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Summary

1. Life-history theory predicts that long-lived organisms should reduce parental effort

under inclement environmental conditions in order to favour long-term survival.
Seabirds are long-lived top predators often exposed to environmental endocrine
disrupting chemicals such as mercury (Hg). Hg contaminated birds show disrupted

parental behaviour.

. Avian parental behaviour is governed by two key hormones in birds: corticosterone

(CORT, a glucocorticoid hormone) and prolactin (PRL, a pituitary hormone involved in
parental care). Any disruption of these hormones may alter the ability of an individual

to adjust parental behaviour to environmental conditions.

. The first aim of this study was to describe the relationships between blood Hg

concentrations, plasma PRL and reproductive performance in Arctic black-legged
kittiwakes (Rissa tridactyla). We a found negative relationship between plasma baseline
PRL and blood Hg concentrations in males. Moreover, Hg concentration was negatively
related to breeding success in chick-rearing males.

Second, to study the effect of a chronic increase of stress on the Hg-PRL relationship,
we experimentally increased stress with CORT pellet implantation. We predicted that
Hg and CORT would act synergistically on PRL and that an increase of CORT
concentration would steepen the Hg-PRL relationship. However, adding CORT did not
steepen the Hg-PRL relationship. Hatching success was significantly lower in CORT
implanted males, yet breeding success was not reduced in CORT implanted male
kittiwakes with high levels of blood Hg.

Our results suggest that Hg may impair reproductive performance through a disruption

of PRL secretion. Contrary to our prediction Hg and CORT did not act synergistically,
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the underlying mechanisms associating CORT and Hg with PRL, might be more

complex than a single interaction of two factors.

Key-words: Arctic; Black-legged kittiwake; breeding success; contaminants; corticosterone;

endocrine disruptors; parenting hormone; parental investment.
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Introduction

Parental investment is governed by a trade-off between the benefits and costs of resource
allocation to current versus future reproduction (Clutton-Brock, 1991; Stearns, 1992). When
facing stressful conditions, such as inclement weather, food deprivation or predation risk,
breeding adults have to take the decision to either continuing to care for their offspring or to
desert current reproduction, thereby favouring their own survival. In vertebrates, adjustments
of behaviour to environmental changes are often mediated by physiology, and more specifically
by hormonal mechanisms which orchestrate life-history decisions in vertebrates (Flinn et al.
1996; Nunes et al. 2001; Ricklefs, & Wikelski 2002; Storey et al. 2006; O’Connor et al. 2011).
Thus, investigating the hormonal regulation of parental behaviour is relevant to evaluate how

parents modulate their parental investment according to specific environmental conditions.

With regard to endocrine mechanisms, glucocorticoid hormones (cortisol, corticosterone,
CORT) have been recognised to play a major role for the modulation of parental investment in
vertebrates and have been widely studied in bird species: during stressful events the release of
stress hormones trigger physiological and behavioural adjustments that shift energy investment
away from reproduction and redirects it towards self-preservation and hence survival (Kitaysky,
Wingfield & Piatt, 2001; Angelier et al. 2009; Bokony et al. 2009). Far less studied, the
hormone prolactin (PRL) can also mediate the life-history trade-off between reproduction and
survival in free-living birds (see Storey et al. 2006; Angelier & Chastel 2009). The release of
this pituitary hormone facilitates parental behaviours such as egg incubation and brood
provisioning (Buntin 1996). During a stressful situation, in concert with the increase in CORT,
circulating PRL has been shown to decrease in several bird species (Angelier & Chastel, 2009)
and this could ultimately trigger nest desertion if PRL levels remain low during a prolonged

period (e.g. Angelier & Chastel 2009; Spée et al. 2010, 2011).
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Therefore, PRL secretion plays a key role in mediating parental investment in birds (Angelier
& Chastel 2009) and any disruption of PRL may alter the ability of an individual to adjust
reproductive decisions to environmental conditions. There are growing evidences that some
environmental contaminants may be able to impair reproductive decisions. For example,
elevated mercury (Hg) concentrations in blood, a non-essential trace metal, have been
associated with a higher probability to defer breeding in black-legged kittiwakes (thereafter
kittiwake; Rissa trydactyla, Tartu et al. 2013), with a higher occurrence of temporary egg
desertion in snow petrels Pagodroma nivea Tartu et al. 2015) and in highly Hg polluted great
northern divers Gavia immer, chicks spent less time back-riding (Nocera & Taylor 1998). Such
impaired reproductive decisions/behaviours can have negative fitness consequences: free-
ranging Carolina wrens Thryothorus ludovicianus and tree swallows Tachycineta bicolor that
reproduced in Hg-contaminated areas produced fewer fledglings (Brasso & Cristol 2008;
Jackson et al. 2011). Additionally, long term breeding success was negatively impacted by Hg
in wandering albatrosses Diomedoea exulans, south polar skuas Catharacta maccormicki and
brown skuas Catharacta lonnbergi (Goutte et al. 2013, 2014) and breeding probability was

negatively impacted by Hg in kittiwakes (Goutte et al. 2015).

Hg is a well-established endocrine disruptor in vertebrates, interfering with thyroid, adrenal,
and reproductive systems (Tan, Meiller & Mahaffey 2009). Given the relationships between
Hg and parental investment, it is conceivable that Hg exposure could alter PRL secretion. The
Hg-PRL relationships have principally been explored in human studies with inconsistent
patterns: increased, decreased or unchanged serum PRL concentrations in relation to increasing
Hg concentrations (Barregard et al. 1994; Lucchini et al. 2002; Carta et al. 2003). In birds, only
a handful of studies have reported negative association between some environmental
contaminants and PRL (i.e. petroleum and organohalogen pollutants, Cavanaugh et al. 1983;

Verreault et al. 2008). To date only one study has investigated the relationship between Hg and
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PRL: in male snow petrels PRL concentrations decreased with increasing blood Hg
concentrations (Tartu et al. 2015). This study suggested that, at least in this seabird species, Hg
shall disrupt PRL secretion (Tartu et al. 2015). Given the scarcity of studies on Hg-PRL
relationships in free-living birds, more studies are needed to confirm the potential role of Hg in

avian PRL disruption.

We investigated the relationship between total blood Hg (comprising both organic and
inorganic Hg), plasma baseline PRL concentrations and reproductive performance in Arctic
breeding kittiwakes (Svalbard archipelago). The Arctic is considered a sink for Hg deposition
(Ariya et al. 2004) and marine apex predators, such as seabirds, are particularly exposed to Hg
through their diet (reviewed in Dietz et al. 2013). The first aim of this study was to describe the
natural covariation between blood Hg and PRL concentrations, and reproductive performance.
If Hg functions as an endocrine disruptor in this species, we predicted that plasma baseline PRL
concentrations would decrease with increasing Hg concentration in blood (Figure 1A) and that
kittiwakes bearing high levels of blood Hg would have lower reproductive performance. The
second aim of this study was to test the effect of an additional stressor on the PRL-Hg
relationship. Experimentally elevated CORT levels are known to decrease PRL concentrations
and breeding success in kittiwakes (Angelier et al. 2009). Because a recent seabird study has
reported decreased PRL secretion in relation to blood Hg concentrations (Tartu et al. 2015), we
asked whether the negative effect of elevated CORT levels on PRL levels can be influenced by
blood Hg concentrations. As the Arctic is facing multiple environmental challenges including
increasing anthropogenic disturbance and rapid climate- and habitat changes, these
environmental stressors combined to contaminants, such as Hg, may have additive or
synergistic negative effects on wildlife (Jenssen 2006; Hooper et al. 2013). To test this
hypothesis, we experimentally increased plasma CORT concentrations through the

implantation of exogenous CORT pellets, to mimic stressful conditions. We predicted that if
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Hg contamination combined to other environmental stressors have a synergistic effect on PRL,
then 1) the negative relationship between Hg contamination and baseline PRL would be steeper
in the presence of CORT (Fig. 1B) and 2) the negative effect of higher Hg blood concentrations

on breeding success would be magnified by the CORT treatment.

Materials and methods

ETHIC STATEMENT AND STUDY AREA

The sampling of birds was approved by the Governor of Svalbard, and national guidelines for
ethical treatment of experimental animals were followed (NARA, FOTS id 4214, 5264, 6363).
The study was conducted at Kongsfjorden, Svalbard (78°54'N, 12°13'E) during three

consecutive breeding seasons from 2012 to 2014.
BLOOD SAMPLING AND CORT IMPLANT

In 2012 from June 19" to July 4™ we caught 111 incubating kittiwakes (56 females and 55
males) and from July 10" to July 27", 41 chick-rearing kittiwakes (19 females and 22 males).
Birds were caught on their nest with a noose at the end of a 5 m fishing rod. We collected a first
blood sample (ca. 0.2 mL) immediately after capture, from the alar vein with a 1 mL heparinised
syringe and a 25-gauge needle to assess ‘baseline PRL’ (Chastel et al. 2005) and Hg
concentrations. Bleeding time (i.e. time elapsed from capture to the end of the first blood
sample) was on average 2 min 28 sec + 12 sec (SD).

In 2013, we conducted a follow-up experimental study only on males, as male Kittiwakes bear
higher levels of Hg and they seem to be more sensitive to Hg-contamination (Tartu et al. 2013).
From June 27" to July 11™, we caught 43 incubating males to determine baseline PRL and Hg
concentrations. Immediately after the first blood sample (2 min 21 sec £ 20 sec, SD), male

kittiwakes were randomly allocated either to a treatment or a control group and were implanted
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subcutaneously either with a CORT (25mg/pellet 15 days release, G111, N=22) or a placebo
(15 days release, C111, N=21) biodegradable pellet. These groups are referred to as CORT and
control, respectively. We obtained pellets from Innovative Research of America (Sarasota) and
surgical equipment was sterilized with 90% alcohol. We performed a small incision (~5mm)
on the nape of the kittiwakes with a sterilized surgical scalpel and inserted the pellet with a
sterilized bent clip. The incision was then sutured with surgical glue (3M Vetbond) and
disinfected with aluminium spray (Vetoquinol Aluspray). The operation lasted for
approximately 10 min. The implantation day was denoted as ‘day 0’. To validate the CORT
treatment, we recaptured 4 CORT and 4 control birds (different individuals each time) at days
1, 2, 3, 7 that were subjected to a ‘baseline’ blood sample. At day 11, we succeeded to recapture
16 CORT and 20 control birds out of the 43 implanted birds. They were sampled for baseline

concentrations and blood Hg.

BODY CONDITION, HATCHING SUCCESS, BREEDING SUCCESS AND RETURN
RATE

We weighed kittiwakes to the nearest 2 g using a Pesola spring balance, and we measured their
skull length (head+bill) to the nearest 0.5 mm with a sliding calliper. For each bird, we
calculated a scaled mass index as a measure of body condition (Peig & Green 2009). Kittiwakes
were individually marked with metal rings and PVC plastic bands engraved with a three-digit
code and fixed to the bird’s tarsus for identification from a distance. Using a mirror at the end
of an 8 m fishing rod, we checked the whole plot (ca. 117 nests) every two days to monitor the
number of hatchlings (thereafter ‘number of eggs that hatched’ ranging between 0 and 3) and
the number of chicks that reached at least 12 days old (thereafter ‘number of chicks successfully
raised’ ranging between 0 and 3). In 2014, we monitored the ‘return rate’ of the implanted

kittiwakes from 2013 by reading plastic rings using a telescope. The entire nesting colony was
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checked twice a day from June 25" to July 1. Apparent adult survival rate in the present colony
is around 85% [82 — 88%] (Goutte et al. 2015) and resighting probabilities of seabirds at
breeding colonies are high because of high site fidelity (e.g. Gauthier, Milot & Weimerskirch,
2012). We also monitored ‘the number of eggs that hatched” and ‘the number of chicks that

survived’ of the kittiwakes implanted in 2013, using the same protocol as in the previous years.
MOLECULAR SEXING AND HORMONE ASSAY

We centrifuged blood samples; plasma was separated and stored at —20°C until assayed. After
centrifugation, red blood cells were kept frozen for Hg analysis as well for molecular sexing.
The sex was determined by polymerase chain reaction amplification of part of two highly
conserved genes (CHD) present on the sex chromosomes. Analyses were carried out at the
Chizé lab, UMR 7372 (CNRS, Université de La Rochelle), as detailed in \Weimerskirch
Lallemand & Martin (2005). Plasma concentrations of CORT and PRL were determined from
the 2012 and 2013 samples by radioimmunoassay at Chizé lab, as previously validated for
kittiwakes from this population (Chastel et al. 2005). All samples were run in one assay for both
hormones. To measure intra-assay variation, we included 4 different reference 10 times in the
CORT and PRL assays. From this, the intra-assay variation was 6.7% for total CORT and 7.8%

for PRL.

Hg DETERMINATION IN BLOOD CELLS

We measured total Hg from the 2012 and 2013 samples at Littoral Environnement et Sociétés
lab as described by Bustamante et al. (2006) from freeze-dried and powdered red blood cells
(hereafter called ‘blood’) in an Advanced Hg Analyzer spectrophotometer (Altec AMA 254).
At least two aliquots ranging from 5 to 10 mg were analysed for each individual and quality

assessment was measured by repeated analyses of certified reference material TORT-2 (lobster
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hepatopancreas, NRCC; certified value 0.27+0.06 pg/g). Recoveries ranged from 99.16 + 0.77

%. Hg concentrations are expressed in pg/g dry weight (dw).
STATISTICAL ANALYSES

All analyses were performed using R 2.13.1 (R Development Core Team 2011) and are detailed

in Supporting information (see Appendix S1).

Results

RELATIONSHIPS BETWEEN Hg, CORT, PRL AND REPRODUCTIVE PERFORMANCE

IN 2012

In 2012, blood Hg concentrations were significantly higher in male than in female Kittiwakes
(GLM, F1,149=59.6, P<0.001) and in incubating birds compared to chick-rearing birds (GLM,
F1149=54.9, P<0.001). Males bore higher blood Hg concentrations than females during the
incubation and chick-rearing period (sex x breeding stage: GLM, F1,149=5.8, P=0.017). In 2012,
we found no significant relationships between Hg and baseline CORT concentrations neither in

male nor female kittiwakes nor at any breeding stage (GLM, F<3.3, P>0.075).

In male kittiwakes, baseline PRL concentrations were negatively associated with blood Hg
concentrations, regardless of the breeding stage (incubation: GLM, F150=4.5, P=0.039, Figure
2A; chick-rearing: F1,18=10.7, P=0.004, Figure 3A), whereas in female kittiwakes baseline PRL
concentrations were unrelated to blood Hg concentrations neither during incubation nor chick-
rearing period (GLM, F<16, P>0.230 for all tests, Fig. 2B, Fig. 3B). Blood Hg concentrations
during the incubation period were unrelated to the number of eggs that hatched in both sexes
(GLM, F143<0.1, P>0.718). In chick-rearing kittiwakes, all the sampled birds had a two eggs’
clutch, and the number of chicks that survived was either 1 or 2. Blood Hg concentrations during

the chick-rearing period were higher in males that successfully raised one chick compared to
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those which were able to successfully raise two chicks (GLM, ¥*>=6.3, P=0.012, Figure 4A),

this relationship was not observed in chick-rearing females (GLM, ¢*>=0.1, P=0.822, Fig. 4B).

VALIDATION OF THE EXPERIMENTAL CORT TREATMENT, EFFECT ON CORT, PRL

AND Hg

On the day of implantation (day 0), Hg, baseline CORT and PRL concentrations were not
significantly different between the two groups (GLM, F141<2.16, P>0.154). Baseline CORT
concentrations were significantly related to the sampling day (GLMM, Fs61=4.5, P=0.002,
Figure 5A), to the interaction of sampling day and treatment (GLMM, F51=6.6, P<0.001, Fig.
5A) but not to the treatment alone (GLMM, F14:=2.0, P=0.168). Specifically, baseline CORT
significantly rise within 1 day, plasma CORT concentrations reached at this time (45.22 + 5.66
ng/ml) were similar to capture-restraint induced CORT concentrations measured in incubating
male kittiwakes in 2013 (43.03 £ 8.94 ng/ml), and to unmanipulated CORT concentrations
observed in breeding Kittiwakes when food shortages and stressful events occur (Kitaysky,
Wingfield & Piatt,., 1999). At days 2 and 3, baseline CORT started to decrease, but remained
significantly higher compared to controls until reaching concentrations similar to controls at
days 7 and 11. Baseline PRL concentrations were significantly related to sampling day,
treatment and interaction (GLMM, Fs61=4.9, P<0.001, F141=40.4, P<0.001 and Fs1=3.1,
P=0.015, respectively): baseline PRL concentrations remained unchanged in controls (day O:
89.19 £ 8.94 ng/ml, day 11: 83.36 = 13.25 ng/ml, Fig. 5B) while these concentrations
significantly decreased over 11 days in the CORT birds (day 0: 90.80 + 11.96 ng/ml, day 11:
50.55 *+ 15.67 ng/ml, Fig. 5B). Contrary to what was expected, the CORT increase was not
constant over 15 days. It rather triggered a 3 days long CORT surge with following kinetics of
CORT and PRL very similar to the ones reported previously in the same species implanted with

silastic tubes filled with crystallized CORT (Angelier et al. 2007, 2009).
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Body condition, calculated from biometric measurements taken on day 0, treatment and
interactions, did not influence baseline PRL concentration at day 11 (GLMM, P>0.05 for all
tests). Additionally, treatment did not influence body condition at day 11 (GLM, Fi35=2.1,

P=0.160).

RELATIONSHIPS BETWEEN Hg AND PRL AFTER AN EXPERIMENTAL INCREASE

OF CORT DURING 11 DAYS

Baseline PRL changes between day 0 and day 11 (baseline PRL day 11 — baseline PRL day 0),
were only related to the treatment (GLM, F132=49.4, P<0.001). They were not related to Hg
concentrations at day 0 nor to the interaction of Hg day O with treatment (GLM, F13,<0.1,
P>0.830). Baseline PRL concentrations measured at day 11 were not related to blood Hg
concentrations at day 11 (GLM, F133<0.1, P=0.832), however they were significantly related to
the treatment (F1,33=35.6, P<0.001, Figure 6) and to the interaction of the treatment and Hg at
day 11 (F133=5.3, P=0.028, Fig. 6). Specifically, in control birds at day 11, baseline PRL
significantly decreased with increasing Hg concentrations (GLM, F1,18=4.5, P=0.048), whereas

no relationship was found between Hg and PRL in the CORT group.

EFFECTS OF THE CORT TREATMENT AND Hg CONTAMINATION ON

REPRODUCTIVE PERFORMANCE

Hatching success was significantly higher in the controls than in the CORT birds (GLM,
F136=5.4, P=0.026), but this relationship was independent of Hg concentrations at day O or
interaction between Hg and treatment (GLM, F<0.5, P>0.474 for all tests). In all experimental
birds (CORT and controls), breeding success was not associated with Hg concentrations at day

0 (GLM, F<2.1, P>0.155 for all tests).

EFFECTS OF CORT IMPLANT AND Hg ON RETURN RATE, HATCHING AND

BREEDING SUCCESS IN 2014
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In 2014, significantly less CORT implanted male kittiwakes were resighted compared to control
males (10 CORT birds non-observed out of 22 implanted vs 3 control birds non-observed out
of 21 implanted, GLM, ¥*>=3.9, P=0.048). We found no effect of blood Hg concentrations in
2013 or interaction of Hg and treatment (GLM, Hg 2013: 4><0.1, P=0.820; Hg 2013 x treatment:
¥*=0.9, P=0.355) on return rate. Hatching and breeding success in 2014 were not affected by
the treatment, Hg concentrations in the previous year and interactions (GLM, y2<0.2, P>0.664

for all tests).

Discussion

The aim of this study was to investigate the relationships between blood Hg and PRL
concentrations in breeding Kittiwakes. In line with our first prediction, we report a negative
relationship between plasma baseline PRL and blood Hg concentrations during incubating and
chick-rearing periods in 2012 in male kittiwakes. Furthermore, in 2012 blood Hg concentrations
measured in chick-rearing males, were negatively related to breeding success. With regard to
the experimental manipulation of CORT concentrations, we observed, as in 2012, a negative
relationship between plasma baseline PRL and blood Hg in control males. However contrary to
our prediction, the experimental CORT increase did not steepen the PRL-Hg relationship at day

11.

RELATIONSHIP BETWEEN PRL AND Hg

Similarly to our findings, stress-induced PRL concentrations were negatively related to
increasing blood Hg concentrations in males of an Antarctic seabird, the snow petrel (Tartu et
al. 2015). Such negative relationships between plasma PRL and blood Hg observed in those
two polar seabirds (i.e. kittiwakes and snow petrels) add new evidence that Hg seems to disrupt
the secretion of pituitary hormones. This finding is also corroborated by other studies showing

that increased Hg concentrations inhibit efficient production of another pituitary hormone, the
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luteinizing hormone (Tartu et al. 2013, 2014). Nonetheless, the possible mechanisms
underlying these relationships still need to be clarified. Dopamine, a neuro-transmitter and
potent inhibitor of PRL, may play a significant role in the negative relationship between Hg and
PRL (Ben-Jonathan & Hnasko, 2001). It seems that organic and inorganic Hg can stimulate the
spontaneous release of dopamine in laboratory rodents (Faro et al. 2007), but also in wild larvae
of a fish (the mummichog Fundulus heteroclitus, Zhou et al. 1999) and in wild American minks
Mustela vison (Basu et al. 2005). Consequently, the negative relationship observed between
PRL and Hg is more likely to be indirect and could rely on an effect of Hg on the dopaminergic
system. However, a causal relationship between dopamine and Hg has never been reported in
birds, and the studies reporting decreased PRL secretion in relation to blood Hg in seabirds are
correlational and would greatly benefit from further experimental investigations. The reason
for the relationships between Hg and PRL being more visible in males as observed in snow
petrels (Tartu et al 2015) could be related to sex-specific effects of Hg. Indeed, endocrine
disruption could depend on the concentrations of circulating hormone. For example, estradiol
(which is higher in females) exhibits protective properties on Hg toxicity as reported in mice
(Oliveira et al. 2006). In Svalbard kittiwakes, high blood Hg concentrations were associated
with low PRL concentrations, and in chick-rearing male kittiwakes elevated Hg concentrations
were associated with lower breeding success. Consequently, the lower reproductive
performance observed in highly Hg-contaminated birds may result from a disruption of PRL

secretion.

WHAT HAPPENS WHEN STRESS COMES INTO PLAY?

In extreme environments, such as Polar Regions, individuals often experience harsh and
unpredictable environmental conditions, they therefore adopt different life-history strategies in
order to cope with environmental stressors. Long-lived organisms such as seabirds may refrain

from breeding or desert reproduction when environmental conditions are too poor (e.g Clutton-
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Brock, 1991; Stearns, 1992). These behaviours (i.e. refrain from breeding or desert
reproduction) are mediated by the release of CORT during stressful events that will shift energy
investment away from reproduction and redirects it towards self-preservation and hence
survival (Ricklefs & Wikelski, 2002; Angelier & Wingfield, 2013). By mimicking a stressful
event, we tested whether the CORT-induced PRL decrease could be reinforced by elevated
concentrations of Hg. As reported earlier in the same species (Angelier et al. 2009),
administration of exogenous CORT resulted in a decrease in baseline PRL concentrations.
Nevertheless, contrary to our prediction, after 11 days of treatment, the PRL-Hg relationship
was not steepened in CORT implanted birds. In 2013, by artificially increasing CORT we
modified the natural physiological parameters of the birds: CORT elevation lowered PRL
concentration, and attenuated the PRL and CORT stress responses (i.e. the hormonal responses
to capture restraint protocol) (Angelier et al. 2009; Goutte et al. 2011). Attenuation of the CORT
stress response after exogenous CORT administration shall result from a controlled down-
regulation of the HPA axis, in order to prevent the deleterious effects of chronic CORT
secretion (Mduller et al. 2009). The reason why PRL concentrations decrease, may also be
related to dopamine secretion. Indeed, in mice, the PRL decrease in relation to increasing stress,
is likely to be linked to a positive relationship between CORT and dopamine (Gala, 1990;
Piazza et al. 1996). Consequently, both CORT and Hg may interact with dopamine secretion
leading to a disruption of PRL secretion, yet we have no evidence for such a relationship in
birds. One reason why CORT and Hg have not acted synergistically could be because CORT
levels already down-regulated PRL levels to such low levels that Hg contamination did not have
a further detectable effect. Maybe if we tested the PRL/Hg relationship when baseline CORT
was still elevated (i.e. days 1, 2 or 3) we would observe a steepened PRL/Hg relationship in
CORT birds. To better illustrate a possible synergistic effect between CORT and Hg, further

studies would be needed, using either lower concentrations in CORT implantation, to avoid a
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down-regulation of the HPA axis or to perform blood samples on the tested birds within 3 days,
when baseline CORT is still elevated. With regard to parenting behaviour, the inability to
modulate CORT and PRL secretion may have lowered the bird’s motivation to incubate which
may have reduced hatching success. Additionally, CORT is known to increase self-foraging in
breeding kittiwakes (Kitaysky et al. 2001; Angelier et al. 2007). It is thus possible that CORT
implanted males were more likely to self-forage and presumably go for longer foraging trips
leading to an asynchrony in incubating shifts. A behavioural modification in CORT treated
male kittiwakes may have constrained their partner to leave the nest unattended in order to feed
themselves which may have resulted into a lower hatching success. Although in the 2012
correlative data, high Hg concentrations in blood of chick-rearing male Kkittiwakes were
associated with poor reproductive performance, we did not observe an increased breeding
failure in CORT treated male kittiwakes most contaminated with Hg the year after. Since Hg,
but also PRL, varies across the breeding cycle (Tartu et al. unpublished data), these Hg-fitness
relationships could importantly rely on other factors such as environmental conditions or even
the breeding stage when the blood sampling used to measure PRL and Hg was performed.
Indeed, blood Hg concentrations were higher in incubating males in 2012 compared to 2013.
Also in 2012, clutch size and hatching success were lower than in 2013 (P<0.03 for all tests).
Thus, the hazardous effects of Hg were probably more observable in 2012 when conditions

were supposedly poorer.

Conclusion

In the present study, we focused on the parental effects of PRL, however a spectrum of
biological functions is associated with PRL such as water and electrolyte balance, growth and
development, endocrinology and metabolism, brain and behaviour, reproduction,

immunoregulation and protection (Bole-Feysot et al. 1998). Thus, a decrease of PRL
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concentrations with increasing blood Hg concentrations may not only affect parenting but also
a multitude of other biological and physiological aspects for birds. Increasing environmental
stressors in Polar Regions, such as anthropogenic disturbance, ongoing climate change or the
presence of a multitude of environmental contaminants (Clarke & Harris 2003; Smetacek &
Nicol 2005; Gabrielsen 2007), could therefore modify food availability and thus increase stress
levels. Although we were not able to show a synergistic effect between CORT and Hg,

additional experiments would be needed.

Acknowledgements

This study was supported by the Institut Polaire Francais (IPEV project 330 to O. Chastel), the
Agence Nationale de la Recherche (ANR project PolarTop to O. Chastel) and the CPER 13
(Contrat de Projet Etat Région) through the funding of the AMA. The authors thank C.
Parenteau, C. Trouvé, S. Dano, C. Churlaud and M. Brault-Favrou for their excellent technical
assistance in hormones assays, molecular sexing and Hg assays, two anonymous referees and

an associate editor for their constructive and helpful comments.

Data Accessibility

Data are deposited in Dryad repository:



384

385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

References

Angelier, F., Clément-Chastel, C., Gabrielsen, G.W. & Chastel, O. (2007) Corticosterone and
time-activity budget: An experiment with Black-legged Kkittiwakes. Hormones and
Behavior, 52, 482-491.

Angelier, F., Clément-Chastel, C., Welcker, J., Gabrielsen, G.W., Chastel, O. (2009) How does
corticosterone affect parental behaviour and reproductive success? A study of prolactin in
black-legged kittiwakes. Functional Ecology, 23, 784-793. doi:10.1111/j.1365-
2435.2009.01545.x

Angelier, F., Chastel, O. (2009) Stress, prolactin and parental investment in birds: a review.
Gen. Comp. Endocrinol. 163, 142-148. doi:10.1016/j.ygcen.2009.03.028

Angelier, F., Wingfield, J.C. (2013) Importance of the glucocorticoid stress response in a
changing world: Theory, hypotheses and perspectives. General and Comparative
Endocrinology, 10th International Symposium on Avian Endocrinology 190, 118-128.
doi:10.1016/j.ygcen.2013.05.022

Ariya, P.A., Dastoor, A.P., Amyot, M., Schroeder, W.H., Barrie, L., Anlauf, K., Raofie, F.,
Ryzhkov, A., Davignon, D., Lalonde, J. (2004) The Arctic: a sink for mercury. Tellus B
56, 397-403.

Barregard, L., Lindstedt, G., Schiitz, A., Sallsten, G. (1994) Endocrine function in mercury
exposed chloralkali workers. Occup Environ Med 51, 536-540. doi:10.1136/0em.51.8.536

Basu, N., Klenavic, K., Gamberg, M., O’Brien, M., Evans, D., Scheuhammer, A.M., Chan,
H.M. (2005) Effects of mercury on neurochemical receptor-binding characteristics in wild
mink. Environmental Toxicology and Chemistry 24, 1444-1450. doi:10.1897/04-048R.1

Ben-Jonathan, N., Hnasko, R., 2001. Dopamine as a Prolactin (PRL) Inhibitor. Endocrine
Reviews 22, 724-763. doi:10.1210/er.22.6.724

Bdkony, V., Lendvai, A.Z., Liker, A., Angelier, F., Wingfield, J.C. & Chastel, O. (2009) Stress
Response and the Value of Reproduction: Are Birds Prudent Parents? The American
Naturalist, 173, 589-598.

Bole-Feysot, C., Goffin, V., Edery, M., Binart, N., Kelly, P.A. (1998) Prolactin (PRL) and Its
Receptor: Actions, Signal Transduction Pathways and Phenotypes Observed in PRL
Receptor Knockout Mice. Endocrine Reviews 19, 225-268. doi:10.1210/edrv.19.3.0334

Brasso, R.L., Cristol, D.A., 2008. Effects of mercury exposure on the reproductive success of
tree swallows (Tachycineta bicolor). Ecotoxicology 17, 133-141. doi:10.1007/s10646-
007-0163-z

Buntin, J.D. (1996) Parental Care: Evolution, Mechanisms, And Adaptive Significance:
Parental Care: Evolution, Mechanisms, And Adaptive Significance. Academic Press.

Bustamante, P., Lahaye, V., Durnez, C., Churlaud, C., Caurant, F. (2006) Total and organic
Hg concentrations in cephalopods from the North Eastern Atlantic waters: Influence of
geographical origin and feeding ecology. Science of The Total Environment 368, 585-596.
doi:10.1016/j.scitotenv.2006.01.038

Carta, P., Flore, C., Alinovi, R., Ibba, A., Tocco, M.G., Aru, G., Carta, R., Girei, E., Mutti, A.,
Lucchini, R. (2003) Sub-clinical neurobehavioral abnormalities associated with low level
of mercury exposure through fish consumption. Neurotoxicology 24, 617-623.

Cavanaugh, K.P., Goldsmith, A.R., Holmes, W.N. & Follett, B.K. (1983) Effects of ingested
petroleum on the plasma prolactin levels during incubation and on the breeding success of
paired mallard ducks. Archives of Environmental Contamination and Toxicology, 12, 335—
341.Chastel, O., Weimerskirch, H., Jouventin, P. (1993) High annual variability in
reproductive success and survival of an Antarctic seabird, the snow petrel Pagodroma
nivea. Oecologia 94, 278-285. doi:10.1007/BF00341328



432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

Chastel, O., Lacroix, A., Weimerskirch, H., Gabrielsen, G.W. (2005) Modulation of prolactin
but not corticosterone responses to stress in relation to parental effort in a long-lived bird.
Hormones and Behavior 47, 459-466. doi:10.1016/j.yhbeh.2004.10.009

Clarke, A., Harris, C.M. (2003) Polar marine ecosystems: major threats and future change.
Environmental Conservation 30, 1-25. doi:10.1017/S0376892903000018

Clutton-Brock, T.H. (1991) The Evolution of Parental Care. Princeton University Press.

Dietz, R., Sonne, C., Basu, N., Braune, B., O’Hara, T., Letcher, R.J., Scheuhammer, T.,
Andersen, M., Andreasen, C., Andriashek, D. (2013) What are the toxicological effects of
mercury in Arctic biota? Science of the Total Environment 443, 775-790.

Faro, L.R.F., Rodrigues, K.J.A., Santana, M.B., Vidal, L., Alfonso, M., Duran, R. (2007)
Comparative effects of organic and inorganic mercury on in vivo dopamine release in
freely moving rats. Brazilian Journal of Medical and Biological Research 40, 1361-1365.
d0i:10.1590/S0100-879X2006005000157

Flinn, M.V., Quinlan, R.J., Decker, S.A., Turner, M.T. & England, B.G. (1996) Male-female
differences in effects of parental absence on glucocorticoid stress response. Human Nature,
7,125-162.

Gala, R. R. (1990). The physiology and mechanisms of the stress-induced changes in prolactin
secretion in the rat. Life sciences, 46(20), 1407-1420

Gabrielsen, G.W. (2007) Levels and effects of persistent organic pollutants in arctic animals,
in: @rbek, D.J.B., Kallenborn, D.R., Tombre, D.I., Hegseth, D.E.N., Falk-Petersen, D.S.,
Hoel, D.A.H. (Eds.), Arctic Alpine Ecosystems and People in a Changing Environment.
Springer Berlin Heidelberg, pp. 377-412.

Gauthier, G., Milot, E. & Weimerskirch, H. (2012) Estimating dispersal, recruitment and
survival in a biennially breeding species, the Wandering Albatross. Journal of
Ornithology, 152, 457-467.

Goutte, A., Clément-Chastel, C., Moe, B., Bech, C., Gabrielsen, G.W. & Chastel, O. (2011)
Experimentally reduced corticosterone release promotes early breeding in black-legged
kittiwakes. The Journal of Experimental Biology, 214, 2005-2013.

Goutte, A., Bustamante, P., Barbraud, C., Delord, K., Weimerskirch, H., Chastel, O. (2013)
Demographic responses to mercury exposure in two closely related Antarctic top
predators. Ecology 95, 1075-1086. doi:10.1890/13-1229.1

Goultte, A., Barbraud, C., Meillére, A., Carravieri, A., Bustamante, P., Labadie, P., Budzinski,
H., Delord, K., Cherel, Y., Weimerskirch, H., Chastel, O. (2014) Demographic
consequences of heavy metals and persistent organic pollutants in a vulnerable long-lived
bird, the wandering albatross. Proc. R. Soc. B 281, 20133313. doi:10.1098/rspb.2013.3313

Goutte, A., Barbraud, C., Herzke, D., Bustamante, P., Angelier, F., Tartu, S., Clément-Chastel,
C., Moe, B., Bech, C. & Gabrielsen, G.W. (2015) Survival rate and breeding outputs in a
high Arctic seabird exposed to legacy persistent organic pollutants and mercury.
Environmental Pollution, 200, 1-9.

Hooper, M.J., Ankley, G.T., Cristol, D.A., Maryoung, L.A., Noyes, P.D., Pinkerton, K.E.
(2013) Interactions between chemical and climate stressors: A role for mechanistic
toxicology in assessing climate change risks. Environmental Toxicology and Chemistry 32,
32-48.

Jackson, A.K., Evers, D.C., Etterson, M.A., Condon, A.M., Folsom, S.B., Detweiler, J.,
Schmerfeld, J., Cristol, D.A. (2011) Mercury Exposure Affects the Reproductive Success
of a Free-Living Terrestrial Songbird, the Carolina Wren (Thryothorus ludovicianus). The
Auk 128, 759-769. doi:10.1525/auk.2011.11106

Jenssen, B.M. (2006) Endocrine-Disrupting Chemicals and Climate Change: A Worst-Case
Combination for Arctic Marine Mammals and Seabirds? Environ Health Perspect 114,
76-80. doi:10.1289/ehp.8057



482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531

Kitaysky, A.S., Wingfield, J.C., Piatt, J.F. (1999) Dynamics of food availability, body
condition and physiological stress response in breeding Black-legged Kittiwakes.
Functional Ecology 13, 577-584. d0i:10.1046/].1365-2435.1999.00352.x

Kitaysky, A.S., Wingfield, J.C. & Piatt, J.F. (2001) Corticosterone facilitates begging and
affects resource allocation in the black-legged kittiwake. Behavioral Ecology, 12, 619—
625.

Lucchini, R., Cortesi, I., Facco, P., Benedetti, L., Camerino, D., Carta, P., Urbano, M.L.,
Zaccheo, A., Alessio, L. (2002) Neurotoxic effect of exposure to low doses of mercury.
Med Lav 93, 202-214.

Lucchini, R., Calza, S., Camerino, D., Carta, P., Decarli, A., Parrinello, G., Soleo, L., Zefferino,
R., Alessio, L. (2003) Application of a Latent Variable Model for a Multicenter Study on
Early Effects Due to Mercury Exposure. NeuroToxicology 24, 605-616.
d0i:10.1016/S0161-813X(03)00048-2

Miiller, C., Almasi, B., Roulin, A., Breuner, C.W., Jenni-Eiermann, S. & Jenni, L. (2009)
Effects of corticosterone pellets on baseline and stress-induced corticosterone and
corticosteroid-binding-globulin. General and Comparative Endocrinology, 160, 59-66.

Nocera, J.J., Taylor, P.D. (1998) In situ behavioral response of common loons associated with
elevated mercury (Hg) exposure. Conservation Ecology 2 (10) 1-12.

Nunes, S., Fite, J.E., Patera, K.J. & French, J.A. (2001) Interactions among Paternal Behavior,
Steroid Hormones, and Parental Experience in Male Marmosets (Callithrix kuhlii).
Hormones and Behavior, 39, 70-82.

O’Connor, C.M., Yick, C.Y., Gilmour, K.M., Van Der Kraak, G. & Cooke, S.J. (2011) The
glucocorticoid stress response is attenuated but unrelated to reproductive investment
during parental care in a teleost fish. General and Comparative Endocrinology, 170, 215—
221.

Oliveira, F.R.T., Ferreira, J.R., dos Santos, C.M.C., Macédo, L.E.M., de Oliveira, R.B.,
Rodrigues, J.A., do Nascimento, J.L.M., Faro, L.R.F., Diniz, D.L.W.P. (2006) Estradiol
reduces cumulative mercury and associated disturbances in the hypothalamus—pituitary
axis of ovariectomized rats. Ecotoxicology and Environmental Safety 63, 488-493.
doi:10.1016/j.ecoenv.2004.12.024

Piazza, P. V., Rougé-Pont, F., Deroche, V., Maccari, S., Simon, H., & Le Moal, M. (1996).
Glucocorticoids have state-dependent stimulant effects on the mesencephalic
dopaminergic transmission. Proceedings of the national Academy of Sciences, 93(16),
8716-8720

R Development Core Team (2011). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org/.

Ricklefs, R.E., Wikelski, M. (2002) The physiology/life-history nexus. Trends in Ecology &
Evolution 17, 462-468. doi:10.1016/S0169-5347(02)02578-8

Smetacek, V., Nicol, S. (2005) Polar ocean ecosystems in a changing world. Nature 437, 362—
368. doi:10.1038/nature04161

Spée M, Beaulieu M, Dervaux A, Chastel O, Le Maho Y, Raclot T. 2010 Should | stay or
should I go? Hormonal control of nest abandonment in a long-lived bird, the Adélie
penguin. Hormones and Behavior, 58, 762-768

Spée, M., Marchal, L., Lazin, D., Le Maho, Y., Chastel, O., Beaulieu, M., Raclot, T. (2011)
Exogenous corticosterone and nest abandonment: a study in a long-lived bird, the Adélie
penguin. Hormones and behavior 60, 362-370.

Stearns, S.C. (1992) The Evolution of Life Histories. Oxford University Press Oxford.

Storey, A.E., Delahunty, K.M., McKay, D.W., Walsh, C.J. & Wilhelm, S.I. (2006) Social and
hormonal bases of individual differences in the parental behaviour of birds and mammals.



532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

Canadian Journal of Experimental Psychology/Revue canadienne de psychologie
expérimentale, 60, 237-245.

Tan, S.W., Meiller, J.C., Mahaffey, K.R. (2009) The endocrine effects of mercury in humans
and wildlife. Critical Reviews in Toxicology 39, 228-269.
doi:10.1080/10408440802233259

Tartu, S., Goutte, A., Bustamante, P., Angelier, F., Moe, B., Clément-Chastel, C., Bech, C.,
Gabrielsen, G.W., Bustnes, J.0., Chastel, O. (2013) To breed or not to breed: endocrine
response to mercury contamination by an Arctic seabird. Biology Letters 9.
doi:10.1098/rsbl.2013.0317

Tartu, S., Bustamante, P., Goutte, A., Cherel, Y., Weimerskirch, H., Bustnes, J.O., Chastel, O.
(2014) Age-Related Mercury Contamination and Relationship with Luteinizing Hormone
in a Long-Lived Antarctic Bird. PloS one, 9, e103642.

Tartu, S., Wingfield, J.C., Bustamante, P., Angelier, F., Budzinski, H., Labadie P., Bustnes
J.0., Weimerskirch. H., & Chastel, O. (2015) Corticosterone, prolactin and egg neglect
behaviour in relation to mercury and legacy POPs in a long-lived Antarctic bird. Science
of The Total Environment, 505, 180-188

Verreault, J., Verboven, N., Gabrielsen, G.W., Letcher, R.J. & Chastel, O. (2008) Changes in
prolactin in a highly organohalogen contaminated Arctic top predator seabird, the glaucous
gull. General and Comparative Endocrinology, 156, 569-576.

Weimerskirch, H., Lallemand, J., Martin, J. (2005) Population sex ratio variation in a
monogamous long-lived bird, the wandering albatross. Journal of Animal Ecology, 74,
285-291. d0i:10.1111/j.1365-2656.2005.00922.x

Zhou, T., Rademacher, D.J., Steinpreis, R.E., Weis, J.S. (1999) Neurotransmitter levels in two
populations of larval Fundulus heteroclitus after methylmercury exposure. Comparative
Biochemistry and Physiology Part C: Pharmacology, Toxicology and Endocrinology 124,
287-294. d0i:10.1016/S0742-8413(99)00077-8



560

561

562

563
564
565

SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article.
Appendix S1 Statistical analyses

Please note: Wiley Blackwell are not responsible for the content or functionality of any
supporting information supplied by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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Figure caption

Figure 1: Predicted relationship between plasma baseline prolactin (PRL) and blood mercury
(Hg) levels in black-legged kittiwakes: A) we predict that baseline PRL would be negatively
associated with Hg. B) if Hg contamination has and stress hormone (corticosterone, CORT) act
synergistically on PRL, then the negative relationship between Hg contamination and PRL
would be steeper in CORT-implanted birds compared to controls. Long dash-dotted line refers

to non-treated birds, solid line to control birds and dashed line to CORT birds.

Figure 2: Relationships between baseline PRL concentrations and blood Hg concentrations in
2012’s male (A) and female (B) incubating kittiwakes. Small RZ suggest that several other
factors not taken into account may also influence PRL secretion. Closed triangles denote
females and open circles denote males; solid lines refer to statistically significant linear

regression.

Figure 3: Relationships between baseline PRL concentrations and blood Hg concentrations in
2012’s male (A) and female (B) chick-rearing kittiwakes. Closed triangles denote females and

open circles denote males; solid line refers to statistically significant linear regression for males.

Figure 4: Relationships between baseline Hg concentrations in 2012°s male (A, open circles)
and female (B, closed triangles) chick-rearing kittiwakes in relation to the number of chicks
that survived. All sampled birds had a two eggs’ clutch with at least one chick that survived. *

denotes significant difference.

Figure 5: PRL concentrations (ng/ml) at day 11 in relation to Hg concentrations in blood at
day 11 (pg/g dw). Data shown are 2013’s incubating male kittiwakes, open circles denote
controls and closed circles denote CORT implanted birds. Solid line refers to statistically

significant linear regressions.
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