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Basal metabolic rate (BMR), the minimal energetic cost of living in endotherms, is known to be inﬂuenced by
thyroid hormones (THs) which are known to stimulate in vitro oxygen consumption of tissues in birds and
mammals. Several environmental contaminants may act on energy expenditure through their thyroid hormonedisrupting properties. However, the eﬀect of contaminants on BMR is still poorly documented for wildlife. Here,
we investigated the relationships between three groups of contaminants (organochlorines (OCs), perﬂuoroalkyl
substances (PFASs), and mercury) with metabolic rate (MR), considered here as a proxy of BMR and also with
circulating total THs (thyroxine (TT4) and triiodothyronine (TT3)) in Arctic breeding adult black-legged
kittiwakes (Rissa tridactyla) from Svalbard, during the chick rearing period. Our results indicate a negative
relationship between the sum of all detected chlordanes (∑CHLs) and MR in both sexes whereas perﬂuorotridecanoate (PFTrA) and MR were positively related in females only. MR was not associated with mercury.
Additionally, levels of TT3 were negatively related to ∑CHLs but not to PFTrA. The ﬁndings from the present
study indicate that some OCs (in both sexes) and some PFASs (only in females) could disrupt ﬁne adjustment of
BMR during reproduction in adult kittiwakes. Importantly, highly lipophilic OCs and highly proteinophilic
PFASs appear, at least in females, to have the ability to disrupt the metabolic rate in an opposite way. Therefore,
our study highlights the need for ecotoxicological studies to include a large variety of contaminants which can
act in an antagonistic manner.

1. Introduction
Understanding the concept of energy allocation toward maintenance requirements, activity, growth and reproduction is a central goal
which integrates both ecology and physiology. Usually considered as
the minimal energetic cost of living, basal metabolic rate (BMR) is
deﬁned as the lowest rate of energy expenditure in a post-absorptive,
adult endotherm at rest in its thermoneutral zone (Bligh and Johnson,
1973; Ellis and Gabrielsen, 2002; McNab, 1997). BMR is by far the most
widely assessed parameter in vertebrate energetics (Danforth and
Burger, 1984; Ellis, 1984) and has been described for a large variety
of species from a wide geographical range (Bryant and Furness, 1995;
Ellis, 1984; Ellis and Gabrielsen, 2002; Scholander et al., 1950).

⁎

Although subject to circadian and seasonal ﬂuctuations (Aschoﬀ and
Pohl, 1970; Kendeigh et al., 1977), a signiﬁcant part of BMR variation
within and between species can be attributed to adaptations either to
speciﬁc environmental conditions or to particular behavioral traits of
the species (Bech et al., 1999; Burton et al., 2011; Gabrielsen, 1994;
Verreault et al., 2007).
Thyroid hormones (THs) are involved in a multitude of physiological traits and are known to regulate metabolism. Speciﬁcally, thyroxine
(T4) and especially triiodothyronine (T3) are considered as the major
controllers for the regulation of tissue oxygen consumption, thermogenesis and metabolic activity in endotherms (Bobek et al., 1977;
Danforth and Burger, 1984; Freake and Oppenheimer, 1995; Hulbert,
2000). The roles of THs in the regulation of metabolism have been well
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OCs, PFASs, Hg and several hormones (e.g. THs, corticosterone)
involved in energy metabolism have been observed (Ask, 2015; Tartu
et al., 2014, 2015, 2016). Because THs are known to exert a strong
control on the regulation of metabolic functions in kittiwakes (Elliott
et al., 2013; Welcker et al., 2013), individuals exposed to high
concentrations of those chemicals may experience altered metabolic
activity in response to disrupted thyroid function. We tested this
assumption by investigating the relationships between three groups of
contaminants (OCs, PFASs, and Hg) with metabolic rate (MR), considered here as a proxy of BMR and also with circulating concentrations
of total THs (TT3 and TT4) in a kittiwake population from Svalbard
(Norwegian Arctic). Because BMR is considered as a life-history
component (reviewed in Burton et al., 2011), such relationships
between contaminants and basal energy expenditure could potentially
be related to the decreased survival rate, lower hatching success and
breeding probabilities as previously reported in the most contaminated
kittiwakes in Svalbard (Blévin et al., 2016; Goutte et al., 2015; Tartu
et al., 2014).

documented in laboratory studies (Hulbert, 2000; Kim, 2008; Silvestri
et al., 2005), and several investigations conducted in domestic as well
as in free-living animals have highlighted strong and positive associations between total T3 (TT3) levels and BMR (Bobek et al., 1977;
Chastel et al., 2003; Elliott et al., 2013; Vézina et al., 2009; Welcker
et al., 2013; Zheng et al., 2013).
Over the last few years, a signiﬁcant amount of studies have led to
the hypothesis that exposure to environmental contaminants could be
the cause of disruption of thyroid function or BMR and several studies
have reported abnormal TH concentrations and thyroid gland structure
in birds exposed to contaminants under controlled laboratory conditions, as well as in free-ranging populations (Cesh et al., 2010; reviewed
in Dawson, 2000; Haugerud, 2011; reviewed in McNabb, 2005;
reviewed in McNabb and Fox, 2003; Melnes, 2014; Nøst et al., 2012;
reviewed in Rolland, 2000; reviewed in Scanes and McNabb, 2003;
Smits et al., 2002; Verreault et al., 2004, 2007, 2013; Wada et al.,
2009). Besides, circulating levels of THs appear to be suitable biomarkers as measures of contaminant-associated eﬀects in wildlife (Fox,
1993; McNabb, 2005; Peakall, 1992; Rolland, 2000). Eﬀects of contaminants on metabolic activity are still poorly known and largely
debated in the literature, since the few studies that have investigated
this topic in adult birds and mammals are limited and somewhat
contradictory. Brieﬂy, decreased metabolic rate was observed in
mourning doves (Zenaida macroura) exposed to the polychlorinated
biphenyl mixture (PCB) Aroclor 1254 (Tori and Mayer, 1981) and in
pigeons (Columba livia) fed with high doses of dichlorodiphenyltrichloroethane (DDT, Jeﬀeries and French, 1971). Similarly, a previous
study conducted in an Arctic seabird, the glaucous gull (Larus hyperboreus), revealed negative associations between BMR and plasma concentrations of PCBs, DDTs, and particularly chlordane and its metabolites
(CHLs, Verreault et al., 2007). In contrast, other studies have reported
an increased metabolic rate in response to contamination, as in DDTexposed short-tailed shrews (Blarina brevicauda, Braham and Neal,
1974) and PCB-exposed white-footed mice (Peromyscus leucopus)
(Voltura and French, 2000).
High latitudes are considered as a sink for environmental pollutants
due to atmospheric long-range transport and oceanic currents in
combination with a cold climate (Burkow and Kallenborn, 2000). Given
their properties (i.e. high volatility and/or persistence), organic pollutants and heavy metals can reach remote areas such as the Arctic
(AMAP, 2010, 2011). Once deposited in the marine ecosystem, most of
those chemicals bioaccumulate in birds via food intake. Due to
biomagniﬁcation, this exposure will then increase in severity throughout food webs (Atwell et al., 1998; Blévin et al., 2013; Kelly et al., 2009;
Letcher et al., 2010). Several Arctic seabirds occupy relative high
trophic levels and are consequently particularly exposed and sensitive
to high concentrations of environmental contaminants. They are thus
relevant biological models to investigate the inﬂuence of contaminant
exposure on energy expenditure in wildlife (Gabrielsen and Henriksen,
2001; Letcher et al., 2010). In Svalbard, black-legged kittiwakes (Rissa
tridactyla, hereafter “kittiwakes”), are exposed to a complex mixture of
harmful halogenated compounds and heavy metals which correlates
with impaired ﬁtness and population dynamic through their endocrinedisrupting properties (Goutte et al., 2015; Tartu et al., 2013, 2014,
2015, 2016). Among them are (1) toxic trace elements of both human
and natural origins such as mercury (Hg) which tends to decrease in the
Arctic (Cole et al., 2013); (2) the globally decreasing legacy persistent
organic pollutants (POPs) which have been extensively used in the past
and now banned by the Stockholm convention (Helgason et al., 2008;
Rigét et al., 2010); and (3) poly- and perﬂuoroalkyl substances (PFASs)
such as the long-chained perﬂuoroalkyl carboxylic acids (PFCAs) which
currently are the most prevalent PFASs in Arctic biota (Butt et al., 2007,
2010; Tartu et al., 2014). Kittiwakes are thus potentially exposed to a
broad cocktail of contaminants with many possible additive, synergistic, as well as antagonist eﬀects.
In kittiwakes, signiﬁcant relationships between concentrations of

2. Material and methods
2.1. Study area and sampling collection
Fieldwork was carried out in 2012, from July 12th to 27th in a
colony of black-legged kittiwakes at Kongsfjorden (78°54′N; 12°13′E),
Svalbard. A total of 44 individuals (22 males and 22 females) were
caught on their nest with a noose at the end of a 5 m ﬁshing rod during
the chick rearing period (when raising chicks). At capture, a 2 mL blood
sample was collected from the alar vein using a heparinized syringe and
a 25-gauge needle to assess contaminant concentrations, TT3 and TT4
levels (when enough blood) and to determine the sex of individuals.
Blood samples were stored on ice in the ﬁeld. Whole blood and both,
plasma and red blood cells obtained after centrifugation were kept
frozen at −20 °C until subsequent analyses in the lab.
2.2. MR measurements
MR measurements were performed on 23 individuals (12 males and
11 females) among the 44 kittiwakes that have been caught in total.
After capture and blood sampling, birds were kept in an opaque box and
rapidly transported by boat (within 20 min) to the laboratory in NyÅlesund to measure MR by open-ﬂow-through respirometry measurements of at least two hours duration. Outside air was drawn into the lab
and dried in indicator silica gel before entering a 41 L plexiglass
chamber holding the bird. Air was drawn past the bird and into a
Sable Systems FoxBox® analyzer at a rate of 1.92 ± 0.04 (sd) L/min.
CO2 was measured by the FoxBox, after which the air was scrubbed of
CO2 with indicator soda lime and dried again with indicator silica gel
before returning to the FoxBox where O2 was measured. Prior to and
following each MR measurement, the bird was weighed to the nearest
0.1 g on an electronic balance and its body temperature was taken with
a Schultheis fast-reading reptile mercury thermometer accurate to
0.2 °C. During metabolic measurements, the chamber was covered with
a towel to allow diﬀuse light while preventing the bird from observing
its surroundings. This was necessary because the chamber was not in a
temperature cabinet but on a lab bench where it was exposed to room
temperatures. Chamber temperature (Ta) was monitored continuously
by a probe connected to the FoxBox and averaged 19.2 ± 1.8 °C (sd;
ranged from 15.1 to 22.7 °C). Body temperature (Tb) averaged
40.5 ± 0.7 °C (sd; ranged from 38.8 to 41.9 °C). Readings of all gases,
ﬂow rate, and Ta were made every 20 s by the FoxBox and recorded
with a time stamp on a laptop computer. Most kittiwakes caught on
their nest had been there for an unknown period of time, so it was not
known if they were entirely post-absorptive. For that reason, metabolic
measurements were not typically begun until about 4 h post-capture. By
itself, that did not guarantee a post-absorptive condition, but the time
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until having a relative standard deviation < 5%. Accuracy was regularly checked using certiﬁed reference material (Tort-2 Lobster
Hepatopancreas, NRC, Canada; certiﬁed value 0.27 ± 0.06 µg/g dw).
Blanks were analyzed at the beginning of each set of samples and the
detection limit of the method was 0.005 µg/g dw.

was limited to reduce the duration the bird was away from the nest.
Another consideration for BMR is that birds are in their thermoneutral
zone (TNZ) when measured. Indeed, two previous studies reported the
upper end of that zone to be at least 20 °C for kittiwakes (Gabrielsen
et al., 1988; Humphreys et al., 2007). Because Ta was set by room
temperature, seven of the birds were measured at temperatures
exceeding 20 °C, though in all but two cases (21.6 and 22.7 °C) Ta ≤
21 °C. For those reasons, the measured MR herein could be used as a
proxy of BMR. The eﬀect of Ta and Tb is considered below in the
Results.

2.4. Molecular sexing and total TH assays
Molecular sexing and hormone assays were performed at the Centre
d'Etudes Biologiques de Chizé (CEBC), France. The sex of the individuals was determined from red blood cells by polymerase chain
reaction ampliﬁcation of part of two highly conserved genes (CHD)
present on sexual chromosomes following Fridolfsson and Ellegren
(1999).
TT3 and TT4 analyses were performed by radioimmunoassay (RIA)
on 35 and 33 kittiwakes, respectively (TT3: 15 males and 20 females;
TT4: 15 males and 18 females). Total TH levels were assessed in
duplicates without extraction. 25 µL of plasma were incubated during
24 h with 10000 cpm of the appropriate 125I-hormone (Perkin Elmer,
US) and polyclonal rabbit antiserum supplied by Sigma company (US).
The bound fraction (hormone linked to antibody) was then separated
from the free fraction by addition of a sheep anti-rabbit antibody and
centrifugation. After overnight incubation and centrifugation, bound
fraction activity was counted on a wizard 2 gamma counter (Perkin
Elmer, US). Cross-reactions of T3 antiserum were deﬁned as follows by
Sigma: triiodoD-thyroacetic acid 6%, L-thyroxine 0.2%, diiodo-L-thyrosine < 0.01%, monoiodo-L-thyrosine < 0.01%. Cross-reactions of T4
antiserum were deﬁned as follows by Sigma: triiodothyronine 4%,
diiodo-L-thyrosine < 0.01%, monoiodo-L-thyrosine < 0.01%. Interand intra-assay variations were respectively 15.9% and 7.5% for TT3,
19.4% and 12.2% for TT4. The lowest TT3 detectable concentration
was 0.34 ng/mL and it was 0.51 ng/mL for TT4. Two samples were
serially diluted in the assay buﬀer and their displacement curves were
parallel to the standard curve.

2.3. Chemicals analyses
OCs were analyzed from whole blood at the Norwegian Institute for
Air Research (NILU) in Tromsø, Norway. The following compounds
were scanned: the polychlorinated biphenyls (CB-28, −52, −99,
−101, −105, −118, −138, −153, −180, −183, −187 and −194)
and the organochlorine pesticides (o,p′ DDT, p,p′ DDT, p,p′ DDE, o,p′
DDE, o,p′ DDD, p,p′ DDD, α-, β-, γ-HCH, HCB, trans-, cis-chlordane,
oxychlordane, trans-, cis-nonachlor). Compounds detected in less than
70% of the samples were removed from the data set (Noël et al., 2009).
Thereby, those remaining for further investigations were the PCBs (CB28, −99, −105, −118, −138, −153, −180, −183, −187 and −194)
hereafter referred as ∑PCBs, the pesticides (p,p′ DDE, β-HCH, HCB), and
the the sum of all detected chlordanes (∑CHLs: oxychlordane, trans-, cisnonachlor). To a blood total sample of 0.5–1.5 mL, a 100 µL of the
internal standard solution was added (13C-labeled compounds from
Cambridge Isotope Laboratories: Woburn, MA, USA). The sample was
extracted twice with 6 mL of n-hexane, after denaturation with ethanol
and a saturated solution of ammonium sulphate in water. Matrix
removal on ﬂorisil columns, separation on an Agilent Technology
7890 GC, and detection on an Agilent Technology 5975CMSD were
performed as previously described (Herzke et al., 2009). For validation
of the results, blanks (clean and empty glass tubes treated like a sample)
and standard reference material (1589a human serum from NIST; NIST,
2015) were run for every 10 samples. The accuracy of the method was
within the 70% and 108% range and the presented OC concentrations
were corrected for recovery.
PFASs were analyzed from plasma at NILU. The following compounds were scanned: perﬂuorobutanesulfonate (PFBS), perﬂuorohexanesulfonate (PFHxS), linear perﬂuorooctanesulfonate (PFOSlin), perﬂuorobutanoate (PFBA), perﬂuoropentanoate (PFPA), perﬂuorohexanoate (PFHxA), perﬂuoroheptanoate (PFHpA), perﬂuorooctanoate
(PFOA), perﬂuorononanoate (PFNA), perﬂuorodecanoate (PFDcA),
perﬂuoroundecanoate (PFUnA), perﬂuorododecanoate (PFDoA), perﬂuorotridecanoate (PFTrA), and perﬂuorotetradecanoate (PFTeA). The
compounds detected in > 70% of the samples were PFOSlin, PFNA,
PFDcA, PFUnA, PFDoA, and PFTrA. Mean concentrations ± standard
errors, ranges and limits of detections (LODs) of the other PFASs are
detailed in Supplementary materials. Brieﬂy, a sample (0.5 mL) spiked
with internal standards was extracted in acetonitrile (1 mL) by repeated
sonication and vortexing. The supernatant was cleaned-up using ENVICarb graphitized carbon absorbent and glacial acetic acid. Extracts
were analyzed by UPLC/MS/MS. Recovery of the internal standards
ranged between 50% and 120%. The deviation of the target concentrations in the SRMs (NIST Human serum 1958; NIST, 2015) were within
the laboratory's accepted range (76–105%; n = 3). All blanks contained
concentrations below the instrument detection limits. The presented
PFAS concentrations were corrected for recovery.
Total Hg analyses were performed at the Littoral Environment et
Sociétés laboratory (LIENSs) in La Rochelle, France from freeze-dried
and powdered red blood cells placed in an Advanced Hg Analyzer
Spectrophotometer (Altec AMA 254, as detailed in Bustamante et al.
(2006)). Hg is essentially associated to the red blood cells and thus,
represents well the bird Hg exposure. All analyses were repeated at
least two times on aliquots ranging from 5 to 10 mg of red blood cells

2.5. Statistical analyses
Statistical tests were performed using R 3.3.1 (R Core Team, 2016).
Relationships between continuous variables were tested by the Pearson
correlation test. The inﬂuence of contaminant levels on MR were
investigated with linear models. Biologically relevant models were
constructed by incorporating one contaminant and its interaction with
the sex when possible. The best models were selected based on the biasadjusted Akaïke's Information Criterion (AICc), which is a small-sample
size bias adjustment (Burnham and Anderson, 2002). As a general
guideline, if AICc values diﬀer by more than 2, the lowest AICc is the
most accurate, whereas models with AICc values diﬀering by less than 2
have a similar level of support in their ability to describe the data.
Additionally, the Akaike weight (Wi) was estimated and can be
interpreted as the approximate probability that the model i is the best
one for the observed data, given the candidate set of models (Burnham
and Anderson, 2002; Johnson and Omland, 2004). Diagnostic plots
were ﬁnally assessed to test whether the data suﬃciently met the
assumption of the linear model and data were log-transformed when
necessary (Zuur et al., 2009). A signiﬁcance level of α < 0.05 was used
in this study.
3. Results
3.1. OCs, PFASs and Hg
OCs, PFASs and Hg mean concentrations ± standard errors and
limits of detection (LODs) in female and male chick-rearing adult
kittiwakes are listed in Table 1. OC concentrations were not related to
sex (p ≥ 0.245 for all tests; Table 1) whereas Hg and all PFASs except
PFNA and PFTrA signiﬁcantly diﬀered between sexes, with males
120
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Table 1
OCs (ng/ mL ww), PFASs (ng/ mL ww) and Hg (µg/g dw) mean concentrations ± standard errors and limits of detection (LODs) of female and male chick-rearing adult kittiwakes Rissa
tridactyla from Kongsfjorden, Svalbard. OCs have been measured in whole blood, PFASs in plasma and Hg in red blood cells.
Males (n = 22)

Females (n = 22)

LODs

Mean ± SE

Median

Range

Mean ± SE

Median

Range

F1,42

P-value

OCs
∑PCBsa
∑CHLsb
HCBc
β-HCHd
p,p′-DDEe

18.5 10−3
2.7 10−3
0.2 10−3
53.5 10−3
23.2 10−3

82.616 ± 7.385
4.585 ± 0.314
5.409 ± 0.271
0.274 ± 0.030
8.377 ± 2.009

75.618
4.651
5.280
0.251
5.960

[23.911; 169.216]
[2.147; 7.091]
[3.160; 7.370]
[0.080; 0.636]
[1.430; 44.700]

71.176 ± 6.778
4.773 ± 0.470
5.491 ± 0.329
0.331 ± 0.046
6.216 ± 0.818

59.342
4.781
5.466
0.324
6.121

[30.878; 137.262]
[2.082; 10.032]
[3.280; 10.000]
[0.130; 1.190]
[0.832; 16.000]

1.351
0.002
0.037
1.393
0.241

0.252
0.970
0.848
0.245
0.626

PFASs
PFOSlinf
PFNAg

704 10−3
40.9 10−3

10.847 ± 0.574
1.210 ± 0.099

10.352
1.210

[6.755; 15.191]
[0.478; 2.593]

8.922 ± 0.676
1.081 ± 0.144

8.108
0.902

[4.440; 14.394]
[0.383; 3.047]

5.813
1.926

0.020
0.173

61.9 10−3
83 10−3
109 10−3
360 10−3

2.193 ± 0.120
12.110 ± 0.641
2.541 ± 0.136
11.618 ± 1.410

2.269
12.110
2.468
9.819

[1.104;
[6.487;
[1.394;
[2.780;

1.625 ± 0.122
9.383 ± 0.688
1.995 ± 0.160
9.675 ± 1.521

1.410
8.390
1.821
6.650

[0.886;
[5.499;
[0.926;
[2.711;

11.000
8.402
8.744
1.574

0.002
0.006
0.005
0.217

5 10−3

1.14 ± 0.07

1.099

[0.646; 1.771]

0.89 ± 0.05

0.871

[0.505; 1.641]

7.666

0.008

PFDcAh
PFUnAi
PFDoAj
PFTrAk
Trace elements
Hgl

3.123]
17.546]
3.815]
23.055]

2.894]
17.313
4.015]
29.735]

Signiﬁcant p-values are in bold.
a
∑PCBs (∑Polychlorinated biphenyls): CB-28, 99, 105, 118, 138, 153, 180, 183, 187, 194.
b
∑CHLs (∑Chlordanes): Oxychlordane, cis-nonachlor and trans-nonachlor.
c
HCB: Hexachlorobenzene.
d
β-HCH: β-hexachlorocyclohexane.
e
p,p′-DDE: Dichlorodiphenyldichloroethylene.
f
PFOSlin: Perﬂuorooctane sulfonate.
g
PFNA: Perﬂuorononanoate.
h
PFDcA: Perﬂuorodecanoate.
i
PFUnA: Perﬂuoroundecanoate.
j
PFDoA: Perﬂuorododecanoate.
k
PFTrA: Perﬂuorotridecanoate.
l
Hg: Mercury.

females (Table 2), non-mass-speciﬁc MR tended to be higher in males
than in females (Table 2). By contrast, mass-speciﬁc MR did not diﬀer
between sexes (Table 2) and is not related to body mass (F1,21 = 0.99; p
= 0.330). Consequently, mass-speciﬁc MR (“MR” hereafter) was used
in further statistical analyses in order to control for the eﬀect of body
mass on MR.
Because some MR measurements were made at Ta exceeding 20 °C,
we investigated the eﬀect that such Ta might have. Although Tb was
dependent on Ta (R2 = 0.26, p = 0.009), only one bird had a body
temperature exceeding the mean ± 1 sd (> 40.5 ± 0.7 °C). However,
we reanalysed all MR tests below, removing any birds whose Ta
exceeded 20 °C and we found no change in results. More important
was an eﬀect on MR directly. We speciﬁcally examined the MR of all
birds measured above 20 °C. Three of those birds had MRs above the
mean ± 1 sd (> 1.57 ± 0.16 mL O2/g h). We removed those birds from
analyses and again found no diﬀerences from the entire data set.
Moreover, there does not appear to be relationships between Ta and MR
within the whole data set (R2 = 0.03, p = 0.43, n = 23), nor within
individuals above 20 °C (R2 = < 0.001, p = 0.98, n = 7). Finally, Tb
was not related to MR within the whole data set (R2 = 0.044, p =
0.35). This partly excludes a potential eﬀect of Ta and Tb on metabolic
activity in this study and we believe that MR of those individuals
closely approximates their BMR. We consequently kept all oxygen
measurements in our data set for the statistical analyses below.
Mean concentrations ± standard errors of TT3 and TT4 levels are
reported in Table 2. Although TT4 tended to be higher in males than in
females, total TH concentrations did not diﬀer between sexes (Table 2).
While TT3 was signiﬁcantly and positively correlated with TT4 when
both sexes were pooled (r = 0.46; p = 0.006), no signiﬁcant
correlations were found between total THs and BMR (TT3: r = 0.16;
p = 0.530 and TT4: r = 0.38; p = 0.118).
Finally, since BMR is potentially related to individual quality

having higher concentrations than females (Table 1). Such sex-related
diﬀerences of PFAS and Hg concentrations could be attributed to the
ability of females to transfer elevated amounts of contaminants into
their eggs (Becker, 1992; Gebbink et al., 2012; Helgason et al., 2011).
Because of the sex-related diﬀerences for PFAS and Hg concentrations,
including the factor “sex” and the variables PFAS or Hg within the same
model could induce multicollinearity problems and lead to biased
results (Graham, 2003). Consequently, sexes were analyzed separately
in further statistical analyses for Hg and PFASs only.
3.2. MR and total THs
Body mass and MR mean concentrations ± standard errors for male
and female chick-rearing adult kittiwakes are presented in Table 2.
Since body mass was positively related to non-mass-speciﬁc MR (F1,21
= 17.01; p < 0.001) and since males were signiﬁcantly heavier than
Table 2
Body mass (g), non-mass-speciﬁc MR (mL O2/h), mass-speciﬁc MR (mL O2/g∙h), TT3 and
TT4 (ng/ mL) mean concentrations ± standard errors for female and male chick-rearing
adult kittiwakes Rissa tridactyla from Kongsfjorden, Svalbard. TT3 and TT4 have been
measured in plasma.
Males

Females

Mean ± SE

Mean ± SE

df

F

P-value

Body mass

388.75 ± 4.18

342.08 ± 6.73

1,22

34.72

< 0.001

Non-mass-speciﬁc
MR
Mass-speciﬁc MR
Total T3
Total T4

576.03 ± 24.15

517.21 ± 17.89

1,21

3.831

0.064

1.57 ± 0.05
2.29 ± 0.25
17.39 ± 1.57

1.57 ± 0.04
2.24 ± 0.17
22.35 ± 1.91

1,21
1,33
1,31

0.012
0.036
3.808

0.916
0.850
0.060

Signiﬁcant p-values are in bold.
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Table 3
AICc model selection to explain MR variations based on OC concentrations in female and
male chick-rearing adult kittiwakes Rissa tridactyla from Kongsfjorden, Svalbard. OCs
have been measured in whole blood. Sexes are pooled (n = 23, 12 males and 11 females).
Modelsa

AICc

ΔAICcb

Wic

∑CHLs
∑CHLs: sex
∑PCBs
HCB
p,p′-DDE
null

−21.23
−18.67
−18.55
−17.44
−17.10
−16.87

0.00
2.56
2.68
3.78
4.13
4.36

0.47
0.13
0.12
0.07
0.06
0.05

Abbreviations: AICc, bias-adjusted Akaike's Information Criteria values; Wi, AICc weights.
a
Only the ﬁve best ranked and the null models are presented.
b
Scaled ΔAICc; ΔAICc = 0 is interpreted as the best ﬁt to the data among the models.
c
Weight of evidence interpreted as a proportion. Weights across all models sum to
1.00.

(Blackmer et al., 2005; reviewed in Burton et al., 2011), we checked for
a potential confounding eﬀect of the reproductive investment of the
kittiwakes (i.e. the number of raised chicks at the time of sampling) on
MR and TH levels. However, we did not ﬁnd any signiﬁcant relationships between the number of raised chicks at the time of sampling (i.e. 1
or 2 chick size clutch) and MR (F1,20 = 1.62; p = 0.22), nor the TH
levels (TT3: F1,31 = 0.06; p = 0.80, TT4: F1,29 = 1.92; p = 0.18).

Fig. 2. Relationship between ∑CHLs concentrations and TT3 in chick-rearing adult
kittiwakes Rissa tridactyla from Kongsfjorden, Svalbard. Males (n =15) are represented
with empty circles and females (n = 20) with ﬁlled circles. CHLs have been measured in
whole blood and TT3 in plasma.
Table 4
AICc model selection to explain MR variations based on PFASs and Hg concentrations in
female and male chick-rearing adult kittiwakes Rissa tridactyla from Kongsfjorden,
Svalbard. PFASs have been measured in plasma and Hg in red blood cells. Sexes are
analyzed separately.

3.3. Relationships between contaminants, MR and total THs

Modelsa

The AICc model selection to explain MR variations based on OC
levels for male and female chick-rearing adult kittiwakes is presented in
Table 3. Among the OCs considered in this study, the model including
∑CHLs as an explanatory variable of MR showed the best ﬁt to the data
(Table 3). We observed a signiﬁcant and negative relationship between
∑CHLs and MR in both sexes (Fig. 1; slope = −4.05*10−5; r = −0.51;
p = 0.012). Additionally, ∑CHLs was negatively and signiﬁcantly
related to circulating TT3 (Fig. 2; r = −0.38; p = 0.027) but not to
TT4 concentrations (r = −0.14; p = 0.423). AICc model selection to
explain MR variations based on PFASs and Hg levels is presented in
Table 4. Considering all the PFASs investigated in the present study,
only PFTrA signiﬁcantly explained MR variations in females, but it did
not in males where no valuable models were retained (Table 4). We
found a signiﬁcant and positive relationship between PFTrA and MR
(Fig. 3; slope = 7.61*10−5; r = 0.75; p = 0.008), however, PFTrA and
total TH concentrations were not related (TT3: r = 0.32; p = 0.175 and
TT4: r = 0.08; p = 0.742). Finally, Hg was not related to MR neither in

Males (n = 12)
null
PFNA
PFOSlin
PFDcA
PFTrA
PFDoA
Females (n = 11)
PFTrA
PFOSlin
PFUnA
PFDcA
Hg
null

AICc

ΔAICcb

Wic

−2.91
0.22
0.33
0.45
0.65
0.74

0.00
3.13
3.23
3.36
3.57
3.64

0.45
0.09
0.09
0.08
0.08
0.07

−13.93
−10.75
−9.52
−9.22
−8.84
−8.80

0.00
3.18
4.41
4.71
5.09
5.13

0.61
0.12
0.07
0.06
0.05
0.05

Abbreviations: AICc, bias-adjusted Akaike's Information Criteria values; Wi, AICc weights.
a
Only the ﬁve best ranked and the null models are presented.
b
Scaled ΔAICc; ΔAICc = 0 is interpreted as the best ﬁt to the data among the models.
c
Weight of evidence interpreted as a proportion. Weights across all models sum to
1.00.

males nor in females (Table 4). The two explanatory variables, ∑CHLs
and PFTrA were signiﬁcantly and negatively related (r = −0.51; p =
0.015) in females. In other words, individuals with high concentrations
of ∑CHLs had low PFTrA levels, and conversely.
4. Discussion
Our results show that among all tested contaminants, ∑CHLs in both
adult males and females (sexes are pooled), and PFTrA only in adult
females were the best predictors to explain MR variations in adult
breeding kittiwakes, although in opposite ways. We found a signiﬁcant
and negative relationship between ∑CHLs and MR in both sexes
whereas PFTrA and MR were signiﬁcantly and positively related in
females only. This suggests a contrasted eﬀect of organochlorine
pesticides and PFASs on MR variation, with ∑CHLs possibly inducing
a decrease in MR and PFTrA possibly leading to an increase in basal
metabolic activity. Additionally, the present study suggests some
possible underlying mechanisms linking ∑CHLs and MR in kittiwakes
since we reported a signiﬁcant and negative relationship between
∑CHLs and TT3 levels in both sexes.

Fig. 1. Relationship between ∑CHLs concentrations and MR in chick-rearing adult
kittiwakes Rissa tridactyla from Kongsfjorden, Svalbard. Males (n = 12) are represented
with empty circles and females (n = 11) with ﬁlled circles. CHLs have been measured in
whole blood.
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contaminant exposure is dependent on the taxa considered (e.g.
mammals vs birds; Peakall, 1992) and tightly linked to the level of
contamination (dose-dependence eﬀect). Finally, since OCs and PFASs
are structurally opposed, with OCs being lipophilic (Frindlay and
Defretas, 1971) and PFASs having a high aﬃnity for proteins (Giesy
and Kannan, 2002), further investigations focusing on structurally
diﬀerent chemicals may enable to clarify some of our results.
4.2. BMR and THs
A hormonal cascade along the hypothalamic-pituitary-thyroid axis
will lead to the production and release in blood of T4 from the thyroid
gland. The transport of T4 will then be ensured by serum binding
proteins such as albumin and transthyretin (TTR). T4 is then converted
by peripheral deiodination to T3 under the control of deiodinase
enzymes (McNabb, 2007; Silvestri et al., 2005). Although the detailed
pathways of how THs can aﬀect energy expenditure are still unclear
(Hulbert, 2000), it is now well established under laboratory conditions
that plasma concentrations of THs increase the BMR of birds and
mammals (Hulbert, 2000; Kim, 2008; Silvestri et al., 2005). This is
particularly true for T3, which is considered as the primary metabolically active THs controlling BMR (Bobek et al., 1977; but see Silvestri
et al., 2005). Besides, several studies conducted in domestic as well as
in free-living animals, including kittiwakes from the same Svalbard
population as in the present study, have highlighted strong and positive
associations between TT3 concentrations and BMR (Bobek et al., 1977;
Chastel et al., 2003; Elliott et al., 2013; Vézina et al., 2009; Welcker
et al., 2013; Zheng et al., 2013). Thus, one possible underlying
mechanism that could explain relationships between contaminants
and BMR in kittiwakes could be induced by endocrine-disrupting
properties of those chemicals. MR and TT3 concentrations were not
related in our study, nevertheless we only measured total THs and not
the metabolically active free fraction of THs. Furthermore, since MR in
the present study was measured few hours after blood sampling used for
total THs quantiﬁcation, plasma THs at the time of MR measurement
might be slightly diﬀerent (Verreault et al., 2007; but see Welcker et al.,
2013).

Fig. 3. Relationships between PFTrA concentrations and MR in chick-rearing adult
kittiwakes Rissa tridactyla from Kongsfjorden, Svalbard. Males (n = 12) are represented
with empty circles and dashed line and females (n = 11) with ﬁlled circles and solid line.
PFTrA has been measured in plasma.

In Svalbard, kittiwakes are exposed to a complex mixture of
potential harmful halogenated compounds but only ∑CHLs and PFTrA
appear to disrupt their basal energy expenditure. Yet, concentrations of
∑CHLs and PFTrA represent only a small proportion (5% and 29%,
respectively) of the total concentrations of ΣOCs and ΣPFASs in our
kittiwakes. Consequently, this study highlights a metabolic disruption
of those speciﬁc contaminants despite their relatively small proportion
compared to other more abundant compounds which are not related to
MR (e.g. ΣPCBs: 81% of ∑OCs).
4.1. Relationships between contaminants and MR
Eﬀects of contaminants on metabolic activity are still poorly
investigated and are largely debated in literature. Thus, this study
partly ﬁlls the gap of knowledge about the eﬀects of environmental
contaminants on energy expenditure in endotherms. Although some
experimental designs conducted in adult mammals reported conﬂicting
observations with increased (Braham and Neal, 1974; Voltura and
French, 2000) or unchanged (French et al., 2001; Gordon et al., 1995)
BMR in response to OCs exposure (PCBs, DDTs and 2, 3, 7, 8tetrachlorodibenzo-p-dioxin), other studies conducted in wild birds
corroborate our results. Indeed, decreased metabolic rate was observed
in captive doves and pigeons exposed to Aroclor 1254 and DDT,
respectively (Jeﬀeries and French, 1971; Tori and Mayer, 1981).
Similar to our ﬁndings, a study conducted on free-living Arctic-breeding
glaucous gulls revealed negative associations between BMR and concentrations of PCBs, DDTs, and especially CHLs (Verreault et al., 2007).
Finally, two previous studies conducted in humans also support our
ﬁndings since they highlighted lower metabolic activity in response to
increasing plasma concentration of OCs mixture (including CHLs;
Pelletier et al., 2002; Tremblay et al., 2004). Consequently, this study
in combination with previous works points-out a possible negative
eﬀect of CHLs on BMR.
To date and to the best of our knowledge, our study is the ﬁrst one
to investigate relationships between PFASs and MR in vertebrates.
Therefore, no comparisons with previous studies are possible and our
ﬁndings can only suggest a possible positive eﬀect of PFTrA on MR in
female kittiwakes. Regarding the contrasted observations of contaminant eﬀects on metabolic activity reported here and the discrepancy in
the results between studies previously conducted, the eﬀects of
environmental contaminants on BMR appear to be complex. Such
diﬀerences could be related to dissimilarities in methodological designs
which are known to aﬀect BMR values (Ellis and Gabrielsen, 2002).
Moreover, it cannot be excluded that BMR variation in response to

4.3. Relationships between contaminants and total THs
Within the past decades, a wide body of evidence suggested a
possible disruption of THs in response to OCs exposure in vertebrates
and several studies conducted in free-living animals have reported
reduced TH concentrations with increasing OC levels (Braathen et al.,
2004; Brouwer et al., 1998; Cesh et al., 2010; Dawson, 2000; Jenssen,
2006; McNabb, 2005; McNabb and Fox, 2003; Peakall, 1992; Rolland,
2000; Scanes and McNabb, 2003). For example, a previous study
conducted in another Arctic seabird, the glaucous gull, stated that
among 18 diﬀerent congeners, oxychlordane (included here in ∑CHLs)
and HCB appeared to be the most prominent OCs in terms of their
negative eﬀect on the variation of the TT4:TT3 ratio (Verreault et al.,
2004). Moreover, Smits and Fernie (2013) showed negative relationships between plasma total THs (TT3 and TT4) and several organohalogenated contaminants, including CHLs, in peregrine falcon nestlings
(Falco peregrinus). Similarly, an experimental study conducted in
American kestrels (Falco sparverius) reported depressed TT3 levels in
PCB-exposed birds (Smits et al., 2002). Here, we reported a signiﬁcant
negative relationship between ∑CHLs and TT3 but not with TT4, while
TT3 and TT4 were signiﬁcantly and positively related. This suggests
that ∑CHLs could possibly alter circulating TH levels and speciﬁcally T3
levels by aﬀecting either the conversion of T4 to T3 and/ or the
transport of circulating T3. Indeed, inhibition of mono-deiodinase
activity can skew the concentration of the biologically active T3
(review in Brouwer et al., 1998). This has been reported in white
Leghorn chick (Gallus gallus) embryos, where administration of PCB
mixtures induced decreased hepatic deiodinase activities (Gould et al.,
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1999). Therefore, our study highlights the potential endocrine disrupting properties of CHLs on circulating TH levels in an Arctic seabird.
To date, the eﬀects of PFASs on THs have received much less
attention and are somewhat contradictory (review in DeWitt, 2015).
While some studies conducted in murine and primate models indicated
negative associations between PFASs and TH levels (Lau et al., 2003;
Seacat et al., 2002), Liu et al. (2011) reported increased TT3 levels in
response to experimental PFASs exposure in the zebraﬁsh (Danio rerio).
Additionally, recent studies conducted on Arctic seabirds, the glaucous
gull (Haugerud, 2011; Melnes, 2014), the northern fulmar (Fulmarus
glacialis; Braune et al., 2011; Nøst et al., 2012), the Arctic skua
(Stercorarius parasiticus), and kittiwakes (Ask, 2015; Nøst et al., 2012)
have shown signiﬁcant and positive associations between PFASs and
total TH levels. Besides, the study of Ask (2015) was conducted on the
same population as ours and indicated a positive relationship between
PFTrA and TT3 only in females. This could indicate a hormetic response
of the thyroid hormone system to PFASs exposure, but underlying
mechanisms are still unclear and need to be further investigated (e.g.
Videla, 2010). Firstly, it has been proposed that PFASs increase the
expression of transcripts of hepatic transporters (e.g. OAPT2) in rats,
which in turn, increases uptake of THs into the liver (Yu et al., 2011).
Another disruptive eﬀect of PFASs is displacing THs from binding
proteins (Mortensen, 2015; Weiss et al., 2009). Finally, PFASs could act
directly on the thyroid gland itself (Coperchini et al., 2015). Although
there are several reports showing a positive association between PFASs
and total TH levels in seabirds, we did not observe a relationship
between PFTrA and TT3. Therefore, our study does not conﬁrm the
potential thyroid-disrupting properties of PFTrA previously reported in
Arctic seabirds and further investigations conducted on a larger sample
size in combination with experimental dose-dependence eﬀect of PFASs
on TH levels are needed.

4.5. Limitations of the study and other potential confounding factors

4.4. Possible consequences on individual ﬁtness

Conﬂict of interest

Given the absence of information in literature about PFAS eﬀects on
BMR and because our study did not report any relationships between
PFTrA and total THs, we cannot conclude with certainty about eﬀects of
PFASs on basal energy expenditure. The positive relationship between
PFTrA and MR in female kittiwakes may rely on other potential
confounding factors. Indeed, since food ingestion is the main route
for PFASs exposure, further investigations focusing on ecological
variables directly linked to feeding ecology (e.g. via stable isotopes,
protein amounts analysis) of kittiwakes should be included as predictors of MR. Additionally, the negative relationship between ∑CHLs
and PFTrA in female kittiwakes is a crucial point that could lead to
misleading interpretations. Similarly, although this study is considering
three diﬀerent groups of contaminants, kittiwakes are obviously
exposed to an additional mixture of chemicals which are not included
in this study and which could act on energy expenditure too. Finally,
our study was conducted on a limited number of individuals and to fully
validate our ﬁndings, future investigations focusing on the eﬀects of
PFASs on BMR should be conducted experimentally, with a laboratory
avian model.
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Individual BMR variations may inﬂuence ﬁtness because self-maintenance and reproduction are considered as two key life-history
components (review in Burton et al., 2011; Stearns, 1992). In female
kittiwakes, adaptive decrease in mass-speciﬁc BMR prior to hatching
has been suggested as a mean to reduce self-maintenance and to
increase chick food provisioning (Bech et al., 2002; Rønning et al.,
2008). However, energetic balance is a sensitive system and additional
cost from CHLs expressed here as a reduction of BMR could have some
consequences on ﬁtness. In that case, self-maintenance could be
impacted, leading individuals to be less able to cope with reproduction.
Indeed, two recent studies conducted in the same kittiwake population
reported decreased adult survival rate, reduced telomere length (a
predictor of survival), and lower breeding probability (Blévin et al.,
2016; Goutte et al., 2015) in response to CHLs contamination. Despite
some inconstancies, this has already been demonstrated experimentally
and under ﬁeld conditions in mammals that individuals with lower
BMR tend to survive less (Burton et al., 2011; Speakman et al., 2004;
but see Burton et al., 2011). By contrast, exposure to PFTrA may disrupt
the ability of female kittiwakes to adaptively decrease BMR, thus might
possibly explain the lower hatching success in most PFASs-contaminated adults (Tartu et al., 2014). In female kittiwakes, the BMR during
the incubation is a good predictor of the BMR during the chick-rearing
period (Bech et al., 1999). Consequently, it is likely that exposure to
PFASs during the incubation period could have signiﬁcant consequences for the metabolic adjustments required for the chick rearing
period. In that case, most PFTrA-contaminated female kittiwakes would
allocate more energy for self-maintenance rather than for reproduction.
Thus, an indirect positive eﬀect of PFASs exposure might occur on
survival rate in adult kittiwakes, at the expense of reproduction.
However, this statement needs to be conﬁrmed with capture-markrecapture (CMR) investigations since the present study did not report a
relationship between the number of raised chick and MR.

The authors declare no conﬂicts of interest.
Acknowledgments
The project was supported from The Ecotox program at the
Norwegian Polar Institute and the Fulbright Arctic Award provided to
G.W. Gabrielsen. This project was also supported by Institut Polaire
Français (IPEV project 330 to O. Chastel). S. Tartu and P. Blévin were
funded by the Arctic Field Grant (RIS 6082) from the Research Council
of Norway. This study was approved by the French and Norwegian
Ethic committees and by the Governor of Svalbard. The authors thank
the staﬀ of NILU for their assistance during the POPs analysis; S. Ruault,
C. Trouvé and A. Ask for their help in molecular sexing and hormone
assays; and M. Brault-Favrou from the “Plateform Analyses
Elémentaires” of LIENSs for Hg determination. The CPER (Contrat de
Projet Etat-Région) is acknowledged for funding the AMA. Finally, the
authors would like to acknowledge the two anonymous reviewers for
their comments.
Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.envres.2017.05.022.
References
AMAP, 2010. AMAP assessment 2009 – Persistent Organic Pollutants (POPs) in the Arctic.
Science of the Total Environment 408, pp. 2851–3051.
AMAP, 2011. AMAP Assessment 2011: Mercury in the Arctic. AMAP, Oslo.
Aschoﬀ, J., Pohl, H., 1970. Der ruheumsatz von vögeln als funktion der tageszeit und der
körpergrösse. J. Ornithol. 111, 38–47.
Ask, A.V., 2015. Perﬂuoroalkyl and Polyﬂuoroalkyl Substances (PFASs) Aﬀect the
Thyroid Hormone System, Body Condition, and Body Mass in Two Arctic Seabird

124

Environmental Research 157 (2017) 118–126

P. Blévin et al.

Fox, G.A., 1993. What have biomarkers told us about the eﬀects of contaminants on the
health of ﬁsh-eating birds in the Great Lakes? The theory and a literature review. J.
Gt. Lakes Res. 19, 722–736.
Freake, H.C., Oppenheimer, J.H., 1995. Thermogenesis and thyroid function. Annu. Rev.
Nutr. 15, 263–291.
French, J.B., Voltura, M.B., Tomasi, T.E., 2001. Eﬀects of pre‐and postnatal
polychlorinated biphenyl exposure on metabolic rate and thyroid hormones of
white‐footed mice. Environ. Toxicol. Chem. 20, 1704–1708.
Fridolfsson, A.K., Ellegren, H., 1999. A simple and universal method for molecular sexing
of non-ratite birds. J. Avian Biol. 30, 116–121.
Gabrielsen, G.W., 1994. Energy Expenditure in Arctic Seabirds. (Ph.D. thesis) University
of Tromsø.
Gabrielsen, G.W., Henriksen, E.O., 2001. Persistent Organic Pollutants in Arctic Animals
in the Barents Sea Area and at Svalbard: Levels And Eﬀects (Review). Memoirs of
National Institute of Polar Research. Special issue 54, pp. 349–364.
Gabrielsen, G.W., Mehlum, F., Karlsen, H.E., 1988. Thermoregulation in four species of
arctic seabirds. J. Comp. Physiol. B: Biochem., Syst., Environ. Physiol. 157, 703–708.
Gebbink, W.A., Letcher, R.J., 2012. Comparative tissue and body compartment
accumulation and maternal transfer to eggs of perﬂuoroalkyl sulfonates and
carboxylates in Great Lakes herring gulls. Environ. Pollut. 162, 40–47.
Giesy, J.P., Kannan, K., 2002. Peer reviewed: perﬂuorochemical surfactants in the
environment. Environ. Sci. Technol. 36, 146A–152A.
Gordon, C.J., Gray, L.E., Monteiroriviere, N.A., Miller, D.B., 1995. Temperature
regulation and metabolism in rats exposed perinatally to dioxin: permanent change in
regulated body temperature? Toxicol. Appl. Pharmacol. 133, 172–176.
Gould, J.C., Cooper, K.R., Scanes, C.G., 1999. Eﬀects of polychlorinated biphenyls on
thyroid hormones and liver type I monodeiodinase in the chick embryo. Ecotoxicol.
Environ. Saf. 43, 195–203.
Goutte, A., Barbraud, C., Herzke, D., Bustamante, P., Angelier, F., Tartu, S., ClémentChastel, 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. Environ. Pollut. 200, 1–9.
Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regression.
Ecology 84, 2809–2815.
Helgason, L.B., Barret, R., Lie, E., Polder, A., Skaare, J.U., Gabrielsen, G., 2008. Levels and
temporal trends (1983–2003) of persistent organic pollutants (POPs) and mercury
(Hg) in seabird eggs from Northern Norway. Environ. Pollut. 155, 190–198.
Helgason, L.B., Sagerup, K., Gabrielsen, G.W., 2011. Temporal trends and contaminant
proﬁles of persistent organic pollutants (POPs) in seabird eggs from Northern Norway
and Svalbard. In: Loganathan, B.G., Lam, P.K.S. (Eds.), Global Contamination Trends
of Persistent Organic Chemicals. CRC Press.
Haugerud, A.J., 2011. Levels and eﬀects of organohalogenated contaminants on thyroid
hormone levels in Glaucous gulls (Larus hyperboreus) from Kongsfjorden, Svalbard.
(Master thesis) Norwegian University of Science and Technology NTNU-Trondheim.
Herzke, D., Nygård, T., Berger, U., Huber, S., Røv, N., 2009. Perﬂuorinated and other
persistent halogenated organic compounds in European shag (Phalacrocorax
aristotelis) and common eider (Somateria mollissima) from Norway: a suburban to
remote pollutant gradient. Sci. Total Environ. 408, 340–348.
Hulbert, A.J., 2000. Thyroid hormones and their eﬀects: a new perspective. Biol. Rev. 75,
519–631.
Humphreys, E.M., Wanless, S., Bryant, D.M., 2007. Elevated metabolic costs while resting
on water in a surface feeder: the Black‐legged Kittiwake Rissa tridactyla. Ibis 149,
106–111.
Jeﬀeries, D.J., French, M.C., 1971. Hyper-and hypothyroidism in pigeons fed DDT: an
explanation for the “thin eggshell phenomenon. Environ. Pollut. 1, 235–242.
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.
Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends Ecol.
Evol. 19, 101–108.
Kelly, B.C., Ikonomou, M.G., Blair, J.D., Surridge, B., Hoover, D., Grace, R., Gobas, F.A.,
2009. Perﬂuoroalkyl contaminants in an Arctic marine food web: trophic
magniﬁcation and wildlife exposure. Environ. Sci. Technol. 43, 4037–4043.
Kendeigh, S.C., Dol'nik, V.R., Gavrilov, V.M., 1977. Avian energetics. In: Pinowski., J.,
Kendeigh, S.C. (Eds.), Granivorous Birds in Ecosystems 127–205. Cambridge
university press, London, pp. 368–378.
Kim, B., 2008. Thyroid hormone as a determinant of energy expenditure and the basal
metabolic rate. Thyroid 18, 141–144.
Lau, C., Thibodeaux, J.R., Hanson, R.G., Rogers, J.M., Grey, B.E., Stanton, M.E.,
Butenhoﬀ, J.L., Stevenson, L.A., 2003. Exposure to perﬂuorooctane sulfonate during
pregnancy in rat and mouse. II: postnatal evaluation. Toxicol. Sci. 74, 382–392.
Letcher, R.J., Bustnes, J.O., Dietz, R., Jenssen, B.M., Jørgensen, E.H., Sonne, C., Verreault,
J., Vijayan, M.M., Gabrielsen, G.W., 2010. Exposure and eﬀects assessment of
persistent organohalogen contaminants in arctic wildlife and ﬁsh. Sci. Total Environ.
408, 2995–3043.
Liu, Y., Wang, J., Fang, X., Zhang, H., Dai, J., 2011. The thyroid-disrupting eﬀects of longterm perﬂuorononanoate exposure on zebraﬁsh (Danio rerio). Ecotoxicology 20,
47–55.
McNab, B.K., 1997. On the utility of uniformity in the deﬁnition of basal rate of
metabolism. Physiol. Zool. 70, 718–720.
McNabb, F.M., 2005. Biomarkers for the assessment of avian thyroid disruption by
chemical contaminants. Avian Poult. Biol. Rev. 16, 3–10.
McNabb, F.A., 2007. The hypothalamic-pituitary-thyroid (HPT) axis in birds and its role
in bird development and reproduction. Crit. Rev. Toxicol. 37, 163–193.
McNabb, F.M., Fox, G.A., 2003. Avian thyroid development in chemically contaminated
environments: is there evidence of alterations in thyroid function and development?

Species. (Master thesis) NTNU-Trondheim.
Atwell, L., Hobson, K.A., Welch, H.E., 1998. Biomagniﬁcation and bioaccumulation of
mercury in an arctic marine food web: insights from stable nitrogen isotope analysis.
Can. J. Fish. Aquat. Sci. 55, 1114–1121.
Braathen, M., Derocher, A.E., Wiig, Ø., Sørmo, E.G., Lie, E., Skaare, J.U., Jenssen, B.M.,
2004. Relationships between PCBs and thyroid hormones and retinol in female and
male polar bears. Environ. Health Perspect. 112, 826–833.
Bech, C., Langseth, I., Gabrielsen, G.W., 1999. Repeatability of basal metabolism in
breeding female kittiwakes Rissa tridactyla. Proc. R. Soc. Lond. B: Biol. Sci. 266,
2161–2167.
Bech, C., Langseth, I., Moe, B., Fyhn, M., Gabrielsen, G.W., 2002. The energy economy of
the arctic-breeding kittiwake (Rissa tridactyla): a review. Comp. Biochem. Physiol.
Part A: Mol. Integr. Physiol. 133, 765–770.
Becker, P.H., 1992. Egg mercury levels decline with the laying sequence in
Charadriiformes. Bull. Environ. Contam. Toxicol. 48, 762–767.
Blackmer, A.L., Mauck, R.A., Ackerman, J.T., Huntington, C.E., Nevitt, G.A., Williams,
J.B., 2005. Exploring individual quality: basal metabolic rate and reproductive
performance in storm-petrels. Behav. Ecol. 16, 906–913.
Blévin, P., Angelier, F., Tartu, S., Ruault, S., Bustamante, P., Herzke, D., Moe, B., Bech, C.,
Gabrielsen, G.W., Bustnes, J.O., 2016. Exposure to oxychlordane is associated with
shorter telomeres in arctic breeding kittiwakes. Sci. Total Environ. 563, 125–130.
Blévin, P., Carravieri, A., Jaeger, A., Chastel, O., Bustamante, P., Cherel, Y., 2013. Wide
range of mercury contamination in chicks of Southern Ocean seabirds. PLoS One 8,
e54508.
Bligh, J., Johnson, K.G., 1973. Glossary of terms for thermal physiology. J. Appl. Physiol.
35, 941–961.
Bobek, S., Jastrzebski, M., Pietras, M., 1977. Age-related changes in oxygen consumption
and plasma thyroid hormone concentration in the young chicken. General. Comp.
Endocrinol. 31, 169–174.
Braham, H.W., Neal, C.M., 1974. The eﬀects of DDT on energetics of the short-tailed
shrew, Blarina brevicauda. Bull. Environ. Contam. Toxicol. 12, 32–37.
Braune, B.M., Trudeau, S., Jeﬀrey, D.A., Mallory, M.L., 2011. Biomarker responses
associated with halogenated organic contaminants in northern fulmars (Fulmarus
glacialis) breeding in the Canadian Arctic. Environ. Pollut. 159, 2891–2898.
Brouwer, A., Morse, D.C., Lans, M.C., Schuur, A.J., Murk, A.J., Klasson-Wehler, E.,
Bergman, Å., Visser, T.J., 1998. Interactions of persistent environmental
organohalogens with the thyroid hormone system: mechanisms and possible
consequences for animal and human health. Toxicol. Ind. Health 14, 59–84.
Bryant, D.M., Furness, R.W., 1995. Basal metabolic rates of North Atlantic seabirds. Ibis
137, 219–226.
Burkow, I.C., Kallenborn, R., 2000. Sources and transport of persistent pollutants to the
Arctic. Toxicol. Lett. 112, 87–92.
Burnham, K.P., Anderson, D., 2002. Model Selection and Multi-model Inference: A
Practical Information-theoretic Approach. Springer, New-York.
Burton, T., Killen, S.S., Armstrong, J.D., Metcalfe, N.B., 2011. What causes intraspeciﬁc
variation in resting metabolic rate and what are its ecological consequences? Proc. R.
Soc. B. http://dx.doi.org/10.1098/rspb.2011.1778.
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. Sci. Total Environ. 368, 585–596.
Butt, C.M., Berger, U., Bossi, R., Tomy, G.T., 2010. Levels and trends of poly-and
perﬂuorinated compounds in the arctic environment. Sci. Total Environ. 408,
2936–2965.
Butt, C.M., Mabury, S.A., Muir, D.C., Braune, B.M., 2007. Prevalence of long-chained
perﬂuorinated carboxylates in seabirds from the Canadian Arctic between 1975 and
2004. Environ. Sci. Technol. 41, 3521–3528.
Cesh, L.S., Elliott, K.H., Quade, S., McKinney, M.A., Maisoneuve, F., Garcelon, D.K.,
Sandau, C.D., Letcher, R.J., Williams, T.D., Elliott, J.E., 2010. Polyhalogenated
aromatic hydrocarbons and metabolites: relation to circulating thyroid hormone and
retinol in nestling bald eagles (Haliaeetus leucocephalus). Environ. Toxicol. Chem.
29, 1301–1310.
Chastel, O., Lacroix, A., Kersten, M., 2003. Pre‐breeding energy requirements: thyroid
hormone, metabolism and the timing of reproduction in house sparrows Passer
domesticus. J. Avian Biol. 34, 298–306.
Cole, A.S., Steﬀen, A., Pfaﬀhuber, K.A., Berg, T., Pilote, M., Poissant, L., Tordon, R., Hung,
H., 2013. Ten-year trends of atmospheric mercury in the high Arctic compared to
Canadian sub-Arctic and mid-latitude sites. Atmos. Chem. Phys. 13, 1535–1545.
Coperchini, F., Pignatti, P., Lacerenza, S., Negri, S., Sideri, R., Testoni, C., de Martinis, L.,
Cottica, D., Magri, F., Imbriani, M., Rotondi, M., Chiovato, L., 2015. Exposure to
perﬂuorinated compounds: in vitro study on thyroid cells. Environ. Sci. Pollut. Res.
22, 2287–2294.
Danforth, E., Burger, A., 1984. The role of thyroid hormones in the control of energy
expenditure. Clin. Endocrinol. Metab. 13, 581–595.
Dawson, A., 2000. Mechanisms of endocrine disruption with particular reference to
occurrence in avian wildlife: a review. Ecotoxicology 9, 59–69.
DeWitt, J.C., 2015. Toxicological Eﬀects of Perﬂuoroalkyl and Polyﬂuoroalkyl
Substances. Humana press.
Elliott, K.H., Welcker, J., Gaston, A.J., Hatch, S.A., Palace, V., Hare, J.F., Speakman, J.R.,
Anderson, W.G., 2013. Thyroid hormones correlate with resting metabolic rate, not
daily energy expenditure, in two charadriiform seabirds. Biol. Open 2, 580–586.
Ellis, H.I., 1984. Energetics of free-ranging seabirds. In: Whittow., G.C., Rahn., H. (Eds.),
Seabird Energetics. Plenum press, New-York, pp. 203–234.
Ellis, H.I., Gabrielsen, G.W., 2002. Energetics of free-ranging seabirds. In: Schreiber, E.A.,
Burger, J. (Eds.), Biology of Marine Birds. CRC press, Florida, pp. 359–395.
Findlay, G.M., DeFreitas, A.S.W., 1971. DDT movement from adipocyte to muscle cell
during lipid utilization. Nature 229, 63–65.

125

Environmental Research 157 (2017) 118–126

P. Blévin et al.

Tartu, S., Gabrielsen, G.W., Blévin, P., Ellis, H., Bustnes, J.O., Herzke, D., Chastel, O.,
2014. Endocrine and ﬁtness correlates of long-chain perﬂuorinated carboxylates
exposure in Arctic breeding black-legged kittiwakes. Environ. Sci. Technol. 48,
13504–13510.
Tartu, S., Goutte, A., Bustamante, P., Angelier, F., Moe, B., Clément-Chastel, C., Bech, C.,
Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2013. To breed or not to breed:
endocrine response to mercury contamination by an Arctic seabird. Biol. Lett. 9,
20130317.
Tartu, S., Lendvai, Á.Z., Blévin, P., Herzke, D., Bustamante, P., Moe, B., Gabrielsen, G.W.,
Bustnes, J.O., Chastel, O., 2015. Increased adrenal responsiveness and delayed
hatching date in relation to polychlorinated biphenyl exposure in Arctic-breeding
black-legged kittiwakes (Rissa tridactyla). Gen. Comp. Endocrinol. 219, 165–172.
Tori, G.M., Mayer, L.P., 1981. Eﬀects of polychlorinated biphenyls on the metabolic rates
of mourning doves exposed to low ambient temperatures. Bull. Environ. Contam.
Toxicol. 27, 678–682.
Tremblay, A., Pelletier, C., Doucet, E., Imbeault, P., 2004. Thermogenesis and weight loss
in obese individuals: a primary association with organochlorine pollution. Int. J.
Obes. 28, 936–939.
Verreault, J., Bech, C., Letcher, R.J., Ropstad, E., Dahl, E., Gabrielsen, G.W., 2007.
Organohalogen contamination in breeding glaucous gulls from the Norwegian Arctic:
associations with basal metabolism and circulating thyroid hormones. Environ.
Pollut. 145, 138–145.
Verreault, J., Helgason, L.B., Gabrielsen, G.W., Dam, M., Braune, B.M., 2013. Contrasting
retinoid and thyroid hormone status in diﬀerentially-contaminated northern fulmar
colonies from the Canadian Arctic, Svalbard and the Faroe Islands. Environ. Int. 52,
29–40.
Verreault, J., Skaare, J.U., Jenssen, B.M., Gabrielsen, G.W., 2004. Eﬀects of
organochlorine contaminants on thyroid hormone levels in Arctic breeding glaucous
gulls, Larus hyperboreus. Environ. Health Perspect. 112, 532–537.
Vézina, F., Gustowska, A., Jalvingh, K.M., Chastel, O., Piersma, T., 2009. Hormonal
correlates and thermoregulatory consequences of molting on metabolic rate in a
northerly wintering shorebird. Physiol. Biochem. Zool. 82, 129–142.
Videla, L.A., 2010. Hormetic responses of thyroid hormone calorigenesis in the liver:
association with Oxidative stress. IUBMB Life 62, 460–466.
Voltura, M.B., French, J.B., 2000. Eﬀects of dietary polychlorinated biphenyl exposure on
energetics of white‐footed mouse, Peromyscus leucopus. Environ. Toxicol. Chem. 19,
2757–2761.
Wada, H., Cristol, D.A., McNabb, F.A., Hopkins, W.A., 2009. Suppressed adrenocortical
responses and thyroid hormone levels in birds near a mercury-contaminated river.
Environ. Sci. Technol. 43, 6031–6038.
Weiss, J.M., Andersson, P.L., Lamoree, M.H., Leonards, P.E.G., van Leeuwen, S.P.J.,
Hamers, T., 2009. Competitive binding of poly- and perﬂuorinated compounds to the
thyroid hormone transport protein transthyretin. Toxicol. Sci. 109, 206–216.
Welcker, J., Chastel, O., Gabrielsen, G.W., Guillaumin, J., Kitaysky, A.S., Speakman, J.R.,
Tremblay, Y., Bech, C., 2013. Thyroid hormones correlate with basal metabolic rate
but not ﬁeld metabolic rate in a wild bird species. PLoS One 8 (2), e56229. http://dx.
doi.org/10.1371/journal.pone.0056229.
Yu, W.G., Liu, W., Liu, L., J., Y.H., 2011. Perﬂuorooctane sulfonate increased hepatic
expression of OAPT2 and MRP2 in rats. Arch. Toxicol. 85, 613–621.
Zheng, W.-H., Lin, L., Liu, J.S., Xu, X.J., Li, M., 2013. Geographic variation in basal
thermogenesis in little buntings: relationship to cellular thermogenesis and thyroid
hormone concentrations. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 164,
483–490.
Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed Eﬀects
Models and Extensions in Ecology with R, Springer.

Evol. Dev. 5, 76–82.
Melnes, M., 2014. Disruptive Eﬀects of Organohalogenated Contaminants on Thyroid
Hormone Levels in Glaucous gulls (Larus hyperboreus) Breeding in Kongsfjorden,
Svalbard. (Master thesis) Norwegian University of Science and Technology NTNUTrondheim.
Mortensen, A.K., 2015. Competitive binding of persistent organic pollutants to the thyroid
hormone transport protein transthyretin in glaucous gull (Larus hyperboreus).
(Master thesis) NTNU-Trondheim.
Noël, M., Barrett-Lennard, L., Guinet, C., Dangerﬁeld, N., Ross, P.S., 2009. Persistent
organic pollutants (POPs) in killer whales (Orcinus orca) from the Crozet
Archipelago, southern Indian Ocean. Mar. Environ. Res. 68, 196–202.
Nøst, T.H., Helgason, L.B., Harju, M., Heimstad, E.S., Gabrielsen, G.W., Jenssen, B.J.,
2012. Halogenated organic contaminants and their correlations with circulating
thyroid hormones in developing Arctic seabirds. Sci. Total Environ. 414, 248–256.
National Institute of Standards & Technology, 2015. Certiﬁcate of Analysis: Standard
Reference Material 1958 – Organic Contaminants in Fortiﬁed Human Serum.
〈https://www-s.nist.gov/srmors/certiﬁcates/1958.pdf〉.
Peakall, D.B., 1992. Animal Biomarkers as Pollution Indicators. Springer science +
Business media.
Pelletier, C., Doucet, E., Imbeault, P., Tremblay, A., 2002. Associations between weight
loss-induced changes in plasma organochlorine concentrations, serum T3
concentration, and resting metabolic rate. Toxicol. Sci. 67, 46–51.
R Core Team, 2016. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. 〈Https://www.R-project.
org/〉.
Rigét, F., Bignert, A., Braune, B., Stow, J., Wilson, S., 2010. Temporal trends of legacy
POPs in Arctic biota, an update. Sci. Total Environ. 408, 2874–2884.
Rolland, R.M., 2000. A review of chemically-induced alterations in thyroid and vitamin A
status from ﬁeld studies of wildlife and ﬁsh. J. Wildl. Dis. 36, 615–635.
Rønning, B., Moe, B., Chastel, O., Broggi, J., Langset, M., Bech, C., 2008. Metabolic
adjustments in breeding female kittiwakes (Rissa tridactyla) include changes in
kidney metabolic intensity. J. Comp. Physiol. B 178, 779–784.
Scanes, C.G., McNabb, F.M., 2003. Avian models for research in toxicology and endocrine
disruption. Avian Poult. Biol. Rev. 14, 21–52.
Scholander, P.F., Hock, R., Walters, V., Irving, L., 1950. Adaptation to cold in arctic and
tropical mammals and birds in relation to body temperature, insulation, and basal
metabolic rate. Biol. Bull. 99, 259–271.
Seacat, A.M., Thomford, P.J., Hansen, K.J., Olsen, G.W., Case, M.T., Butenhoﬀ, J.L., 2002.
Subchronic toxicity studies on perﬂuorooctanesulfonate potassium salt in
cynomolgus monkeys. Toxicol. Sci. 68, 249–264.
Silvestri, E., Schiavo, L., Lombardi, A., Goglia, F., 2005. Thyroid hormones as molecular
determinants of thermogenesis. Acta Physiol. Scand. 184, 265–283.
Smits, J.E., Fernie, K.J., 2013. Avian wildlife as sentinels of ecosystem health. Comp.
Immunol., Microbiol. Infect. Dis. 36, 333–342.
Smits, J.E., Fernie, K.J., Bortolotti, G.R., Marchant, T.A., 2002. Thyroid hormone
suppression and cell-mediated immunomodulation in American kestrels (Falco
sparverius) exposed to PCBs. Arch. Environ. Contam. Toxicol. 43, 338–344.
Speakman, J.R., Talbot, D.A., Selman, C., Snart, S., McLaren, J.S., Redman, P., Krol, E.,
Jackson, D.M., Johnson, M.S., Brand, M.D., 2004. Uncoupled and surviving:
individual mice with high metabolism have greater mitochondrial uncoupling and
live longer. Aging Cell 3, 87–95.
Stearns, S.C., 1992. The Evolution of Life Histories. Oxford University Press, Oxford.
Tartu, S., Bustamante, P., Angelier, F., Lendvai, A.Z., Moe, B., Blévin, P., Bech, C.,
Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2016. Mercury exposure, stress and
prolactin secretion in an Arctic seabird: an experimental study. Funct. Ecol. 30,
596–604.

126

