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Abstract
Environmental contaminants may have impacts on reproduction and survival in wildlife pop-

ulations suffering from multiple stressors. This study examined whether adverse effects of

persistent organic pollutants (POPs) increased with poor population health and breeding

conditions in three colonies (60–74°N) of great skua (Stercorarius skua) in the north-eastern

Atlantic (Shetland, Iceland and Bjørnøya [Bear Island]). POPs (organochlorines [OCs] and

polybrominated diphenyl ethers [BDEs]) were measured in plasma of incubating birds (n =

222), concentrations differing nearly tenfold among colonies: Bjørnøya (2009) > Bjørnøya

(2010) > Iceland (2009) > Shetland (2009). Reproductive success (hatching success and

chick survival) showed that breeding conditions were favourable in Shetland and at

Bjørnøya (2010), but were very poor in Iceland and at Bjørnøya (2009). Biomarkers indi-

cated that health was poor in the Shetland population compared to the other populations.

Females whose chicks hatched late had high POP concentrations in all colonies except at

Bjørnøya (2010), and females losing their eggs at Bjørnøya (2009) tended to have higher

concentrations than those hatching. Moreover, there was a negative relationship between

female POP concentrations and chick body condition at hatching in Iceland and at Bjørnøya

(2010). Supplementary feeding experiments were conducted, and in Iceland where feeding

conditions were poor, significant negative relationships were found between female POP

concentrations and daily growth-rate in first-hatched chicks of control nests, but not in food

supplemented nests. This suggests that negative impacts of POPs were mitigated by

improved feeding conditions. For second-chicks, there was a strong negative relationship

between the female POP concentrations and growth-rate, but no effects of supplementary

feeding. Lowered adult return-rate between breeding seasons with increasing POP loads

were found both at Bjørnøya (2009) and in Shetland, especially related to BDEs. This
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indicates stronger fitness consequences of POPs following seasons with very poor breed-

ing conditions and/or high reproductive effort. This study suggests that the impacts of POPs

may differ depending on population health and breeding conditions, and that even low con-

centrations of POPs could have ecological consequences during adverse circumstances.

This is important with regard to risk assessment of biomagnifying contaminants in marine

ecosystems.

Introduction
Environmental pollutants may affect both reproduction and survival in wildlife, but their
impact on different life-history traits may vary. For example, in long-lived species effects of
pollutants are expected to be least severe on life-history traits most important for population
growth rate, such as adult survival [1]. Moreover, wild animals face stress of both natural and
anthropogenic origin, and multiple stressors may be more detrimental than single stressors act-
ing alone [2], [3]. This implies that even low concentrations of toxic chemicals can be harmful
in populations suffering high natural stress (e.g. starvation) and /or in populations dominated
by weakened individuals. Hence, to assess the ecological impact of toxicants in a population
may be very difficult without simultaneously assessing its health and the current conditions
under which it lives [4], [5].

The marine environment is a sink for persistent organic pollutants (POPs) such as organo-
chlorines (OCs), many of which were banned in most countries several decades ago (e.g. PCB
and DDT), and emerging compounds, which include brominated flame retardants. Many stud-
ies have found associations between POPs and biochemical or physiological traits in seabirds
[6], but few studies have documented effects on reproduction and survival. In the glaucous gull
(Larus hyperboreus) in the Norwegian Arctic, however, high concentrations of legacy POPs
were associated with behavioural impairment, poor reproductive performance and lowered
survival [7], [8]. Interactions between POPs and natural stressors were also found as POPs
were negatively associated with chick growth in females with high feeding costs (flying dis-
tance), but not in females with low costs [9]. Moreover, experiments suggested that high para-
site loads also triggered reproductive effects of POPs [10]. In great black-backed gulls (Larus
marinus), adverse relationships between fitness traits and POPs were found when breeding
conditions were poor, whereas birds seemed unaffected during good conditions [5]. Neverthe-
less, there is a paucity of experimental studies in seabirds examining the interactive relation-
ships between breeding conditions and POPs.

The objective of this study was to examine, both observationally and experimentally, how
ecological impacts of environmental contaminants in seabirds may vary, predicting worse
effects during adverse conditions and when population health is poor. The great skua (Stercor-
arius skua), a large omnivorous seabird with high POP loads [11], [12], was studied in three
colonies (Shetland, Iceland and Bjørnøya [Bear Island] in the Norwegian Arctic) over a tem-
perate-arctic gradient in the north-eastern Atlantic (60–74°N). The study population at Foula
in Shetland declined by ~30% between 2000 and 2007 due to sustained food shortage and poor
breeding success [13], [14], [15]. In contrast, the population at Bjørnøya has grown continu-
ously since its establishment in the 1970s (H. Strøm, unpublished data). Biomarkers of health
were recorded in these colonies, showing that birds in the Shetland population were more
stressed and had poor immune function compared to birds in the other two colonies in 2009
(Table 1) [16].
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POPs (OCs and brominated flame retardants; i.e. polybrominated diphenyl ethers
[PBDEs]) were measured in blood plasma of incubating skuas, and potential reproductive
effects of contaminants were analysed in females; firstly the relationships between POP concen-
trations and 1) hatching-date, and 2) the chick body condition at hatching, since these traits
are likely to be affected by toxic chemicals [5], [17], [18], [19]. Secondly, experimental nests
were subject to supplementary feeding in all colonies, and the growth rate of the chicks was
compared to control nests. We predicted that if nutritional stress influenced the adverse effects
of POPs, the impact would be lower in the experimental nests. Finally, the relationship between
annual return-rate and POPs was analysed for both sexes to document long-term effects.

Materials and Methods
The study was carried out at Bjørnøya, Svalbard (74°21’N, 19°05’E), at Öræfi, Iceland (63°
57 ‘N, 16°24’W) and at Foula, Shetland (60°08 ‘N, 2°05’W). The numbers of breeding pairs of
great skua in the colonies were approximately 350, 1500 and 1660, in Bjørnøya, Öræfi and
Foula, respectively [15], [20] [21]. In 2009, a total of 161 incubating adult birds were caught on
their nests using remote controlled noose traps, whereas in 2010, only Bjørnøya was studied
(n = 61; Table 2). Birds were ringed with both metal and colour plastic rings with individual
codes. Body mass (± 5 g) and head and bill lengths (± 1 mm) were measured and used in the
analyses. At each capture, birds were blood sampled from the brachial or tarsal vein using
heparinised syringes (under appropriate national licences in each location). Blood was immedi-
ately transferred into Cornic tubes that were stored on ice, centrifuged within 2 h (5000 rpm),
with plasma and RBCs frozen and stored at -20°C. Birds were sexed from red blood cells
(RBCs) or feather pulp after DNA extraction and PCR amplification of CHD genes using prim-
ers 2550F [22] and 2757R (R. Griffiths pers. comm.).

Return rate between years for Shetland and Iceland was established by checking the colonies
repeatedly the following year (i.e., 2010). At Bjørnøya, an on-going monitoring study enabled
us to check for returning birds in 2010, 2011 and 2012.

Two days prior to hatching, pairs were randomly selected and given 100 g of beef meat (cat
food; Landlord, Reitangruppen, Germany) daily (experimental birds), whereas control pairs
were not provided extra food, but were visited at the same frequency to exert the same stress.
Food was distributed during day time from the moment when one egg was starting to crack
[23].

To make sure that all chicks were found, the surroundings of the nests were thoroughly
searched. Chicks were weighed (± 1 g) and body measures (tarsus and wing lengths, ± 1 mm)
were recorded every 5 days from hatching up to day 20. We kept track of the hatching rank,

Table 1. Schematic trends in multiple stressors in breeding great skuas: anthropogenic (POPs) and natural stressors (population health, breeding
conditions), including fitness variables.

Multiple stressors Shetland Iceland Bjørnøya

2009 2009 2009 2010

Anthropogenic stressors: POPs + ++ ++++ +++

Natural stressors: Population health - ++ +++

Breeding condition during incubation ++ ++ — ++

Breeding condition during chick rearing ++ — — ++

Fitness Fledging success ++ — — ++

Return-rate 86% 71% 80% 90%

doi:10.1371/journal.pone.0131769.t001
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i.e., the ranking order with the first hatched chick of the brood being referred to as the A-chick,
while the last hatched chick was referred to as the B-chick.

In 2009, the breeding situation at Bjørnøya was so poor that very few birds were able to
hatch their eggs, and the experiment could not be successfully completed. In 2010, the experi-
ment was, however, successfully carried out. To achieve a sufficient sample size to compare
chick growth between fed and control chicks, we used daily growth rate (g/d) from hatching
until day 10 of age.

All sampling procedures and experimental manipulations were reviewed and approved as
part of obtaining field permits. In Shetland, all procedures (i.e., remote controlled noose trap-
ping, ringing, blood sampling and experimental feeding) were carried out under licenses from
the Home Office (PPL 60/3835 awarded after ethical review of the protocol by The Home
Office inspectorate) and the British Trust for Ornithology. In Bjørnøya, all procedures were
carried out under permits from the Governor of Svalbard (2009/00103-17 and 2010/00093-16),
and ringing license from Stavanger Museum (licensed to H. Strøm). In Iceland, all procedures
were covered by the general ringing license from the Icelandic Institute of Natural History,
Reykjavik (licensed to A. Petersen, the responsible person in Iceland) and no special permit
was required. No birds were sacrificed, and no birds died or suffered (wounds etc.) during the
study.

Table 2. Summary data for great skuas breeding in different north-eastern Atlantic colonies.

Bjørnøya

Shetland (2009) Iceland (2009) 2009 2010 P-value

Trait
n mean Std.Err n mean Std.Err n mean Std.Err n mean Std.Err

FEMALES

∑OC 35 254.5 29.2 42 621.7 83.3 41 2343.6 217.0 43 1016.6 109.8 <0.0001

∑BDE 35 5.2 0.6 42 8.6 1.1 41 21.8 5.0 43 4.3 0.4 <0.0001

Blood lipid (%) 35 0.86 0.03 42 0.84 0.03 41 0.94 0.02 43 0.76 0.03 <0.0001

Hatching date (date)* 35 27.7 1.1 39 23.5 0.7 33 16.8 1.2 39 4.3 1.1 <0.0001

Clutch size 35 1.94 0.04 41 2 0 41 1.51 0.08 43 2 0 <0.0001

Volume egg A (ml) 34 79.6 0.9 41 84.1 0.9 41 81.1 0.9 43 88.1 1.1 0.0003

Volume egg B (ml) 33 75.9 1.1 41 83.6 0.9 21 78.3 1.5 43 85.6 1.2 0.0005

Hatching success (%) 35 88.6 42 92.9 41 39.0 43 90.7

Hatching weight chick A (g) 30 61.0 0.8 38 64.9 0.8 18 62.4 1.1 39 67.4 1.3 0.0042

Hatching weight chick B (g) 17 58.8 1.2 32 63.6 0.8 5 61.6 3.2 30 67.2 1.5 0.16

Adult body mass (g) 31 1413.2 12.7 42 1459.9 14.6 41 1443.5 12.0 42 1454.2 18.1 0.63

MALES

∑OC 16 419.9 85.4 17 654.2 99.3 10 2872.4 586.6 18 1272.7 217.4 0.0011

∑BDE 16 7.0 0.8 17 11.2 1.5 10 41.6 17.6 18 6.8 1.0 0.0002

Blood lipid (%) 16 0.91 0.05 17 1.02 0.02 10 0.85 0.07 18 0.85 0.05 0.42

Adult body mass (g) 14 1262.9 18.6 17 1277.0 17.8 10 1278.0 15.8 18 1339.7 23.0 0.07

Adult return rate (%)

Females 35 0.91 41 0.71 41 0.85 43 0.88

Males 16 0.75 15 0.73 10 0.60 18 0.94

Total 51 0.86 56 0.71 51 0.80 61 0.90

* = Average date in June for Iceland and Shetland and July for Bjørnøya.

doi:10.1371/journal.pone.0131769.t002
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Chemical analyses
Analyses of plasma samples were performed at the Great Lakes Institute for Environmental
Research (GLIER), University of Windsor, Canada. Leat et al. [11] and references therein pro-
vides all details regarding the chemical analyses. In this analysis we used wet weight concentra-
tions of 39 OC compounds; 29 polychlorinated biphenyl (PCBs) congeners and 10 OC
pesticides: dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene (p,p’-
DDE), dichlorodiphenyldichloroethane (p,p’-DDD), hexachlorobenzene (HCB), oxychlordane,
mirex, β-hexachlorocyclohexane (β-HCH), trans-nonachlor, cis-nonachlor, cis-chlordane. In
addition, three polybrominated diphenyl ether (BDE) congeners were used in the analysis:
BDE-47, -100 and -153.

Statistical analyses
Statistical analyses were carried out using general linear models and generalized linear models
(Logistic regression) in the GENMOD procedure (Type 1 and 3 statistics) of SAS [24]. There
were strong correlations (0.72< R2 < 0.92) between the compounds that made up the bulk of
the OC loads; i.e. PCBs, mirex, DDE, HCB and oxychlordane, comprising ~93–98% of the OCs
in different colonies. Similarly, the BDE congeners were strongly correlated (R2 > 0.46). More-
over, we also ran a principal component analysis on both OCs and BDEs, but PC1 scores were
highly correlated to ∑OC and ∑BDE (0.81< R2 < 0.99). Hence, to avoid excessive statistical
testing we chose to use ∑OC and ∑BDE in the analyses, which enabled us to relate effect rela-
tionships with contaminants directly to variations in concentrations. ∑OC and ∑BDE values
were loge transformed to approximate a normal distribution and achieve equal variance
(assessed using Q-Q plots [25]). Relationships between fitness traits and POPs were analysed
separately for each colony and year (including Bjørnøya 2009 and 2010), mainly because of the
lack of overlap between the POP concentrations between the colonies (Table 2).

General linear models (GLM) were used to model traits with continuous dependent vari-
ables (hatching date, body condition of chicks at hatching, and chick growth-rate) whereas
logistic regression was used to model traits with discrete variables (probability of egg loss and
adult returning probability). Predictor variables were concentrations of ∑OC or ∑BDE and a
set of covariates (body mass and body size [head and bill length]; blood lipid content (%); egg
volume (for chick hatching condition); experimental treatment (feeding vs. controls), sex (for
return-rate) and interactions. The effects of adult body condition and blood lipids on different
traits were always included along with POPs. The independent variables were included in
the final models when significant (P< 0.05). Following Rothman [26], Nakagawa [27], and
Goldberg & Silbergeld [28], P-values were not adjusted (Bonferroni etc.) when testing the rela-
tionship between POPs and effect endpoints, but P-values from two-tailed tests are reported.

The data were checked for outliers and for hatching date one female hatching 10 days earlier
than the next bird was removed for Bjørnøya in 2009. One A-chick was removed for Iceland
and one for Bjørnøya 2010, whereas one B-chick was removed for Shetland and one for
Bjørnøya 2010, because they were very heavy compared to their egg volume, suggesting that
they had been fed before we were able to weigh them so we failed to record their hatching
weights.

Results

Concentrations of POPs and breeding conditions
A total of 222 blood samples were collected; 161 females and 61 males. In 2009, concentrations
of ∑OC were ~10 times higher in females at Bjørnøya than in Shetland, Iceland being 2.5 times
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higher than Shetland. For males the differences were somewhat smaller (Table 2). ∑BDE was
also much higher at Bjørnøya in 2009 compared to the other colonies (Table 2). However,
between 2009 and 2010 the mean ∑OC and ∑BDE concentrations at Bjørnøya declined by
~60% and ~80%, respectively (Table 2).

At Bjørnøya in 2009, the breeding conditions were very poor over the whole season (only
39% of the control nests hatched and only 17% [n = 5] of these chicks survived until 20 days of
age), whereas in Iceland conditions degraded after hatching and were very poor during chick
rearing (92% of control nests hatched, but only 5% of the chicks survived). On the contrary,
breeding conditions in Shetland and at Bjørnøya in 2010 were good: ~90% of the control nests
hatched, and 39% and 42% of the chicks survived, respectively (Tables 1 and 2).

Reproductive effects of POPs
Compared with successful females, females losing their eggs at Bjørnøya in 2009 had higher
plasma concentrations of ∑OC, with marginal significance (Mean ± SE: 2696±280 vs.
1984 ± 328 ng/g, wt. weight; Logistic regression: χ2 1, 39 = 3.60, P = 0.058; estimate successful =
-0.98± 0.54 SE), but not ∑BDE (P = 0.62).

The date of hatching varied greatly between the colonies, and also between years at Bjørnøya
(Table 2). In Iceland there were significant positive associations between hatching date and
concentrations of both SOC (F 1, 37 = 6.91, P = 0.012, estimate = 2.42 ± 0.92 SE; Fig 1) and
SBDE (F 1, 37 = 10.87, P = 0.002, estimate = 2.97 ± 0.90 SE; Fig 2), whereas in Shetland a posi-
tive relationship was only found for SOC (F 1, 31 = 4.08, P = 0.05, estimate = 3.83 ± 1.90 SE;
Fig 1). At Bjørnøya in 2009, there was a strong positive relationship between ∑OC and hatching
date (F 1, 15 = 13.33, P = 0.002, estimate = 2.97 ± 0.81 SE), when removing one individual with
very low concentration and a late hatching date (Fig 1). There was no significant relationship
between POPs and hatching date at Bjørnøya in 2010 (P> 0.44; Fig 1).

In Iceland, hatching weights of A-chicks were negatively related to the mothers’ concentra-
tions of ∑OC (F 2, 34 = 4.15, P = 0.045, estimate = -1.33 ± 0.65 SE) and ∑BDE (F 2, 34 = 6.65,
P = 0.014, estimate = -1.72 ± 0.67 SE; Fig 3), whereas for the B-chick they were only negatively
related to ∑OC (F 2, 29 = 4.37, P = 0.046, estimate = -1.41 ± 0.67 SE; Fig 3). At Shetland,
hatching weights of chicks were not negatively related to any contaminants in the mothers
(P> 0.50), whereas at Bjørnøya in 2010 the hatching weights of B-chicks were negatively
related to both ∑OC (F 2, 26 = 4.45, P = 0.045, estimate = -2.99 ± 1.42 SE) and ∑BDE (F 2, 26 =
6.11, P = 0.02, estimate = -3.80 ± 1.54 SE; Fig 4). At Bjørnøya in 2009, however, there were no
relationships between chick hatching weight and POPs (P> 0.43).

Chick growth and supplementary feeding
All single chicks were A-chicks, but whether or not A-chicks had a sibling did not affect daily
growth-rate until day 10 (0.16< P< 0.56). In Shetland, there were no relationships between
female POPs and chick growth (P> 0.50), but there was a positive relationship between daily
growth-rate and female body condition for A-chicks (F 3, 17 = 6.42, P = 0.02; estimate for con-
trols = -5.17 ± 2.04 SE), and A-chicks receiving extra food grew faster than controls (F3, 17 =
6.34, P = 0.02, estimate = 0.042 ± 0.016 SE). For the B-chicks, however, there was no effect of
female body condition (P = 0.13), but supplementary food increased their growth-rate (F 1, 6 =
8.97, P = 0.02; estimate for controls = -5.25 ± 1.75 SE). At Bjørnøya in 2010 there was no asso-
ciation between contaminants and daily growth-rate of A-chicks (P> 0.25), but a positive
effect of extra food (F 1, 32 = 4.44, P = 0.042; estimate for controls = -3.11 ± 1.47 SE). For the B-
chicks, however, there were no treatment effect but a significant interaction between treatment
and both SOC (P = 0.015), showing a negative association between daily growth-rate and ∑OC
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Fig 2. Relationships between hatching date (date since 1 of June) and female plasma concentrations
of ∑BDE in great skuas breeding in Iceland in 2009.

doi:10.1371/journal.pone.0131769.g002

Fig 1. Relationships between female plasma concentrations of ∑OC (log) and hatching date in great skua colonies in the North-eastern Atlantic. A)
Bjørnøya in 2009 (one individual in brackets has been excluded from the analysis), B) Bjørnøya in 2010,C) Iceland in 2009 and D) Shetland in 2009 (date
since 1 of June [Shetland and Iceland] or 1 of July [Bjørnøya]).

doi:10.1371/journal.pone.0131769.g001
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in fed chicks (F 1, 7 = 12.45, P = 0.001), but not in controls (P = 0.19). The interaction was not
significant for ∑BDE (P = 0.09).

In Iceland, there were significant interactions between treatment and both ∑OC and ∑BDE
on daily growth of the A-chicks, indicating that extra food during the growth phase both

Fig 3. Hatching body conditions (hatching weight controlled for egg size) of the A-chicks and B-
chicks in great skua broods in relation to the mothers’ plasma concentrations of ∑OC and∑BDE.Data
from Iceland in 2009.

doi:10.1371/journal.pone.0131769.g003
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increased growth rate and removed negative effects of contaminants (Table 3, Fig 5). For the
B-chicks, however, there were no treatment effects (P> 0.26) and no treatment x POP
interactions (P> 0.48), but a strong negative relationship between ∑OC and daily growth rate
(F 1, 13 = 14.2, P = 0.0025; estimate = -3.47 ± 0.93 SE, Fig 6). This was not significant for ∑BDE
(P = 0.12).

Adult return rate between years
At Shetland, 86% (n = 43) of the birds breeding in 2009 returned in 2010; return was signifi-
cantly and negatively related to ∑BDE (Logistic regression: χ2 1, 49 = 5.72, P = 0.007; estimate =
-2.27 ± 0.94 SE; Fig 7), and marginally significant for ∑OC (χ2 1, 49 = 3.02, P = 0.07; estimate =
-1.08 ± 0.62 SE; Fig 7). At Bjørnøya, 80% (n = 41) of the birds breeding in 2009 had returned
by 2012. The return-rate was negatively related both to ∑OC (χ2 1, 49 = 4.2, P = 0.02; estimate =
-1.50 ± 0.73 SE; Fig 7) and ∑BDE (χ2 1, 49 = 6.03, P = 0.005; estimate = -0.93 ± 0.38 SE; Fig 7).
For Bjørnøya in 2010 (birds breeding in 2009 excluded) 88.5% (n = 46) had returned by 2012,
and at Iceland 71% (n = 40) returned between 2009 and 2010; there were no relationships
between return-rate and POPs for Iceland and Bjørnøya 2010 (P> 0.41). No significant rela-
tionships were found between return-rate and sex (P> 0.13) or body condition (P> 0.12),

Fig 4. Hatching body conditions (hatching weight controlled for egg size) of B-chicks in great skua
broods in relation to the mothers’ plasma concentrations of ∑OC and∑BDE at Bjørnøya in 2010.

doi:10.1371/journal.pone.0131769.g004
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Table 3. Relationships between daily growth rate of A-chicks (until day 10 of age) and persistent organic pollutants (∑OC and ∑BDE) in the blood
of female great skuas in nests receiving different treatment (supplied extra food and controls). Data from Iceland 2009.

∑OC DF F P Estimates SE

Intercept 23.99 8.62

Treatment Control 1 4.07 0.059 32.43 16.08

Fed 0

∑OC 1 10.38 0.0047 -1.38 1.37

Treatment * ∑OC Control 1 4.64 0.045 -5.58 2.59

Fed 0

Error 18

∑BDE

Intercept 18.45 2.77

Treatment Control 1 2.79 0.11 7.98 4.78

Fed 0

∑BDE 1 12.97 0.002 -1.54 1.3

Treatment * ∑BDE Control 1 6.19 0.023 -6.87 2.76

Fed 0

Error 18

doi:10.1371/journal.pone.0131769.t003

Fig 5. Daily growth rate (until age of 10 days) among A-chicks in great skua broods, receiving
supplementary food (open circles) and controls (filled circles), in relation to the mothers’ plasma
concentrations of ∑OC and ∑BDE.Data from Iceland in 2009.

doi:10.1371/journal.pone.0131769.g005
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except at Iceland where females had lower return-rate than males (χ 1, 53 = 4.98, P = 0.026; esti-
mate = -2.24 ± 1.08 SE), and birds in good condition returned at a higher rate (χ2 1, 53 = 8.49,
P = 0.0036; estimate = 0.0113 ± 0.0044 SE).

Discussion
In great skuas breeding in the North-Atlantic both observational and experimental data
showed that contaminants were differently related to effects endpoints depending on popula-
tion health and breeding conditions. The most pronounced fitness relationship, i.e. negative
relationship with adult return-rate (a proxy for survival) was only found when population
health was poor and reproductive investment high such as in Shetland, and in the healthy but
heavily polluted Bjørnøya population following the extremely poor breeding season in 2009.
Although the relationships between POPs and effect endpoints were correlational, this study
indicated that the impacts of POPs were influenced by natural stressors; i.e. a multi-stressor
situation.

Variation in POP concentrations
POP concentrations differed greatly among the colonies, and in 2009 the Arctic colony at
Bjørnøya, a known hotspot for POPs [29], was by far the most polluted. The reason for this is
probably strong atmospheric and marine transport of POPs, and the high lipid dependence in
Arctic wildlife resulting in high transfer of lipophilic POPs between trophic levels [30], [31].
However, there might also be dietary differences between the colonies. The reduction in con-
centrations at Bjørnøya between 2009 and 2010 is probably a result of improved feeding condi-
tions and thereby lower metabolism of POP-containing body lipids [32]. Alternatively, skua
diet may have changed, for example from seabirds to fish, the latter representing a lower tro-
phic level than the former [33]. Moreover, in breeding seabirds males usually have higher
plasma concentrations of POPs since females sequester some of their loads into the eggs [5],

Fig 6. Daily growth rate (until age of 10 days) among B-chicks in great skua broods in relation to the
mothers’ plasma concentrations of ∑OC.Data from Iceland in 2009.

doi:10.1371/journal.pone.0131769.g006
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[18]. Equal POP concentrations in the sexes, such as skuas in Iceland, may indicate that females
experience poor feeding conditions and deplete their lipid reserves during egg-laying and incu-
bation; i.e. remobilizing more POPs [5].

Breeding conditions and population health
Assessing food availability, and thus breeding condition, for an omnivorous predatory seabird
that may switch between different diets is extremely difficult. However, reproductive success
and food availability are closely linked in seabirds [34, 35]. Thus, whether nests successfully

Fig 7. Returning probability (± SE) of great skuas between breeding seasons (A) at Bjørnøya (2009–2012) and (B) Shetland (2009–2010) in relation
to plasma concentrations of ∑OC and ∑BDE (log, ng/g wt weight).

doi:10.1371/journal.pone.0131769.g007
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hatch and chicks survive are good proxies for food availability in long-lived seabirds; i.e. it
affects both the parental motivation and ability to complete a reproductive attempt, and there
is a trade-off between the chances of successful fledging of offspring and the costs to own sur-
vival [36]. Based on hatching success and early chick survival the differences between colonies
were large. At Bjørnøya in 2009 conditions were very poor and>60% of the nests failed, and
hardly any chicks reached 20 days of age, whereas in Iceland conditions seemed good during
incubation (only 7% of eggs /nests lost), but only 5% of the chicks survived to 20 days of age. In
Shetland, in 2009 there was an unusual situation compared to previous years since breeding
conditions were very good [13] [14], [15], and the skuas subsequently invested heavily in
reproduction, and gained relatively high reproductive output. This investment probably put
high strain on the birds, reducing their body condition compared to the other colonies (body
mass controlled for size; P = 0.02). The conditions were also good at Bjørnøya in 2010 (see
Tables 1, 2).

Three biomarkers of health (the stress hormone corticosterone assessed in feathers, plasma
oxidative stress and immunoglobulin levels) showed that the Shetland population was in
relatively poor physiological health compared to the other colonies (Table 1) [16], and body
condition of both males and females was also lower than in the other colonies (Table 2). The
poorer health at Shetland probably depends on birds suffering sustained nutrient stress for
many years indicated by consistently low breeding success, decreasing breeding numbers and
survival rates, in addition to increasing rates of nonbreeding [37], [38]. In contrast, the
Bjørnøya population has increased from a few birds in the 1970s to ~350 pairs at present (H.
Strøm, unpublished data), and thus the population probably consists of younger individuals
than in Shetland. Unfortunately, little is known about the population development in Iceland,
but the biomarkers suggested that the population is in relatively good physiological condition,
although slightly poorer than at Bjørnøya [16].

Ecological effect endpoints
The reproductive parameters examined here (hatching date, hatching success and the body
condition of the chicks at hatching) are closely linked to individual fitness. For example late
hatching birds often suffer lower reproductive output [39], [40], whereas chicks in poor condi-
tion are less likely to survive [41], [42], [43]. There were positive associations between hatching
date and female POPs in all colonies, the estimated difference between high and low polluted
birds being about one week, except at Bjørnøya in 2010 (Fig 2). However, interpretation of
these relationships should be cautious, since reproductive timing may be influenced by a num-
ber of factors (food availability and quality, body condition, migration timing etc.), which
could confound the relationships with POPs. If POPs are causing the relationships the impact
may be through actions on both the female and/or the developing embryo. Effects of POPs on
the female may be through specific mechanisms, for example by disrupting reproductive hor-
mones [44], [45], [46], or by increasing general stress [19], [47]. It might also be that chicks suf-
fering high maternal transfer of POPs develop more slowly. However, this is not the only
possible explanation since later hatching with increasing POPs was also found in Shetland at
low POP concentrations, but not in Bjørnøya in 2010 with relatively high concentrations.
Delayed hatching with increasing concentrations of POPs in female blood has also been found
in south polar skua (Catharacta maccormicki) breeding in Antarctica [18] and in great black-
backed gulls in Norway [5].

Some POPs may increase metabolism in developing embryos and reduce the body condition
of the chick at hatching [17], [48], and such effects must result from maternally transferred
contaminants. Transfer of lipophilic POPs tends to be proportional to the mother’s load, which
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has also been found in great skuas [23]. Reduced chick body condition was found in Iceland
and Bjørnøya in 2010 at intermediate POP levels. In Shetland, however, the levels may have
been too low to cause measurable impacts. At Bjørnøya in 2009 there was no significant rela-
tionship between POPs and chick body condition, although levels of POPs were high. However,
breeding conditions were so poor that less than 40% of the clutches hatched, probably only
from high quality birds and sample size was much lower than in the other colonies. Moreover,
females with hatching eggs at Bjørnøya in 2009 had lower POP loads than failing ones suggest-
ing either embryo toxicity or effects directly on the females.

Further evidence for state dependent impacts of POPs on great skua reproduction was the
effects of supplementary feeding. Observational evidence that POPs are having different
impacts on chick growth depending on energetic stress has been found in the glaucous gull [9],
but this is the first feeding experiment to test such relationship in seabirds. In the nutrient-
stressed Icelandic population there was a strong negative relationship between female POP
loads and daily growth-rate up to day 10 in the A-chicks. Supplementary food increased the
daily growth rate of chicks in all colonies, but in Iceland the treatment increased the survival
time of chicks and removed negative relationships with POPs (Fig 5). The mitigation effects
may operate on the females, i.e. extra food makes them better able to cope with POP stress, and
thus increasing reproductive effort. However, in the chicks receiving extra food, the stress
caused by maternally transferred POPs may be reduced, and they grow better as a result. That
is, if food is scarce, high loads of POPs are transferred to the eggs since contaminated body lip-
ids may be used for egg-production, reducing the chick condition at hatching [17], [48]. Little
food during growth may then reinforce the negative impact of POPs. The lack of POP effects
on A-chicks in Shetland and at Bjørnøya in 2010 was probably a result of good natural feeding
conditions. For the B-chicks in Iceland there was a strong negative relationship between the
mother’s ∑OC concentrations and daily growth-rate, but no effect of supplementary feeding.
The reason for this is probably that the parents were favouring the A-chicks during strained
feeding conditions, a brood-reduction strategy commonly found in various bird species [49].
Alternatively B-chicks may have lower viability and competitiveness than A-chicks. One clearly
unpredicted result was the negative association between POPs and daily growth-rate in fed, but
not control, chicks at Bjørnøya in 2010. We have no explanation for this, but it could be caused
by random effects and small samples; notably one low and one high growth/POP individual
caused the significant result.

It has previously been demonstrated that pollution loads measured in blood were associated
with reduced return-rate (survival) between seasons in glaucous gulls at Bjørnøya [8], in great
black-backed gulls [5], and lesser black-backed gulls (Larus fuscus) [50] in Norway. In Shetland
where birds in poor health invested heavily in reproduction, and at Bjørnøya following the
poor 2009 breeding season, birds with high POP levels were less likely to return. Return-rate
between years has been used as a proxy for survival [8], but it will also be influenced by the
probability of non-breeding. We do not know whether birds died or stayed in other areas, but
site-fidelity of skuas to their nesting territories is very high [51], and the territories were thor-
oughly checked for returning birds. For Bjørnøya in 2009, we also added two extra years
searching for returning adults, so we are confident that the birds not returning between 2009
and 2010 had died or at least had permanently abandoned their colony. This implies that the
most severe effects of POPs (reduced survival) in skuas may occur both at high pollutant stress
levels as found on Bjørnøya in 2009, but also in weakened individuals in the population which
invested heavily in reproduction [52] even if POP concentrations are low. At intermediate pol-
lution loads, however, there was no association between POPs and return-rate, but there was a
body condition effect on Icelandic females, suggesting that body condition may also play a role.
An important aspect of this is, however, that none of the other variables tested for, namely
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body condition or blood lipid content, could explain the relationships with POPs found in this
study.

Effects of OCs or BDEs
Concentrations of POPs in plasma are readily available to sensitive tissues, such as the brain,
liver and kidneys and thus a good metric to assess potential effects of POPs. OCs and BDEs are
lipophilic and thus relatively highly correlated, also in this study (R2 ~ 0.20). It is thus difficult
to distinguish between these compound groups when effects are concerned [53]. We note,
however, the great difference in concentrations; i.e. mean ∑OC were ~50–240 times higher
than ∑BDE in the different colonies (Table 1). A natural prediction is thus that ∑OC has the
highest effect potential. However, for the 11 significant effect endpoints, 6 were most strongly
associated to ∑BDE and 5 to ∑OC. We also noted the consistency between Shetland and
Bjørnøya in 2009, where return-rate showed a stronger relationship to ∑BDE than ∑OC. The
literature on toxicity of OCs and BDEs in birds seems to give little support for the assumption
that BDEs are much more toxic than many OCs [19], [54]. At present it is thus not possible to
conclude on this matter.

Due to the difficulties of manipulating POPs in wildlife, most ecotoxicological studies are
correlational with regard to POP effects, and our study is no exception. It is, however, to our
knowledge the first empirical study (based on both observation and experiment) that examines
the potential ecological impact of lipophilic POPs in the same top predator seabird species on a
large geographical scale. The findings indicate that the adverse effects of POPs are state depen-
dent, varying both with concentrations, the breeding conditions that the birds are experiencing,
with population health, and probably also with reproductive investments by the birds. Hence,
seabirds such as the great skua may be suffering from multiple stressors with regard to pollu-
tion effects. The implications are that although the environmental concentrations of many
POPs are decreasing, the impact of toxicants may not decrease at the same pace. This is worry-
ing because the marine environment is under increasing pressure from exploitation and cli-
mate change, and many seabird species are declining worldwide. This should raise concern
because although many of the POPs are decreasing, new compounds are still entering ecosys-
tems at an increasing rate. Thus cocktail effects of different environmental toxicants may be
severe in seabirds, and be a potential additional stress to the breeding populations.

Acknowledgments
This study was supported by the Research Council of Norway, Grant no.184830. We thank
Scottish Natural Heritage and the Holbourn family for permission to work in Foula. We thank
Knut Olsen, Veronica Nygård, Arnstein Knutsen,Tore Nordstad and Lene Ringstad Olsen for
help in the field in Bjørnøya. We thank Hálfdán Bjørnsson for help in the field in Iceland. We
also thank two anonymous reviewers and Peter Becker for comments that greatly improved the
manuscript.

Author Contributions
Conceived and designed the experiments: JOB SAH KB GWG RWF AP. Performed the experi-
ments: SB EL EMHS. Analyzed the data: JOB SB. Contributed reagents/materials/analysis
tools: KO GWG. Wrote the paper: JOB SB RWF.

References
1. Forbes VE, Olsen M, Palmqvist A, Calow P (2010) Environmentally sensitive life-cycle traits have low

elasticity: implications for theory and practice. Ecol Appl 20: 1449–1455. PMID: 20666260

Multiple Stressors in a Top Predator Seabird

PLOS ONE | DOI:10.1371/journal.pone.0131769 July 14, 2015 15 / 18

http://www.ncbi.nlm.nih.gov/pubmed/20666260


2. Sih A, Bell AM, Kerby JL (2004) Two stressors are deadlier than one. Trends Ecol Evol 19: 274–276.
PMID: 16701268

3. Fischer BB, Pomati F, Eggen RIL (2013) The toxicity of chemical pollutants in dynamic natural systems:
The challenge of integrating environmental factors and biological complexity. Sci Tot Environ 449:
253–259.

4. Van Straalen NM (2003) Ecotoxicology becomes stress Ecology. Environ Sci Technol 325A.

5. Bustnes JO, Tveraa T, Fauchald P, Helberg M, Skaare JU (2008) The potential impact of environmental
variation on the concentrations and ecological effects of pollutants in a marine avian top predator. Envi-
ron Int 34: 193–201. PMID: 17884166

6. Letcher RJ, Bustnes JO, Dietz D, Jenssen BM, Jørgensen EJ, Sonne C, et al. (2010) Effect assess-
ment of persistent organic pollutants in arctic wildlife and fish. Sci Tot Environ 408: 2995–3043.

7. Verreault J, Bustnes JO, Gabrielsen GW (2010) The Svalbard glaucous gull (Larus hyperboreus) as
bioindicator species in the Norwegian Arctic: insight from 35 years of contaminants research. Rev Envi-
ron Contam Toxicol 205: 77–116. doi: 10.1007/978-1-4419-5623-1_2 PMID: 20044795

8. Erikstad KE, Sandvik T, Reinertsen TK, Bustnes JO, StrømH (2013) Persistent organic pollution in a
high-arctic top predator: sex dependent thresholds in adult survival. Proc Roy Soc London Ser B 280:
20131483.

9. Bustnes JO, MilandØO, Fjeld M, Erikstad KE, Skaare JU (2005) Relationships between ecological var-
iables and four organochlorine pollutants in an arctic glaucous gull (Larus hyperboreus) population.
Environ Pollut 136: 175–185. PMID: 15809119

10. Bustnes JO, Erikstad KE, Hanssen SA, Folstad I, Skaare JU (2006) Anti-parasite treatment removes
negative effects of environmental pollutants on reproduction in an arctic seabird. Proc Roy Soc London
Series B. 273: 3117–3122.

11. Leat EHK, Bourgeon S, Borgå K, StrømH, Hanssen SA, Gabrielsen GW, et al. (2011) Levels and tem-
poral trends (1980–2008) of legacy and new persistent organic pollutants (POPs) in eggs of a top pred-
ator in the North Atlantic. Environ Pollut 159: 1222–1228. doi: 10.1016/j.envpol.2011.01.036 PMID:
21342740

12. Leat EHK, Bourgeon S, Magnusdottir E, Gabrielsen GW, Grecian J, Hanssen SA, et al. (2013) Influ-
ence of wintering area on persistent organic pollutants in a breeding migratory seabird. Mar Ecol Prog
Ser 491: 277–293.

13. Mitchell PI, Newton SF, Ratcliffe N, Dunn TE (2004) Seabird Populations of Britain and Ireland. T. & A.
D. Poyser, London.

14. Votier SC, Bearhop S, Crane JE, Arcos JM, Furness RW (2007) Seabird predation by great skuas Ster-
corarius skua–intra-specific competition for food? J Avian Biol 38: 234–246.

15. JNCC Seabird Monitoring Programme Database. Available: http://jncc.defra.gov.uk/page-1550

16. Bourgeon S, Leat EHK, StrømH, Furness RW, Magnusdottir E, Fisk AT, et al. (2012) Individual varia-
tion in biomarkers of health: influence of persistent organic pollutants in great skuas (Stercorarius skua)
breeding along a geographic gradient. Environ Res 118: 31–39. doi: 10.1016/j.envres.2012.08.004
PMID: 22921737

17. Gilbertson M, Kubiak T, Ludwig J, Fox G (1991) Great-Lakes embryo mortality, edema, and deformities
syndrome (GLEMEDS) in colonial fish-eating birds—similarity to chick-edema disease. J Toxicol Envi-
ron Health 33: 455–520. PMID: 1875430

18. Bustnes JO, Tveraa T, Henden JA, VarpeØ, Skaare JU (2007) Reproductive performance and organo-
chlorine pollutants in an Antarctic marine top predator: the south polar skua. Environ Int 33: 911–918.
PMID: 17561256

19. Eng ML, Williams TD, Elliott JE (2013) Developmental exposure to a brominated flame retardant: An
assessment of effects on physiology, growth, and reproduction in a songbird, the zebra finch. Environ
Pollut 178: 343–349. doi: 10.1016/j.envpol.2013.03.037 PMID: 23603472

20. StrømH (2007) Distribution of seabirds on Bjørnøya. In: Anker-Nilssen T, Barrett RT, Bustnes JO, Erik-
stad KE, Fauchald P, Lorentsen S-H, Steen H, Strø H, Systad GH, Tveraa T (2007). SEAPOP studies
in the Lofoten and Barents Sea Area in 2006.NINA Report 249, 63 pp, 50–52.

21. Lund-Hansen LC, Lange P (1991) The numbers and distribution of the great skua Stercorarius skua
breeding in Iceland 1984–1985. Acta Natur Islandica 34: 1–16.

22. Fridolfsson AK, Ellegren H (1999) A simple and universal method for molecular sexing of non-ratite
birds. J Avian Biol 30: 116–121.

23. Bourgeon S, Leat EHK, Furness RW, Borgå K, Hanssen SA, Bustnes JO (2013) Dietary versus mater-
nal sources of organochlorines in top predator seabird chicks: an experimental approach. Environ Sci
Technol 47: 5963–5970. doi: 10.1021/es400442q PMID: 23672486

Multiple Stressors in a Top Predator Seabird

PLOS ONE | DOI:10.1371/journal.pone.0131769 July 14, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/16701268
http://www.ncbi.nlm.nih.gov/pubmed/17884166
http://dx.doi.org/10.1007/978-1-4419-5623-1_2
http://www.ncbi.nlm.nih.gov/pubmed/20044795
http://www.ncbi.nlm.nih.gov/pubmed/15809119
http://dx.doi.org/10.1016/j.envpol.2011.01.036
http://www.ncbi.nlm.nih.gov/pubmed/21342740
http://jncc.defra.gov.uk/page-1550
http://dx.doi.org/10.1016/j.envres.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22921737
http://www.ncbi.nlm.nih.gov/pubmed/1875430
http://www.ncbi.nlm.nih.gov/pubmed/17561256
http://dx.doi.org/10.1016/j.envpol.2013.03.037
http://www.ncbi.nlm.nih.gov/pubmed/23603472
http://dx.doi.org/10.1021/es400442q
http://www.ncbi.nlm.nih.gov/pubmed/23672486


24. Institute SAS (2011) SAS 9.3 Foundation for Microsoft Windows. SAS Insitute, Cary

25. VenablesWN, Ripley BD (2002) Modern applied statistics with S. Berlin: Springer Verlag.

26. Rothman KJ (1990) No adjustments are needed for multiple comparisons. Epidemiology 1: 43–46.
PMID: 2081237

27. Nakagawa S (2004) A farewell to Bonferroni: the problems of low statistical power and publication bias.
Behav Ecol 15: 1044–1045.

28. Goldberg M, Silbergeld E (2011) On multiple comparisons and on the design and interpretation of epi-
demiological studies of many associations. Environ Res 111: 1007–1009. doi: 10.1016/j.envres.2011.
08.010 PMID: 21906734

29. Evenset A, Christensen GN, Kallenborn R (2005) Selected chlorobornanes, polychlorinated naphtha-
lenes and brominated flame retardants in Bjørnøya (Bear Island) freshwater biota. Environ Pollut 136:
419–430. PMID: 15862396

30. AMAP Assessment (2002) Persistent Organic Pollutants in the Arctic. Arctic Monitoring and Assess-
ment Programme (AMAP), Oslo, Norway.

31. Kozak K, Polkowska Z, Ruman M, Koziol K, Namiesnik J (2013) Analytical studies on the environmen-
tal state of the Svalbard Archipelago provide a critical source of information about anthropogenic global
impact. Trend Anal Chem 50: 107–126.

32. Henriksen EO, Gabrielsen GW, Skaare JU (1998) Validation of the use of blood samples to assess tis-
sue concentrations of organochlorines in glaucous gull Larus hyperboreus. Chemosphere 37: 2627–
2643.

33. Bustnes JO, Erikstad KE, Bakken V, Mehlum F, Skaare JU (2000) Feeding ecology and the concentra-
tion of organochlorines (OCs) in glaucous gulls. Ecotoxicology 9: 175–182.

34. Cury PM, Boyd IL, Bonhommeau S, Anker-Nilssen T, Crawford RJM, Furness RW, et al. (2011) Global
seabird response to forage fish depletion–one-third for the birds. Science, 334: 1703–1706. doi: 10.
1126/science.1212928 PMID: 22194577

35. Dänhardt A, Becker PH (2011) Herring and Sprat abundance indices predict chick growth and repro-
ductive performance of common terns breeding in the Wadden Sea. Ecosystems, 14: 791–803, doi:
10.1007/s10021-011-9445-7

36. Erikstad KE, Fauchald P, Tveraa T, Steen H (1998) On the cost of reproduction in long-lived birds: the
influence of environmental variability. Ecology 79: 1781–1788.

37. Ratcliffe N, Furness RW, Hamer KC (1998) The interactive effects of age and food supply on the breed-
ing ecology of great skuas. J Anim Ecol 67: 853–862.

38. Ratcliffe N, Catry P, Hamer KC, Klomp NI, Furness RW (2002) The effect of age and year on the sur-
vival of breeding adult great skuasCatharacta skua in Shetland. Ibis 144: 384–392.

39. Perrins CM (1996) Eggs, egg formation and the timing of breeding. Ibis 138: 2–15.

40. Arnold J, Hatch JJ, Nisbet ITC (2004) Seasonal declines in reproductive success of the common tern
Sterna hirundo: timing or parental quality? J Avian Biol 35: 33–45.

41. Williams TD (1994) Intraspecific variation in egg size and egg composition in birds—effects on offspring
fitness. Biol Rev Cambridge Phil Soc 69: 35–59.

42. Hipfner JM, Gaston AJ, Storey AE (2001) Food supply and the consequences of egg size in the thick-
billed Murre. Condor 103: 240–247.

43. Erikstad KE, Tveraa T, Bustnes JO (1998) Significance of intraclutch egg-size variation in common
eider: the role of egg size and quality of ducklings. J Avian Biol 29: 3–9.

44. Carere C, Costantini D, Sorace A, Santucci D, Alleva E (2010) Bird populations as sentinels of endo-
crine disrupting chemicals. Annali Dell Istituto Superiore di Sanita, 46: 81–88. doi: 10.4415/ANN_10_
01_10 PMID: 20348622

45. Ottinger MA, Dean KM (2011) Neuroendocrine impacts of endocrine-disrupting chemicals in birds: life
stage and species sensitivities. J Toxicol Environ Health-Part B-Crit Rev 14: 413–422.

46. Wingfield JC (2008) Comparative endocrinology, environment and global change. Gen Comp Endocri-
nol 157: 207–216. doi: 10.1016/j.ygcen.2008.04.017 PMID: 18558405

47. Wingfield JC (2013) Ecological processes and the ecology of stress: the impacts of abiotic environmen-
tal factors. Funct Ecol 27: 37–44.

48. Hamlin HJ, Guillette LJ Jr (2010) Birth defects in wildlife: the role of environmental contaminants as
inducers of reproductive and developmental dysfunction. Syst Biol Reprod Med 56: 113–121. doi: 10.
3109/19396360903244598 PMID: 20377310

49. Slagsvold T, Wiebe KL (2007) Hatching asynchrony and early nestling mortality: the feeding constraint
hypothesis. Anim Behav 73: 691–700.

Multiple Stressors in a Top Predator Seabird

PLOS ONE | DOI:10.1371/journal.pone.0131769 July 14, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/2081237
http://dx.doi.org/10.1016/j.envres.2011.08.010
http://dx.doi.org/10.1016/j.envres.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21906734
http://www.ncbi.nlm.nih.gov/pubmed/15862396
http://dx.doi.org/10.1126/science.1212928
http://dx.doi.org/10.1126/science.1212928
http://www.ncbi.nlm.nih.gov/pubmed/22194577
http://dx.doi.org/10.1007/s10021-011-9445-7
http://dx.doi.org/10.4415/ANN_10_01_10
http://dx.doi.org/10.4415/ANN_10_01_10
http://www.ncbi.nlm.nih.gov/pubmed/20348622
http://dx.doi.org/10.1016/j.ygcen.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18558405
http://dx.doi.org/10.3109/19396360903244598
http://dx.doi.org/10.3109/19396360903244598
http://www.ncbi.nlm.nih.gov/pubmed/20377310


50. Bustnes JO, Erikstad KE, Lorentsen SH, Herzke D (2008) Perfluorinated and chlorinated contaminants
as predictors of demographic parameters in an endangered seabird. Environ Pollut 156: 417–424. doi:
10.1016/j.envpol.2008.01.028 PMID: 18329768

51. Furness RW (1987) The skuas. T & AD Poyser, Calton

52. Kalmbach E, Griffiths R, Crane JE, Furness RW (2004) Effects of experimentally increased egg produc-
tion on female body condition and laying dates in the great skua Stercorarius skua. J Avian Biol 35:
501–514.

53. Bustnes JO (2006) Pinpointing potential causative agents in mixtures of persistent organic pollutants in
observational field studies: a review of glaucous gull studies. J. Toxicol Environ Health, Part A 68: 1–
12.

54. Chen D, Hale RC (2010) A global review of polybrominated diphenyl ether flame retardant contamina-
tion in birds. Environ Int 36: 800–811. doi: 10.1016/j.envint.2010.05.013 PMID: 20557935

Multiple Stressors in a Top Predator Seabird

PLOS ONE | DOI:10.1371/journal.pone.0131769 July 14, 2015 18 / 18

http://dx.doi.org/10.1016/j.envpol.2008.01.028
http://www.ncbi.nlm.nih.gov/pubmed/18329768
http://dx.doi.org/10.1016/j.envint.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20557935

