy assessment) as previously de-
scribed (Munoz et al., 2017b). Procedural blanks showed very limited
contamination. The analysis of NIST SRM 1957 gave satisfactory results,
i.e. within the specified uncertainty interval. For those compounds with
a reference concentration (i.e. PFHpA, PFOA, PFNA, PFDA, PFUnDA,
PFHxS and PFOS), levels deviated between 2 and 20% from the reference
concentration (except for FOSA, which deviated 36%).

2.4. Thyroid hormone analyses

TT3 was determined by radioimmunoassay. Briefly, 25 μL of plasma
was incubated for 24 h at 4 °C with a known concentration
(10,000 cpm) of T3 marked with the radioisotope Iodine-125 (T3-125I,
Perkin Elmer, US, reference: NEX110X100UC) and an antibody Ab
(polyclonal rabbit antiserum, Sigma-Aldrich, US, reference: T-2777). Be-
cause Ab is available in a limited concentration, T3 and T3-125I compete
for Ab, to which they bind. Therefore, after incubation, there is a bound
fraction (T3 and T3-125I bound to Ab) and a free fraction (T3 and T3-125I
unbound to Ab), which are separated by adding a sheep anti-rabbit an-
tibody (whole anti-serum anti rabbit IgG produced in sheep), incubated
for 12 h at 4 °C followed by centrifugation at 4300 ×g at 18–20 °C for
45 min. The bound fraction is then counted with a wizard 2 gamma
counter (Perkin Elmer, US). Pooled plasma of diverse gull samples
were serially diluted and produced a dose-response curve parallel to
the T3 standard curve. The lowest TT3 detectable concentration was
0.07 ng/ml (LOD). Samples below this limit (n = 3) were replaced
with a value equal to ½ × LOD to enable statistical analyses. All samples
were run in duplicates. Samples that had a coefficient of variation above
15% and could not be done in triplicates due to low plasma volumewere
not included in statistical analyses (n = 11). An additional measure-
ment of TT3 was excluded from statistical analyses since it was consid-
ered an outlier (the measurement exceeded the mean ± 3 times the
standard deviation and was highly influential in statistical analyses).
Therefore, for a total of 58 samples (n = 6 in 2016 and n = 12
in 2017 for the European herring gull; n = 10 in 2016 and n = 14 in
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2017 in lesser black-backed gull; n = 8 in 2016 and n = 8 in 2017 in
great black-backed gull), both TT3 and PFAS data were available. The
intra-assay coefficient of variation was 9.73%, while the inter-assay co-
efficient of variation amounted to 15.13%.

2.5. Statistical analyses

After PFAS data were log-transformed to reduce the influence of ex-
treme values (see below), linearmodels were used to investigate differ-
ences in PFAS concentrations among species and between genders (in
samples collected from 2016 to 2018). In each model, each PFAS was
considered as a dependent variable while the factors Species, Sex, and
their interaction were considered as predictors. To simultaneously in-
vestigate species specific temporal trends in PFAS exposure from 2016
to 2018, the Year, the factor Species, and their interaction were also in-
cluded in the model as explanatory variables. We used a similar model
to test the difference in body condition between sexes. Briefly, the
body condition has been calculated using the body mass adjusted by a
linear bodymeasurement (i.e. skull length) using the formula described
in Peig and Green (2009).

Linear models were additionally used to study the association be-
tween TT3 and PFAS (in samples collected in 2016 and 2017). In these
models, a three-way interaction between PFAS, the factors Species and
Sex, was used to investigate sex-related responses to PFAS exposure.
These models additionally included the Year (as a factor, to control for
Table 1
PFAS concentration (ng/g of ww) in females andmales of the three seabird species from Ile de R
are bolded. SE refers to standard errors.

Herring gull Larus argentatus

Females (n = 18)

Mean ± SE Median (range)

PFNA 1.16 ± 0.11 1.06 (0.36, 2.16)
PFDA 1.16 ± 0.19 0.94 (0.38, 4.01)
PFUnDA 1.23 ± 0.17 1.01 (0.47, 3.45)
PFDoDA 0.95 ± 0.16 0.9 (0.3, 3.22)
PFTrDA 1.76 ± 0.27 1.42 (0.55, 5.25)
PFTeDA 0.61 ± 0.07 0.61 (0.25, 1.23)
PFHxS 2.26 ± 0.21 2.16 (0.88, 3.5)
PFHpS 0.27 ± 0.02 0.25 (0.11, 0.5)
Br-PFOS 2.03 ± 0.34 1.71 (0.86, 6.8)
L-PFOS 13.82 ± 2.0 11.64 (5.57, 37.04)

Lesser black-backed gull Larus fuscus graellsii

Females (n = 20)

PFNA 1.14 ± 0.09 1.11 (0.46, 1.83)
PFDA 1.1 ± 0.08 1.15 (0.54, 1.64)
PFUnDA 1.88 ± 0.16 1.69 (0.66, 3.28)
PFDoDA 1.02 ± 0.07 1.02 (0.39, 1.87)
PFTrDA 1.97 ± 0.12 2.06 (0.66, 2.91)
PFTeDA 0.66 ± 0.07 0.61 (0.13, 1.39)
PFHxS 2.18 ± 0.25 1.95 (1.12, 6.01)
PFHpS 0.37 ± 0.03 0.35 (0.16, 0.82)
Br-PFOS 1.86 ± 0.19 1.96 (0.58, 3.15)
L-PFOS 21.09 ± 2.06 22.76 (5.74, 34.49)

Great black-backed gull Larus marinus

Females (n = 14)

PFNA 0.59 ± 0.06 0.59 (0.24, 0.95)
PFDA 1.41 ± 0.23 1.13 (0.32, 3.55)
PFUnDA 2.42 ± 0.35 2.23 (0.49, 4.93)
PFDoDA 1.69 ± 0.24 1.63 (0.32, 3.12)
PFTrDA 4.04 ± 0.72 3.55 (0.68, 9.61)
PFTeDA 0.96 ± 0.17 0.92 (0.13, 2.4)
PFHxS 1.2 ± 0.11 1.16 (0.62, 2.06)
PFHpS 0.2 ± 0.03 0.15 (0.09, 0.47)
Br-PFOS 1.32 ± 0.17 1.1 (0.39, 2.53)
L-PFOS 13.45 ± 1.52 10.53 (5.18, 25.92)
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the temporal variation in TT3 and PFAS), and body condition (as a covar-
iate, to control for the individual condition of birds). A similar model
was built to test the association between the body condition and PFAS
in all samples collected from 2016 to 2018.

All PFAS concentrations (except PFTeDA, which was normally distrib-
uted and assumptions listed belowwere respectedwithout data transfor-
mation), were log-transformed when testing for time trends and when
testing for inter-species and between sex differences. All PFAS concentra-
tions were log-transformed when testing for the association between ei-
ther TT3 or body condition and PFAS. Data transformation was done to
meet model assumptions as homoscedasticity and normality of residuals,
further confirmed by visually inspecting Q-Q plots. All data transforma-
tion and violation of models' assumptions are reported throughout the
manuscript. Statistical significance was set to α = 0.05 and 95% confi-
dence intervals were used during data processing and data visualization.
All statistical analyses were performed using R version 3.5.2.

3. Results

PFAS used in statistical analyses were detected in all samples
(Table S1) and their concentrations are summarized in Table 1 and
Fig. 1. L-PFOS was the most abundant, followed by the odd-chain car-
boxylates PFTrDA and PFUnDA. Linear models showed statistically sig-
nificant differences among species for all carboxylic and sulfonic PFAS
(all F > 5.15, all P < 0.01), and all statistical outputs and post-hoc
e. P-values refer to the difference in PFAS between females andmales. Significant P-values

Males (n = 16)

Mean ± SE Median (range) P-value

1.68 ± 0.17 1.63 (0.67, 2.85) 0.07
1.98 ± 0.30 1.79 (0.69, 6.04) 0.01
2.43 ± 0.34 2.17 (0.61, 6.49) <0.001
1.82 ± 0.32 1.56 (0.55, 6.17) <0.001
3.03 ± 0.29 3.05 (1.04, 4.81) <0.001
1.23 ± 0.16 1.03 (0.33, 2.8) 0.04
2.29 ± 0.36 1.89 (0.79, 6.92) 0.99
0.49 ± 0.09 0.38 (0.11, 1.63) 0.045
3.95 ± 0.45 3.75 (1.07, 7.9) <0.001
30.44 ± 4.31 28.44 (6.6, 62.52) <0.001

Males (n = 24)

2.04 ± 0.1 2.06 (0.95, 3.36) <0.001
2.63 ± 0.15 2.58 (1.17, 4.16) <0.001
5 ± 0.29 4.89 (1.98, 8.7) <0.001
3.06 ± 0.2 2.86 (1.75, 5.52) <0.001
6.38 ± 0.44 5.74 (3.53, 11.66) <0.001
2.23 ± 0.2 1.87 (1.1, 4.35) <0.001
2.56 ± 0.26 2.24 (1.08, 5.56) 0.94
0.79 ± 0.07 0.69 (0.34, 1.84) <0.001
5.06 ± 0.5 4.41 (2.38, 13.67) <0.001
60.23 ± 4.44 54.68 (26.51, 119.69) <0.001

Males (n = 13)

1.94 ± 0.29 1.72 (0.89, 4.85) <0.001
3.83 ± 0.58 3.34 (1.52, 7.2) <0.001
4.67 ± 0.65 4.08 (2.62, 11.46) 0.01
2.79 ± 0.29 2.37 (1.68, 5) 0.04
6.87 ± 0.83 5.79 (3.85, 14.39) 0.02
1.94 ± 0.32 1.42 (0.91, 4.17) 0.03
2.01 ± 0.32 1.58 (0.93, 5.33) 0.16
0.63 ± 0.21 0.42 (0.22, 3.01) <0.001
4.21 ± 0.89 3.21 (1.85, 13.01) <0.001
46.55 ± 13.74 27.62 (16.71, 194.72) <0.001



Fig. 1.Plasma concentrations of PFAS (expressed as ng/g ofww) in the three seabird species from Ile deRe. Statistically significant differences are indicated by the asterisk; *, **, ***, indicate
a P-value < 0.05, <0.01, and <0.001, respectively.
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differences can be found in Table S2. Among carboxylates, PFNA levels
were higher in herring gulls and lesser black-backed gulls than great
black-backed gulls (both P < 0.05, Fig. 1), PFDA levels were higher in
great black-backed gulls than herring gulls (P < 0.01, Fig. 1), PFUnA,
PFDoDA, PFTrDA, and PFTeDA levels were higher in great and lesser
black-backed gulls than herring gulls (all P < 0.01, Fig. 1), and PFTrDA
levels were also higher in great than lesser black-backed gulls
(P< 0.05, Fig. 1). Among sulfonic acids, PFHxSwas higher in both lesser
black-backed and herring gulls than great black-backed gulls (both
P < 0.01, Fig. 1), PFHpS and L-PFOS were highest in lesser black-
backed gulls (all P < 0.001, Fig. 1), and Br-PFOS was higher in lesser
than great black-backed gulls (P < 0.05, Fig. 1).

All carboxylates showed significantly higher concentrations in
males than in females for all species (all P < 0.05, except for PFNA
in the herring gull, for which P = 0.07; Table 1). Among sulfonates,
PFHxS showed similar concentrations between females and males
in all species (all P > 0.16, Table 1), while PFHpS, Br- and L-PFOS
showed significantly higher concentrations in males than females
(all P < 0.05, Table 1). In all three species, there was no difference
in the body condition between males and females (all t < 1.27, all
P > 0.80). Finally, TT3 levels were similar between sexes in all
three species (t = 2.76, P = 0.08).

In great black backed gulls, TT3 was positively associated with
PFUnDA, PFDoDA, PFTrDA, PFTeDA and Br-PFOS in females (all
t > 2.10, all P ≤ 0.04; Fig. 2a–d, f, Table S3), while TT3 was negatively
associated with PFHxS in males (t = −2.69, P = 0.01; Fig. 2e, Ta-
ble S3). There was no association between TT3 and any PFAS in her-
ring gulls and lesser black-backed gulls (all t ≤ 0.79, all P ≥ 0.43,
Table S3).

In great black backed gull females, increasing levels of PFNA, PFDA,
PFHxS, PFHpS, Br- and L-PFOSwere associatedwith a reduced body con-
dition (all t ≤ −2.19, all P ≤ 0.03; Figs. S1, S2, Table S4), while increasing
levels of PFNA and PFDAwere associatedwith a reduced body condition
(both t ≤ −2.18, both P=0.03; Fig. S1, Table S4) in lesser black-backed
gull males, but not females.

In great black backed gulls, there was a significant or marginally-
significant increase in all PFAS from 2016 to 2018 (all t ≥ 1.93 and all
P ≤ 0.056; Figs. 3 and 4, Table S5), while lesser black backed gulls
showed an increase in PFTeDA and PFHxS, and a marginally signifi-
cant decrease in PFUnDA levels from 2016 to 2018 (all t ≥ 1.98, all
P ≤ 0.05; Figs. 3, 4, Table S5). All PFAS showed similar concentrations
among years in the herring gulls except for PFTrDA, which increased
from 2016 to 2018 (t = 2.30, P = 0.02; Fig. 3, Table S5). Body condi-
tion did not change in any of the species from one year to another (all
t< 1.14, all P> 0.26). TT3 levels remained similar between 2016 and
2017 in all three species (all t < 1.88, all P > 0.42).
5

4. Discussion

Our study is the first to provide evidence that although not-known
point sources of emission are present in the region, several PFAS were
detected in seabird species from SouthWestern France. Great and lesser
black-backed gulls show that both plasma carboxylate and sulfonate
concentrations are comparable to highly contaminated seabird species
from Arctic regions, while herring gulls are exposed to relatively lower
levels of PFAS. We found that PFAS are negatively associated with the
body condition of the birds. Furthermore, TT3 levels were associated
with several PFAS in a contrasted manner between sexes in the great
black-backed gull, suggesting a potential disrupting mechanism of
PFAS exposure. Finally, the great black-backed gulls documented an in-
creasing trend of plasma PFAS concentration from 2016 to 2018.

Our results show that among carboxylates, PFUnDA and PFTrDA are
the most abundant congener in all three species, a pattern that is com-
monly found in seabird species (Bustnes et al., 2008b; Melnes et al.,
2017; Tartu et al., 2014). Because of the strong winds and oceanic cur-
rents that characterize the Atlantic Ocean, and considering that, to the
best of our knowledge, there are no point sources of PFAS in the region,
perfluorinated compounds should occur at a lower concentration than
in theMediterranean and the Arctic regions, considered as sinks for pol-
lutants (Danovaro, 2003;Wong et al., 2018). However, the levels of car-
boxylates found in this study (ranging from a median of 0.6 ng/g of
PFTeDA in Herring gulls to 5.8 ng/g of PFTrDA in great black-backed
gulls) are similar to those reported for glaucous gulls (ranging from a
median of 0.1 ng/g of PFOA to 3.8 ng/g of PFUnDA, Melnes et al., 2017)
and lesser black-backed gulls (ranging from a median of 0.2 ng/g of
PFDoDA to 5.9 ng/g of PFDA, Bustnes et al., 2008a) from Arctic regions,
but lower than those found in other species (e.g. in black-legged kitti-
wakes from Svalbard; ranging from a mean of 1.0 ng/g of PFNA to
18.2 ng/g of PFTrDA, Tartu et al., 2014). One possible explanation may
be related to the continental input of PFAS through the Gironde, Loire,
and Charente estuaries (Munoz et al., 2019; Munoz et al., 2017a;
Munschy et al., 2019),whichmayhave contributed to the observed con-
centrations. Except for PFNA (which levels were higher in herring gulls
and lesser black-backed gulls than great black-backed gulls), most car-
boxylates were higher in lesser and great black backed gulls than her-
ring gulls. Although we cannot exclude that these three species differ
in their ability to excrete PFAS from their body, our results suggest
that the differences in exposure likely depend on the trophic niche oc-
cupied by the species. For instance, a recent study on PFAS in six seabird
species from the Arctic regions showed that predatory birds (e.g. great
skua Stercorarius skua, 44.8 ng/g of sumPFAS) showed the highest con-
taminant load compared with species from a lower trophic level (e.g.
common eider Somateria mollissima, 1.3 ng/g of sumPFAS; Haarr et al.,



Fig. 2. Relationship between the concentration of the thyroid hormone TT3 (expressed as ng/mL) and log-transformed carboxylic (C-11 to C-14, panel a to d, respectively), and sulfonic
PFAS (PFHxS and Br-PFOS, panel e and f, respectively) of the three seabird species from Ile de Re. The solid line represents the trend while curved dashed lines represent 95% confidence
intervals. Shapes of data points and line colours are used to distinguish the three species as explained in the figure legend. Only significant trends are shown. Data refer to the period
2016–2017 for which both TT3 and PFAS were available (n = 58).
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2018). Great black-backed gulls feed on higher trophic level preys and
mainly forage along the shore (Maynard and Davoren, 2020), while
lesser black-backed and herring gulls are known to have a generalist
diet which also includes food items from both terrestrial andmarine or-
igin (Corman et al., 2016; Maynard and Davoren, 2020).

Among sulfonates, L-PFOS was the most abundant, followed by Br-
PFOS, PFHxS, and PFHpS and all occurred at very high concentrations.
For instance, PFHxS ranged from a median value of 1.2 ng/g in great
black-backed gulls to 2.2 ng/g in lesser black-backed gulls, while other
studies from highly contaminated areas reported lower PFHxS plasma
concentrations (a median below 1 ng/g in lesser black-backed gulls,
Bustnes et al., 2008b; a median below 0.7 in glaucous gulls, Melnes
et al., 2017; all samples below 0.2 ng/g in black-legged kittiwakes,
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Tartu et al., 2014). Furthermore, L-PFOS ranged from a median of
11.6 ng/g in herring gull females to a median of 54.7 ng/g in lesser
black-backed gull males. Thus, lesser black-backed gulls in our study
showed very high sulfonate levels, even higher thanNorwegian popula-
tions (a median of 40 ng/g of PFOS in males, Bustnes et al., 2008b), and
in this species, sulfonate levels are significantly higher than those ob-
served in great black-backed gulls. In addition, plasma concentrations
of most PFAS showed significantly higher levels in males than in fe-
males, but this difference was not related to the body condition of the
birds, with males showing a similar body condition than females. Be-
cause females transfer contaminants in the eggs, it is thus possible
that females have lower levels of circulating PFAS in plasma. However,
previous work pointed out contrasting results between PFAS in eggs



Fig. 3. Error bar plots mean± standard error of carboxylate concentrations in 2016, 2017, and 2018 in the seabird species from Ile de Re. The shapes and the three different grades of grey
are used to distinguish the three species as explained in the figure legend. Only significant trends are shown. Dashed lines indicate a trend close to significance.
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and plasma, suggesting that the extent of PFAS transfer to the eggs may
significantly vary among the studied species (Bustnes et al., 2008a;
Herzke et al., 2009; Verreault et al., 2005). Given that in this study we
did not analyse PFAS levels in eggs, it is not possible to clarify whether
the species differ in terms of PFAS excreted in eggs. Although
Verreault et al. (2006) found that the contaminant content in glaucous
gull eggs fluctuated irrespectively of the laying order, other work sug-
gests that the majority of PFAS are found in the first or the first two
eggs, while negligible concentrations of PFAS are found in the third
egg, as previously shown in Audouin's gulls Larus audouinii (Vicente
et al., 2015). Our results showed that females that laid three eggs had
similar PFAS concentrations than females that laid two eggs, therefore
our results should not be affected by the difference in PFAS deposition
in eggs.

Because of the higher bioaccumulative properties and biomagni-
fication of longer-chain PFAS (Boisvert et al., 2019; Simonnet-Laprade
7

et al., 2019), these compounds tend to occur at higher concentrations
in wildlife tissues (Conder et al., 2008; Muir et al., 2019; Muir and de
Wit, 2010). Therefore, individuals feeding at a higher trophic position
are likely to be exposed to higher concentrations of long-chained car-
boxylates. Previous work also showed that longer chained PFAS are
more likely to induce adverse health effects in seabirds compared to
shorter chained PFAS. For instance, negative associations between
PFAS and baseline corticosterone in black-legged kittiwakes were only
found for PFTrDAandPFTeDA (Tartu et al., 2014),while such association
was not found for shorter-chain PFAS. Additional work on the same bird
population foundhigher protein oxidative damage in those birds having
higher concentrations of PFDoDA, PFTrDA and PFTeDA (Costantini et al.,
2019). Similarly, previous work found a positive association between
PFTrDA and metabolic rate in the same species (Blévin et al., 2017b).
These results were further corroborated by experimental work on rat
Rattus sp. cell cultures, showing that the cytotoxicity of PFAS increases



Fig. 4. Error bar plotsmean± standard error of sulfonate concentrations in 2016, 2017, and 2018 in the seabird species from Ile de Re. The shapes and the three different grades of grey are
used to distinguish the three species as explained in the figure legend. Only significant trends are shown. Dashed lines indicate a trend close to significance.
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with increasing carbon chain length (Berntsen et al., 2017), and that
comparingmolecules with a similar chain length, a sulfonate functional
groupmay lead to greater toxicity than a carboxyl group (Berntsen et al.,
2017).

Our results are thus of particular interest as they suggest that birds
feeding at a higher trophic position and showing a more marine diet
(i.e. great black-backed gulls) should also be exposed to greater toxico-
logical risks from carboxylates, while birds with a more generalist diet
(i.e. lesser black-backed gulls) can be exposed to higher levels of sulfo-
nates. This is likely the reason why we found associations between TT3
and PFAS only in great black-backed gulls, while no significant associa-
tions have been found in herring gulls and lesser black-backed gulls. In-
terestingly, our results were dependent on the sex of the birds. Indeed,
although we found that PFHxS was associated with TT3 in great black-
backed gull males, all other associationswere found in females only. De-
spite the lower concentration of circulating plasma PFAS levels, females
can deposit PFAS in eggs therefore we cannot be certain that females
were exposed to lower PFAS concentrations than males, and further
work including other tissues (e.g. liver ormuscle)would clarifywhether
PFAS intake differs between the sexes of sampled birds. Despite the ab-
solute concentrations to which they are exposed, a possible explanation
for the results in females may rely on the fact that incubation can be ex-
tremely costly for female birds (Hanssen et al., 2005), thus they may be
more susceptible to PFAS exposure. Previous work in birds suggest a
modulation of thyroid function induced by exposure to various environ-
mental contaminants. Smits et al. (2002) reported decreased TT3 levels
in American kestrels Falco sparverius experimentally exposed to PCBs,
while Verreault et al. (2004) reported a decrease in T4:T3 ratio in the
glaucous gull. Similarly, exposure to organochlorines was associated
with reduced TT3 in kittiwakes (Blévin et al., 2017b), and with reduced
T3 and T4 in glaucous gulls (Melnes et al., 2017; Verreault et al., 2004).
However, specifically related to PFAS, further work on seabirds found a
positive association with thyroid functioning (i.e. between PFOS and
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FT3 in glaucous gulls, Melnes et al., 2017; between several PFAS and
TT4 in black-legged kittiwakes and northern fulmars, Nøst et al.,
2012). Although being conducted in fish, an experimental approach
showed that exposure to PFOS in zebra fish (Danio rerio) led to in-
creased thyroid hormones secretion (Liu et al., 2011). Thus, our results
on great black backed gulls are in line with previous studies. In this
study, increasing TT3 levels in this species were found with increasing
concentrations of longer chain PFAS (PFUnDA, PFDoDA, PFTrDA, and
PFTeDA) and Br-PFOS. This suggests that despite carboxylates and sulfo-
nates are functionally different, their effect on TT3 is similar. However,
this was not the case for PFHxS, which showed a decrease in TT3 levels
with increasing concentrations. PFHxS is highly toxic and causes thyroid
disruption by lowering thyroid hormone levels in rats (Ramhøj et al.,
2020), but it remains unclear why this effect was only found in great
black-backed gull males. Indeed, females showed similar levels than
males, and the other species exhibited higher PFHxS concentrations
than those found in great black backed gulls, thus this result would
strongly benefit from experimental support. Because the avian thyroid
gland secretes almost exclusively T4 (Darras et al., 2006), most T3 is de-
rived from the deiodination of T4 (Darras et al., 2006). A possible expla-
nation is that in great black-backed gulls, exposure to PFHxS may
negatively impact either the transport of T4 (by reducing the activity
of serum binding proteins) or deiodination processes. It is therefore
strongly warranted to supplement in vitro experiments to verify the ef-
fect of PFHxS on T4 transformation. Our results do not provide evidence
for a causal relationship PFAS exposure and circulating thyroid hor-
mones. But the contrasting results found between sexes strongly call
for further work to experimentally investigate the effect of PFAS expo-
sure on thyroid functioning of birds.

Sex-related differences were also found while investigating the
relationship between exposure to PFAS and the birds' body condi-
tion. In female great black-backed gulls, we found that increasing
concentrations of PFNA, PFDA, and all four sulfonates were
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negatively associated with body condition, while in lesser black-
backed gulls, a similar negative relationship between PFNA, PFDA,
and body condition was only found in males. Previous work in
humans and various animal models found that exposure to certain
PFAS is suspected to disrupt fatty acids metabolism and promote ad-
ipogenesis (Cheng et al., 2016; Wan et al., 2012; Xu et al., 2016;
Yeung et al., 2007). More specifically, these changes in lipid content
are related to the capacity of PFAS to alter the expression of genes in-
volved in the metabolism of lipids and fatty acids (Jacobsen et al.,
2018; Wan et al., 2012). To date, work on the effect of PFAS on lipid
metabolism and body condition in birds remains extremely limited.
The negative association we found is in contrast with a previous
study on black-legged kittiwakes, showing that PFNA was positively
associatedwith body condition inmales (Tartu et al., 2014). One pos-
sible explanation for the negative relationship found in females may
be related to the ability to deposit PFAS into the eggs. For instance,
great black-backed gull females in a better body condition may be
more efficient in eliminating PFAS through egg-deposition, although
evidences to support this statement are lacking. However, this would
not explain why in a closely related species (i.e. lesser black-backed
gull) a similar association has been found in males. Our study results
are novel but emphasize the need to experimentally investigate the
potential association between exposure to PFAS and body condition
in birds.

Finally, not only does our work provide evidence of high PFAS
levels in seabirds from metropolitan France, but our results clearly
suggest increasing blood concentration of most PFAS over a rela-
tively short period of time (i.e. from 2016 to 2018) in great and lesser
black-backed gulls. A previous study showed that birds caught later
on over the breeding season had lower concentration of PFAS
(Bustnes et al., 2008a). However, all birds included in this study
were sampled during the same period of the year (difference of a
few days from one year to another), and, more importantly, all
birds were sampled while incubating eggs, thus during the same re-
productive state, which should not affect the results. Additionally,
we cannot exclude that we unintentionally captured older birds in
more recent years (assuming that PFAS levels increase with age in
these species). However, considering that all individuals included
in this study were adults, and assuming that PFAS concentrations in
birds reach a steady level relatively early in life as previously
shown for organochlorines (Bustnes et al., 2003), these trends
should not be affected by the age of the bird. Information on tempo-
ral trends of PFAS in birds' tissues in recent years are scarce and do
not exhibit any overall trend (Jouanneau et al., 2020; Land et al.,
2018; Muir et al., 2019; Sun et al., 2019). Thus, although only three
years of data could be included in the present study, our results pro-
vide valuable information on PFAS trends in South western France.
Further work including several years of study is strongly warranted
to corroborate these findings.

5. Conclusions

Our study provides the first evidence of the presence of high
levels of PFAS in seabirds from South western France. Despite some
PFAS showed similar levels of other seabird species, L-PFOS and
some other PFAS showed either comparable or higher levels than
highly contaminated seabird species, and may therefore pose a
threat to long-lived seabirds. This hypothesis is further corroborated
by our results showing an association between PFAS and the level of
the thyroid hormone TT3. Similarly, we provide evidence that PFAS
may interfere with lipid accumulation and body condition in birds,
and we call for further work to experimentally test this hypothesis.
Work on species-specific mechanisms of contaminant excretion
and susceptibility to PFAS exposure would prove useful to under-
stand the consequences of PFAS exposure in different species. Our
results also document an increase in blood PFAS concentrations
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over time, particularly in great black-backed gulls, suggesting that
PFAS concentrations may also be increasing in the investigated spe-
cies. Because PFAS have detrimental effects on birds, these and
other seabird populations should be monitored as an increase of
PFAS exposure may impact on population viability both in the
short- and long-term.
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