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ABSTRACT: As apex marine predators, seabirds are often sampled to monitor bioaccumulative
persistent organic pollutants (POPs) in the marine environment. Despite the restrictions on use
and production of many POPs, concern remains about levels of these chemicals present in marine
biota due to their potential toxicity. Many seabird species are migratory, and although overwinter-
ing area has been hypothesized to affect the accumulation of POPs, few have studied the contri-
bution of exposure in the wintering area on the POP burdens of seabirds. This study investigated
the impact of wintering area on concentrations and patterns of organochlorines (OCs) and poly-
brominated diphenyl ethers (PBDESs) in plasma of breeding great skuas Stercorarius skua from
3 colonies; Bjorneya (Svalbard), southeast Iceland and Shetland (Scotland). To do so, stable iso-
tope values of primary feathers grown during the winter were used in conjunction with geolocator
data (n = 16) to assign untracked individuals (n = 122), to 3 wintering areas (America, Europe and
Africa). Birds wintering in Africa had lower plasma concentrations of many OCs and PBDE 47
compared to the other areas. Nevertheless, the influence of wintering area differed between con-
taminants and between breeding colonies. We conclude that although wintering area had a
significant effect on both concentrations and patterns of POPs, its influence was small in compar-
ison to differences in exposure to these pollutants at breeding colonies, but that accumulation of
POPs during the winter may be important for specific populations of seabirds.
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INTRODUCTION verse effects (Newman 2010). They are ubiquitous in
the environment and have been detected in remote
Persistent organic pollutants (POPs) include a wide ecosystems, including the Arctic (de Wit et al. 2004).
range of man-made chemicals which are persistent The use of several chlorinated pesticides and indus-
and bioaccumulate with the potential to cause ad- trial chemicals was restricted by the Stockholm con-
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vention (UNEP 2001), implemented in 2004, and
prior to this by individual governments. Flame retar-
dant polybrominated diphenylethers (PBDEs), were
added to the convention more recently (UNEP 2009).
Given the longevity of POPs in the environment, the
potential for adverse effects remains despite restric-
tion of their use.

Seabirds are near the apex of most marine food
chains and, compared to terrestrial top predators
(Best et al. 2010), bioaccumulate high concentrations
of POPs (Bustnes et al. 2003, Best et al. 2010, Leat
et al. 2011). Concentrations of POPs in seabirds are
usually analysed in samples obtained when the birds
return to land to breed (e.g. Fisk et al. 2001, Helgason
et al. 2008, Roscales et al. 2010). However, most
seabirds that breed in temperate and Arctic regions
are migratory (Gaston 2004) and may spend a high
proportion of the year away from their breeding
colonies. For example, Arctic terns Sterna paradisaea
and pomarine skuas Stercorarius pomarinus are at sea
for up to 9 mo each year (Furness 1987, Egevang et al.
2010). Although a number of studies have discussed
the potential importance of migration in wildlife eco-
toxicology (Buckman et al. 2004, Borga et al. 2005a,
Hebert et al. 2008), few have attempted rigorous
analysis. Studies investigating the effect of migration
on POP burdens in seabirds have focused mostly on
differences between migratory and resident species
within the same breeding locality (Buckman et al.
2004, Corsolini et al. 2011). However interspecies dif-
ferences in diet and uptake of POPs and metabolism
are confounding factors to the effect of wintering area
in these studies (Fisk et al. 2001). Ideally the effect of
wintering area on POP concentrations and pattern
(the contribution of each POP to XPOPs) should be ex-
amined within a single seabird species that includes
individuals with different migration strategies.

Developments in technology, including Global Lo-
cation Sensor loggers, have made it possible to deter-
mine the wintering areas of individuals (Phillips et
al. 2007, Egevang et al. 2010, Gonzalez-Solis et al.
2011). Concentrations of POPs can be highly variable
within a population, therefore a large sample size of
tracked birds may be required to detect differences
in POPs between seabirds wintering in different
areas. However, the comparatively high cost of de-
vices and sometimes low rate of retrieval can limit
the sample sizes for tracked birds (Phillips et al. 2007,
Magnusdottir et al. 2012).

Previous studies have successfully used intrinsic
biomarkers such as stable isotopes to infer wintering
areas of seabirds (Hebert et al. 2008, Phillips et al.
2009, Gonzalez-Solis et al. 2011). The isotopic com-

position of animal tissues reflects that of prey con-
sumed during tissue formation. The nitrogen stable
isotope ratio ("’N:'*N; §'°N) can be used to indicate
trophic level, as it shows a stepwise enrichment of
the heavier isotope (Hobson & Clark 1992, Bearhop
et al. 2002, Post 2002), whereas the carbon stable
isotope ratio (**C:'2C; §'3C) reflects primary produc-
tivity and carbon source in the marine environment
(Post 2002). As feathers are metabolically inert once
formed, their isotopic values reflect a discrete time
period. In most species of seabird flight feathers are
moulted after the breeding season, usually in the
wintering area (Phillips et al. 2009); therefore, pri-
mary feathers of adults sampled in the breeding sea-
son reflect the isotopic signatures of prey in their
wintering area. However, it is difficult to assign a
wintering area directly from isotope data alone due
to lack of knowledge of variation between ocean
areas in baseline 8'°N and §'°C values. Instead, in-
formation on the isotopic values of wintering areas
from tracked individuals may be used to assign un-
tracked individuals to particular wintering areas
(Phillips et al. 2009, Gonzalez-Solis et al. 2011).

Great skuas Stercorarius skua are good candidates
to examine the effect of wintering areas on POP con-
centrations and patterns. These top predators are
migratory, known to accumulate high concentrations
of POPs (Leat et al. 2011) and moult their primary
feathers during the winter (Furness 1987). They
breed in colonies in the northeast Atlantic and winter
in distinct areas within the Atlantic Ocean and sur-
rounding coastal seas (Magnusdottir et al. 2012).

This study investigated the effect of wintering area
on organochlorine (OC) and PBDE concentrations
and patterns in plasma from breeding adults sampled
at 3 colonies; Bjornoya, Iceland and Shetland. Relat-
ing POP concentrations to wintering areas can con-
tribute to our understanding of the factors underlying
inter- and intra-species variations in POP levels, as
well as document the potential bio-transport of POPs
by seabirds.

MATERIALS AND METHODS
Sampling and study sites

Fieldwork was conducted in June 2008 and in June
to July 2009 at 3 breeding colonies in the northeast
Atlantic (Fig. 1); Bjerneya in Svalbard, Norway (74°
29'N, 18°49'E), Oreefi, Iceland (63°52' N, 16°29'W)
and Foula in Shetland, Scotland (60°08' N, 2°05'W).
Geolocators attached to colour rings were deployed
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Fig. 1. Core overwintering areas (America, Europe and Africa) used by great
skuas Stercorarius skua tracked from northeast Atlantic breeding colonies
(%) during 2008-09, illustrated by the 50 % (dark grey) and 75 % (mid-grey)
contours of a bivariate kernel distribution using a smoothing parameter (h)
of 200 km and cell size of 50 km. Methods detailed in the Supplement at

www.int-res.com/articles/suppl/m491p277_supp.pdf

concentrations of POPs should reflect
longer term exposure to POPs, as well
as recent exposure. As great skua males
regurgitate food to feed their mate
(Furness 1987), pollutant exposure of
partners is potentially correlated during
breeding. Therefore, only 1 bird per
nest was included in this study.

The 8th primary feather was removed
from the left wing and part of the proxi-
mal unpigmented vane was used for
stable isotope analysis (Michalik et al.
2010). Great skuas moult their primary
feathers sequentially from the inner-
most outwards, starting in late autumn
and progressing through the winter
(Furness 1987), thus the isotope values
of the 8th primary (the third outermost)
represent those of the wintering area.

Pollutant analysis and stable isotopes

Pollutant and stable isotope analysis
was carried out at The Great Lakes
Institute for Environmental Research
at the University of Windsor, Canada.
POPs were extracted from plasma using
a micro-extraction technique detailed in
Daley et al. (2009) and sample clean-up
was performed by florisil chromatogra-
phy as described by Lazar et al. (1992).
Extracts were analysed for individual

on breeding adults in the 3 colonies (Iceland n = 40,
Shetland n = 16, and Bjornoya n = 24) in 2008 and
approximately 25% were recovered in 2009 (see
Magnusdottir et al. 2012).

In 2009, breeding great skuas (19 equipped with
loggers and 134 without) were caught on their nest
using a remote-controlled noose trap. Upon capture a
blood sample (maximum of 10 ml) was taken from the
tarsal or brachial vein using a heparinized syringe.
Blood was centrifuged within 3 h and the plasma and
red blood cells (RBCs) were stored at —20°C until
chemical analysis could take place. Plasma was cho-
sen as the sampling matrix for the measurement of
POPs because blood sampling is non-lethal, allowing
the continued study of individuals after sampling.
Concentrations of OCs in blood correlate with those
in internal tissues (Henriksen et al. 1998), and
through mobilisation of lipid stores and their asso-
ciated lipophilic POPs (Bustnes et al. 2012) plasma

organochlorines by gas chromatography
electron capture detection following Daley et al.
(2009). A Hewlett Packard HP 6890 gas chromato-
graph coupled with a Waters GCT-Premier Time of
Flight (TOF) mass spectrometer was used for PBDE
detection and analysis (Leat et al. 2011). The content
of neutral lipids in the plasma was determined gravi-
metrically (Drouillard et al. 2004). Recoveries of the
internal standard PCB 30 averaged (+SD) 69.8 =
9.7%. Details of the pollutant and stable isotope
methods and quality control information can be found
in the Supplement at www.int-res.com/articles/suppl/
m491p277_supp.pdf.

Molecular sexing
Birds were sexed using DNA extracted from RBCs

following a modified protocol of Griffiths et al. (1998)
at the University of Glasgow, UK and the Norwegian
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University of Science and Technology, Trondheim,
Norway. Sections of the sex-linked chromo-helicase-
DNA-binding gene (chd-W and chd-Z) were ampli-
fied by polymerase chain reaction in Trondheim
using primers 2550F/2718R (Fridolfsson & Ellegren
1999) and in Glasgow using primers 2550F/2757R.

Data analysis

Univariate analysis was carried out in R v. 2.13.2
(R Core Development Team 2011) and multivariate
statistics were carried out using CANOCO 4.5 for
Windows (Ter Braak & Smilauer 2002a).

Location and length of non-breeding season. Geo-
locator data were downloaded and processed as
detailed in Magnusdottir et al. (2012) to determine
distribution of 19 tracked individuals in winter
2008-09 from 1 November to 1 February (defined as
‘wintering period’). Stable isotopes of the 8th primary
feather showed 3 isotopically distinct wintering areas
(Fig. 2). Tracked birds which moved between these
wintering areas (n = 3) were excluded from the data
analysis as the location where the 8th primary was
grown was unknown. To classify wintering areas by
stable isotope values of the 8th primary feather, a
linear discriminant function (lda), with jackknife pro-
cedure, was created using the '‘Mass' package in R
(Venables & Ripley 2002). To reduce misclassification
of untracked birds, any feather with a probability of
group membership of less than 0.95 was left unclas-
sified. The length of the non-breeding season com-

pared to the breeding season will affect the pro-
portion of the diet, and POPs contained therein, con-
sumed in each habitat. Therefore departure from and
return to the breeding colony was estimated from
geolocation data for autumn and spring respectively.
Additional details on the methods used for the
geolocation analysis and lda can be found in the
Supplement.

POPs. Concentrations of OCs and PBDEs (ng kg~!
wet weight) were corrected for percentage recovery
of PCB 30 in individual samples. Pollutants were
excluded from analysis if more than 30 % of samples
were below the detection limit, resulting in 42 OCs
and PBDE 47 being included in the subsequent
analysis (see Table S1 in the Supplement for full
names and abbreviations). PCBs were grouped ac-
cording to their configuration following Borgéa et al.
(2005b). The substitution of non-detects with zero or
half the detection limit can introduce artificial pat-
terns into the data which can interfere with model
validation and invalidate statistical tests (Helsel
2004, Antweiler & Taylor 2008). Therefore, for POPs
with more than 30 % of the samples above the detec-
tion limit the distribution of concentrations above the
detection limit of an individual POP was used to
replace non-detects in the data with modelled values
from below the detection limit (Leat et al. 2013).

Influence of environmental variables on POPs. Six
variables were included in the analyses to explain
variation in OC and PBDE concentrations and pat-
terns: wintering area, breeding colony, sex, per-
centage lipid content (%lipid; OCs and PBDEs are
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Fig. 2. Discrimination of wintering area in great skuas Stercorarius skua by 8'°N and §'3C of the 8th primary feather, grown
during the winter. Feathers of breeding birds were sampled in 3 colonies; Bjorneya, Iceland and Shetland
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lipophilic contaminants) and 3'*N and 3'3C of RBCs,
representing breeding colony diet. As the emission
profiles of OCs and PBDESs vary both temporally and
spatially (Breivik et al. 2004), the effect of these ex-
planatory variables on OCs and PBDEs were ana-
lysed separately. The effect of breeding colony on
POPs in great skuas (Leat 2013) is not examined in
detail here, but was included in the analysis to quan-
tify the influence of breeding colony relative to win-
tering area.

OC variation among colonies. Principal component
analyses (PCAs) were carried out to reduce the com-
plexity of the multivariate OC data. A PCA extracts
components that are linear combinations of response
variables (e.g. OC concentrations) reflecting the
majority of variance in the data, thus reducing the
multivariate data to a series of independent principal
components (PC). To analyse variation in OC concen-
trations, data were log transformed to reduce hetero-
geneity and skewness, whilst variation in OC pat-
tern, i.e. the relative contribution of individual OCs
to the XOCs, was analysed using untransformed
OC concentrations standardised by the norm in a
separate PCA. The 1st and 2nd PCs (explaining the
greatest proportion of variation) of each PCA were
used as response variables in general linear models,
where full models included wintering area, breeding
colony, wintering area x breeding colony, sex and
%]lipid as explanatory variables. Stable isotope ratios
of RBCs were not included as explanatory variables
in analysis of variation among colonies, as no stable
isotope baseline (Jardine et al. 2006) could be estab-
lished for the 3 breeding colonies. Model selection
was carried out by backwards stepwise selection and
model validation by visual inspection of residuals
and use of Shapiro-Wilk normality tests. Tukey's post
hoc tests were used to make pairwise comparisons
for significant variables. Model fit (R?) for each sig-
nificant variable was calculated using Type II sums
of squares.

OC variation within colony. Due to high variation
in OC concentrations between colonies, patterns in
OC concentrations within each colony may be ob-
scured when data from all colonies are analysed to-
gether using multivariate analysis. Therefore, data
were also analysed for each colony individually using
redundancy analysis (RDA). RDA is a multivariate
analysis similar to PCA, but constrained by including
active explanatory variables in addition to the res-
ponse (here: OC data). The RDA extracts axes mini-
mizing the total residual sum of squares among all
response variables, and assigns scores to the samples
that are linear combinations of the OC concentra-

tions and significant explanatory variables. This in
effect combines the 2-step analysis performed with
data from all together colonies, but is less suited to
investigating interactions (e.g. wintering area x
breeding colony) as levels of categorical variables
are added individually to the analysis. Significant
explanatory variables were chosen by forward selec-
tion using Monte Carlo permutation tests with 499
unrestricted permutations and a significance level of
p < 0.05. Birds with explanatory variables which had
an influence of more than 5 times the average lever-
age in the RDA (>3 SD from the mean; Ter Braak &
Smilauer 2002b) were excluded from the analysis.
For a more detailed description of RDA, PCA and
diagram interpretation see Lep$ & Smilauer (2003).
PBDEs among and within colonies. Analysis of
PBDEs was carried out using general linear models
with In-transformed data, first among colonies and
then within colony. Three individuals (Bjerneya
n = 2, Iceland n = 1) with all PBDEs below detection
limits were identified as outliers in the analysis and
in the positive correlation between ZOCs and PBDE
47 (Spearman's p = 0.529, S = 219620, p < 0.001).
These were the only 3 samples to have concentra-
tions of PBDE 47, the most common PBDE in this
study, below detection and were excluded from the
analysis, to meet the assumptions of a linear model.

RESULTS
Location and length of non-breeding season

The great skuas tracked using geolocators showed
geographic segregation of primary feather stable iso-
tope values (Fig. 2). Three distinct wintering areas
were identified using stable isotopes in conjunction
with geolocation data (Magnusdottir et al. 2012);
continental shelf seas of North America close to
Newfoundland, continental shelf seas west of Eu-
rope, and continental shelf seas northwest of Africa
(Fig. 1). Hereafter these marine areas are referred to
by their adjacent land masses; America, Europe and
Africa.

Separation of wintering areas by feather stable iso-
topes was particularly noticeable in §°*C between
Europe and Africa (Fig. 2). The most successful dis-
criminant function for identifying wintering area
using feather stable isotopes of tracked birds (n = 16)
incorporated both 8!'°N and §'3C (see Supplement for
details). When this discriminant function was applied
to the stable isotope ratios in feathers of untracked
birds, 125 were classified and are shown in Fig. 2.
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Only 10 birds (7%) remained unclassified, with
p <0.95, all of which had isotopic values intermediate
between those of America and Europe and were ex-
cluded from subsequent analysis.

There were differences in the proportion of great
skuas from different colonies that used each winter-
ing area (Fig. 3). Birds from Bjerneya wintered most-
ly off America (n = 23) and Europe (n = 17) with a few
off Africa (n = 5). Half of the birds from Iceland win-
tered off America (n = 27) whereas the remaining
birds migrated either to Europe (n = 10) or Africa
(n = 14). In contrast, birds from Shetland did not
winter in America: approximately half wintered off
Europe (n = 19) and the remainder off Africa (n = 22).
There was no difference in the sex ratio among birds
wintering in different areas for birds from Iceland
(Fisher's exact test p = 0.30) or Shetland (p = 1), whilst
more male birds from Bjerneya wintered off America
than elsewhere (p = 0.02).

Tracked birds from Iceland spent an average of
7.5 mo away from the colony (mid-August to the
beginning of April) and sampling took place in mid-
June, 2.5 mo after returning to the colony. Birds from
Shetland left the colony in mid-September and
returned 7 mo later in mid-April; they were sampled

in mid-June. Birds tracked from Bjerneya departed
in late September but after 27 March were at lati-
tudes with constant daylight and so their location
could not be estimated. Locations obtained before
this date indicate the birds had not yet returned to
the colony; thus these birds spent a minimum of 6 mo
away from the colony and a maximum of 3 mo at the
colony prior to sampling in late June and early July.

Influence of explanatory variables on POP
concentrations and patterns

Concentrations of OCs and PBDE 47 of 141 birds,
by colony and wintering area, are presented in
Table 1. Wintering area had a significant effect on
both concentration and pattern (the contribution of
each OC to YOCs) of POPs in great skuas (Tables 2
& 3). When data from all colonies were analysed to-
gether, wintering area had a greater effect on the
pattern (14.4 % of variation explained, PC1 and PC2
combined) than on the concentrations of OCs (3.3 %)
and PBDE 47 (8.7 %). Overall, breeding colony had a
greater effect on OC (63 %) and PBDE 47 concentra-
tions (13 %) than did wintering area, but a smaller

effect on the pattern of OCs (5%). Sex

7 Bjerneya had a small but significant effect on
16 OC (7.7%) and PBDE 47 concentra-

12 - tions (3.6 %), and OC pattern (1.4 %).
7 OC concentrations. When all colo-
8: nies were considered, a PCA of OC
44 concentrations explained 85 % of vari-
0: J ation along PC1 and 4 % along PC2.
These 2 PCs represent 2 independent
® 16: celand composite variables explaining varia-
g i tion in OC concentrations; most
2 124 OCs were strongly correlated with
"g 8: PC1, whilst trans-nonachlor was more
5 strongly correlated with PC2 (see the
S 4 J ‘ Supplement; Table S3 and Fig. Sla for
Z 0: PC loadings and ordination diagram,
respectively). Concentrations of OCs
16: Shetland representative of PC1 and PC2 are
e @ Tracked presented in Fig. 4a,b, grouped by

12 ] W Untracked breeding colony and wintering area.
8- In a general linear model, wintering
7 area, breeding colony and sex were all
4: significant in explaining variation in
0- PC1 (Table 3); there was no interaction
Male Female Male Female Male Female between wintering area and breeding

America Europe Africa

Fig. 3. Wintering areas of male and female great skuas Stercorarius skua
from 3 breeding colonies in the northeast Atlantic

colony. Differences in OC concentra-
tions were found across colonies be-
tween birds wintering off Africa and
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Table 2. General linear model analysis of the variation in concentrations of organochlorines (OCs) and PBDE 47 in great skua

Stercorarius skua plasma. Individuals were sampled from 3 different colonies in the northeast Atlantic and wintered in 1 of 3

wintering areas. The 42 OCs measured were analysed using principal component analysis to produce 2 principal
components (PC1 and PC2), the variation in which was analysed using general linear models. ns: not significant

Response Explanatory R? F df P Post-hoc comparisons t P
variables variables
Model 1
OCs -PC1 Wintering area 0.026 4.9 2,130 <0.001 America vs. Europe -
(85%)* America vs. Africa 2.6 0.048
Europe vs. Africa 2.8 0.031
Colony 0.62 131 2,130 <0.001 Bjerneya vs. Iceland -11.9 <0.001
Bjornegya vs. Shetland -15.3 <0.001
Iceland vs. Shetland -5.2 <0.001
Sex 0.016 6 1,130 <0.016
Model 2
OCs -PC2 Wintering area 0.27 26 2,131 <0.001 America vs. Europe 4.1 <0.001
(4 %)° America vs. Africa -
Europe vs. Africa 7.1 <0.001
Colony 0.057 5.6 2,131 0.005 Bjerneya vs. Iceland -
Bjorneya vs. Shetland 2.7 0.36
Iceland vs. Shetland 3.2 0.01
Sex ns
Model 3
PBDE 47 Wintering area 0.087 7.7 2,132 <0.001 America vs. Europe -
America vs. Africa 3.6 0.003
Europe vs. Africa 3.2 0.01
Colony 0.13 11.3 2,132 <0.001 Bjorneya vs. Iceland -3.0 0.02
Bjorneya vs. Shetland -4.7 <0.001
Iceland vs. Shetland -
Sex 0.036 6.3 1,132 0.01
“Percentage of variation in OC concentrations explained by each principal component

Table 3. General linear model analysis of the variation in the pattern of organochlorines (OCs) in great skua Stercorarius skua

plasma. Individuals were sampled from 3 different colonies in the northeast Atlantic and wintered in 1 of 3 wintering areas.

The 42 OCs measured were analysed using principal component analysis to produce 2 principal components (PC1 and PC2),
the variation in which was analysed using general linear models. ns: not significant

Response Explanatory R? F df P Post-hoc comparisons t P
variables variables
Model 1
OCs-PC1 Wintering area 0.178 16.1 2,132 <0.001 America vs. Europe -5.7 <0.001
(80%)* America vs. Africa -
Europe vs. Africa -3.4 0.003
Colony ns Bjerneya vs. Iceland -
Bjerneya vs. Shetland -
Iceland vs. Shetland -
Sex 0.093 16.8 1,132 <0.001
Model 2
OCs -PC2 Wintering area ns America vs. Europe -
(11 %) America vs. Africa -
Europe vs. Africa -
Colony 0.45 62 2,132 <0.001 Bjerneya vs. Iceland 4.2 <0.001
Bjerneya vs. Shetland 10.6 <0.001
Iceland vs. Shetland 6.6 <0.001
Sex 0.03 7 1,132 0.009
“Percentage of variation in OC pattern explained by each principal component
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those wintering off America and Europe (Fig. 4). The
geometric mean XOC concentrations in birds winter-
ing off Europe were higher than those wintering off
Africa by 4% for Bjerneya birds, 39% for Iceland
birds and 102% for Shetland birds. All breeding
colonies were significantly different along PC1, with
samples from Bjerneya containing the highest con-
centrations of the majority of OCs, followed by those
from Iceland and then Shetland (Table 1, Fig. 4 &
Fig. Sla). Amongst birds wintering in Europe, the
mean of XOCs in birds from Iceland were 50 % higher
than birds from Shetland and those from Bjerneya
were 280 % higher than those from Iceland. Across all
colonies, male birds had higher concentrations of OCs
than females, although the differences are small
(Fig. S2 in the Supplement). Both breeding colony and
wintering area explained variation in PC2, with
higher concentrations of trans-nonachlor in birds win-
tering in Europe (Fig. 4b). Overall the OC and PBDE
concentrations are highly variable even within groups.

Within the breeding colonies of Iceland and Shet-
land, wintering area explained a significant amount

of variation in OC concentrations among individuals
(7 and 22 % respectively; Table 4 and Fig. S3 in the
Supplement). Differences between wintering areas
were most evident in birds from Shetland; birds win-
tering off Europe had higher OC concentrations than
birds wintering off Africa (Fig. 4 & Fig. S3e), with the
exception of some OCs found at lower concentra-
tions. Stable isotope ratios of RBCs explained 11 %
(813C) and 13 % (8'°N) of the variance in OC concen-
trations among skuas from Bjerneya and Iceland
respectively (Table 4). However, §'3C and 8N did
not show consistent correlations with any OCs across
colonies (Fig. S3), and the variation in mean (+SD)
stable isotope values between individuals was small
(813C = -18.7 + 0.4 %0 and 8'°N = 13.5 + 0.9 %.). Stable
isotope ratios in feathers and RBCs were significantly
correlated (8N p = 0.38, p < 0.001; 3°C p = 0.23,
p = 0.01). As in the analysis of all colonies combined,
sex explained a significant amount of variation in OC
concentrations. The %lipid content in plasma did not
explain any variation in OC concentrations amongst
or within colonies.
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Table 4. Redundancy analysis of organochlorine concentra-
tions and pattern by breeding colony. Sample sizes are
smaller than those quoted in Table 1 due to the exclusion of
samples with outliers in explanatory variable datasets. For
full details on the identification of outliers see ‘Materials
and methods' section. RBC: red blood cells; ns: not significant

Colony n Expla- P Variation
natory explained (%)
variables Per variable Total

Concentration

Bjerneya 43 RBC3S¥C 0.012 11 18
Sex 0.042 7

Iceland 46  RBCSN  0.006 13 31
Sex 0.004 11
Europe 0.018 7

Shetland 42  Africa 0.002 22 27
Sex 0.078 5

Pattern

Bjerngya 43 ns

Iceland 46  Europe 0.006 20 30
Sex 0.048 10

Shetland 42  Sex 0.01 14 27
Africa 0.004 13

PBDE concentrations. The number of PBDEs that
were detected varied between colonies and winter-
ing areas (Fig. S4 in the Supplement). PBDE 47 was
found at the highest concentrations, and was above
detection limits in all but 3 samples. There were sig-
nificant correlations between PBDE 47 concentra-
tions and those of 4 other PBDE congeners (99, 100,
153 and 154) in samples where the latter were above
detection limits (PBDE 100 p = 0.83, p < 0.001; PBDE
99 p = 0.77, p < 0.001; PBDE 154 p = 0.62, p < 0.001;
PBDE 153 p = 0.58, p < 0.001). Therefore PBDE 47
was used as a proxy for other PBDEs analysed.

When data from all colonies were pooled, concen-
trations of PBDE 47 varied significantly with colony
(13 %), wintering area (8.7 %) and sex (3.6 %; Table 2).
There was no interaction between colony and winter-
ing area. PBDE 47 concentrations were highest in
birds from Bjerneya (Fig. 4d, Table 1). Birds wintering
off America and Europe had higher concentrations of
PBDE 47 compared to those wintering off Africa, but
did not differ significantly from each other (Fig. 4d,
Table 3). Males had significantly higher concentra-
tions of PBDE 47 than females (Table 2, geometric
means + SD; Bjgrngya males 15.5 + 50, females 6.94 +
13.9; Iceland males 6.37 + 17.6, females 5.18 = 10.1;
Shetland males 3.73 + 6.04, and females 3.14 + 5.33).

Within colonies, wintering area explained a sig-
nificant amount of variation in concentrations of
PBDE 47 in birds from Bjerneya (F, 40 = 3.6, p = 0.04)
and Shetland (F; 43 = 7.4, p = 0.01). Birds from Bjern-

oya that wintered off Africa had lower concentrations
of PBDE 47 than those wintering off America (p =
0.03) and those from Shetland that wintered off
Africa had lower concentrations of PBDE 47 (p = 0.01)
compared to those wintering off Europe; no other
comparisons were significant (Tables 1, 2 & 3).
Among birds from Iceland there was an effect of sex
on concentrations of PBDE 47 (F 43 = 5.9, p = 0.02),
with males having higher concentrations than fe-
males (Fig. S2d), but no effect of wintering area.

OCs pattern. In a PCA of OC pattern, 80 and 11 %
of variation was explained by PC1 and PC2, respec-
tively. p,p"-DDE was positively correlated with PC1,
increasing as a proportion of XOCs, whilst PCB
Group I was negatively correlated with PC1. Like-
wise along PC2, trans-nonachlor increased as a
proportion of XOCs as oxychlordane decreased (see
Fig. S1b). Concentrations of these OCs are presented
as a proportion of XOCs in Fig. 5.

Wintering area and sex explained significant varia-
tion in pattern in PC1, 17.8% and 9.3 % respectively
(Table 3). The pattern of OCs in birds wintering off
Europe was significantly different from those winter-
ing off America and Africa. This was driven by a
higher proportion of PCB Group I and a lower pro-
portion of p,p-DDE in birds wintering in Europe
(Fig. 5a,b). Males also had a higher proportion of
PCB Group I in their OC load than females (Fig. S5b
in the Supplement). Colony explained 45 % of varia-
tion in PC2 and sex explained 3 % (Table 3) with all
colonies differing along this axis (p < 0.001). The OC
pattern along PC2 in birds from Bjerneya was domi-
nated by a higher proportion of PCB Group I, mirex
and oxychlordane whereas proportions of the re-
maining OCs were higher in birds from Shetland,
and intermediate in those from Iceland (Fig. S3 &
Fig. 5). Males had a lower proportion of most OCs
correlated with PC2, with the exception of PCB
Group [, mirex and oxychlordane.

Within colony, wintering off Europe accounted for
20 % of variation in POP pattern in birds from Iceland
(Table 4). This was driven by proportionally higher
PCB Group I concentrations and lower p,p"-DDE and
oxychlordane (Fig. S3d). Trans-nonachlor and PCB
groups II, IV and V, correlated with PC2, were also
higher in birds from Iceland wintering off Europe.
Among birds from Shetland, 13 % of the variation in
pattern was explained by wintering area; again, pro-
portions of PCB Group I were higher and p,p-DDE
were lower in birds that wintered in Europe
(Fig. S3f). Wintering area was unrelated to the varia-
tion in OC pattern in birds from Bjernegya, nor was
any other variable significant (Fig. S3b). Sex accoun-
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ted for 10 and 14 % of variation in OC pattern in birds
from Iceland and Shetland, respectively; males had a
higher proportion of PCB Group I (Fig. S3d,f). Nei-
ther %lipids nor the stable isotopes values of RBCs
explained variation in pattern of OCs.

DISCUSSION
Wintering area influence

To our knowledge this study is the first to show a
significant influence of wintering area on both con-
centration and pattern of pollutants in plasma of a
seabird sampled during the breeding period. Our
findings support assertions that differences between
migratory and resident seabird species breeding in
the same location might reflect accumulation of pol-
lutants during the non-breeding season (Corsolini et
al. 2011). Likewise, in a study of loggerhead turtles
Caretta caretta, migrant males had different concen-
trations and patterns of OCs and PBDEs compared

limits as in Fig. 4

with residents along the eastern seaboard of the USA
(Ragland et al. 2011). Few studies have used tracking
data to investigate the influence of wintering area on
POPs in birds and these have focused on terrestrial
and coastal species, rather than marine (Henny &
Blus 1986, Elliott et al. 2007, Yates et al. 2010). A
radio-tracking study of black-crowned night-herons
Nycticorax nycticorax found higher DDE concentra-
tions in the eggs of a population wintering in the
southern USA, compared to a population wintering
in Mexico (Henny & Blus 1986). Similarly, in the
white-faced ibis Plegadis chihi plasma DDE concen-
trations at the breeding site were significantly corre-
lated with DDE concentrations in prey sampled in
their wintering areas (Yates et al. 2010). In contrast
no effect of wintering area was found on concentra-
tions of DDE in osprey Pandion haliaetus eggs from
the Pacific northwest (Elliott et al. 2007). In the pre-
sent study, concentrations of DDE were affected
more by breeding colony than wintering area.
Despite plasma being a transient matrix containing
POPs from an individual's current diet, we were able
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to detect the effect of wintering area on plasma con-
centration in the breeding season. This may be due to
the long half-lives of many POPs in plasma (Drouil-
lard et al. 2001) or to remobilisation of body lipid
stores containing POPs to meet the energetic require-
ments of the breeding season (Bustnes et al. 2012).

In birds from Bjerneya there was no effect of
wintering area on OC concentrations or pattern. In
contrast to the other colonies, in Bjornoya there were
significant differences in the sex ratio of birds using
different wintering areas, with most males wintering
off America. However, since, in this study, males had
higher concentrations of OCs than females and birds
which wintered off America were associated with
high OC concentrations, any differences between
wintering areas should have been accentuated rather
than obscured in the Bjerneya population. Analysis
of prey remains indicates that great skuas in
Bjorneya consumed a diet consisting mostly of sea-
birds (Knutsen 2010, Leat 2013), whilst birds from the
other 2 colonies consumed more fish (Leat 2013).
Higher 8N ratios of RBCs in birds from Bjerneya
also suggest they were feeding at a higher trophic
level. Thus birds from Bjerneya might be expected to
accumulate more OCs during the breeding season
than those from other colonies, obscuring differences
between less contaminated wintering area sources.
Supporting this hypothesis, compared to other
breeding colonies, birds from Bjerneya had the high-
est concentrations and greatest variability in OCs.
However, contamination near the breeding colony
relative to wintering area may differ between pollu-
tants, due to different temporal and spatial emission
patterns. This is evident in the significantly lower
concentrations of PBDE 47 in birds from Bjernegya
that wintered off northwest Africa compared with
those off America and Europe. The lack of influence
of wintering area detected in OC concentrations of
birds from Bjerneya may also be the result of small
sample sizes for particular wintering areas, as also
observed in osprey eggs (Elliott et al. 2007).

In this study wintering area had a greater effect on
pattern than on concentration of OCs across great
skua colonies. The use of POP pattern rather than
concentration for determining the influence of time
spent in wintering areas may reduce the impact of
confounding biological factors such as age and lipid
content, and reduces problems posed by inter-
laboratory variation in concentration measurements
(Dickhut et al. 2009). However, this approach would
prove less useful in accessing the relative risks of
contaminant exposure associated with wintering in
different areas.

Differences in POPs between wintering area

Lower OC concentrations in birds from Iceland and
Shetland that wintered off northwest Africa probably
reflect lower historical emissions in that region com-
pared to Europe and North America (Breivik et al.
2004). The congener composition of recent emissions
of PCBs more closely resembles those found in indus-
trial mixtures of PCBs, with a higher proportion of
less persistent lower chlorinated PCBs, as these have
not yet had sufficient time to be modified by biologi-
cal processes. Therefore the higher proportion con-
geners in PCB groups IV and V in birds wintering off
Africa may reflect more recent atmospheric sources
of PCBs in west Africa from contaminated waste
(Gioia et al. 2011). There is a general lack of studies
on regional variation in POPs across the same spatial
scale with which to compare the present study, in
part due to the limited number of species with suffi-
cient spatial distribution. PCB concentrations in
Calonectris shearwaters increased from south to
north in the eastern Atlantic with a higher proportion
of lower chlorinated PCBs in the more southerly
colonies (Roscales et al. 2010), in agreement with this
study. In addition Mediterranean monk seals Mona-
chus monachus from the Western Sahara coast had
PCB concentrations an order of magnitude lower
(Borrell et al. 2007) than those found in harbour seals
Phoca vitulina in Europe and North America (Aguilar
et al. 2002).

Concentrations of DDT and its metabolites were
proportionally higher in great skuas wintering off
northwest Africa and America than those wintering
off Europe. This might reflect continuing restricted
use of DDT for control of disease vectors (Barnhoorn
et al. 2009) at lower latitudes. In the northwest
Atlantic, the Gulf stream is thought to be an impor-
tant secondary source of DDT (Stemmler & Lammel
2009), which may contribute to higher concentrations
of DDT and DDE in birds wintering off America,
although one cannot exclude the influence of dietary
factors. The greater contribution of DDE and PCB
Group [ to the pattern of OCs may reflect their com-
paratively long half-lives in biota (Clark et al. 1987,
Drouillard et al. 2001). Great skuas that wintered off
southwest Europe showed higher concentration of
the pesticide frans-nonachlor; however, we are un-
able to suggest a likely cause of this phenomenon.

Concentrations of PBDE 47 and detection rates of
4 other penta- and hexa-PBDEs were lower in birds
wintering off Africa than those wintering in other
areas. No substantial production of PBDEs is known
for west Africa (Alaee et al. 2003), and higher con-
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centrations in Europe and America may also reflect
higher usage of PBDEs in these regions due to more
rigorous fire safety legislation (Jaward et al. 2004).
Higher concentrations of XPBDEs were found in sea-
water in the English Channel than off northwest
Africa (Xie et al. 2011), but we know of no compari-
son of concentrations in biota.

Other variables affecting the accumulated OCs
in great skuas

In addition to colony (the most important explana-
tory variable) and wintering area, sex was the only
other variable which was consistently significant in
explaining variation in POPs. The effect of sex is
small in comparison to colony and therefore may only
be detectable with large sample sizes. Males had
higher concentrations of most OCs and PBDE 47
across colonies and the pattern of OCs in males was
dominated by a higher proportion of persistent PCBs
compared to females. This is similar to findings in
other seabird species (Bustnes et al. 2003, 2007) and
is probably due to transfer of POPs by females via
egg laying (Bourgeon et al. 2013).

Diet in breeding colony as measured by 8"°N and
813C in RBCs was not consistent in explaining varia-
tion in POPs. Despite the variety of prey consumed
by great skuas (Furness 1987), the variation in RBC
stable isotopes within colony was relatively small.
Accordingly, 8N of great skua eggs was only
weakly correlated with OC concentrations (Leat et al.
2011). This finding is not unusual as a significant
effect of 3'°N on POP levels is often only found at an
ecosystem scale (Borga et al. 2012) although signifi-
cant relationships were reported between 3'°N and
OC levels in both marine (Elliott et al. 2009) and ter-
restrial birds (Elliott et al. 2012). It is possible there
may be a mismatch between the time period repre-
sented by RBC stable isotopes (half-life ~15 d; Bear-
hop et al. 2002) and the length of time over which
pollutants may be present in the blood (>1 yr for
some OCs; Clark et al. 1987).

Wintering area and duration of breeding area
residence

By comparing stable isotope ratios in feathers taken
from birds tracked using geolocators with those from
a much larger sample of untracked birds, it was possi-
ble to assign the great majority of the latter group to 1
of 3 isotopically-distinct wintering regions. Although

no tracked birds from Bjernegya used this study had
wintered off Africa in 2008-09, several birds were as-
signed to this wintering area based on their feather
stable isotope ratios. The use of this wintering area by
birds breeding in Bjerngya was confirmed by a logger
recovered in 2010 which indicated that this bird had
wintered off Africa in both the 2008-09 and 2009-10
winters (Magnusdottir et al. 2012).

Variation in stable isotope ratios in predator tissues
results from variation in environmental baselines,
food web structure or differences in diet among
regions (Bearhop et al. 2001, Phillips et al. 2009,
Gonzdlez-Solis et al. 2011). The 8'3C values of great
skuas that wintered off northwest Africa were consis-
tent with their use of the highly productive Canary
Current upwelling system (Heileman & Tanstad
2008). Here, our data suggests the baseline is en-
riched in 8'3C in comparison with the wintering area
off Europe. There may also be differences in diet,
although the largely overlapping §'°N in feathers of
birds that wintered in the 3 areas suggests no clear
pattern with respect to trophic position. Very little is
known about the diet of great skuas during the win-
ter due to their pelagic lifestyle, other than reports
that some follow fishing vessels (Camphuysen & van
der Meer 2005). Given that great skuas spend more
than half the year away from their breeding colony
this is a considerable gap in our knowledge of poten-
tial sources of contamination.

Issues with identification of wintering areas

The ordination diagrams of PCAs grouped some
samples, based on their OC concentrations and pat-
terns, with wintering areas other than those classified
by stable isotopes. This may be due to differences in
diet within a wintering area, leading to high variabil-
ity in OCs and/or isotopes, or due to misclassification
of wintering areas of birds. A more likely explanation
is that the present study's classification of wintering
areas was an over-simplification of migratory behav-
iour in great skuas. Of the birds tracked with loggers,
15% wintered in more than one area. In addition,
wintering areas identified by geolocation data were
only defined for a 3 mo wintering period, but birds
may be away from the colony for up to 7.5 mo. Exam-
ination of geolocation data indicates that some birds
make late-winter movements away from their core
winter quarters. For example, 2 birds from Shetland,
one of which wintered in both Europe and Africa,
and the other wintered only in Africa, moved to a
longitude of ~40°W in late March, where they re-
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mained for about 1 mo until their return to the colony.
The latitude could not be determined as this was dur-
ing the equinox period. Moreover, there is a temporal
mismatch between the accumulation of POPs, which
is a dynamic process, and stable isotope ratios in a
single primary feather which provide information on
location during the period of active feather growth.
More accurate information about migration and
wintering area can be gained from deploying alter-
native devices (satellite-transmitters or GPS devices)
which are unaffected by equinox periods. However,
deploying enough devices to match the sample size
available in this study (n = 141) is not cost-effective,
and, unlike geolocators, their long-term attachment
requires the use of a harness, which has resulted in
high mortality rates in previous studies of seabirds
(Phillips et al. 2003). A more thorough investigation
of variation in stable isotopes across all primary
feathers, by taking a small sample from each primary
along the wing, might help assess location for a
larger proportion of the time away from the colony
(see Gonzdlez-Solis et al. 2011). This, in conjunction
with a larger sample size of tracked birds to improve
wintering area classifications, could provide a more
detailed picture of individual movement patterns.

Implications of study findings

Evidence that wintering area has an effect on POP
concentrations in breeding great skuas has implica-
tions for other ecotoxicology studies. For example
pollutants measured in eggs are often used to monitor
temporal trends (Helgason et al. 2008, Pereira et al.
2009) and although sampling at the same colony con-
trols for spatial differences in exposure over time, the
effect of wintering area or changes in migration strat-
egy cannot be accounted for. Although the effect of
wintering area on egg concentrations has not been
measured directly in great skuas, XOCs concentra-
tions were 50% higher in chicks of females from
Shetland who wintered in Europe compared to the
chicks of females who wintered in Africa (Bourgeon
et al. 2013). Appropriate consideration of the effect of
different migration strategies may introduce an addi-
tional layer of complexity when selecting species and
matrices for long-term monitoring of pollutants, espe-
cially as some seabirds may themselves feed on mi-
gratory prey. In addition, the contribution of pollutant
exposure during the winter may have a greater role
to play in the global transportation of pollutants than
is currently appreciated and can help explain the
high variability in POP concentrations within colonies.
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