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Anthropogenic activities are introducing multiple chemical contaminants into
ecosystems that act as stressors for wildlife. Perfluoroalkyl substances (PFAS)
and mercury (Hg) are two relevant contaminants that may cause detrimental
effects on the fitness of many aquatic organisms. However, there is a lack
of information on their impact on the expression of secondary sexual signals
that animals use for mate choice. We have explored the correlations between
integument carotenoid-based colourations, blood levels of carotenoids, and
blood levels of seven PFAS and of total Hg (THg) in 50 adult male black-
legged kittiwakes (Rissa tridactyla) from the Norwegian Arctic during the
pre-laying period, while controlling for other colouration influencing variables
such as testosterone and body condition. Kittiwakes with elevated blood
concentrations of PFAS (PFOSlin, PFNA, PFDcA, PFUNA, or PFDoA) had less
chromatic but brighter bills, and brighter gape and tongue; PFOSlin was the
pollutant with the strongest association with bill colourations. Conversely,
plasma testosterone was the only significant correlate of hue and chroma
of both gape and tongue, and of hue of the bill. Kittiwakes with higher
concentrations of any PFAS, but not of THg, tended to have significantly higher
plasma concentrations of the carotenoids astaxanthin, zeaxanthin, lutein, and
cryptoxanthin. Our work provides the first correlative evidence that PFAS
exposure might interfere with the carotenoid metabolism and the expression
of integument carotenoid-based colourations in a free-living bird species. This
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outcome may be a direct effect of PFAS exposure or be indirectly caused
by components of diet that also correlate with elevated PFAS concentrations
(e.g., proteins). It also suggests that there might be no additive effect of THg
co-exposure with PFAS on the expression of colourations. These results call
for further work on the possible interference of PFAS with the expression of
colourations used in mate choice.

carotenoids, mate choice, mercury, PFAS, PFOSlin, seabirds, sexual selection,

stressors

Introduction

Carotenoids are lipophilic molecules that birds are unable
of synthetizing de novo, so that they have to acquire them
through their diet. Many bird species exhibit carotenoid-
based colourations in feathers or in bare parts (Zahavi, 1975;
Olson and Owens, 2005; Hill and McGraw, 2006a,b). These
colourations work as sexual signals of quality; more colourful
individuals will have higher mating success than less colourful
birds (Zahavi, 1975; Olson and Owens, 2005; Hill and McGraw,
2006a,b). Moreover, birds use carotenoids to sustain several
organism functions, such as immune response, protection of
cell membranes, and metabolism (Hill and McGraw, 2006a,b).
Carotenoids occur in limited supply in foods, so that it is
hypothesised the existence of a trade-off between allocation of
carotenoids towards the expression of sexual colourations or
towards self-maintenance functions (von Schantz et al.,, 1999;
Koch and Hill, 2018).

The condition-dependent nature of carotenoid-based
colourations makes them ideally suited as indicators of
Indeed,
stressors can influence the expression of carotenoid-based
colourations (Hill, 1995; Hutton and McGraw, 2016; Lifshitz
and St Clair, 2016). Hill (1995) advanced the hypothesis that
sexual ornaments act as indicators of environmental quality.

environmental quality. numerous environmental

Consistently, the majority of published studies on this topic
found that animals have reduced expression of colourations,
including those that are carotenoid-based, in habitats of
poorer quality [reviewed in Hutton and McGraw (2016)]. In
recent times, there has been a growing interest in elucidating
the mechanisms (e.g., endocrine disruption, interference
with lipoprotein activity, oxidative stress) through which
chemical pollutants affect body colourations (e.g., Lifshitz and
St Clair, 2016; Marasco and Costantini, 2016). Pioneering
work by Bortolotti et al. (2003) demonstrated that exposure
to an environmentally relevant dose of a mixture of PCBs
affected both plasma carotenoids and carotenoid-dependent
colourations in the American kestrel (Falco sparverius). Since
then, a growing body of research established links between

Frontiers in Ecology and Evolution

02

body colourations and contaminant burden (Blévin et al., 2014;
Lifshitz and St Clair, 2016; Marasco and Costantini, 2016).

We know comparatively less for organic pollutants of
emerging concern, such as perfluoroalkyl substances (PFAS),
and for trace metals, such as mercury (Hg). PFAS are
synthetically manufactured chemicals, which consist of a
perfluorinated alkyl chain with a terminal functional group
and that are used as surface-active agents in a multitude
of manufactured products (Gliige et al, 2020) including
firefighting foams, waterproof clothing, non-stick cookware,
coatings, and food packaging. Most PFAS have bioaccumulation
and biomagnification potential and are highly persistent in
the environment (e.g., Lau et al, 2007; Muir and de Wit,
2010). PFAS might have physiological disrupting properties and
negative impacts on reproduction in free-living birds and other
vertebrates (e.g., Bossi et al., 2005; Bustnes et al., 2008; Braune
et al,, 2011; Nost et al., 2012; Tartu et al., 2014a,b; Blévin
et al., 2017a,b; Melnes et al., 2017; Haarr et al., 2018; Costantini
et al, 2019; Blévin et al,, 2020). Although PFAS may interfere
with lipoproteins (i.e., carriers of carotenoids in blood) or lipid
metabolism (Wang et al.,, 2014; Dale et al,, 2020), we know
little about the potential interference of PFAS with carotenoid
metabolism in birds (e.g., Yanai et al., 2008) and to date, there is
a lack of information about potential effects of PFAS on plasma
carotenoids and carotenoid-based colourations in animals.

On the other hand, Hg (particularly in the form of
methylmercury MeHg) is a highly toxic non-essential metal
of major concern for wildlife, which urged the adoption
of new regulations to limit its impact on human health
and the environment (e.g., the Minamata Convention). Once
accumulated in the body, Hg may affect fundamental organism
traits (e.g., Tartu et al., 2013, 2015, 2016; Soldatini et al., 2020)
that may turn into negative effects at the population level (Evers
et al,, 2008; Goutte et al, 2014a,b). Effects of Hg on body
colourations might be particularly ecologically relevant given
the role of these colourations in sexual and social interactions.
For example, prior work found that feathers of great tits (Parus
major) with higher concentrations of Hg were less colourful
(Giraudeau et al,, 2015) and captive zebra finches (Taeniopygia
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guttata) experimentally exposed to MeHg had less red bills
compared to control birds (Spickler et al.,, 2020).

In the Norwegian Arctic, birds are exposed to a complex
cocktail of chemical contaminants that represent multiple
Black-legged
kittiwakes (Rissa tridactyla) are chronically exposed to a large
number of contaminants, including PFAS, OCPs, PCBs, and Hg,
all suspected to impact on individual fitness and population

stressors for them (Townhill et al, 2022).

dynamics in addition to colouration (e.g., Tartu et al, 2013,
2014a,b, 2015, 2016; Blévin et al., 2016, 2017a,b, 2018, 2020;
Costantini et al, 2019). Both female and male kittiwakes
express intense carotenoid-based colourations, including the
yellow bill, orange tongue, red-orange gape, and red eye-ring
during the breeding season (Leclaire et al, 2011; Doutrelant
et al., 2013). Prior work conducted on arctic kittiwakes showed
that individuals with higher blood concentrations of PCBs
and OCPs had duller carotenoid-based colouration in labile
integuments (i.e., gape, eye-ring and tongue) (Blévin et al,
2014). Because kittiwakes are exposed to multiple contaminants,
we addressed the impact of single PFAS and of Hg (expressed as
total concentration, THg) and their possible additive effects on
sexual colourations. We have examined the correlations between
three metrics of carotenoid-based colourations of integuments,
concentrations of five circulating carotenoids of interest, and
blood levels of seven PFAS and of THg in 50 adult male Arctic
kittiwakes during the pre-laying period, while controlling for
potential confounding factors known to affect the expression
of colourations in birds, such as blood testosterone (e.g., Blas
et al,, 2006) and body condition (e.g., Doutrelant et al., 2013;
Blévin et al.,, 2014). Concentrations of PCBs/OCPs were not
determined in the here presented samples.

Materials and methods

Study area and sampling collection

We carried out the fieldwork from 25th May to 6th
June 2016 in a colony of black-legged kittiwakes breeding at
Kongsfjord, Svalbard (Krykkjefjellet, 78°54'N; 12°13'E). This
study was examined and approved by the Norwegian Animal
Ethics Committee and the governor of Svalbard, and was
conducted under the permissions FOTS ID 8679 and 16/00483-
2, respectively.

We caught 50 adult male kittiwakes during the pre-laying
period (i.e., courtship and mating period) on their nest using
a noose attached to the end of a long telescopic pole. We
caught known-sexed kittiwakes after individual identification
at a distance using a telescope thanks to a white PVC plastic
band engraved with a three-letter code and fixed to the bird’s
tarsus. These birds had been molecularly sexed in previous years
following Fridolfsson and Ellegren (1999). Within 3 min from
capture, we collected 0.5 ml of blood from the brachial vein
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using a heparinized syringe and a 25-gauge needle. We used
this sample of blood for laboratory analyses of physiological
metrics. Straightaway, we collected an additional blood sample
(~2 ml) that we allocated to the analyses of contaminants. We
stored the tubes containing the blood samples in ice while in
the field. Upon returning to the lab, we stored aliquots of whole
blood and of both plasma and red blood cells obtained after
centrifugation at —20°C until laboratory analyses. Straightaway
after the collection of blood, we weighted all the birds to the
nearest 5 g using a Pesola spring balance. We also measured the
skull length (head + bill) using a sliding calliper with an accuracy
of 0.1 mm.

Contaminant analyses

We measured concentrations of PFAS in plasma samples at
the Norwegian Institute for Air Research (NILU) in Tromsg,
Norway. The protocol to measure PFAS concentrations was
already presented in Costantini et al. (2019). Briefly, we
extracted a 0.2 ml aliquot of plasma spiked with internal
standards applying the method of isotopic dilution (carbon
labeled PFAS) with methanol (1 ml) by repeated sonication and
vortexing. We cleaned-up the supernatant using ENVICarb
graphitized carbon absorbent and glacial acetic acid. Finally,
we analysed the extracts by UPLC/MS/MS (ultra performance
liquid chromatography-tandem mass spectrometer). Recovery
of the internal standards ranged between 86.3 and 120%. We
validated the results with procedural blanks and standard
reference material (SRM; 1957 human serum from NIST) run
every 10 samples. The deviation of the target concentrations in
the SRM were within the laboratory’s accepted range (69-119%).
Blanks varied between concentrations below the instrument
detection limits and 30 pg g~! and were applied as the LOD
in the form of 3 times the average concentration. PFAS below
the limit of detection (LOD) were replaced with a value equal
to LOD x detection frequency, when the detection frequency
(percentage of detection) was >50% (e.g., James et al,, 2002).
Thereby, PFAS remaining for further statistical evaluation were
the perfluoroalkyl carboxylic acids: perfluorononanoic acid
(PFNA), perfluorodecanoate (PFDcA), perfluoroundecanoic
(PFUnA), (PFDoA),
perfluorotridecanoic acid (PFTriA), perfluorotetradecanoic

acid perfluorododecanoic  acid
acid (PFTeA), and one perfluoroalkyl sulfonic acid: linear
perfluorooctane sulfonic acid (PFOSlin).

We quantified THg in red blood cells (RBCs) at the Littoral
Environment et Sociétés laboratory (LIENSs) in La Rochelle,
France. We placed freeze-dried and powdered RBCs in an
Advanced Hg analyser Spectrophotometer (AMA254; Altec) as
described in Bustamante et al. (2006). We analysed aliquots
ranging from 0.92 to 2.09 mg in duplicate (all CVs < 5%).
We ran blanks at the beginning of each set of samples and we
used certified reference material (CRM; DOLT-5; certified value
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TABLE1 Outcomes of Ime models testing the effects of contaminants on colorimetric variables.

Factor Variable Estimate Std. Error t value P Variable Estimate Std. Error t value 4
Colourl Colour2
(Intercept) 8.42100 15.55000 0.542 0.591 0.45710 12.11000 0.038 0.970
PFOSlin —0.00002 0.00004 —0.505 0.616 0.00012 0.00003 3.584 0.001
testo 0.45390 0.21400 2.121 0.040 0.01061 0.16670 0.064 0.950
carotl 0.22680 0.20840 1.088 0.283 0.04364 0.16240 0.269 0.789
carot2 —0.07328 0.24760 —0.296 0.769 —0.11090 0.19290 —0.575 0.568
skull —0.08533 0.17540 —0.486 0.629 —0.06512 0.13670 —0.477 0.636
mass —0.00210 0.01301 —0.161 0.873 0.00965 0.01013 0.953 0.346
(Intercept) 8.61545 15.41652 0.559 0.579 —2.16289 12.35119 —0.175 0.862
PENA —0.00026 0.00034 —0.765 0.448 0.00087 0.00027 3.193 0.003
testo 0.45179 0.21288 2.122 0.040 0.03103 0.17055 0.182 0.856
carotl 0.27576 0.22436 1.229 0.226 —0.04984 0.17975 —0.277 0.783
carot2 —0.10717 0.24982 —0.429 0.670 0.00953 0.20015 0.048 0.962
skull —0.08365 0.17409 —0.480 0.633 —0.04481 0.13948 —0.321 0.750
mass —0.00243 0.01295 —0.187 0.852 0.01111 0.01038 1.070 0.291
(Intercept) 10.75845 15.62781 0.688 0.495 1.70662 12.51254 0.136 0.892
PFDcA 0.00015 0.00026 0.584 0.563 0.00066 0.00021 3.157 0.003
testo 0.44489 0.21347 2.084 0.043 0.03185 0.17092 0.186 0.853
carotl 0.13037 0.22687 0.575 0.569 —0.05723 0.18164 —0.315 0.754
carot2 —0.10632 0.25250 —0.421 0.676 —0.22205 0.20217 —1.098 0.278
skull —0.12456 0.17990 —0.692 0.492 —0.11800 0.14404 —0.819 0.417
mass —0.00060 0.01330 —0.045 0.965 0.01781 0.01065 1.672 0.102
(Intercept) 10.01000 15.55000 0.644 0.523 —0.60940 12.63000 —0.048 0.962
PFUnA 0.00003 0.00008 0.413 0.681 0.00019 0.00007 2.872 0.006
testo 0.43810 0.21510 2.037 0.048 —0.01036 0.17480 —0.059 0.953
carotl 0.15580 0.21980 0.709 0.482 0.00215 0.17850 0.012 0.990
carot2 —0.10050 0.25450 —0.395 0.695 —0.22840 0.20670 —1.105 0.275
skull —0.11490 0.17920 —0.641 0.525 —0.09916 0.14560 —0.681 0.499
mass —0.00074 0.01352 —0.055 0.956 0.01915 0.01099 1.743 0.088
(Intercept) 10.21563 15.58994 0.655 0.516 —0.19996 12.86378 —0.016 0.988
PFDoA 0.00016 0.00035 0.443 0.660 0.00075 0.00029 2.589 0.013
testo 0.44964 0.21381 2.103 0.041 0.05336 0.17642 0.302 0.764
carotl 0.15500 0.21794 0.711 0.481 0.02975 0.17983 0.165 0.869
carot2 —0.09382 0.25077 —0.374 0.710 —0.17652 0.20692 —0.853 0.398
skull —0.11527 0.17870 —0.645 0.522 —0.08675 0.14745 —0.588 0.559
mass —0.00098 0.01333 —0.073 0.942 0.01678 0.01100 1.526 0.134
(Intercept) 13.26000 15.64000 0.848 0.401 —0.67380 13.79000 —0.049 0.961
PFTriA 0.00010 0.00009 1.153 0.255 0.00010 0.00008 1.275 0.209
testo 0.44970 0.21100 2.131 0.039 0.04630 0.18620 0.249 0.805
carotl 0.10290 0.21160 0.486 0.629 0.13170 0.18670 0.706 0.484
carot2 —0.06658 0.24470 —0.272 0.787 —0.08327 0.21580 —0.386 0.702
skull —0.14940 0.17760 —0.841 0.405 —0.05044 0.15670 —0.322 0.749
mass —0.00207 0.01284 —0.161 0.873 0.01076 0.01133 0.950 0.347
(Continued)
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Factor Variable Estimate Std. Error t value P Variable Estimate Std. Error t value p
Colourl Colour2

(Intercept) 9.38100 15.92000 0.589 0.559 —2.85808 14.04681 —0.203 0.840
PFTeA 0.00001 0.00036 0.017 0.987 0.00016 0.00032 0.515 0.609
testo 0.44720 0.21720 2.059 0.046 0.02828 0.19163 0.148 0.883
carotl 0.19280 0.22800 0.846 0.402 0.17081 0.20115 0.849 0.400
carot2 —0.07705 0.25040 —0.308 0.760 —0.10768 0.22092 —0.487 0.628
skull —0.09806 0.18200 —0.539 0.593 —0.02314 0.16055 —0.144 0.886
mass —0.00223 0.01323 —0.168 0.867 0.01158 0.01167 0.992 0.327
(Intercept) 9.03206 15.48028 0.583 0.563 —4.98292 13.64201 —0.365 0.717
THg —0.20426 0.50439 —0.405 0.688 —0.32719 0.44450 —0.736 0.466
testo 0.42603 0.22050 1.932 0.060 0.00956 0.19431 0.049 0.961
carotl 0.20814 0.20147 1.033 0.307 0.24285 0.17755 1.368 0.178
carot2 —0.08320 0.24834 —0.335 0.739 —0.10368 0.21885 —0.474 0.638
skull —0.09435 0.17418 —0.542 0.591 0.00505 0.15349 0.033 0.974
mass —0.00071 0.01357 —0.052 0.958 0.01306 0.01196 1.092 0.281

Higher values of Colourl indicate more chromatic gape and tongue, and higher values of hue for gape, tongue, and bill. Higher values of Colour2 indicate brighter bill, gape and tongue,

and less coloured bill. Significant results are shown in bold.

0.44 + 0.18 [SD] g g~ ! dry wt) to validate the accuracy of the
analyses. Measured values of the CRM were 0.35 = 0.04 (SD) pg
g~ ! dry wt, n.= 6. All blanks contained concentrations below the
instrument detection limit (0.005 g g~ ! dry wt).

Testosterone assay

We quantified the plasma concentrations of testosterone
at the Centre d'Etudes Biologiques de Chizé (CEBC), France,
by radioimmunoassay as described in Goutte et al. (2010).
Testosterone was extracted by adding 3 ml of diethyl-ether to
50 pul of plasma, vortexing, and centrifuging (5 min at 2000 rpm,
at 4°C). The diethyl-ether phase containing testosterone was
decanted and poured off after snap freezing the tube. The
solvent was then evaporated at 37°C. The dried extract was re-
dissolved in phosphate 0.01 M pH 7.4 buffer and testosterone
was assayed in duplicate with RIA method. 100 pl of extract
were incubated overnight at 4°C with 4000 cpm of H3-
testosterone (Perkin Elmer, US) and polyclonal rabbit antiserum
provided by Dr. Picaper (CHU La Source, Orléans, France).
The bound fraction was then separated from free fraction by
addition of dextran-coated charcoal and activity was counted
on a tri-carb 2810 TR scintillation counter (Perkin Elmer,
US). Inter- and intra-assay variations were, respectively, 7.08
and 7.28%. Testosterone lowest detectable concentration was
0.45 pg ml~!. Cross-reactions of testosterone antiserum were
as follows: androsterone (63%), progesterone (1.45%), 17-
B-estradiol (0.18%), corticosterone (0.41%), estrone (0.03%),
aldosterone (<0.01%), cortisone (<0.01%).
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Carotenoid measurements

We quantified the concentration of carotenoids in plasma at
the Littoral Environment et Sociétés laboratory (LIENSs) in La
Rochelle, France. First, we precipitated the proteins by adding
700 pl of absolute ethanol (VWR chemicals, Ref. 153385E) to
100 pl of plasma and vortexed the tube for 15 s. Afterwards,
we added 700 pl of methyl-tert-butyl ether (MTBE; Alfa Aesar,
ThermoFisher, Ref. 40477), we vortexed the mixture for 15 s, and
we centrifuged the tubes at 12,000 rpm min~! at 4°C for 15 min.
Then, we transferred 1.3 ml of supernatant to glass vials and we
evaporated it to dryness under a nitrogen flow. We re-suspended
the residuals in 150 Ll of methanol (Carol Erba Réactifs, Ref.
525101). Afterwards, we filtered the resulting solutions through
0.22 wm PVDF syringe filters (4 mm Millex-GV filters, Merck)
to remove any potentially remaining protein fragments. Before
quantification, we diluted 10 pl of sample and 20 pl of internal
standard (canthaxantin) in 120 1 of a solution water:methanol,
20:80 (v:v). We carried out the quantification by ultra-high
performance liquid chromatography (Acquity UPLC H-class,
Waters) coupled to a high-resolution electrospray ionization
mass spectrometer (XEVOG2 S Q-TOF, Waters). We injected
5 l of the samples in the column (Acquity UPLC BEH C18,
Waters, 2.1 x 50 mm, 1.7 pm), and we eluted the products at a
flow rate of 300 |1l min~! using a gradient composed of solvents
A (water:formic acid, 100:0.001 v:v) and B (methanol:formic
acid, 100:0.001 v:v), according to the following procedure:
0-1 min, 80-85% B; 1-5 min 85% B; 5-8 min 85-90% B;
8-12 min 90% B; 12-14 min, 90-98% B, 14-22 min 98%
B, 22-23 min 98-100% B, 23-27 min 100% B. During the
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TABLE 2 Rank of Ime models for colorimetric variable colour2 as estimated according to Akaike information criterion.

Model

PFOSlin + testo + carotl + carot2 + skull + mass
PFENA + testo + carotl + carot2 + skull + mass
PFDCA + testo + carotl + carot2 + skull + mass
PFUnA + testo + carotl + carot2 + skull + mass

PFDOA + testo + carotl + carot2 + skull + mass

PFOSlin + PENA + PFDcA + PFUnA + PFDoA + testo + carotl + carot2 + skull + mass

Best-fitting models are shown in bold.

analysis, we maintained the column and the injector at 25
and 7°C, respectively. We calibrated the mass spectrometer
before analysis using 0.5 mM of sodium formate and we used
leucine enkephalin (M = 555.62 Da, 1 ng pl™!) as a lock-mass.
We identified peaks by comparing their retention time and
absorbent properties with reference carotenoids (astaxanthin
from Cayman Chemicals; B-carotene, B-cryptoxanthin, lutein,
and zeaxanthin from Extrasynthese; anhydrolutein from US
Biological) that were identified in the integument of kittiwakes
(Leclaire et al.,, 2011, 2015, 2019; Doutrelant et al., 2013).
We calculated the concentrations of carotenoids relying on
dilution curves constructed from known amounts of references
(2.5, 5, 7.5, 10, 25, 50, 75, 100, 250 wg 1=1). We also passed
three quantification controls (mix of reference carotenoids at
concentrations 4, 40, and 80 pg 171) at the start, middle and
end of the sequence of samples to check the temporal stability of
the analysis. We corrected the estimated quantities in reference
to a canthaxanthin internal standard (50 pg 171). We analysed
each sample in triplicate. Anhydrolutein was not detectable in
any sample. For B-cryptoxanthin, 5 values were <LOD and were
treated like contaminant data < LOD. Technical repeatability
was >0.99 for all carotenoids except p-cryptoxanthin, for which
all values were below the limit of quantification, i.e., 2.5 pg
17! (astaxanthin: R [95% CI] = 0.999 [0.998; 0.999]; B-carotene:
0.993 [0.988; 0.995]; B-cryptoxanthin: 0.963 [0.937; 0.978];
lutein: 0.990 [0.984; 0.994]; zeaxanthin: 0.993 [0.987; 0.995]). We
estimated the extraction efficiency by extracting and quantifying
known amounts of the reference carotenoids and comparing
them with the direct quantification of the solution without
extraction. Extraction efficiency was high, except for astaxanthin
(anhydrolutein 98.2%; astaxanthin 77.4%; B-carotene 99.3%;
pB-cryptoxanthin 95.4%; lutein 99.2%; zeaxanthin 98.9%). We
estimated the matrix effect by extracting and quantifying
the increase in concentration when adding known amounts
of the reference carotenoids to a sample, compared to the
extraction and quantification of similar amounts of carotenoids
without the sample. The decrease in quantified carotenoids
due to the biological matrix was low, except for B-carotene
and B-cryptoxanthin (anhydrolutein 3.0%; astaxanthin 8.1%; p-
carotene 28.7%; f-cryptoxanthin 25.0%; lutein 3.5%; zeaxanthin
2.5%).
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FIGURE 1

Biplot showing the correlation between plasma concentration
of PFOSlin and bill colouration (PC2 from PCA) in 50 Arctic male
kittiwakes sampled during the pre-laying period

Integument colourations

We quantified the colourations (as emitted light) of three
body parts (bill, gape, and tongue) considered as reliable signals
of individual quality during the breeding season in this species
(Leclaire et al., 2011; Doutrelant et al., 2013; Blévin et al., 2014).
Although there is no experimental nor correlative evidence
that black-legged kittiwakes use these colours for mate choice,
prior work showed that males with high gape yellow chroma or
higher tongue yellow chroma had higher fledging success than
males with lower gape yellow chroma or lower tongue yellow
chroma (Leclaire et al., 2011). In contrast, bill, tongue and gape
brightness, and bill yellow chroma were not associated with
fledging success (Leclaire et al., 2011).

Specifically, we took the colour measurements on the
lower mandible of the bill, at the intersection between the
upper and lower left mandible of the gape, and at ~4 mm
from the top of the tongue. We did not measure the eye-
ring colouration because the light of the spectrophotometer
could have damaged the eyes. We quantified the colouration
with a reflectance spectrophotometer (Ocean Optics USB4000),
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TABLE 3 Outcomes of Ime models testing the effects of contaminants on the concentrations of carotenoids in plasma.

Factor Variable Estimate Std. Error t value P Variable Estimate Std. Error t value p
Carotl Carot2

(Intercept) 16.18000 10.76000 1.503 0.140 8.01200 9.06000 0.884 0.381
PFOSlin 0.00006 0.00003 2.150 0.037 0.00000 0.00002 0.176 0.861
testo —0.01104 0.14920 —0.074 0.941 0.19200 0.12560 1.529 0.133
skull —0.14850 0.12190 —~1.218 0.230 —0.11280 0.10260 —1.100 0.277
mass —0.00738 0.00919 —0.803 0.426 0.00530 0.00774 0.685 0.497
(Intercept) 14.31165 9.98308 1.434 0.159 8.10925 8.96548 0.904 0.371
PENA 0.00070 0.00020 3.543 0.001 —0.00017 0.00018 —0.945 0.350
testo 0.01251 0.13825 0.090 0.928 0.19264 0.12416 1.552 0.128
skull —0.14489 0.11288 —1.284 0.206 —0.10706 0.10137 —1.056 0.297
mass —0.00503 0.00856 —0.588 0.560 0.00468 0.00769 0.609 0.546
(Intercept) 15.87524 9.91302 1.601 0.116 8.18509 8.90656 0.919 0.363
PEDcA 0.00054 0.00015 3.658 0.001 0.00016 0.00013 1.227 0.226
testo —0.02359 0.13756 —0.172 0.865 0.18345 0.12360 1.484 0.145
skull —0.18340 0.11303 —~1.623 0.112 —0.12839 0.10155 —1.264 0.213
mass —0.00044 0.00869 —0.051 0.960 0.00743 0.00781 0.951 0.347
(Intercept) 14.68000 10.25000 1.432 0.159 7.78700 8.85200 0.880 0.384
PFUnA 0.00015 0.00005 3.095 0.003 0.00006 0.00004 1.435 0.158
testo —0.05696 0.14360 —0.397 0.693 0.16680 0.12400 1.345 0.185
skull —0.17230 0.11670 —1.476 0.147 —0.12950 0.10080 —1.285 0.205
mass 0.00006 0.00910 0.006 0.995 0.00833 0.00786 1.060 0.295
(Intercept) 15.71600 10.30887 1.525 0.134 8.12532 8.95922 0.907 0.369
PFDoA 0.00065 0.00022 2.996 0.004 0.00019 0.00019 0.979 0.333
testo 0.00156 0.14278 0.011 0.991 0.19117 0.12408 1.541 0.130
skull —0.17341 0.11747 —1.476 0.147 —0.12457 0.10209 —1.220 0.229
mass —0.00129 0.00905 —0.143 0.887 0.00706 0.00787 0.897 0.374
(Intercept) 19.11000 10.57000 1.808 0.077 7.66700 9.14000 0.839 0.406
PFTriA 0.00016 0.00006 2.721 0.009 —0.00001 0.00005 —0.206 0.837
testo 0.01398 0.14490 0.096 0.924 0.19310 0.12530 1.541 0.130
skull —0.19110 0.12050 —1.586 0.120 —0.10720 0.10420 —1.028 0.309
mass —0.00610 0.00896 —0.681 0.500 0.00519 0.00775 0.670 0.506
(Intercept) 18.69507 9.92384 1.884 0.066 8.63305 9.03581 0.955 0.344
PFTeA 0.00076 0.00020 3.714 0.001 0.00014 0.00019 0.781 0.439
testo —0.08099 0.13892 —0.583 0.563 0.17610 0.12649 1.392 0.171
skull —0.19930 0.11326 —~1.760 0.085 —0.12522 0.10312 —1.214 0.231
mass —0.00146 0.00860 —0.170 0.866 0.00645 0.00783 0.824 0.414
(Intercept) 15.32251 11.13709 1.376 0.176 7.84574 9.03529 0.868 0.390
THg 0.41062 0.36736 1.118 0.270 —0.12982 0.29803 —0.436 0.665
testo 0.05548 0.15964 0.348 0.730 0.17882 0.12951 1.381 0.174
skull —0.13069 0.12584 —1.039 0.305 —0.11017 0.10209 —1.079 0.286
mass —0.01040 0.00985 —1.055 0.297 0.00619 0.00799 0.774 0.443

Higher values of Carot1 indicate higher plasma concentrations of astaxanthin, zeaxanthin, lutein, cryptoxanthin, and $-carotene. Higher values of Carot2 indicate positively higher plasma
concentrations of astaxanthin and lower concentrations of lutein and B-carotene. Significant results are shown in bold.
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TABLE 4 Rank of Ime models for carotl (plasma carotenoids) as estimated according to Akaike information criterion.

Model AICc Delta Weight
PFTeA + testo + skull + mass 165.83 0.000 0.360
PFDcA + testo + skull + mass 166.19 0.358 0.301
PFNA + testo + skull + mass 166.90 1.067 0.211
PFUNA + testo + skull + mass 169.55 3.721 0.056
PFDoA + testo + skull + mass 170.11 4276 0.042
PFTriA + testo + skull + mass 171.59 5.754 0.020
PFOSlin + testo + skull + mass 174.31 8.481 0.005
PFOSlin + PFNA + PFDcA + PFUnA + PFDoA + PFTriA + PFTeA + testo + skull + mass 175.75 9.916 0.003

Best-fitting models are shown in bold.

a xenon light source, and a 200-pm fiber optic reflectance
probe held at 45° to the integument surface. We took
colour measurements five times per trait for each individual
(repeatability ranging from 0.60 to 0.88), and we used the
average value for subsequent statistical analyses. We measured
the reflectance using SpectraSuite software (Ocean Optics)
that we calibrated with dark reference (black background)
and white standard (WSI ocean optics). We recalibrated the
spectrophotometer between each bird. We extracted standard
achromatic (brightness) and chromatic (hue and chroma)
colouration metrics (Montgomerie, 2006; Doutrelant et al,
2013). We analysed the reflectance spectra using the Avicol
software (Gomez, 2006). We computed the brightness as the
average reflectance over the total range of bird sensitivity
300-700 nm. Brightness indicates whether a colour is dark
(lower value) or light (higher value). We computed the hue as
the wavelength at which reflectance was halfway between its
minimum and maximum (Lo50 measured); hue distinguishes
one colour from another and is described using common
names, such as red or yellow; for example, higher values of hue
indicate redder colourations and lower more yellow or orange
colourations (Doutrelant et al., 2013; Blévin et al., 2014). Finally,
we computed the yellow chroma (measure of colour purity)
as an index, which is particularly suited to carotenoid-based
colours (Andersson and Prager, 2006); higher values of chroma
indicate more saturated colourations.

Statistical analyses

Firstly, we reduced the number of colorimetric variables
using a Principal Component Analysis (PCA) run on all the
colour variables of the three teguments using PAST (Hammer
et al,, 2001). Selection of PCs was based on the visualization of
the scree plot and broken stick model, and of the loadings of
single variable on each PC. We extracted the first two PCs, which
explained together 61.9% of the variance (35.8% for PC1 and
26.1% for PC2). PC1 (colourl herein) was associated positively
with the three colorimetric metrics of gape and tongue, and
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with hue of the bill (globally indicating more colourful, i.e.,
more chromatic gape and tongue, and higher values of hue
for gape, tongue and bill; loadings and bivariate correlations
in Supplementary Tables 1, 2); PC2 (colour2 herein) was
associated positively with the brightness of bill, gape, and
tongue, and negatively with hue and chroma of the bill, so
globally indicating brighter bill, gape, and tongue, and less
coloured bill (Supplementary Tables 1, 2). Secondly, we also
used a PCA to reduce the number of circulating carotenoids. We
extracted the first two PCs, which explained together 58.7% of
the variance (35.2% for PC1 and 23.5% for PC2). PC1 (carotl
herein) was positively correlated with astaxanthin, zeaxanthin,
lutein, cryptoxanthin, and B-carotene (loadings and bivariate
correlations in Supplementary Tables 3, 4); PC2 (carot2 herein)
was positively correlated with astaxanthin and negatively with
lutein and B-carotene (Supplementary Tables 3, 4). Thirdly,
we performed linear models using the Ime4 package (Bates
et al, 2015) in RStudio (R Core Team, 2021) to estimate
the relationships between colorimetric or carotenoid metrics
and contaminants. For the colorimetric variables, we ran
eight models for colourl and colour2, separately, including, as
factors, a given contaminant (PFOSlin, PENA, PFDcA, PFUnA,
PFDoA, PFTriA, PFTeA, or THg) together with carotl, carot2,
skull length, body mass, and testosterone. For the carotenoid
variables, we ran eight models for carotl and carot2, separately,
including, as factors, a given contaminant (PFOSlin, PENA,
PFDcA, PFUnA, PFDoA, PFTriA, PFTeA, or THg) together
with skull length, body mass, and testosterone. The variance
inflation factor, quantified using the performance package
(Ludecke et al, 2021), was always below 2, indicating that
multicollinearity was low in each of the models performed.
Finally, for colorimetric and for carotenoid variables
separately, we compared the fitting of full models performed,
where a given contaminant was a significant predictor, with that
of a model including the significant contaminants together with
the additional predictors used in prior Ime models. To do so,
first, we calculated the AICc values (small-sample size corrected
Akaike Information Criterion), then we estimated the weight
(w;) of each model because it indicates the probability that the
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model is the best among the whole set of candidate models.
For example, a w; of 0.50 for a model indicates that the model
has a 50% chance of being the best among those considered in
the set of candidate models (Burnham and Anderson, 2002).
We also considered that a difference > 2 between the AICc of
the best-fitting model with another model indicated substantial
evidence for the best-fitting model, following Burnham and
Anderson (2002). If the variance of the carotenoid metric is
being better explained by the effect of several contaminants (e.g.,
in case of additive or synergistic effects), the AAIC and w; of the
model including several contaminants together should be > 2
and larger than that of models including single contaminants,
respectively.

Results

PFAS and THg

Concentrations of pollutants were as follows (mean & SD):
PFOSlin, 13380 & 6231 pg g~ ! ww; PFBA, 1950 % 863 pg g~ !
ww; PFDcA, 2905 & 1176 pg g~ ! ww; PFUnA, 10268 + 3675 pg
g~ ! ww; PFDoA, 1689 & 831 pg g~ ! ww; PFTriA, 8551 & 3139
pg g~ ! ww; PFTeA, 1008 + 854 pg g~ ! ww; THg, 2.88 £ 0.54 ug
g_l dw [reported also in Costantini et al. (2019)]. Correlations
among PFAS were always significant (r > 0.34, p < 0.015); in
contrast, Hg did not correlate with any of the PFAS considered
(Supplementary Table 5).

Integument colorations

Models were consistent in showing that Kkittiwakes
with higher testosterone had more chromatic gape and
tongue, and higher values of hue for gape, tongue and bill
(Table 1). Neither body condition and plasma carotenoids
nor any pollutant were linearly associated with colourl
(Table 1).

Kittiwakes with higher blood concentrations of PFOSlin,
PENA, PFDcA, PFUnA, or PFDoA were characterised with an
elevated value of colour2, i.e., brighter but less chromatic bill,
and slightly brighter gape and tongue while controlling for
testosterone and body condition (Table 1). Neither THg nor
PFTriA and PFTeA were significantly associated with colour2
(Table 1).

A comparison of models including PFOSlin, PFNA,
PFDcA, PFUnA, or PFDoA based on AICc showed that
the highest-ranking model included PFOSlin (Table 2 and
Figure 1). Importantly, the rank of this model was also
higher than that of a model including the four PFCAs
(perfluorocarboxylic acids) PFNA, PFDcA, PFUnA, or PFDoA
together.
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Plasma carotenoids

Kittiwakes with higher concentrations of any PFAS had
higher values of carotl, indicating higher concentrations of
astaxanthin, zeaxanthin, lutein, and cryptoxanthin (Table 3).
Neither concentration of THg and none of the other factors
were significantly associated with carotl. Carot2 was not
linearly associated with any of the factors considered (Table 3).
A comparison of models including PFAS congeners based on
AICc showed that the highest-ranking models included PFTeA,
PFDcA, and PFNA, respectively (Table 4 and Figure 2).

Discussion

Our results provide the first evidence in a bird species for
a significant correlation between the plasma concentration of
some PFAS congeners and metrics of integument carotenoid-
based colourations. We found that (i) male kittiwakes with
elevated concentrations of PFOSlin, PENA, PFDcA, PFUnA,
or PFDoA tended to have brighter bill, gape and tongue, and
lower values of hue and chroma of the bill and (ii) PFOSlin was
the congener which best explained the variation in brightness
and chroma of the colourations. Neither PFTriA, PFTeA, nor
THg were significantly associated with colourations. We also
found that concentrations of PFAS, were positively associated
with plasma concentrations of the carotenoids astaxanthin,
zeaxanthin, lutein, and cryptoxanthin. Finally, we found that
plasma testosterone was the only significant correlate of bill,
gape, and tongue chromas and hues.

The results of our study suggest that PFAS might have
interfered somehow with the allocation of carotenoids to
bill colouration and to a lower extent to gape and tongue.
Several studies have found positive effects of carotenoid
supplementation on traits as diverse as sperm quality
(Helfenstein et al, 2010), song (Van Hout et al, 2011), or
immune function (Simons et al, 2012), so that birds might
strategically mobilize them from tissues or rapidly metabolize
them to overcome the harmful effects of environmental stressors
(e.g., chemical pollutants) at the expense of coloured sexual
signals. Integument carotenoid-based colourations can change
dynamically depending on the circumstances (e.g., Casagrande
et al,, 2007) with carotenoids being diverted from the skin to
the circulating system. This might explain to some degree why
we found plasma concentrations of carotenoids in kittiwakes to
be positively correlated to levels of PFAS. It might also be that
PFAS inhibited the activity of molecular carriers of carotenoids
(lipoproteins), limiting their deposition into the tissue and
determining elevated levels in the blood as a consequence. Prior
work documented effects of PFAS on lipoproteins and lipid
homeostasis (Wang et al., 2014; Dale et al,, 2020; Liu et al,
2020) and found that the apolipoprotein A-I was a key protein
for PFOS binding and transport in the plasma of tiger pufferfish
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FIGURE 2

Biplots showing the correlations between plasma
concentrations of plasma carotenoids (PC1 from PCA) and
PFTeA, PFDcA, or PENA in 50 Arctic male kittiwakes sampled
during the pre-laying period.

(Takifugu rubripes) (Honda et al., 2014). In prior work based on
the same dataset, we found that increased oxidative stress might
be one consequence of long-chain perfluoroalkyl carboxylates
(PFDoA, PFTriA, and PFTeA) exposure (Costantini et al,
2019). Although carotenoids have modest antioxidant effects in
birds (Costantini and Moller, 2008), it might be that they are
rapidly mobilised from tissues in response to oxidative stress,
but they are being bleached by oxidation processes. Thus, less
carotenoids would be available for body colourations. More
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studies are required to identify the molecular mechanisms
through which PFAS would impact on carotenoids.

None of the models provided evidence for the conclusion
that THg contamination in kittiwakes has significant effects
on carotenoids. A previous detailed review on impacts of
Hg exposure in birds showed that 72% of field studies and
91% of laboratory studies found evidence of deleterious effects
of Hg on some physiological, behavioural or reproductive
endpoint (Whitney and Cristol, 2017). This review also showed
that studies on body colourations were underrepresented
in literature and that carotenoids were largely ignored in
favour of melanin-based colourations. For example, White and
Cristol (2014) found that THg contamination was positively
correlated with brightness of structural and melanin-based
plumage colour in belted kingfishers (Megaceryle alcyon)
consistent with the hypothesis that Hg slows the production
of melanins. Similarly, McCullagh et al. (2015) found that
higher tissue Hg accumulation was associated with brighter
melanin-based plumage in eastern bluebirds (Sialia sialis).
Also, studies on birds found significant associations between
Hg and both plumage and integument carotenoid-based
colourations (Giraudeau et al., 2015; Spickler et al., 2020). For
example, Giraudeau et al. (2015) found a negative correlation
between feather THg and carotenoid-based colouration of
breast feathers in great tits. Thus, it might be that the
range of THg concentrations (1.98-4.80 pg g~! dw) in
kittiwakes was probably too low for this particular species
(e.g., more resistant or tolerant as compared to terrestrial
species), preventing us to detect any significant sublethal
effects. Thus, we believe that further research would be
needed to explore the interaction between Hg and carotenoid
metabolism.

Conclusion

Our work provides the first evidence in a bird species that
PFAS might be directly or indirectly related with carotenoid
metabolism and the expression of integument carotenoid-
based colourations. It does not support the conclusion that
(i) current Hg contamination would interfere with carotenoid
usage in Arctic kittiwakes and (ii) the co-exposure to multiple
PFAS might generate stronger effects (e.g., additive, synergistic)
on the expression of carotenoid-based colourations. Prior
work on male kittiwakes showed that the colorimetric traits
that we found to be significantly associated with PFAS were
poor predictors of reproductive success (Leclaire et al., 2011).
However, given the multiple signals that integument carotenoid-
based colourations may convey, our results might break new
ground on the potential interference of PFAS contamination and
correlated variables (e.g., other organic pollutants) with sexual
selection.
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