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The ivory gull is a high Arctic seabird species threatened by climate change and contaminant exposure. High
levels of contaminants have been reported in ivory gull Pagophila eburnea eggs from Svalbard and the Russian
Arctic. The present study investigated associations between high levels of contaminants (organochlorinated
pesticides (OCPs), polychlorinated biphenyls (PCBs), brominated flame retardants (BFRs), perfluorinated
alkyl substances (PFASs) and mercury (Hg)) and three response variables: eggshell thickness, retinol (vitamin
A) and α-tocopherol (vitamin E). Negative associations were found between levels of OCPs, PCBs and BFRs
and eggshell thickness (pb0.021) and α-tocopherol (pb0.023), but not with retinol (p>0.1). There were
no associations between PFASs and mercury and the three response variables. Furthermore, the eggshell
thickness was 7–17% thinner in the present study than in archived ivory gull eggs (≤1930). In general, a thinning
above 16 to 20% has been associated with a decline in bird populations, suggesting that contaminant-induced
eggshell thinning may constitute a serious threat to ivory gull populations globally.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The ivory gull Pagophila eburnea, a high Arctic seabird species asso-
ciated with sea ice throughout the year, is one of the most poorly
known seabird species in the world (Mallory et al., 2008). On average,
the ivory gull is the northernmost breeding bird species (Blomqvist
and Elander, 1981), with scattered colonies in the Canadian Arctic,
Greenland, Svalbard and Russia (Strøm, 2006). Recent population esti-
mates suggest between 8000 and 11,500 breeding pairs globally, with
about 86% breeding in the Russian Arctic (Gilchrist et al., 2008), making
it a rare species. In the Canadian Arctic, the ivory gull population has de-
clined by 80% since the 1980s (Gilchrist andMallory, 2005) and is at risk
of local extirpation across much of its breeding range (Robertson et al.,
2007). The population also seems to be declining in the southern parts
of its Greenland breeding range (Gilg et al., 2009), whereas the popula-
tion status in northern Greenland, Svalbard and Russia is uncertain due
to lack of historical data. The ivory gull is classified as near threatened
on the IUCN Red List of Threatened Species. Global warming and pollu-
tion have been identified as the major threats to the species (IUCN,
2010).
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The ivory gull, feed on fish and amphipods, and on carcasses and
remains from polar bear kills (Mallory et al., 2008), and has a relatively
high trophic position during part of the year (Karnovskiy et al., 2009).
The species therefore accumulates high levels of persistent contami-
nants through biomagnification (Fisk et al., 2001; Hobson et al., 2002;
Buckman et al., 2004; Braune et al., 2007; Miljeteig et al., 2009). Indeed,
the levels of organochlorinated pesticides (OCPs), polychlorinated
biphenyls (PCBs) and mercury (Hg) in ivory gulls are among the
highest ever reported in Arctic seabirds (Braune et al., 2006; Miljeteig
et al., 2009). The levels of brominated flame retardants (BFRs) and
perfluorinated alkyl substances (PFASs) reported in ivory gull eggs
from the Norwegian and Russian Arctic were similar to those reported
in other Arctic seabirds (Miljeteig et al., 2009).

Contaminants that originate fromhumanactivity, such as halogenated
organic compounds (HOCs) and heavy metals, interfere with a range of
cellular and physiological processes in living organisms (Kendall et al.,
2001). Depending on the dose, these effects cause reduced fitness, and
may thus affect population dynamics and ecosystem structure and func-
tion. In several Arctic top predators, high levels of anthropogenic contam-
inants have been linked to endocrine, reproductive and behavioural
effects (Bustnes et al., 2001; Bustnes et al., 2002; Haave et al., 2003;
Olsen et al., 2003; Braathen et al., 2004; Verreault et al., 2004; Villanger
et al., 2011). High levels of OCPs have also been associated with eggshell
thinning in Greenlandic peregrine falcons Falco peregrinus tundrius (Falk
et al., 2006). Anthropogenic contaminants are therefore considered to
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be amajor threat toArctic toppredators (Jenssen, 2006;Gabrielsen, 2007;
Letcher et al., 2010).

Eggshell thinning is a well-documented ecological significant effect
of contaminant exposure (e.g. Ratcliffe, 1967; Cooke, 1973; Blus et al.,
1997). Eggshell thinning has been attributed to a range of contami-
nants, such as OCPs, PCBs, BFRs and mercury (e.g. Cooke, 1973;
Wiemeyer et al., 1984; Mason et al., 1997; Pain et al., 1999; Fernie et
al., 2009). The effects of PFASs on eggshell thickness appear to be
unknown. As eggshell thinning significantly reduces the survival
of the embryos and the hatchability, contaminant-induced eggshell
thinning resulted in major population declines among birds of prey
in Europe and North America after 1945 (Walker et al., 2001).
Thus, contaminant-induced eggshell thinning is considered to be a
major threat to populations of avian top predators. Ivory gulls have
high levels of a range of contaminants (Miljeteig et al., 2009), and
several of these have been reported to have eggshell thinning
properties.

Anthropogenic contaminants have also been reported to cause de-
velopmental effects and high embryonic and chick mortality in birds
(Barron et al., 1995; Fernie et al., 2003). Many of these effects have
been linked to the endocrine disruptive properties of contaminants.
Vitamin A (retinoids) and vitamin E (tocopherols) have essential
roles in embryonic development (Blomhoff, 1994), and HOCs have
been reported to interfere with the homeostasis of these vitamins in
bird embryos and chicks (e.g. Rolland, 2000; Champoux et al., 2006;
Murvoll et al., 2006b). Many of the contaminants that are found in
high concentrations in ivory gull eggs (Miljeteig et al., 2009) have been
associated with vitamin disruptive effects (Zile et al., 1997; Champoux
et al., 2006; Murvoll et al., 2007). Thus, the high levels of HOCs reported
in ivory gull eggsmay affect the homeostasis of these important vitamins,
and thereby affect hatchability and chick survival.

The aim of the present study was to examine if the high levels of
OCPs, PCBs, BFRs, PFASs and mercury reported in ivory gull eggs from
theNorwegian and Russian Arctic cause eggshell thinning and disruption
of embryonic vitamin A and E homeostasis. Contaminant-induced effects
on these variables may be important in explaining the apparent decline
in ivory gull populations (Gilchrist and Mallory, 2005; Robertson et al.,
2007; Gilg et al., 2009). Contaminant concentrations in ivory gull eggs
were reported in Miljeteig et al. (2009). In the present study we have
applied these results to investigate effects on the ecological significant
response variables eggshell thickness and embryonic vitamin A and E
status.

2. Materials and methods

2.1. Sample collection and preparation

A total of 35 eggs were sampled from individual ivory gull nests
within four colonies in Svalbard: Svenskøya (78°47′N, 26°36′E;
n=10) in 2007, and in north-western Russia in 2006; Nagurskoe
(80°48′N, 47°37′E; n=6) and Cape Klyuv (81°39′N, 62°11′E; n=7)
in Franz Josef Land and Domashny (79°30′N, 91°05′E; n=12) in
Severnaya Zemlya (Fig. 1). One egg was sampled from each nest
and clutch size was noted for all sampled nests. However, to minimise
disturbance of the nesting birds, the egg laying sequence was not de-
termined and eggs were taken randomly from each nest. The eggs
were individually wrapped in aluminium foil and stored frozen until
further analyses. During preparation of the samples, the eggshell
was thoroughly removed and the embryo was removed from the
thawed egg andweighed when present. Themass of the embryos varied
from 0 g (when not present) to 27.5 g. Due this large variation, the mass
of the embryos were used as a proxy for their developmental stage.
Subsequently, the whole egg content (including the embryo) was
homogenised individually using a food blender (Melissa, Adexi group,
Risskov, Denmark or Waring Commercial Laboratory Blender, Waring
Laboratory, Torrington, CT, USA). The homogenates were separated
into aliquots for different analyses and stored at−20 °C until analysed
at the respective laboratories. Homogenates for vitamin analyses were
kept in cryo tubes wrapped in aluminium foil to prevent light degrada-
tion of vitamins.

2.2. Eggshell thickness and vitamin analyses

The inner membrane of the eggshell was removed from the shell
using running tap water and the eggshell was left to dry at room tem-
perature for a minimum of two weeks. Eggshell thickness was mea-
sured at or near the equator using a spring-loaded micrometer with
an accuracy of 0.01 mm (Vikøren and Stuve, 1996). The mean of four
differentmeasurements along the equator was recorded as the eggshell
thickness. The coefficient of variation (CV%) for eggshell thickness was
below 4% for the four parallel measurements.

The vitamin analyses presented herein are only for the eggs sampled
in Russia (n=25). The vitamin analyses were conducted at the Depart-
ment of Biology, Norwegian University of Science and Technology
(Trondheim, Norway). The extraction of retinol and α-tocopherol was
conducted in red light to prevent light degradation of the vitamins.
Egg homogenate was extracted with hexane and retinyl acetate (inter-
nal standard). A stainless steel bead (d=5 mm; Qiagen Gmbh, Hilden,
Germany) was added to the sample for further homogenisation with a
Qiagen TissueLyser (3 min; Qiagen Gmbh). The sample was sonicated
on a high intensity ultrasonic processor GEX400 (four microtips; 38%
amplitude; Sonics and Materials, Inc., Newtown, CT, USA) set to give
pulses for 2 s, followed by 0.5 s with no pulse, with a total pulse time
of 1.5 min. After sonication the sample was centrifuged and the hexane
layer was transferred to a minisorb tube. Hexane and retinyl acetate
were added to the sample and the extraction procedure repeated
twice, thus, each sample was extracted three times. The extract was
evaporated to dryness and mobile phase (98:2% methanol:water) was
added.

The concentrations of retinol and α-tocopherol were determined
by high-performance liquid chromatography (HPLC; PerkinElmer
200 Series, Waltham, MA, USA). The detection limit was defined as
three times the background noise level with two times standard devi-
ation (SD), and was 37.2 μg/L for retinol and ranged from 177 to
348 μg/L for α-tocopherol. All samples were above the detection
limit. All samples were extracted and analysed in duplicate or tripli-
cate and the coefficient of variation (CV%) for the parallel samples
was b20% and b15% for retinol and α-tocopherol, respectively. The
retinol data is based on one extraction series and one HPLC run,
thus with no between-run variation. The α-tocopherol data is based
on three runs. A hen egg control sample, analysed in minimum two
parallels per run, was used as an interassay control and gave a CV%
of b9%. More details on the extraction procedure, quantification and
quality control are given in Murvoll et al. (2005).

2.3. Contaminant analyses

Following homogenisation and extraction, concentrations of
organochlorinated pesticides (dichlorodiphenyltrichloroethane [p,p
′-DDE, p,p′-DDT], chlordanes [oxychlordane, trans-nonachlor],
β-hexachlorocyclohexane [β-HCH], mirex, hexachlorobenzene [HCB]
and toxaphene [CHB-26, -40, -41, -44, -50 and -62]), poly-
chlorinated biphenyls [PCB-28, - 47, -52, -66, -74, -99, -101, -105,
-114, -118, -128, -137, -138, -141, -149, -151, -153, -156, -157,
-170, -180, -183, -187, -189, -194, -196 and -206], brominated
flame retardants (hexabromocyclododecane [sum of α-, β- and
γ-HBCD] and polybrominated diphenyl ethers [BDE-28, -47, -99, -100,
-153 and -154]), perfluorinated alkyl substances (perfluorononanoate
[PFNA], perfluorodecanoate [PFDcA], perfluoroundecanoate [PFUnA],
perfluorododecanoate [PFDoA], perfluorotridecanoate [PFTriA],
perfluorotetradecanoate [PFTeA], perfluoropentadecanoate [PFPeDA],



Fig. 1. Map of Svalbard (Norway) and the western Russian Arctic. Ivory gull Pagophila eburnea eggs were sampled from colonies on Svenskøya in Svalbard, Nagurskoe and Cape
Klyuv in Franz Josef Land and Domashny Island in Severnaya Zemlya.
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perfluorohexane sulfonate [PFHxS], perfluorooctane sulfonate [PFOS]
and perfluorodecane sulfonate [PFDcS]) andmercurywere determined.

The chemical analyses of organochlorines (OCs) and BFRs were
conducted at the Laboratory of Environmental Toxicology at the
Norwegian School of Veterinary Science (Oslo, Norway). The laboratory
is accredited for the analyses by Norwegian Accreditation (Kjeller,
Norway) according to NS-EN ISO/IEC 17025 (Test 137), and the ana-
lytical quality of the laboratory has been approved in several interna-
tional intercalibration tests. The analyses of PFASs were performed
by the Analytical Environmental Chemistry Unit at Stockholm Uni-
versity (Sweden). The analyses of mercury were conducted by the
National Veterinary Institute (Oslo, Norway). Full details on the con-
taminant analyses and the results are reported in Miljeteig et al.
(2009).
Fig. 2. Principal component analysis (PCA) of contaminants measured in ivory gull Pagophila
Russian Arctic (n=25) used for testing associations with eggshell thickness and vitamins, res
explained 55% and PC2 explained 19% of the variance. The analysis is based on wet weight v
and brominated flame retardants. High loadings on PC2 are associated with high concentratio
HCB, CHB-26, -40, -41, -44, -50 and -62, PCB-28, - 47, -66, -74, -99, -101, -105, -114, -11
-196 and -206, HBCD, BDE-28, -47, -99, -100, -153 and -154. Cluster 2 (a and b) contai
β-HCH, PFNA, p,p′-DDT and PCB-52 and -151 are found outside the main clusters.
2.4. Statistical analyses

The resultswere analysed using principal component analysis (PCA)
based on the contaminant variables on wet weight (w.w.) values. To
examine the association between the contaminants and the three re-
sponse variables (eggshell thickness, retinol and α-tocopherol), as-
sociations were tested between the PCs and the response variables
using Spearman's rank correlation.

3. Results and discussion

Two PCA analyses based on the contaminant variables on wet
weight values were conducted, one with the data from Svalbard and
the Russian Arctic combined, and one with data only from the Russian
eburnea eggs from (a) Svalbard (Norway) and the Russian Arctic (n=35) and (b) the
pectively. In (a) PC1 explained 52% and PC2 explained 17% of the variance and in (b) PC1
alues. Low loadings on PC1 are associated with high concentrations of organochlorines
ns of PFASs. Cluster 1 (a and b) contains p,p′-DDE, oxychlordane, trans-nonachlor, mirex,
8, -128, -137, -138, -141, -149, -153, -156, -157, -170, -180, -183, -187, -189, -194,
ns PFDcA, PFUnA, PFDoA, PFTriA, PFTeA, PFPeDA, PFHxS, PFOS, PFDcS and mercury.
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Table 1
Arithmetic mean with standard deviation (SD) and ranges (min-max) for eggshell thickness (mm) and retinol and α-tocopherol (ng/g) concentrations analysed in ivory gull
Pagophila eburnea eggs from the Svenskøya colony (Svalbard) and the Nagurskoe, Cape Klyuv and Domashny colonies (Russian Arctic). na denotes not analysed.

Svenskøya Nagurskoe Cape Klyuv Domashny

(n=10) (n=6) (n=7) (n=12)

Eggshell thickness (mm) Mean±SD 0.246±0.018 0.234±0.013 0.261±0.045 0.245±0.013
Min–max 0.206–0.270 0.221–0.251 0.220–0.356 0.226–0.270

Retinol (ng/g) Mean±SD na 1.8±0.4 1.5±0.6 1.2±0.2
Min–max na 1.4–2.3 1.0–2.6 0.9–1.6

α-Tocopherol (ng/g) Mean±SD na 17.9±8.4 11.0±10.2 23.7±13.7
Min–max na 3.6–28.2 1.5–23.4 1.6–50.4
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Arctic (Fig. 2). The three first principal components (PCs) were
extracted in both PCAs. In the PCA for Svalbard and the Russian Arctic
birds combined, PC1 explained 52%, PC2 explained 17% and PC3
explained 9% of the variance in the data set. In the PCA for only the
ivory gulls from the Russian Arctic, PC1 explained 55%, PC2 explained
19% and PC3 explained 9%.

3.1. Eggshell thickness

The eggshell thickness of the ivory gull eggs from the four colonies
in the Norwegian and Russian Arctic is given in Table 1. There was a
significant correlation between eggshell thickness and PC1 (Spear-
man correlation; rs=0.389, pb0.021, n=35) (Fig. 3). No relationship
PC1
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Fig. 3. a) A significant association between eggshell thickness and principal component 1 (
Arctic was found (Spearman correlation; rs=0.389, pb0.021; n=35). b) Eggshell thickness
ivory gull eggs from four colonies in the Norwegian and Russian Arctic (2007 and 2008). The d
thinning below the average of the archived eggs. c) A significant association between α-tocop
found (Spearman correlation; rs=0.457, pb0.023; n=25). d) A significant negative associat
in ivory gull eggs from the Russian Arctic was found (Spearman correlation; rs=−0.619, pb0
was found between eggshell thickness and PC2 or PC3. The majority
of the detected PCBs (except for PCB-52 and -151), OCPs (except for
β-HCH, CHB-40 and p,p′-DDT) and all BFRs had a high loading along
PC1, whereas PFASs, mercury and p,p′-DDT had a high loading along
PC2. Thus, eggshell thickness was negatively associated with most
OCs and BFRs. No association was found between eggshell thickness
and PFASs or mercury (PC2). An attempt was made to separate the
effects of the different compounds on eggshell thickness using pro-
jection to latent structure (PLS, Unscrambler version 9.2, Camo AS,
Oslo, Norway). However, because the covariations among the OCPs,
PCBs and BFRs were strong, no significant models were found.
Thus, it was not possible to separate the effects of the individual
compounds.
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Several of the contaminants with high loading along PC1, such as
PCBs, p,p′-DDE, dieldrin, HCB, mirex and oxychlordane, have been
shown to be associated with eggshell thinning (Ratcliffe, 1967;
Cooke, 1973; Wiemeyer et al., 1984; Lowe and Stendell, 1991;
Mason et al., 1997; Nygård, 1999). Thus, the results of the present
study are in accordance with numerous laboratory and field studies.

For some bird species, the eggshell thickness changes in relation to
the stage of incubation. This should therefore be taken into consider-
ation when determining eggshell thickness in relation to contaminant
exposures (Peterle, 1991). In the present study we did not have infor-
mation on the stage of incubation. However, embryo mass was
recorded, and varied from 0 g (when not present) to 27.5 g. In the
present study, embryo mass was therefore used as a proxy for devel-
opmental stage. There was no association between eggshell thickness
and embryo mass (Spearman correlation; p>0.8). It should also be
noted that there were no associations between embryo mass and
egg volume (as calculated according to Hoyt, 1979: Spearman correla-
tion; p>0.5), or between eggshell index and egg volume (Spearman
correlation; p>0.5). However, although the results indicate that there
was no association between the developmental stage and the eggshell
thickness in ivory gulls, this needs to be verified.

Eggshell formation is a complicated process with many steps where
disruption may lead to alterations in eggshell thickness. p,p′-DDE,
which had a high loading along PC1, is believed to influence eggshell
thickness through inhibition of prostaglandin synthesis in the eggshell
gland mucosa and thereby reduce the transfer of bicarbonate and
calcium to the eggshell gland lumen (Lundholm, 1997), the site of
the shell calcification (Cooke, 1973). Calcium availability is essential
in eggshell formation, and any substances disrupting calcium homeo-
stasis from absorption in the gut to deposition in the eggshell gland
lumen may potentially influence the eggshell thickness (Cooke, 1973).
Several steps in egg laying and eggshell formation are under strong hor-
monal control. Thus, compounds influencing oestrogens, androgens
and thyroid hormones may also alter the eggshell thickness (Cooke,
1973). PCBs, BDEs and several OCPs have been demonstrated to be en-
docrine disrupters (Colborn, 1993; Hewitt and Servos, 2001) and may
thus influence eggshell thickness through these pathways. However, it
is generally agreed that the main compound responsible for eggshell
thing in birds is p,p′-DDE (Lundholm, 1997).

Eggshell thinning was first discovered by comparing eggshells in
birds of prey from the 1950s and 1960s with eggshells from 1900 to
the 1940s (Ratcliffe, 1967). A dramatic decrease in eggshell thickness
in birds of prey was found around 1945–47, coinciding with the intro-
duction of DDT into general use and increase in use of PCBs (Ratcliffe,
1967). For comparison, data on eggshell thickness in ivory gulls prior
to 1930s collected throughout the species' breeding range were
obtained from the collections of the Western Foundation for Verte-
brate Zoology (WFVZ, http://www.wfvz.org/, pers. comm. R. Corado).
The eggshell thickness of the ivory gull eggs in the present study was
7–17% thinner than in the WFVZ archived ivory gull eggs (n=11)
(Fig. 3). It is possible that the differences between the eggshell thick-
nesses reported for the present ivory gulls and those reported for the
gulls in the WFVZ collection are due to differences in measuring tech-
niques. The eggshell thicknesses of the eggs in the WFVF collection
were measured through the blowing holes. However, according to
WFVZ, most of the old collectors removed the inner membrane
from all their eggs, which also was done in the present study. Thus,
although there are limitations in comparing the eggshell thicknesses
of the present ivory gulls with archived eggs, we suggest that the pre-
sent study strongly indicates that the eggshell thickness of ivory gulls
in the present study is lower than reported prior to the intensive use
and global spreading of persistent organic pollutants.

The ivory gull eggs from the Nagurskoe colony, which had the
highest concentrations of contaminants (Miljeteig et al., 2009), were
the eggs with the thinnest eggshells (17% thinner than that in the ar-
chived eggs). Eggs from Cape Klyuv had the thickest eggshells in the
present study (7% thinner than that in the archived eggs). However,
the low degree of thinning in the eggs from Cape Klyuv was mainly
explained by one egg that had a considerably thicker eggshell than
the other eggs (Fig. 3). When excluding this egg, the mean eggshell
thickness of eggs from Cape Klyuv was similar to that of eggs from
Svenskøya and Domashny, which both had eggshells that were 13%
thinner than the archived eggs.

In general, eggshell thinning above 16 to 18% has been associated
with declining bird populations (Walker et al., 2001). Others have
suggested a critical eggshell thinning of approximately 20% for signif-
icant reductions in reproductive success (Keith and Gruchy, 1972).
There seems to be no information on critical eggshell thicknesses in
gulls. In herring gull (Laurus argentatus) eggs from the Lake Erie, Canada
(1978–79) with DDE concentrations from 32 to 113 μg/g l.w., the aver-
age eggshell thinning was 6.7%, and not associated with reproductive
effects (Weseloh et al., 1990). In white-tailed eagles (Haliaeetus
albicilla) eggshell thinning became obvious when DDE levels exceeded
50 μg/g l.w., and an 18% reduction in eggshell thickness was associated
with a DDE level of 720 μg/g l.w. in the eggs (Helander et al., 2002). Fur-
thermore, a lowest observed effect level (LOEL) for embryomortality in
white-tailed eagles of about 120 μg/g l.w. was suggested (Helander et
al., 2002). Since gulls aremoderately resistant to eggshell thinning com-
pared to other species (Peakall, 1975) it is likely that higher loads of
contaminants are required to cause severe eggshell thinning. It should
therefore be noted that the median p,p′-DDE concentration in ivory
gull eggs from the Nagurskoe colony, which had the thinnest eggshells,
was 29800 μg/g l.w. This is considerably higher than DDE levels associ-
ated with eggshell thinning in other species.

In the present study, the eggshell thinning approached the critical
limit of 16–20% associated with population decline in bird populations
(Keith and Gruchy, 1972; Walker et al., 2001). This indicates that a rela-
tively large proportion of the ivory gulls in the Norwegian and Russian
Arctic experience eggshell thinning due to exposure andbioaccumulation
of high levels of anthropogenic contaminants. Since high levels of anthro-
pogenic contaminants also have been reported in ivory gulls fromCanada
(Buckman et al., 2004; Braune et al., 2006; Braune et al., 2007) it may
affect the populations of ivory gulls globally. As the critical threshold
for when eggshell thinning leads to population decline has not been de-
termined specifically for the ivory gull, the observed rates of eggshell thin-
ning in this study (up to 17%) may already be exceeding the threshold.
Hence, eggshell thinning may possibly be contributing to the observed
population declines (Gilchrist and Mallory, 2005; Robertson et al., 2007;
Gilg et al., 2009).

3.2. α-Tocopherol

Concentrations of α-tocopherol in ivory gull eggs from the three
colonies in the Russian Arctic are given in Table 1. There was a signifi-
cant correlation betweenα-tocopherol and PC1 (Spearman correlation;
rs=0.457, pb0.023) (Fig. 3), but not between α-tocopherol and PC2 or
PC3. Thus, as for eggshell thickness, α-tocopherol was negatively asso-
ciated with most OCPs (except for β-HCH, CHB-40 and p,p′-DDT) and
PCB-congeners (except for PCB-52 and -151) and all BFRs. Furthermore,
as for eggshell thickness,α-tocopherol was not associatedwith concen-
trations of PFASs and mercury.

The negative association between α-tocopherol and OCPs, PCBs
and BFRs herein is in accordance with previous reports in birds
(Murvoll et al., 2005; Murvoll et al., 2006a). An experimental study
on hatchlings of ducks Anas platyrhynchos showed a negative associa-
tion between yolk concentration of PCB-99 and hepatic α-tocopherol
concentrations (Murvoll et al., 2005). In free-living European shag
Phalacrocorax aristotelis hatchlings, a significant negative association
between yolk concentrations of BDE-28 and hepatic tocopherol has
been reported (Murvoll et al., 2006a). In free-living hatchlings of Brü-
nnich's guillemot Uria lomvia, negative relationships were found be-
tween some OCPs in the yolk (HCB, oxychlordane and p,p′-DDE) and
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liver α-tocopherol levels (Murvoll et al., 2007). However, the negative
relationships between these OCPs and liver α-tocopherol levels in Brü-
nnich's guillemot hatchlings became less evident when the con-
founding effect of liver mass was corrected for (Murvoll et al.,
2007). In the present study, all these contaminants were associated
with decreased concentrations of α-tocopherol in the ivory gull
eggs (Fig. 3).

It should, however, also be noted that some studies on free-living
hatchlings or chicks have reported no associations, or even positive
associations, between hepatic concentrations of HOCs and hepatic or
plasma concentrations ofα-tocopherol. In 21 day old chicks of European
shags, there were no associations between hepatic levels of a range of
HOCs (including most of those included in the present study) and
plasmaα-tocopherol concentrations (Jenssen et al., 2010). A positive
association between several PCBs in the yolk and α-tocopherol (liver
and plasma) was reported in black-legged kittiwake Rissa tridactyla
hatchlings (Murvoll et al., 2006b). In common eider Somateria mollissima
hatchlings, PCB,β-HCHandoxychlordanewere significantly positively re-
lated toα-tocopherol in liver (Murvoll et al., 2007). The levels of contam-
inants in those birdswere, however,much lower than in the ivory gulls in
the present study. Thus, it has been suggested that the effect of HOCs on
α-tocopherol in birds may be hormetic (Murvoll et al., 2007). It is also
possible that the effects of HOCs on α-tocopherol differ between tissues,
such as plasma and liver. In the present study, both contaminant concen-
trations and α-tocopherol were analysed in whole egg content. Eggs are
closed systems without excretion or uptake of any nutrients from laying
till hatching, andwith only gaseous exchange (Carey, 1996). Thus, the in-
fluence of contaminants on α-tocopherol concentrations may be simpler
to elucidate in whole eggs than in tissues from organismswith variability
in uptake and mobilisation between tissues.

α-Tocopherol is a potent antioxidant, and the proposedmechanisms
for the effect of contaminants on levels ofα-tocopherol are all related to
the production of oxidising molecular species (Boelsterli, 2003).
Tocopherols are the most abundant and efficient scavengers of
hydroperoxyl radicals in biological membranes with α-tocopherol
being the most important of the tocopherol homologs (Di Mascio
et al., 1991). Small amounts of reactive oxygen species (ROS) are
constantly generated inside cells by physiological processes, such as
the mitochondrial respiratory chain (Nohl et al., 2005). Oxidative stress
ariseswhen there is an imbalance betweenROS and cellular antioxidants
(Boelsterli, 2003). Contaminantsmay enhance ROS production in several
ways, i.e. by disrupting normal electron flow in the mitochondrial mem-
brane, often leading to redox cycling, or by CYP 450 uncoupling, resulting
in increased amounts of both superoxide anion and hydrogen peroxide
(Boelsterli, 2003). Generally, exposure to contaminants such as PCBs is
thought to lead to an increase in oxidative stress through induction of
CYP 450 enzymes (e.g. Twaroski et al., 2001; Hilscherova et al., 2003;
Fernie et al., 2005) and α-tocopherol supplementation has been widely
shown to counteract contaminant-induced responses (e.g. Xie and
Zhang, 2004; Yun et al., 2005; Banudevi et al., 2006). The scavenging of
oxidising agents leads to decreased levels of α-tocopherol (Di Mascio
et al., 1991), which supports the findings in the present study with de-
creasing concentrations of α-tocopherol with increasing levels of
contamination.

The associations identified herein between the contaminants with
high loadings along PC1 (e.g. PCBs, p,p′-DDE, oxychlordane, trans-
nonachlor, mirex, HCB, toxaphenes and BDEs) and α-tocopherol, imply
that these contaminants may have serious effects on embryo survival
and even on chick survival rate in ivory gulls. However, this issue needs
to be addressed inmore detail before anyfirm conclusions can be drawn.

3.3. Retinol

Concentrations of retinol in ivory gull eggs from three colonies in
the Russian Arctic are given in Table 1. No significant correlation be-
tween retinol concentrations and any of the three first PCs was
found (Spearman correlation; p>0.1). However, therewas a significant
negative association between retinol and embryo mass (Spearman
correlation; rs=−0.619, pb0.00096) (Fig. 3). There was no associa-
tion between retinol and egg volume (Spearman correlation; p>0.5)
or between retinol and eggshell thickness (Spearman correlation;
p>0.5). Thus, retinol concentrations appeared to decrease as the
embryo developed. This is in accordance with studies on great blue
heron Ardea herodias, where negative correlations between retinol
concentrations and the developmental stage of the eggs also were
reported (Boily et al., 1994; Champoux et al., 2006).

Previous studies on associations between contaminant concentra-
tions and retinol concentrations in birds have reported differing re-
sults, ranging from a borderline significant positive relationship
(Murvoll et al., 1999) through lack of associations (Murvoll et al.,
2006b; Murvoll et al., 2007; Jenssen et al., 2010), to negative associa-
tions (e.g. Zile et al., 1997; Kuzyk et al., 2003; Fernie et al., 2005;
Champoux et al., 2006; Murvoll et al., 2006a). These differing, and ap-
parently opposing results are most likely due to the use of different
matrices (plasma, liver, yolk), indicating that effects on retinol may
be tissue specific. It should also be noted that several studies have
reported no associations between contaminant levels and retinol
levels in eggs or yolk, but at the same time identified significant pos-
itive relationships between contaminant levels and the ratio of retinol
to retinyl palmitate (e.g. Boily et al., 1994; Rolland, 2000; Champoux
et al., 2006). Retinol is the mobile form of vitamin A, whereas for stor-
age retinol is esterified to long-chain fatty acids such as retinyl palmi-
tate (Blomhoff, 1994). Retinyl palmitate was not detectable in ivory
gull eggs using the analytical method in the present study, thus, a
retinol to retinyl palmitate ratio or vitamin A storage could not be
evaluated. Therefore, even though no effects were reported on reti-
nol in the present study, we cannot rule out that the vitamin A ho-
meostasis of ivory gull embryos is affected by the examined
contaminants.
3.4. Implications for the ivory gull

The ivory gull eggs in the present study contained some of the
highest concentrations of OCPs and PCBs reported in Arctic seabird
eggs (Miljeteig et al., 2009). The ivory gull eggshells studied herein
were up to 17% (Nagurskoe) thinner than reference eggs of ivory
gulls collected throughout the breeding range prior to 1930. The egg-
shell thickness was negatively associated with levels of several con-
taminants in the eggs, such as most PCBs, BDEs and toxaphenes and
p,p′-DDE and other pesticides. Although the critical threshold level
for eggshell thinning has not been determined specifically for the
ivory gull, the observed eggshell thinning in the present study (up
to 17%) is within or approaches the critical range (16–20%) of egg-
shell thinning associated with declining populations of other bird
species (Keith and Gruchy, 1972; Walker et al., 2001). Since high
levels of these contaminants also have been reported in other
populations of ivory gulls (Buckman et al., 2004; Braune et al., 2006;
Braune et al., 2007), we suggest that eggshell thinningmay contribute
to the observed population declines in ivory gulls. In addition, the in-
verse relationships between α-tocopherol and several of the con-
taminants in the ivory gull eggs, suggest that the high contaminant
concentrations experienced by ivory gulls may induce oxidative
stress to an extent that affects embryo and chick survival. However,
this issue needs to be addressed in more detail before any firm con-
clusions can be drawn.

It is of major concern that the effects of contaminants may become
more severe when the organism is under additional environmental
stress (Boonstra, 2004). Thus, exposure to high levels of contaminants
can act in concert with additional stress, for example that caused by
climate change, to push ivory gull populations beyond their environ-
mental tolerance limits.
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