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1 Introduction
The Svalbard archipelago (Norway) of the European Arctic is an important sink
for anthropogenic chemicals transported via atmospheric and oceanic currents
from distant sites of production and use. Continuous environmental monitoring of
organohalogen compounds, trace elements, and organometals, in a variety of biotic
and abiotic samples from Svalbard, has disclosed that this remote arctic region is
among the most polluted in the polar regions (de Wit et al. 2004; Gabrielsen 2007;
Letcher et al. 2009). The first survey of contaminants in Svalbard wildlife samples
was reported in 1972 (Bourne and Bogan 1972). In this study, alarmingly high levels of polychlorinated biphenyls (PCBs) and p,p -dichlorodiphenyldichloroethylene
(p,p -DDE) (311 and 67 ppm, respectively) were discovered in the liver of a glaucous gull (Larus hyperboreus). When found, this gull was in convulsions in a
breeding colony on Bear Island, the southernmost island in the Svalbard archipelago
(74◦ 22 N, 19◦ 05 E) (Fig. 1). Despite the passage of more than 35 yr since the
Bourne and Bogan (1972) report, abnormal behaviors of this top scavenger–predator
are regularly being recorded in Svalbard during the hatching and chick-rearing
period (Sagerup et al. 2009a; Strøm, H. personal communication 2009). Although
levels of legacy organochlorines (OCs) in the Arctic have shown a general decline
over the last three decades (de Wit et al. 2004), a growing body of evidence suggests
that the health of Svalbard glaucous gulls has been adversely affected by their high
body burden of an increasingly complex array of contaminants to which they are
exposed. It has recently been reported that the population of glaucous gulls from
Bear Island has decreased by nearly 65%, from 2000 breeding pairs in 1986 to
650 in 2006 (Strøm 2007). Significant declines of glaucous gull populations have
also been observed in the Canadian Arctic (Gaston et al. 2009). It has been suggested that the physiological stress induced by contaminants, among other potential
anthropogenic or natural stressors (e.g., predation pressure, climate change, habitat
loss, pathogens, and food scarcity), may have contributed to this dramatic population decline in Svalbard. However, a causal link between contaminant exposure and
adverse health impact in Svalbard glaucous gulls, or any other arctic wildlife species
(Letcher et al. 2009), remains to be established.
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Fig. 1 Map of the European Arctic. Studies of glaucous gulls were conducted in Svalbard,
primarily in the southern part of Bear Island, the southernmost island in this archipelago

In this chapter, it is our goal to comprehensively review and discuss the nearly 60
contaminant-related studies published over the last 35 yr that address contamination
in the Svalbard glaucous gull. This review emphasizes contaminant levels and patterns, temporal trends in contamination, factors affecting bioaccumulation, as well
as potentially useful biomarkers of biological and ecological responses and effects.
We also provide recommendations on the use of glaucous gulls and other potentially useful apical avian species as bioindicator species in the European Arctic and
elsewhere in the Arctic.

2 Contaminant Levels and Patterns
2.1 Legacy and Emerging Organochlorines
The legacy OCs, which encompass a large suite of chlorinated industrial chemicals, their byproducts, and pesticides, are undeniably the most studied classes
of contaminants in tissues, blood, eggs, and intestinal content of Svalbard glaucous gulls – reports of contamination date from the early 1970s for PCBs and
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p,p -DDE (Bourne and Bogan 1972). In more recently collected samples from
Svalbard, the blood plasma concentrations of the collective PCB congeners and
dichlorodiphenyldichloroethane (DDT) compounds represent more than 72% of
the total organohalogens found in this species (Fig. 2). Other legacy OCs that
have routinely been detected in Svalbard glaucous gull studies, listed in order of
decreasing abundance in plasma samples, include chlordane (CHL) compounds,
chlorobenzene (CBz) congeners, dieldrin, hexachlorocyclohexane (HCH) isomers,
and mirex (Fig. 2). Biosurveillance of legacy OCs in Svalbard glaucous gulls has
also disclosed low levels of aryl hydrocarbon receptor (AhR)-inducible chemicals such as the coplanar non-ortho and mono-ortho PCB congeners, as well as
the polychlorinated dibenzo-p-dioxin (PCDD) and polychlorinated dibenzofuran
(PCDF) congeners (Daelemans et al. 1992; Henriksen et al. 2000; Pusch et al. 2005;
Verreault et al. 2005a). More recently, lesser studied and/or emerging OCs have
been detected in tissues, eggs, and plasma of Svalbard glaucous gulls, thus adding
a novel dimension to the OC exposure profile in this species. These comprise the
chlorobornane congeners (toxaphene) (Herzke et al. 2003; Verreault et al. 2005a)
as well as the polychlorinated naphthalene (PCN) congeners, photo-mirex, pentachlorophenol (PCP), octachlorostyrene (OCS), and bis(4-chlorophenyl) sulfone

Fig. 2 Concentrations (ng/g wet wt) of 18 major organohalogen contaminant classes in blood
plasma of breeding male glaucous gulls, sampled in 2002 and 2004, from Bear Island (Svalbard).
Vertical bars indicate ±1 standard error of the mean. A definition of acronyms, sample size, and
year of collection as well as a list of congeners and compounds included in these concentration
sums can be found in Appendix. Data from Verreault et al. (2005a, 2005b, 2005c)
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(BCPS) (Verreault et al. 2005a). With the exception of the chlorobornanes, these
OCs were found to be of lesser bioaccumulative importance than the legacy OCs
in Svalbard glaucous gulls. Hexachlorobutadiene (HCBD) (Verreault et al. 2005a)
and short-, medium-, and long-chain chlorinated paraffin (SCCP, MCCP, and LCCP,
respectively) congeners (Knudsen et al. 2007) have also been targeted for monitoring in this species (plasma, brain, and liver) but were consistently below the method
detection limits.

2.2 Chiral Legacy Organochlorines
Several OC compounds display chirality and are present in the environment as pairs
of enantiomers or atropisomers. Despite being released into the environment as
racemic mixtures, non-racemic distributions of some chiral OCs have been detected
in vertebrates and invertebrates, including various organisms of the arctic marine
food web (Warner et al. 2005). The enantiomer fractions (EFs) of chiral CHL compounds, and atropisomeric PCB congeners detected in the blood plasma of breeding
glaucous gulls from Svalbard, were reported to be identical in magnitude and character to those reported for Canadian Arctic glaucous gulls (Ross et al. 2008). These
results strongly suggest that the biotransformation and/or dietary uptake processes
that alter these stereochemical ratios are highly conserved among circumpolar glaucous gull populations. However, in the Ross et al. (2008) study, EFs determined in
eggs (yolk) were seen to vary as a function of the colony from which they bred.
After further examination, it was concluded that the female’s specialization on certain food items (Section 4.3) may explain the variation in EFs between neighboring
(∼2 km apart) Svalbard glaucous gull colonies.

2.3 Brominated Flame Retardants
Brominated flame retardants (BFRs) are widely used in consumer and industrial
products to achieve fire safety standards; recent results demonstrate BFRs to be
ubiquitous in the Arctic (de Wit et al. 2006). Herzke et al. (2003) were the first to
report BFRs in Svalbard glaucous gulls. These authors monitored for a limited number of polybrominated diphenyl ether (PBDE) and polybrominated biphenyl (PBB)
congeners. In their study, only two congeners (PBDE-47 and -99) were positively
identified in liver and intestinal-content samples. Subsequent studies revealed the
presence of a far more complex suite of tri- through deca-brominated PBDE congeners in Svalbard glaucous gull plasma, liver, and egg samples (Knudsen et al.
2005, 2006, 2007; Haukås et al. 2007; Verreault et al. 2005b, 2007a) (plasma;
Fig. 2). In these surveys, concentrations of PBDE-47 largely dominated the overall PBDE profile, followed by nearly equal contributions from PBDE-99, -100,
-153, and -154. Monitoring of PBDEs in Svalbard glaucous gull plasma and eggs
also revealed the presence of PBDE-209 and its known or suspected octa- and
nona-PBDE degradation products (e.g., PBDE-196, -197, -201, -202, -203, -205,
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-206, -207, and -208) (Knudsen et al. 2006, 2007; Verreault et al. 2007a). However,
these higher brominated congeners existed at lower levels than did the major
PBDE congeners, often appearing at or near the instrumental limits of detection.
These results suggest that PBDE-209 undergoes only limited debromination in the
Svalbard glaucous gull or in its main prey items (e.g., fish, seal carcass, and seabird).
At present, only two PBB congeners (PBB-101 and -153; the latter co-eluting with
PBDE-154) have been detected in this species and these appeared at lower levels
than did the PBDEs (Verreault et al. 2005b, 2007a). Moreover, several non-PBDE
BFRs, which are alternatives or replacement products for the recently banned pentaand octa-PBDE mixtures, have been detected at low concentrations in eggs and
plasma of Svalbard glaucous gulls (Verreault et al. 2007a). These BFRs include
hexabromobenzene (HBB), 1, 2-bis (2, 4, 6-tribromophenoxy) ethane, pentabromoethylbenzene, pentabromotoluene, and α-hexabromocyclododecane (α-HBCD).
In the Verreault et al. (2007a) investigation, α-HBCD concentrations were highest
among the non-PBDE BFRs analyzed, followed by HBB (Verreault et al. 2007a).
The β- and γ-HBCD isomers have not been detected in this species (liver and brain)
(Knudsen et al. 2007). The results from these studies suggest that, in addition to a
wide array of PBDE and PBB congeners, several current-use and as yet unregulated
BFRs undergo long-range atmospheric transport and bioaccumulate at low levels in
Svalbard glaucous gulls and are maternally transferred to the eggs of this species.

2.4 Hydroxyl- and Methylsulfonyl-containing Metabolites
The metabolism of PCBs and PBDEs via phase I (e.g., cytochrome P450 (CYP))
and phase II xenobiotic-metabolizing enzymes has been demonstrated to generate
hydroxylated (OH) PCBs (OH-PCBs) and OH-PBDEs as well as methylsulfonate
PCBs (MeSO2 -PCBs) in several vertebrate species (Hakk and Letcher 2003; Letcher
et al. 2000). However, in addition to having a potential metabolic origin, certain OH-PBDEs (mainly ortho-OH-substituted congeners) and their methoxylated
(MeO) analogues (MeO-PBDEs) have also been confirmed to occur naturally
in the marine environment (Teuten et al. 2005). The OH-containing PCB and
PBDE congeners were shown, in several animal models, to have higher bioactivity and toxicological potential (mainly endocrine disruption) than their respective
parent compounds (Hakk and Letcher 2003; Letcher et al. 2000). A suite of OHPCBs/-PBDEs, MeO-PBDEs, and MeSO2 -PCBs have been discovered in plasma
of Svalbard glaucous gulls at concentrations substantially lower than their known
or suspected PCB or PBDE precursors (Verreault et al. 2005a, 2005b) (Fig. 2).
In eggs, OH-PCBs and MeSO2 -PCBs were detected at even lower concentrations, whereas OH-PBDEs were essentially nondetectable (Verreault et al. 2005a;
Verreault, J. unpublished data). In these studies, the predominant OH-PCB and OHPBDE congeners in plasma were 4-OH-PCB-187 and 6-OH-PBDE-47, respectively.
The major MeSO2 -PCB congener in plasma was an unidentified hexa-chlorinated
MeSO2 -PCB, whereas the dominant residues in eggs were the penta-chlorinated
congeners 3 -MeSO2 -PCB-101 and 4 -MeSO2 -PCB-101. A MeSO2 -metabolite of
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p,p -DDE, 3-MeSO2 -p,p -DDE, as well as a potential metabolite of OCS, 4OH-heptachlorostyrene (4-OH-HpCS), were also detected in plasma and eggs of
glaucous gulls (Verreault et al. 2005a). Despite their relatively low plasma levels,
the presence of OH-PCBs and 4-OH-HpCS, and perhaps also certain OH- and MeOPBDE congeners, supports the view that these are metabolically derived (CYPmediated) in Svalbard glaucous gulls, whereas the MeSO2 -PCBs/-p,p -DDE may
also be dietary-sourced as a result of their bioaccumulation and biomagnification
properties.

2.5 Per-fluorinated and Poly-fluorinated Alkyl Substances
Per- and poly-fluorinated alkyl substances (PFASs) have been used as surface-active
agents in a multitude of manufactured and consumer products (e.g., fire-fighting
foam and impregnation agent for carpets, papers, and textiles). The first survey of
PFASs in Svalbard glaucous gulls, carried out by Verreault et al. (2005c), revealed
relatively high concentrations of perfluorosulfonate (PFS) and perfluorocarboxylate
(PFCA) compounds in plasma (Fig. 2), liver, brain, and egg samples. In this study,
perfluorooctane sulfonate (PFOS) was the predominant PFS in all samples and was
present at concentrations nearly comparable to the highly recalcitrant DDT compounds and PCB-153. Later surveys of PFASs confirmed these findings (Haukås
et al. 2007; Knudsen et al. 2007), suggesting that PFOS should be regarded as an
important bioaccumulative organohalogen in Svalbard glaucous gulls. In the Haukås
et al. (2007) study, glaucous gulls were also found to accumulate the highest concentrations (in liver) relative to lower trophic-level species of the Barents Sea (Svalbard
area) food web. These findings indicate that PFOS possess a high biomagnification potential in species from the arctic marine food web. Moreover, relatively high
levels of PFCAs with 8–15 carbon (C) chains were reported in Svalbard glaucous
gull samples, whereas 5C- and 6C-PFCAs were below the method limits of detection (Verreault et al. 2005c). In this study, the accumulation profile of PFCAs was
characterized by high proportions of the long and odd-numbered C-chain length
compounds, namely the perfluorodecanoic (11C) and perfluorotridecanoic (13C)
acid, although their individual concentrations differed between plasma, tissues, and
eggs. The following compounds could not be detected in any samples analyzed in
this investigation: perfluorobutane sulfonate (PFBS), perfluorooctane sulfonamide
(PFOSA), and four saturated (8:2 FTCA and 10:2 FTCA) and unsaturated (8:2
FTUCA and 10:2 FTUCA) fluorotelomer carboxylic acids.

2.6 Trace Elements and Organometals
The trace elements cadmium, zinc, lead, copper, selenium, and mercury were first
analyzed in kidney and liver samples of Svalbard glaucous gulls collected in 1980 by
Norheim and Kjos-Hanssen (1984) and Norheim (1987). These authors reported levels that were intermediate among other seabirds collected in the Svalbard area. The
highest liver levels were found for zinc, followed by copper, cadmium, selenium,
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and mercury (lead was not detected) (Norheim 1987). A follow-up assessment of
Svalbard glaucous gull muscle and liver samples collected a decade later, which
also included arsenic but not lead, showed a somewhat consistent level profile:
zinc >> copper > arsenic > cadmium > selenium > mercury (Savinov et al. 2003).
Comparatively low levels of total mercury and methyl mercury were reported in
more recently collected samples (liver, muscle, brain, and eggs) from this species
(Jaeger et al. 2009; Knudsen et al. 2005, 2007; Sagerup et al. 2009a, 2009b).
The work by Jæger et al. (2009) revealed a nonsignificant biomagnification tendency for total mercury and methyl mercury in organisms from the Svalbard marine
food web, with the highest levels determined in glaucous gulls (muscle samples).
Organometals, including organotins (mono-, di-, and tri-butyltins and -phenyltins),
were also analyzed for in the liver of Svalbard glaucous gulls (Berge et al. 2004).
In this study, only traces of di- and mono-butyltins were found in a few individuals,
whereas the phenyltins were consistently below the method detection limits. In view
of these results, trace elements and organometals appear to be of lower environmental concern in Svalbard glaucous gulls than are the major organohalogens and their
metabolic products.

2.7 Other Contaminants
A limited number of non-halogenated and non-metallic compounds have been monitored for in Svalbard glaucous gull samples. Cyclododeca-1, 5, 9-triene, which is
one potential degradation product of HBCD via reductive dehalogenation, was analyzed for, but not detected in eggs of this species (Knudsen et al. 2005). Interestingly,
siloxane-D5, a cyclic siloxane having a wide range of commercial applications, was
measured in liver of Svalbard glaucous gulls at concentrations nearly as high as
some legacy OCs and PBDEs (Knudsen et al. 2007). This appears to be the first
report of siloxane compounds in any arctic biota samples. It was concluded from
this study that siloxane should be regarded as an emerging contaminant of potential
health concern in Svalbard glaucous gulls. In this same screening study, low liver
levels of anthracene (a tricyclic aromatic hydrocarbon) were also reported, whereas
octylphenol was essentially nondetectable. Nonylphenol was detected, but only in
the liver of four of the ten adult birds.

3 Temporal Trends
3.1 Legacy Organochlorines
Surveys of legacy OCs in blood (or plasma) of breeding glaucous gulls from
Svalbard (Bear Island) have been performed on an annual or biannual basis between
1997 and 2006. Bustnes et al. (submitted) investigated the temporal changes of
PCBs (sum of PCB-99, -118, -138, -153, -170, and -180), oxychlordane, and HCB
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Fig. 3 Temporal trend of
PCB (sum of PCB-99, -118,
-138, -153, -170, and -180)
(a) and oxychlordane (b)
concentrations
(log-transformed ng/g lipid
wt) in blood samples
collected from male (solid
line, open circles) and female
(stippled line, black circles)
glaucous gulls breeding on
Bear Island (Svalbard) during
the period 1997–2006. Data
from Bustnes et al.
(submitted)

concentrations in blood and plasma samples of 241 individuals collected during this
9-yr period (PCBs and oxychlordane; Fig. 3). Simple regression analyses showed
that the concentrations of PCBs, oxychlordane, and HCB declined significantly (up
to 60% for PCBs), particularly in males. Also examined in this study were the associations between legacy OC trends and selected biological parameters (sex and body
condition) and climate variables, i.e., the Arctic Oscillation [AO] – a measurement
of low-pressure activity and precipitation in the Arctic. The AO in the summer
(June–September), prior to the sample collection period, had a positive effect on
the concentrations of all compounds, whereas the winter AO (January–March) had
a negative effect. This suggests that effects of increasing low-pressure activity and
precipitation on POP (persistent organic pollutants) transport to the Arctic are very
complex and depend on different timescales. The relationships between AO and
POP accumulation may also have been confounded by AO effects on migration
patterns in the glaucous gull and in its prey species. This temporal trend assessment suggests that although several legacy OCs are declining in Svalbard glaucous
gull samples, environmental factors such as atmospheric activity may modulate
the influx and subsequent food chain transfer of these compounds in the arctic
ecosystem.
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3.2 Brominated Flame Retardants
Eggs of breeding glaucous gulls were collected in Svalbard in 1997 (pooled sample)
and 2002 and analyzed for eight major PBDE congeners and α-HBCD (Knudsen
et al. 2005). This two-point temporal comparison did not reveal any significant
change in egg PBDE concentrations, whereas those of α-HBCD were found to have
increased markedly. No PBDE congener pattern change was observed during this
5-yr period.

3.3 Mercury
Knudsen et al. (2005) reported that levels of total mercury in eggs of Svalbard
glaucous gulls were unchanged between samples collected in 1997 (pooled sample)
and 2002.

4 Factors Influencing Bioaccumulation
4.1 Gender and Maternal Transfer
Notably higher organohalogen levels were reported in males than in females, in the
preponderance of studies in which Svalbard glaucous gulls were sampled for blood
shortly after clutch completion and up until hatching. This sex-specific difference
results from the female’s ability to transfer a portion of its lipophilic contaminant
burden via egg formation, although dietary preference (e.g., seabird vs. fish intake)
may also occur in this species (Bustnes et al. 2000). The dynamic of maternal transfer was investigated in Svalbard glaucous gulls for selected classes of lipophilic
organohalogens including PCBs, DDTs, CHLs, CBzs, PBDEs, PBBs, and MeSO2 PCBs (Verreault et al. 2006a). Organohalogen concentrations were determined in
whole clutches, consisting of three eggs of known laying order, as well as in plasma
collected from the respective laying females. Results from this study indicated
that, in general, maternal transfer to eggs favors low Kow and/or less persistent
organohalogens, whereas the particularly recalcitrant and/or higher halogenated
compounds are more selectively retained in the mother. However, the concentrations and compound mix patterns of most of the organohalogens determined in eggs
fluctuated irrespective of their laying order in the clutch. Hence, for purposes of
biomonitoring, it was concluded that Svalbard glaucous gull eggs collected randomly in a clutch would be representative of this clutch in terms of organohalogen
levels and compound mix patterns. A complementary study by Ross et al. (2008)
showed that the EFs of chiral CHL compounds and atropisomeric PCB congeners
in eggs (yolk) and plasma of their respective mothers were highly consistent in
Svalbard glaucous gulls. These results indicated that maternal transfer does not alter
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the stereochemical ratio between enantiomers of these chiral OCs. Based on this
observation, it was concluded that egg yolk may also be used for biomonitoring of
the enantiomeric distribution of chiral OCs in the Svalbard glaucous gull.

4.2 Age
A study of glaucous gulls breeding in Svalbard included an evaluation of the effect
of gull age on blood concentrations of legacy OCs (Bustnes et al. 2003a). In this
study, blood was collected from individuals that had been ring-marked as chicks
or from individuals of unknown age that had been sampled repeatedly during four
nonconsecutive years. The ages of the birds were not associated with blood concentrations of any of the analyzed OCs (PCB-153, p,p -DDE, oxychlordane, and
HCB). Moreover, the number of years that had elapsed between the sampling seasons in individuals of unknown age was not related to a variation in blood OC
concentrations. These results indicate that, for glaucous gulls breeding in Svalbard,
pseudo-steady-state OC levels are reached before or shortly after the age of first
breeding (∼5 yr).

4.3 Feeding Ecology and Trophic Levels
The influence of dietary specialization on blood concentrations of legacy OCs
(PCBs, HCB, HCHs, oxychlordane, and p,p -DDE) was investigated in two breeding colonies (∼2 km apart) of Svalbard glaucous gulls (Bustnes et al. 2000). This
study reported marked intercolony differences in OC concentrations that were associated with the bird’s feeding ecology. Specifically, blood levels of OCs were highest
in breeding gulls in the colony that preferred to feed on guillemot (Uria spp.) eggs
and chicks, rather than those that fed predominantly on fish and crustaceans. The
results of this study confirmed the importance of having a thorough knowledge of
trophic feeding levels as the basis to explain intraspecific variation in OC levels
in breeding Svalbard glaucous gulls. This phenomenon was further investigated by
Sagerup et al. (2002), who examined the associations between the concentrations
of a similar suite of legacy OCs in liver of breeding Svalbard glaucous gulls and
their trophic levels. The trophic levels were estimated based on nitrogen (15 N/14 N:
δ15 N) and carbon (13 C/12 C: δ13 C) isotope ratios in muscle and liver tissues. These
authors reported that liver concentrations of HCB, p,p -DDE, and five PCB congeners were positively correlated with levels of muscle tissue δ15 N. No association
was found between OC concentrations and δ13 C levels. These results suggested that
OC accumulation in liver of Svalbard glaucous gulls can be only partially explained
(up to 18% of the data variation) by their foraging strategy during the breeding
season. Therefore, it was concluded that a better understanding of chemical bioavailability and toxicokinetic factors is required to predict OC levels in this species.
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The results reported by Hop et al. (2002) corroborated the foregoing conclusion.
These authors performed a comprehensive investigation of OC concentrations that
existed in a variety of marine organisms (including glaucous gulls) that occupied
different trophic levels (determined using δ15 N) in the Barents Sea food web off
Svalbard.

4.4 Site-Specific Accumulation
The earlier surveys of contaminants in Svalbard glaucous gulls routinely reported
liver concentrations of legacy OCs (e.g., Bourne and Bogan 1972; Daelemans et al.
1992; Gabrielsen et al. 1995; Norheim and Kjos-Hanssen 1984; Savinova et al.
1995). However, since the late 1990s a non-destructive dosimetric method, based on
the determination of OCs in blood samples (Bustnes et al. 2001a; Henriksen et al.
1998a), has generally been used to detect contaminants in glaucous gulls. Henriksen
et al. (1998a) performed a study in which captive Svalbard glaucous gulls were
fed a polar cod-based diet; results were that lipid-normalized blood concentrations
of OCs were roughly equal to and positively correlated with those determined in
liver. However, in this assessment, weak positive correlations were obtained when
blood OC concentrations were compared with those measured in brain and subcutaneous adipose tissue samples. In another study, Bustnes et al. (2001a) repeatedly
sampled Svalbard glaucous gulls within and between two consecutive breeding
seasons. These authors showed that the variation in blood concentrations (wet
wt) of the most persistent OCs, during one breeding season, could be easily predicted by those measured in the previous season. In a follow-up study, Verreault
et al. (2007b) investigated a more comprehensive suite of organohalogens including legacy OCs (CHLs and PCBs) and BFRs (PBDEs, PBBs, and α-HBCD) as
well as their metabolic products (OH-PCBs, OH-PBDEs, and MeSO2 -PCBs) in
blood, liver, and whole body homogenate samples of captive Svalbard glaucous
gulls fed an Arctic cod-based diet. In this study, the authors examined, in greater
depth, the influence of the physicochemical properties of organohalogens and whole
body composition (i.e., proportions of water, protein, lipid, and mineral contents)
of breeding glaucous gulls on the variation of organohalogen levels. It was found
that the proportions of OH-PCBs and OH-PBDEs to the total organohalogen concentrations were highest in blood, whereas the proportions of the lipophilic CHLs
and PCBs were generally highest in liver and whole body homogenates. Moreover,
the proportions of OH-PCBs, and to some degree PBDEs, were positively correlated with the total protein content isolated from the whole body homogenates of
these birds. The total whole body homogenate lipid content was positively associated with PCB concentrations. It was recommended that both protein association
and lipid solubility should be considered when investigating the toxicokinetics and
fate of structurally different OH-substituted or OH-unsubstituted organohalogens.
The authors concluded that a better understanding of site-specific accumulation of
the more bioactive organohalogens (mainly endocrine disruptive ones), such as the

The Svalbard Glaucous Gull as Bioindicator Species in the European Arctic

89

OH-PCB metabolites, is essential to understand their toxicological actions in the
Svalbard glaucous gull.

5 Biomarkers of Biological and Ecological Responses
and Effects
The bulk of effect studies with Svalbard glaucous gulls have disclosed relationships
between organohalogen concentrations (blood or plasma) and various biomarkers
of biological and ecological responses or effects. These biomarkers cover most of
the organizational levels of the biological systems, from the molecular to the population level, and have been investigated in birds (mainly adults) from Bear Island
during the incubation and chick-rearing period. A comprehensive summary of these
relationships is presented in Table 1.
Table 1 Summary of relationships reported between contaminant concentrations and various biological and ecological responses or effects, in breeding Svalbard glaucous gull males (M) and
females (F) (or combined sexes: M + F) and their eggs or chicks
Relationships
with
contaminant
concentrationsa

Contaminants
pinpointed based
on the strength of
the correlationsb

↑ (M); ↔ (F)

PCBs, DDTs,
HCB
PCB-153
PCB-28, -47, -66,
-74, -105, -187

Henriksen et al. (1998b,
2000)
Henriksen et al. (1998c)

↔ (M + F)

–

Henriksen et al. (2000)

↑ (M + F)

PCB-118

Henriksen et al. (2000)

Retinol levels (liver)

↔ (M + F)

–

Retinyl palmitate levels
(liver)

↔ (M + F)

–

Henriksen et al. (1998c,
2000)
Henriksen et al. (2000)

↓ (M); ↔ (F)

HCB,
oxychlordane
–

Response or effect
parameters

References

Cytochrome P450 (CYP)
enzymes and porphyrins
CYP1A enzyme content
(liver)
Ethoxyresorufin-Odeethylase (EROD)
activity (liver
microsomes)
Testosterone hydroxylase
(TH) activity (liver
microsomes)
Highly carboxylated
porphyrin (HCP) levels
(liver)

↑ (M + F)
↓ (M + F)

Østby et al. (2005)

Retinoids

Hormones and binding
proteins
Free and total thyroxine
(T4 ) levels (plasma)

↔ (M + F)

Verreault et al. (2004)
Verreault et al. (2007c)
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Table 1 (continued)

Response or effect
parameters
Free and total
triiodothyronine (T3 )
levels (plasma)
Free and total T4 /T3 ratios
(plasma)

Relationships
with
contaminant
concentrationsa

Contaminants
pinpointed based
on the strength of
the correlationsb

References

↔ (M); ↔ (F)
↔ (M + F)

–
–

Verreault et al. (2004)
Verreault et al. (2007c)

↓ (M); ↔ (F)

PCBs, p,p -DDE,
HCB,
oxychlordane
DDTs, CHLs,
PCBs
oxychlordane
–
–
–
–

Verreault et al. (2004)

MeO-PBDEs,
CBzs, CHLs,
HCHs, OCS
–

Verboven et al. (2008)

α-HBCD, PBDEs,
PCBs, mirex,
DDTs
PCBs, DDTs,
CHLs, PBDEs
Legacy OCs,
BFRs, OHPCBs
–

Verboven et al. (2008)

↓ (M + F)
Total T4 / free T4 ratios
(plasma)
Total T3 / free T3 ratios
(plasma)
Testosterone (T) levels
(plasma)
T levels (egg yolk)

17β-estradiol (E2 ) levels
(plasma)
E2 levels (egg yolk)

↓ (M); ↔ (F)
↔ (M + F)
↔ (M); ↔ (F)
↔ (M + F)
↔ (M); ↔ (F)
↑
N.D.
↓

Progesterone (P4 ) levels
(plasma)
Prolactin (PRL), baseline
levels (plasma)

↑ (M); ↔ (F)

PRL, post-handling levels
(plasma)
PRL, rate of decrease
baseline-handling levels
(plasma)
Corticosterone (CORT),
baseline levels
(plasma)
CORT, post-handling levels
(plasma)

↔ (M); ↔ (F)

↓ (M); ↔ (F)

↓ (M); ↔ (F)

Legacy OCs,
BFRs, OHPCBs
↑ (M); ↑ (F)
Legacy OCs,
BFRs, OHPCBs
↓ (M); ↔ (F)
Legacy OCs,
BFRs, OHPCBs
Organohalogen binding to
↑ affinity than OH-PCBs,
recombinant transthyretin
T3 and T4 (F)
OH-PBDEs
(rTTR) (liver and
brain)
PCBs, DDTs,
Basal metabolic rate (BMR) ↓ (M + F)
CHLs
(O2 consumption)

Verreault et al. (2007c)
Verreault et al. (2004)
Verreault et al. (2007c)
Verreault et al. (2004)
Verreault et al. (2007c)
Verreault et al. (2006b)

Verreault et al. (2006b)

Verreault et al. (2006b)
Verreault et al. (2008)

Verreault et al. (2008)
Verreault et al. (2008)

Verboven et al. (2009a)

Verboven et al. (2009a)

Ucán-Marín et al. (2009)

Verreault et al. (2007c)
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Response or effect
parameters

Relationships
with
contaminant
concentrationsa

Contaminants
pinpointed based
on the strength of
the correlationsb

References

↓ (M); ↓ (F)
↔ (M); ↔ (F)

PCBs, DDTs
–

Verboven et al. (2009b)
Verboven et al. (2009b)

↑ (M); ↑ (F)

PCBs, HCB,
p,p’-DDE,
oxychlordane
PCBs, DDTs
–

Bustnes et al. (2004)

Nest temperature
Normal clutch (three eggs)
Artificially enlarged clutch
(two to four eggs)
Immune parameters
Number of white blood
cells (lymphocytes or
heterophils)
Antibody response to
tetanus toxoid

↓ (M); ↔ (F)
↔ (M); ↔ (F)
↔ (M + F)
↔ (M); ↑ (F)

Verboven et al. (2009b)
Bustnes et al. (2004)

↓ (M + F)

–
HCB,
oxychlordane
PCBs

Sagerup et al. (2009c)

↔ (M + F)

–

Sagerup et al. (2009c)

↑ (M + F)

PCBs

Sagerup et al. (2009c)

↔ (M + F)

–

Sagerup et al. (2009c)

↑ (M + F)

PCBs

Sagerup et al. (2009c)

↓ (M + F)

PCBs

Sagerup et al. (2009c)

Nematode parasite burden
(intestines)

↑ (M + F)

Sagerup et al. (2000)

Parasite burden, several
species (intestines)
Cestode and
acanthocephalan parasite
burden (intestines)

↔ (M + F)

oxychlordane,
DDTs, mirex,
PCBs
–

↑ (M + F)

selenium, mercury

Sagerup et al. (2009a,
2009b)
Sagerup et al. (2009b)

↔ (M); ↔ (F)

–

Krøkje et al. (2006)

↔ (M); ↔ (F)

–

Krøkje et al. (2006)

↔ (M); ↔ (F)

–

Krøkje et al. (2006)

Antibody response to
diphtheria toxoid
Antibody response to
influenza virus
Antibody response to
reovirus
Lymphocyte response to
phytohemagglutinin-P
Lymphocyte response to
pokeweed mitogen
Lymphocyte response to
concanavalin A
Immunoglobulin-G and -M
levels (blood)

Sagerup et al. (2009c)
Bustnes et al. (2004)

Parasite infection

Genetic damage
Total number of
chromosome aberrations
(liver)
Total number of damaged
metaphases (liver)
Total number of scorable
metaphases (liver)
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Table 1 (continued)
Relationships
with
contaminant
concentrationsa

Contaminants
pinpointed based
on the strength of
the correlationsb

References

–

Krøkje et al. (2006)

–

Østby et al. (2005)

CHLs, α-HBCD
–
CBzs, PBDEs,
OCS
–
PCBs,
oxychlordane,
p,p’-DDE, HCB

Verboven et al. (2009c)
Bustnes et al. (2003b)
Verboven et al. (2009c)

Bustnes et al. (2001b, 2005)

↑ (M + F)

PCBs,
oxychlordane
PCBs

Bustnes et al. (2001b)

↔ (M); ↔ (F)

–

Verboven et al. (2009b)

Number of non-viable eggs

↑ (F)

Bustnes et al. (2003b)

Egg-laying date

↓ (M); ↓ (F)

PCBs,
oxychlordane,
p,p’-DDE, HCB
PCBs,
oxychlordane,
p,p’-DDE, HCB
PCBs,
oxychlordane,
p,p’-DDE, HCB
–
–
PCBs,
oxychlordane,
p,p’-DDE, HCB
PCBs,
oxychlordane,
p,p’-DDE, HCB
–

Response or effect
parameters

Frequency of double-strand ↔ (M); ↔ (F)
DNA breaks (liver)
DNA adduct levels (liver)
↑ (M); ↑ (F)
Egg characteristics
Whole egg mass
Egg volume
Egg yolk water content

↓
↔
↑

Egg albumen water content ↔
Feather growth (probability ↑ (M + F)
of asymmetric wing
feathers)

Verboven et al. (2009c)
Bustnes et al. (2002)

Reproductive behaviors
Proportion of time absent
from the nest site
Number of absences from
the nest site
Proportion of time spent at
the nest site

↑ (M + F)

Reproductive endpoints and
survival

Body condition of chicks at ↑ (F)
hatching
Length of incubation period ↔ (M); ↔ (F)
Clutch size
↔ (M); ↔ (F)
Adult survival
↓ (M); ↓ (F)
Early chick growth

↔ (M); ↑ (F)

Early chick survival

↔ (M); ↔ (F)

Bustnes et al. (2003b)

Bustnes et al. (2003b)

Bustnes et al. (2003b)
Bustnes et al. (2003b)
Bustnes et al. (2003b, 2005)

Bustnes et al. (2005)

Bustnes et al. (2003b)

↑: positive correlation; ↓: negative correlation; ↔: nonsignificant relationship
A definition of chemical acronyms can be found in Appendix:
NA: data not available
ND: not detected
a

b
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5.1 Biotransformation Enzymes and Porphyrins
The specificity, tissue content, and catalytic activity of xenobiotic-metabolizing
enzymes are key factors that influence the fate and toxicokinetics of organohalogens in vertebrates. More specifically, the CYP isoenzymes within subfamilies 1,
2, and 3 play a central role in the phase I biotransformation of a broad variety of
structurally diverse compounds (Hakk and Letcher 2003; Letcher et al. 2000). As
a result, the content and/or catalytic activity of hepatic CYP isoenzymes has been
widely used as a biomarker of contaminant exposure in wildlife species. Another
biochemical marker that has been employed in free-ranging species is the level
of highly carboxylated porphyrins (HCPs) in liver; these are indicative of chemically induced effects on the heme biosynthetic pathway (Fox et al. 2007). The
content of CYP1A-like enzymes was measured in the liver of Svalbard glaucous
gulls that had been exposed to a natural organohalogen-containing diet consisting of
seabird eggs (exposed group) or a relatively clean diet composed of hen eggs (control group) (Østby et al. 2005). These researchers reported higher CYP1A enzyme
levels in male glaucous gull liver from the exposed group than in controls, whereas
no difference was found in females. Moreover, in males, CYP1A enzyme levels
were positively correlated to the blood concentrations of most OCs (PCBs, DDTs,
and HCB). Another biomarker studied in breeding Svalbard glaucous gulls is the
catalytic activity of CYP1A-like enzymes, determined by using ethoxyresorufin-Odeethylase (EROD) activity in liver microsomes, or the liver concentrations of HCPs
(uroporphyrin and hepta-, hexa-, and penta-carboxylic porphyrins) (Daelemans et al.
1992; Henriksen et al. 1998b, 1998c, 2000). In the studies by Henriksen and coworkers (1998b, 1998c, 2000), hepatic EROD activities and total HCP levels were
reported to be low and showed inconsistent associations (i.e., positive, negative, or
no correlation) with liver OC concentrations. Henriksen et al. (2000) also determined the activity of testosterone hydroxylase (CYP2B/3A-like enzyme activity) in
breeding Svalbard glaucous gulls by quantifying the formation rates of the 6β-OHtestosterone metabolite in hepatic microsomes. In this investigation, the formation
rates of 6β-OH-testosterone were not associated with the concentrations of any of
the OCs analyzed. These authors concluded that the low catalytic activity of CYPlike isoenzymes and HCP levels, and their variable associations with the liver OC
concentrations, suggest that these measures are poor biochemical markers of OC
exposure in Svalbard glaucous gulls. It was further suggested that the Svalbard glaucous gull is fairly insensitive toward AhR-mediated effects of OCs as indicated by
the low CYP1A-like enzyme activity.

5.2 Retinoids
Rolland (2000) suggested that OCs, particularly the dioxin-like compounds (e.g.,
PCDD, PCDF, and coplanar PCB congeners), may interfere with the homeostasis of
vitamin A in wildlife species via modulation of enzymes involved in the metabolism
of retinoids (retinol and retinyl palmitate). In studies of Svalbard glaucous gulls,
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Henriksen et al. (1998c, 2000) showed that plasma retinoid levels were not associated with liver concentrations of OCs, although they were positively related to
the hepatic microsomal EROD activity. However, in these same studies no association was found between EROD activity and liver OC concentrations. Based on
these findings, the authors concluded that the measurement of liver retinoid levels is
unsuitable as indicator of OC-mediated effects in the Svalbard glaucous gull.

5.3 Hormones and Transport Proteins
5.3.1 Thyroid Hormones and Transport Proteins
In several studies, altered circulating thyroid hormone (TH) levels and thyroid gland
histology have been reported in free-ranging avian species exposed to organohalogens (McNabb 2005). The plasma status of total and free thyroxine (T4 ) and
triiodothyronine (T3 ) was examined in Svalbard glaucous gulls nesting in two neighboring colonies: a low and a high OC-exposed colony (Verreault et al. 2004).
These two breeding colonies were defined by previously documented differences
in blood OC concentrations that resulted from the bird’s preference for certain food
items (Section 4.3). In this study (Verreault et al. 2004), breeding male glaucous
gulls from the highest OC-exposed colony exhibited lower plasma levels of total
and free T4 , and a tendency (not significant) for higher total and free T3 levels,
than existed in the less-exposed colony. Also, in males, negative correlations were
reported between blood HCB and oxychlordane concentrations, and plasma total
and free T4 levels. Moreover, negative correlations were found in males between
most OC (PCBs, HCB, p,p -DDE, and oxychlordane) concentrations in blood and
the free and total T4 - to T3 -level ratios (PCBs; Fig. 4). No significant result was
found for any of these associations in females. The authors suggested that highly
contaminated Svalbard male glaucous gulls, but apparently not the females, may
be susceptible to changes in TH homeostasis. It was further suggested that chemically induced disruption in circulating TH levels may also affect basal metabolism
and thermoregulation functions (Section 5.4). Nevertheless, in a follow-up study of
breeding glaucous gulls sampled from proximal Svalbard colonies, somewhat different results were reported (Verreault et al. 2007c). In this assessment, in which
males and females were combined because of low sample size, results indicated
negative relationships (not significant) only between DDT, CHL, and PCB concentrations in plasma and ratios of free and total T4 to T3 levels. It was suggested
that factors such as sample size and perhaps dietary composition (e.g., iodide content), nutritional status, age, activity level, and sensitivity of the thyroid system to
organohalogens could have played a role in this apparent discrepancy. Regardless of
these different, although minor, study outcomes, it was postulated in these studies
that the TH status change observed in Svalbard glaucous gulls could be the consequence of competitive binding of certain organohalogens with the TH transport
protein (e.g., transthyretin (TTR)) binding sites. Such binding affinity was investigated by Ucán-Marín et al. (2009), who isolated, cloned, and sequenced TTR
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Fig. 4 Correlation (r = –0.40; p = 0.03) between total thyroxin to triiodothyronine level ratio
(T4 :T3 ; log-transformed mole ratio) and blood concentrations of PCB (log-transformed ng/g wet
wt), corrected for extractable plasma lipid percentages and day of capture in the incubation, for
male glaucous gulls breeding in two colonies: a high organochlorine (OC)-exposed (Evjebukta)
and a low OC-exposed colony (Sørhamna) on Bear Island (Svalbard). Figure from Verreault et al.
(2004), reproduced with permission from Environ Health Perspect

cDNA from the brain and liver of a female glaucous gull from Svalbard. Competitive
TTR binding was examined using recombinant TTR (rTTR) for differential concentrations of model PCB and PBDE congeners and their OH- and MeO-substituted
analogues, as well as the natural TTR ligands, T3 and T4 . PBDE-47, PCB-187, and
their MeO-substituted analogues, and particularly the OH-compounds, all demonstrated lower affinity-constant (Ki ) and dissociation-constant (Kd ) values, indicating
more potent competitive binding to both T3 and T4 . It was suggested that OH-PCB
congeners, and to a lesser extent OH-PBDE congeners, at concentrations that are
currently found in Svalbard glaucous gulls (Verreault et al. 2005a, 2005b), have the
potential to effectively displace T4 and T3 binding on TTR in this species.
5.3.2 Gonadal Steroid Hormones
Research has been performed on compounds that can mimic or block the actions of
gonadal steroid hormones at the receptor level and to their interferences/interactions
with the transport, biosynthesis, and metabolism of these hormones (Sanderson and
van den Berg 2003). Circulating levels of testosterone (T), 17β-estradiol (E2 ), and
progesterone (P4 ) were investigated in breeding Svalbard glaucous gulls in the context of their plasma levels of legacy OCs, BFRs, and the metabolites MeSO2 - and
OH-PCBs (Verreault et al. 2006b). Results indicated positive correlations between
plasma levels of P4 and those of PCBs, DDTs, CHLs, and PBDEs in males, but
not in females. The E2 levels were below the radioimmunoassay detection limit
in plasma of both males and females. No correlation was found between plasma
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organohalogen concentrations and those of T. The authors suggested that stimulation beyond the normal regulating processes of enzymes involved in P4 synthesis
and inhibition, or those that are responsible for P4 metabolism, may have increased
circulating P4 levels in these male glaucous gulls. It was concluded that exposure to
high organohalogen concentrations may interfere with steroidogenesis and impinge
on circulating P4 homeostasis in this species. In a complementary study, Verboven
et al. (2008) reported positive correlations between the concentrations of MeOPBDEs, CBzs, CHLs, HCHs, and OCS, and T levels in the yolk of unincubated,
third-laid eggs of Svalbard glaucous gulls collected from one particular colony.
No such relationship was found in the two other colonies that were investigated
in this study. Changes in the relative concentrations of egg yolk E2 levels also were
observed as a function of the composition pattern of these organohalogens. It was
concluded that contaminant-related modulation in the maternal transfer of gonadal
steroid hormones to eggs may have occurred in glaucous gulls from this highly
contaminated colony in Svalbard.
5.3.3 Prolactin
The anterior pituitary hormone prolactin is closely associated with reproduction in
avian species and particularly with parental behavior (Buntin 1996). Contaminantrelated changes in circulating levels of this hormone have rarely been investigated
in wildlife. The variation of prolactin levels was assessed in breeding Svalbard
glaucous gulls in the context of their plasma concentrations of legacy OCs, BFRs,
and OH-metabolites (Verreault et al. 2008). Levels of prolactin were determined
in plasma samples collected less than ∼3 min following capture (baseline prolactin) of the gulls and after a 30-min standardized capture and restraint protocol
(handling prolactin). The baseline prolactin levels and the rate of decrease in prolactin levels during this 30-min capture/restraint period tended to vary negatively
with plasma concentrations of all the organohalogens analyzed in males, but not in
females. Hence, the male glaucous gulls exhibited an attenuated stress-related prolactin response, which suggests that they maintained higher prolactin levels than the
lower contaminated individuals. No correlation was found between plasma handling
prolactin levels and organohalogen concentrations in either sex. It was concluded
from this assessment that, in highly organohalogen-exposed Svalbard male glaucous gulls, the control of prolactin release may be affected by the direct or indirect
modulating actions of contaminants and/or their metabolites. The altered baseline
prolactin status in Svalbard male glaucous gulls was further conceived to be potentially associated with some of the adverse effects observed on their reproductive
behaviors and development (Sections 5.8, 5.9 and 5.10).
5.3.4 Glucocorticoids
A short-term elevation of the circulating levels of corticosterone (the primary glucocorticoid in birds) in situations of acute environmental stress is considered to be
an adaptive response that increases an individual’s chances of survival and future
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reproductive success (Breuner et al. 2008). The levels of corticosterone were measured in plasma of breeding Svalbard glaucous gulls collected ∼3 min after capture
(baseline corticosterone) and following a 30-min standardized capture and restraint
protocol (handling corticosterone) (Verboven et al. 2009a). High concentrations of
legacy OCs, BFRs, and OH-PCBs/-PBDEs in the plasma of the captured glaucous gulls were associated with high baseline corticosterone levels in both sexes
and a reduced stress response in males (that is, lower handling corticosterone levels). In view of these relationships, the authors concluded that the exposure to
organohalogens potentially can increase the vulnerability of Svalbard glaucous gulls
to other environmental stressors (e.g., food scarcity, predation, climate change, and
pathogens). This apparent altered stress response was also thought to contribute, at
least in part, to the low reproductive success and survival of Svalbard glaucous gulls
(Sections 5.9 and 5.10).

5.4 Basal Metabolism and Thermoregulation
The basal metabolic rate (BMR) is commonly defined as the minimal rate of energy
expenditure (or oxygen consumption) found in a thermoregulating, postabsorptive,
adult endotherm at rest in its thermoneutral zone (Ellis and Gabrielsen 2002). In
some studies, variations in BMR in free-ranging avian species underwent changes
as thyroid activity (circulating T3 levels) varied (Chastel et al. 2003). However,
very limited work has been performed in birds to examine the concomitant effects
of environmental contaminant exposure on basal metabolism and thyroid activity.
Based on results from a previous study (Verreault et al. 2004), which showed that
circulating TH homeostasis may be perturbed in organohalogen-exposed breeding glaucous gulls (males) in Svalbard, a follow-up assessment was conducted
to investigate associations between total and free T4 and T3 levels, organohalogen concentrations, and BMR (Verreault et al. 2007c). Negative correlations were
reported between BMR and plasma concentrations of PCBs, DDTs, and particularly CHLs in males and females, which were analyzed as one single group
because of low sample size (sex was included as covariate). However, the plasma
levels of total and free T4 and T3 were not associated with BMR changes or
plasma concentrations of any studied organohalogens, although some tendencies
emerged. It was concluded from this study that a depressed BMR could particularly affect highly contaminated gulls under repeated, stringent environmental
conditions (e.g., low temperature) or stressful events (e.g., nest predation attempt).
Moreover, altered BMR functions could result in insufficient energy allocated to
reproduction in Svalbard glaucous gulls. Feeding rate (fat storage) and heat transfer to eggs and chicks (thermoregulation) may be among factors affected by energy
allocation changes. Verboven et al. (2009b) probed the effects of organohalogen
exposure on the thermoregulating capacity of Svalbard glaucous gulls from the
same colonies studied by Verreault et al. (2007c). These authors explored the link
between plasma organohalogen concentrations and thermal conditions inside the
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nest. Their study showed that, for normal clutches (three eggs), the nest temperature was negatively correlated with concentrations of many legacy OCs (PCBs
and DDTs; Fig. 5), BFRs, and OH-PCB metabolites in plasma of the incubating male and female glaucous gulls. However, clutches in which the number of
eggs was artificially augmented from two to four, thus increasing the energetic cost
of incubation, displayed no association with plasma organohalogen concentrations
(PCBs and DDTs; Fig. 5). These results suggest that fitness costs may accrue in
the Svalbard glaucous gull through suboptimal thermal conditions during embryo
development.

Fig. 5 Mean nest temperature for control two-egg clutches (black symbols) and experimentally
enlarged four-egg clutches (open symbols), incubated by the same male (triangle, stippled line) or
female (circle, solid line) glaucous gulls, from Bear Island (Svalbard) plotted against the concentrations (log-transformed ng/g wet wt) of PCB (a) and DDT (b) in plasma. Single black symbols
represent three individuals that were observed on control clutches only. Figure from Verboven et al.
(2009b), reproduced with permission from Anim Behav

5.5 Immunity and Parasites
5.5.1 White Blood Cells and Antibody Response
Various organohalogen contaminants are known to be immunotoxic to avian species,
thus potentially increasing their susceptibility to infectious diseases (Grasman
2002). The relationships between blood (or plasma) concentrations of various
organohalogens and variables relevant to the immune status and functions have been
investigated in breeding Svalbard glaucous gulls and their chicks (Bustnes et al.
2004; Sagerup et al. 2009c; Verboven et al. 2009b). In the study by Bustnes et al.
(2004), the number of white blood cells (lymphocytes and heterophils) was positively correlated with the blood concentrations of major legacy OCs (PCBs, HCB,
p,p -DDE, and oxychlordane) in both sexes. Interestingly, Verboven et al. (2009b)
reported inverse correlations between plasma concentrations of PCBs and DDTs,
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and the number of white blood cells in Svalbard male glaucous gulls, whereas
no correlation was found in females. Moreover, Bustnes et al. (2004) found evidence for decreased antibody response against the diphtheria toxoid, but not the
tetanus toxoid (TET), in female glaucous gulls that had high blood levels of HCB
and oxychlordane. However, no significant effect in males was observed, suggesting that their humoral immune response was not affected. Furthermore, in an
experimental study design performed by Sagerup et al. (2009c), captive Svalbard
glaucous gull chicks were fed for 8 wk on a naturally organohalogen-contaminated
diet (seabird eggs) or a control diet (hen eggs). All chicks had been immunized
with the herpesvirus (EHV), reovirus (REO), influenza virus (EIV), and the TET.
Upon experiment completion, the chick group fed seabird eggs displayed liver concentrations of HCB, oxychlordane, p,p -DDE, and PCBs that were 3- to 13-fold
higher than those in the control group fed on hen eggs. The seabird-fed group had
lower antibody response to the EIV and lower blood levels of immunoglobulin-G
(IgG) and -M (IgM). Moreover, these same highly organohalogen-exposed chicks
exhibited a higher peripheral blood lymphocyte response to phytohemagglutininP (PHA-P) and to spleen lymphocytes stimulated with concanavalin A (Con A)
and PCBs. Based on these results, it was concluded that organohalogen (mainly
legacy OCs) exposure in captive chicks and breeding glaucous gulls, in Svalbard,
may affect the immune system of these birds, thus reducing immunocompetence
and potentially their resistance to parasite infection (Section 5.5.2).
5.5.2 Parasite Infection
Factors that can suppress the immune system, which include exposure to environmental contaminants, may increase host susceptibility to parasite infection (Sures
2006). A study of breeding Svalbard glaucous gulls was conducted to investigate
the relationships between intestinal macro-parasite (12 species of trematodes, cestodes, nematodes, and acanthocephalans) burden and liver concentrations of legacy
OCs (Sagerup et al. 2000). In this study, individuals displaying high liver oxychlordane, DDT, mirex, and PCB levels also had a high intestinal nematode burden (four
species combined) (Fig. 6). Although no immunological parameter was measured in
this study, the data indicated that OC-contaminated Svalbard glaucous gulls may be
less resistant to the establishment of intestinal parasites. By comparison, in subsequent studies performed by this same research group (Sagerup et al. 2009a, 2009b)
on post-breeding Svalbard glaucous gulls, no correlation was found between parasite burden and liver levels of organohalogens (legacy OCs and BFRs). It was
suggested that this discrepancy could result from differential reproductive status
and body condition of the birds investigated. However, in the study by Sagerup et al.
(2009b), in which trace elements were also analyzed in kidney, positive correlations
were reported between intestinal cestode burden and selenium levels, and between
intestinal acanthocephalan burden and mercury levels. In a related study, Bustnes
et al. (2006) experimentally tested the interactions between legacy OC concentrations in blood, intestinal parasite burden, and various fitness components (nesting
success and adult return rate between breeding seasons) in Svalbard glaucous gulls.
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Fig. 6 Correlation (r2 =
0.26; p = 0.001) between the
number of intestinal
nematodes (four species
combined, fractionally
ranked) and PCB
concentrations
(log-transformed ng/g lipid
wt) in breeding glaucous
gulls (males and females
combined) from Bear Island
(Svalbard). Data from
Sagerup et al. (2000)

In this investigation, the gulls were orally administered an antihelminthic drug or
placebo solution during two consecutive breeding seasons. In males that received
the placebo treatment, negative correlations were found between nesting success
and blood OC concentrations, whereas in males treated with the anti-parasite drug
there was no association between OC levels and these fitness components. These
results suggest that enhanced parasite infestation in Svalbard glaucous gulls, for
which the immune functions may have been altered via chronic OC exposure, may
trigger important adverse reproductive effects and lower gull fitness.

5.6 Chromosomes and DNA
5.6.1 Chromosome Aberrations
Exposure to OCs, mainly PCBs, is known to induce genotoxic effects in some avian
species (Dubois et al. 1995). The presence of chromosomal aberrations, quantified by cytogenetic analysis of blood cells, was investigated in captive Svalbard
glaucous gull chicks fed hen eggs (control group) or naturally organohalogencontaminated Svalbard seabird eggs (exposed group) (Krøkje et al. 2006). For
both female and male chicks, the fraction of damaged metaphases was quantitatively higher (nonsignificant) in the exposed, relative to control groups. The number
of aberrations per total number of damaged metaphase cells and the number of
aberrations per total number of scorable metaphase cells were also tallied for the
three categories of chromosomal damage (chromatid-interchange, -intrachange, and
-break). These measures were higher, although not significantly, for all three categories in the exposed chick group compared to controls, with the exception of
the number of breaks per damaged metaphase cell. The authors did not find any
correlation between the frequency of chromosomal aberrations and the blood concentrations of OCs. The summary conclusion in this study was that dietary exposure
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to naturally organohalogen-contaminated seabird eggs did not induce noteworthy
genotoxic effects in Svalbard glaucous gull chicks.
5.6.2 DNA Strand Break and Adduct Formation
The formation of DNA strand breaks and adducts was investigated in liver of
captive Svalbard glaucous gull chicks fed hen eggs (control group) or naturally
organohalogen-contaminated Svalbard seabird eggs (exposed group) (Krøkje et al.
2006; Østby et al. 2005). In the study by Krøkje and co-workers (2006), no difference was found between the exposed and the control chick groups in the frequency
of double-strand DNA breaks. However, Østby et al. (2005) detected the formation of DNA adducts in livers of all birds, with the exception of one individual.
The exposed chick group had significantly higher liver DNA adduct levels than did
controls. No correlation was found between DNA adduct levels and blood concentrations of OCs. It was suggested that Svalbard glaucous gull chicks fed on
environmentally contaminated seabird eggs may suffer from genetic damage by
developing greater concentrations of DNA adducts in liver.

5.7 Egg Characteristics
It has previously been documented that exposure to some organohalogens (e.g.,
DDTs) can affect avian egg production, e.g., by reducing eggshell thickness
(Moriarty et al. 1986). However, there is limited information on how contaminants affect other aspects of egg quality such as egg size and composition. A
study designed to address such gaps was performed by Verboven et al. (2009c),
who examined the relationships between organohalogen (legacy OCs, BFRs, and
OH-metabolites) exposure in Svalbard glaucous gull females and various egg characteristics (egg mass, albumen mass, yolk mass, and yolk lipid, and water content).
Glaucous gull females, with relatively high plasma concentrations of CHLs and
α-HBCD, produced smaller eggs. It was also found that the compositional patterns
(proportions of different compounds to their sums) of organohalogens in female
glaucous gull plasma were associated with changes in water and lipid content in the
egg yolk. Based on these findings, it was concluded that egg quality in Svalbard
glaucous gulls may not only be affected by the direct transfer of contaminants from
the mother to its eggs (Section 4.1) but also through changes in egg size and lipid
and water content.

5.8 Feather Growth
Deviation from bilateral symmetry (non-directional or fluctuating asymmetry) is a
morphological trait that has been used as a general indicator of environmental stress
in wild birds (Clarke 1995). In a study of breeding Svalbard glaucous gulls, the
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association between wing feather asymmetry, i.e., the difference in length between
the third primary feather of the left and the right wing, and blood concentrations
of OCs was investigated (Bustnes et al. 2002). Positive correlations were reported
between the probability of having asymmetric wing feathers and blood concentrations of two PCB congeners, oxychlordane, p,p -DDE, and particularly HCB. In
fact, at blood HCB levels above 30 ng/g wet wt, there was a 60% probability that the
birds had asymmetric wing feathers. This study indicated that organohalogen exposure in glaucous gulls from Svalbard may cause developmental stress, which can
then be reflected by higher wing feather asymmetry. It was suggested that feather
growth, a process regulated mainly by the thyroid and gonadal steroid hormones,
in glaucous gulls may be distorted by high circulating OC concentrations and may
result from endocrine disruption (Sections 5.3.1 and 5.3.2).

5.9 Reproductive Behaviors
The behavioral effects of OC exposure that have been documented in wild birds
include decreased parental attentiveness, impaired courtship behavior, and subtle
neurological effects such as impaired avoidance behavior (Peakall 1996). Using two
differentially exposed breeding colonies of glaucous gulls in Svalbard (Section 4.3),
the relationship between measures of reproductive behavior (patterns of incubation and nest-site attentiveness) and blood concentrations of OCs was investigated
(Bustnes et al. 2001b). After controlling statistically for the effect of colony and
sex, the proportion of time absent from the nest site, when not incubating, and the
number of absences from the nest site were both positively correlated to blood concentrations of PCBs. A follow-up study from this research group indicated that PCB
and oxychlordane concentrations were positively correlated with the time away from
the nest site, whereas p,p -DDE and HCB concentrations were not related to this trait
(Bustnes et al. 2005). By comparison, in another Svalbard glaucous gull study, in
which reproductive behaviors were also monitored, no clear evidence was found to
associate plasma concentrations of PCBs or DDTs with changes in the time a bird
spent incubating (Verboven et al. 2009b). However, in this investigation, a nonsignificant tendency in the data set indicated that the proportion of time the males spent
at the nest site was inversely related to plasma DDT concentrations. Overall, these
studies were highly suggestive that Svalbard glaucous gulls retaining high blood
OC concentrations exhibited an altered nest-site attendance and incubation behavior pattern. It was speculated that chemically related effects on circulating hormone
levels (Section 5.3) or neurotoxicity may be involved in modulating reproductive
behaviors in this species. Nest-site attendance and incubation behaviors are strongly
influenced by hormonal fluctuations in birds. Therefore, concomitant effects of contaminants on circulating prolactin (Section 5.3.3), gonadal steroid (Section 5.3.2),
and thyroid hormone homeostasis (Section 5.3.1) may occur and may explain, in
part, the impaired reproductive behaviors of glaucous gulls. Abnormal reproductive
behaviors were also thought to increase the birds’ energetic costs during incubation
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(Section 5.4), reduce their reproductive outputs (Section 5.10), and compromise nest
defense against predators, including conspecifics and Arctic fox.

5.10 Reproductive Endpoints and Survival
Because of many uncontrolled factors, the assessment of fitness components (reproduction and survival) has been difficult to relate to contaminant exposure in wild
birds (Hose and Guillette 1995). A study by Bustnes et al. (2003b) was designed
to examine the relationships between various reproductive parameters (laying date,
length of incubation period, clutch size, egg volume, hatching condition and survival of chicks, presence of non-viable eggs and adult survival) and levels of OCs in
blood of Svalbard glaucous gulls. Results indicated that female glaucous gulls having the highest levels of the most persistent PCBs (higher chlorinated congeners),
HCB, oxychlordane, and p,p -DDE were more likely to lay non-viable eggs than
lower exposed females. However, levels of the more volatile OCs (lower chlorinated
PCB congeners and HCHs) were not related to egg viability. Moreover, negative
correlations were reported between female blood concentrations for most of the
persistent and more volatile OCs and the hatching condition of the chick from firstlaid egg in the clutch and egg-laying dates. The hatching condition of the second
chick from these females also was negatively related to blood concentrations of the
higher chlorinated PCB congeners, HCB, oxychlordane, and p,p -DDE. In a more
comprehensive multiyear investigation, Bustnes et al. (2005) revisited the effect of
blood OC levels on reproductive parameters in Svalbard glaucous gulls. The parameters included early chick growth and adult return rate from one breeding season
to the following one. Early chick growth was negatively related to maternal blood
levels of HCB, oxychlordane, p,p -DDE, and PCBs in the low OC-exposed colony.
In contrast, in females from the high OC-exposed colony, no relationship was found
between blood OC levels and early chick growth. This suggests that natural or other
anthropogenic stressors may be more important than thought in influencing OCmediated effects. It was also reported that the probability of adult glaucous gulls
returning to the breeding colonies from one year to the next one was lower in
individuals having high blood levels of oxychlordane (Bustnes et al. 2003b, 2005)
(Fig. 7). In fact, these authors believed that oxychlordane was the largest contributor to contaminant-induced toxicity in Svalbard glaucous gulls and played a primary
role in the bird’s lower return rate to the colonies and to their mortality, although the
latter point remains to be verified. Moreover, in a recent study by Erikstad et al.
(2009), the sex ratio of Svalbard glaucous gull chicks was examined in relation to
their blood levels of legacy OCs. Glaucous gulls have male-biased size dimorphism
and the sex allocation theory predicts that females under stress (e.g., high exposure
to OCs) should skew the sex ratios of their chicks toward the less costly female offspring (Trivers and Willard 1973). Results were that healthy females with low OC
concentrations produced more male chicks, whereas those in poor body condition
produced more female chicks. However, unexpectedly, females with high levels of
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permission from Environ
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OCs produced more male chicks, and this trend was most evident among females
in poor body condition. Furthermore, the body mass of male chicks at hatching
was negatively related to female blood levels of OCs, although this association was
significant only among chicks that hatched from the first egg in the clutch. It was
suggested that the observed patterns could be the result of the capacity of certain
OCs to disrupt the transport, biosynthesis, and/or metabolism of gonadal steroid
hormones (Section 5.3.2) and hence influence the sex determining processes.

5.11 Threshold Effect Levels
Concentrations of the dioxin-like PCBs, measured in Svalbard glaucous gull liver
by Daelemans et al. (1992), were compared to threshold levels associated with
biological effects in various avian species (de Wit et al. 2004). In this comparative assessment, liver concentrations of mono-ortho PCBs, expressed as sum 2, 3,
7, 8-tetrachlorodibenzo-p-dioxin toxic equivalents (TEQ; mean: 60.0 ng TEQ/g
lipid wt) in a few glaucous gulls, were found to exceed the thresholds for noobserved-effects level (NOEL) for reproductive effects in black-crowned night
herons (Nycticorax nycticorax) and Forster’s terns (Sterna forsteri). Furthermore,
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some individuals exhibited TEQ concentrations that were higher than the lowestobserved-adverse-effects level (LOAEL) of reproductive effects in common terns
(Sterna hirundo), double-crested cormorants (Phalacrocorax auritus), and herring
gulls (Larus argentatus). These reproductive effects comprised reproduction and
hatching success, chick deformity, and egg mortality. Despite a substantially lower
mean TEQ level (25.4 ng TEQ/g lipid wt), reported by Henriksen et al. (2000) that
was based on mono-ortho and non-ortho PCB concentrations in liver of Svalbard
glaucous gulls, several of the birds also exceeded these NOEL and LOAEL. More
recently, low TEQ levels, calculated from the concentrations of mono-ortho and
non-ortho PCBs as well as PCNs, were determined in Svalbard glaucous gulls.
These TEQ levels averaged 7.5 ng TEQ/g lipid wt in plasma of females and
males combined and 12.5 ng TEQ/g lipid wt in whole eggs (Verreault et al. 2005a).
Nevertheless, in a few birds of Verreault et al.’s (2005a) and Daelemans et al.’s
(1992) studies, the lipid wt TEQ in plasma and liver, respectively, was found
to exceed the lowest-observed-effect level (LOEL; 25.0 ng TEQ/g lipid wt in
liver) shown to induce hepatic CYP1A-like enzymes in common terns (de Wit
et al. 2004).

5.12 Egg Intake Advisory
The human tolerable weekly intake (TWI) values calculated for Svalbard glaucous
gull whole eggs, based on TEQ of PCB, PCDD, and PCDF concentrations (mean:
0.11 ng TEQ/g wet wt), the accepted values established by the European Union
Scientific Committee on Food (Pusch et al. 2005). Hence, considering the health
risks associated with Svalbard glaucous gull egg intake, it was concluded from this
study that children as well as young, pregnant, and nursing women should refrain
from eating eggs from this arctic avian predator.

6 Recommendations on the Use of Avian Bioindicator Species
in the Arctic
1. We recommend that research be concentrated to improve insights on the functioning of the biological systems and processes (e.g., immune, endocrine, reproductive, metabolic, etc.) before attempts are made to link biomarker responses
to contaminant levels in species used or intended for use as bioindicators.
One important confounding aspect in arctic wildlife population ecotoxicological
research is the limited knowledge of and the general lack of control over several biological conditions and parameters. When the general biology of a species
is poorly understood, the risk of erroneous study hypotheses and postulations
increases, which could result in spurious health status assessments of chemically exposed wildlife populations. More knowledge is also needed concerning
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species’ behaviors (e.g., reproductive), feeding ecology, space-use strategy as
well as life cycle events (phenology).
2. We recommend that the combined effects of multiple stressors be more deeply
studied in arctic animals. Studies on arctic avian species exposed to environmental pollutants should consider the interacting effects of other anthropogenic or
natural stressors. Emphasis should be placed on characterizing the most influential stressors in northern species and populations. Such stressors may include
pathogen infection, food scarcity, predator pressure, habitat loss, and climate
change. The latter point may be of great consequence. Recent study results have
suggested that there is an additive or even synergistic effect from climate change
on pollutant exposure-related effects. Both these factors retain high physiological stress momentum and may have far-reaching consequences on reproductive
success and survival of arctic animals (Jenssen 2006). Moreover, Ims and Fuglei
(2005) have predicted that changing climate will produce structural changes in
species composition within arctic terrestrial and marine ecosystems. Changes in
prey species composition (i.e., a shift toward alternative prey species), associated with a change in contaminant profile and level exposure, have recently been
documented in Canadian Arctic polar bears (Ursus maritimus) (McKinney et al.
2009). Similarly, bird species that occupy high trophic levels in their respective
terrestrial and marine food webs, and exhibit high dietary specialization, may be
at higher risk for climate-associated changes in food web structure. The introduction of new more southern species or population increase of other less abundant
species in the arctic regions as a result of the gradually changing Arctic climate
may also increase the competitive interactions among species and populations
for resources. Increased competition may have profound effects on the animal’s
space-use strategy (e.g., home range size modification). Examples of apex arctic
avian species that could be at higher risk from concomitant contaminant exposure and climate change, and for which exceedingly little research has been
done, are the ivory gull (Pagophila eburnea) and the great skua (Stercorarius
skua). The ivory gull was recently (April 2006) listed as an endangered species
by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC;
www.cosewic.gc.ca).
3. We recommend that work to identify and monitor for novel classes of contaminants in arctic wildlife species be emphasized. Moreover, high priority
in such research should be given to top predator birds that represent ideal
bioindicators species of environmental pollution in the arctic ecosystem. High
trophic level birds in the Arctic are continuously exposed in their ecosystem
to occasionally elevated concentrations of legacy and more recently introduced
anthropogenic contaminants transported from distant sites of production and or
use. Many of these emerging contaminants possess physicochemical properties
that render them potential PBT (persistent, bioaccumulative, and toxic) candidates and endocrine-disrupting substances. Monitoring should include metabolic
transformation products (e.g., OH-PCBs and OH-PBDEs) because these may
exhibit higher toxicological potential (bioactivity) than their precursors/parents
in vertebrates.
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4. We recommend that biomarker responses and/or biological effects, observed in
naturally contaminated arctic avian populations, be studied under controlled laboratory conditions and in semi-field scale studies. Moreover, special attention
should be given to the study of other potential environmental and biological factors (e.g., pathogen infection, food scarcity, predator pressure, habitat loss, and
climate change) and their implications on contaminant exposure during sensitive
periods of the animal’s life cycle (development, growth, and fasting). The use of
laboratory-raised individuals of the same bird species or relevant surrogate (phylogenetically related) species is preferred (all ethical issues being addressed). It
is further recommended that the performed experiments be based on exposure
to environmentally representative pollutant mixtures reflecting the actual concentrations found in the main prey species under study. Well-designed studies
will better establish cause–effect linkages and modes/mechanisms of action, and
ultimately lead to the creation of predictive models of pollutant exposure and
(threshold) effects in arctic avian wildlife.

7 Summary
Biomonitoring surveys conducted with glaucous gulls from Svalbard have demonstrated that this top predator–scavenger species accumulates a wide array of
chemicals of environmental concern, including organohalogens, trace elements,
organometals, and several non-halogenated and non-metallic compounds. Among
these contaminants are those subjected to global bans or restrictions in North
America and Europe (e.g., legacy OCs, penta- and octa-PBDE technical mixtures, and mercury). In addition, some currently produced chemicals were found
in gulls that lack any global use regulation (e.g., deca-PBDE, HBCD, and other
non-PBDE BFR additives, siloxanes, and selected PFASs). Svalbard glaucous gulls
are also exposed to contaminant metabolites that, at times, are more bioactive
than their precursors (e.g., oxychlordane, p,p -DDE, OH- and MeSO2 -PCBs, and
OH-PBDEs). Concentrations of legacy OCs (PCBs, DDTs, CHLs, CBzs, dieldrin,
PCDD/Fs, and mirex) in tissues, blood, and eggs of Svalbard glaucous gulls have
displayed the highest contamination levels among glaucous gull populations that
inhabit Greenland (Cleemann et al. 2000), Jan Mayen (Gabrielsen et al. 1997),
Alaska (Vander Pol et al. 2009), and the Canadian Arctic (Braune et al. 2005).
To date, measurements obtained on more novel organohalogens (e.g., OH- and
MeSO2 -containing metabolites, BFRs, and PFASs) in Svalbard glaucous gull samples generally confirm the spatial and trophodynamic trends of the legacy OC
concentrations, whereas no clear trend emerges from surveys of trace elements and
organometals. Using the glaucous gull as biosentinel species provides clear evidence
that Svalbard and the European Arctic environment is exposed to a complex mixture
of legacy and more recently introduced PBT-like substances.
Temporal trend analyses of legacy OC concentrations in the blood of breeding Svalbard glaucous gulls, collected between 1997 and 2006, revealed significant
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declines for PCBs, oxychlordane, and HCB. Nevertheless, projections based on this
9-yr temporal trend suggest the concentrations of legacy OCs in Svalbard glaucous
gull samples will only decrease slowly in the decades to come. This is in general
accord with time trend estimates for legacy OC levels in marine wildlife species
from other arctic regions (Braune et al. 2005). However, one additional concern
for the glaucous gull breeding in Svalbard is the relatively high blood and tissue
concentrations of BFRs (e.g., PBDEs and HBCD), PFASs (e.g., PFSs and PFCAs),
and cyclic siloxanes (e.g., siloxane-D5). Some of these emerging contaminants are
known or suggested PBT candidates that have been shown to increase temporally
in biota samples from many parts of the world, including the Arctic (Muir and
Howard 2006).
The limited knowledge about and/or inability to control physiological condition
parameters that influence the fate and toxicokinetics of organohalogens has been
the foremost confounding aspect in contaminants research with the Svalbard glaucous gull and other wild bird species. Although the effect of age on organohalogen
variation was found to be of minor importance in breeding Svalbard glaucous gulls,
organohalogens were reported to vary among individuals as a function of the gender (maternal transfer), reproductive status (breeding vs. non-breeding), food item
specialization (feeding ecology), and whole body composition (lipid and protein
content and tissue selectivity).
Based on available threshold effect concentrations in avian species, certain contaminant classes reach tissue, blood, and/or egg concentration levels that may elicit
adverse health effects in some of the most contaminated Svalbard glaucous gulls.
However, because of data shortage in threshold effect levels in birds in general,
and the debated validity of this approach due to differences in chemical sensitivity
across animal species (Letcher et al. 2009), the biomarker approach was preferred,
in Svalbard glaucous gull research, to assess the potential health impacts associated
with contaminant exposure. These biological and ecological responses and effects
cover most of the organizational levels of the biological systems from the molecular
to the population level and thus provide a comprehensive health status assessment
of breeding Svalbard glaucous gulls. More specifically, responses or effects have
been reported on hepatic enzyme activity, retinoid and hormone homeostasis, basal
metabolism and thermoregulation, immunity, genetic regulation, egg characteristics, feather growth, reproduction, behavior, as well as survival (Table 1). In some
cases, the effects observed in adult gulls (and their chicks) were defined as adverse,
within the natural response variation, and were suggested to be associated with
reversible or irreversible changes in their organism. Because a remarkably larger
number of correlations between biomarkers and contaminant concentrations have
been reported in breeding males (Table 1), it can be postulated that organohalogen exposure-related effects in this top avian predator are gender-specific. This may
indicate that male glaucous gulls during the breeding period are more sensitive to
chemically induced changes mediated by contaminant exposure relative to females.
Alternatively, this can be the result of the generally higher body burden of predominantly lipophilic organohalogens in males compared to females sampled shortly
following the egg-laying period and up until hatching.
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In conclusion, based on current understanding (weight-of-evidence) of biological and ecological response/effect studies, it is suggested that the general health
of Svalbard glaucous gulls, mainly the males, is affected by the existing high concentrations of a complex array of PBT and PBT-like chemicals. The toxicological
responses or effects, observed in various bird species exposed to these chemicals
under laboratory settings, support this conclusion. However, the majority of glaucous gull studies have used a correlative approach, thus hampering the identification
of potential causative agents and mechanisms of toxicity (Bustnes 2006). Therefore,
despite a large and growing body of evidence on potential adverse health impacts in
Svalbard glaucous gulls, no direct (causative) link can be established between the
contaminant exposure and the marked population decline documented in Svalbard
(Bear Island) since 1986 (Strøm 2007). In fact, the physiological stress potentially imposed by other factors or agents is either unstudied or poorly documented
in this population. Such stressors may include pathogens, food scarcity, predator
pressure, exposure to uncharacterized xenobiotic substances, and climate change.
Nonetheless, organohalogens and other bioaccumulative xenobiotics deserve to be
assessed for their potential to cause physiological stress in Svalbard glaucous gulls,
in the context of other anthropogenic or natural stressors.

Appendix: Chemical acronym definition, sample size,
year of collection, and the list of congeners and compounds
composing the concentration sums shown in Fig. 2

Sample
size

Year of
collection

Congeners/compounds
included in sums ()

n = 45

2002

 3 Dichlorodiphenyldichloroethane n = 45
( 3 DDT)
 6 Chlordane ( 6 CHL)
n = 45

2002

PCB-28, -31, -42, -44, -49, -52,
-60, -64, -66/95, -70, -74, -97,
-99, -101, -105, -110, -118,
-128, -129/178, -138, -141,
-146, -149, -151, -153, -158,
-170/190, -171/202/156, -172,
-174, -177, -179, -182/187,
-180, -183, -194, -195, -200,
-201, -203 and -206
p,p -DDT, p,p -DDD and
p,p -DDE
oxychlordane, trans-chlordane,
cis-chlordane, trans-nonachlor,
cis-nonachlor and heptachlor
epoxide

Chemicals
 41 Polychlorinated biphenyl
( 41 PCB)

2002
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(continued)

Chemicals

Sample
size

Year of
collection

Congeners/compounds
included in sums ()

 21 Chlorobornane ( 21 CHB)

n = 10

2002

B6-923a, B7-515, B7-1001,
B7-1059a, B7-1450,
B7-1474/B7-1440, B8-531,
B8-789, B8-806, B8-810,
B8-1412, B8-1413,
B8-1414/B8-1945, B8-1471,
B8-2229, B9-715, B9-718,
B9-743/B9-2006, B9-1025,
B9-1046 and B9-1679

Hexachlorobenzene (HCB)
Dieldrin (DIEL)
 3 Hexachlorocyclohexane
( 3 HCH)
 20 Polychlorinated naphthalene
( 20 PCN)

n = 45
n = 45
n = 45

2002
2002
2002

n = 10

2004

 2 Mirex ( 2 MIR)
 13 Hydroxylated (OH)-PCB
( 13 OH-PCB)

n = 45
n = 40

2002
2002

 17 Methylsulfone (MeSO2 )-PCB
( 17 MeSO2 -PCB)

n = 40

2002

3-MeSO2 -p,p -DDE

n = 40

2002

α-, β- and γ-HCH
PCN-28/43, -32, -33/34/37, -35,
-47, -52/60, -53, -57, -58, -59,
-61, -62, -63, -64/68, -65,
-66/67, -69, -71/72, -73 and -74
mirex and photo-mirex
3 -OH-PCB-85, 4 -OH-PCB-104,
4-OH-PCB-107,
4-OH-PCB-112,
4 -OH-PCB-120,
4 -OH-PCB-130,
3 -OH-PCB-138,
4-OH-PCB-146,
4 -OH-PCB-159,
4-OH-PCB-165,
3 -OH-PCB-180,
4-OH-PCB-187 and
4-OH-PCB-193
3 -MeSO2 -PCB-49,
4 -MeSO2 -PCB-49,
3-MeSO2 -PCB-52,
4-MeSO2 -PCB-52,
4-MeSO2 -PCB-64,
3-MeSO2 -PCB-70,
4-MeSO2 -PCB-70,
4 -MeSO2 -PCB-87,
3 -MeSO2 -PCB-101,
4 -MeSO2 -PCB-101,
3-MeSO2 -PCB-110,
4-MeSO2 -PCB-110,
3 -MeSO2 -PCB-132,
4 -MeSO2 -PCB-132,
3-MeSO2 -PCB-149, unknown
MeSO2 -Cl6 -PCB and
4-MeSO2 -PCB-174
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(continued)
Chemicals

Sample
size

Year of
collection

α-Hexabromocyclododecane
n = 12
(α-HBCD)
 13 Polybrominated diphenyl ether n = 12
( 13 PBDE)

2004

 13 Methoxylated (MeO)-PBDE
( 13 MeO-PBDE)

n = 12

2004

 14 OH-PBDE

n = 12

2004

 3 Perfluorosulfonate ( 3 PFS)

n = 10

2004

 10 Perfluorocarboxylate
( 10 PFCA)

n = 10

2004

2004

Congeners/compounds
included in sums ()

PBDE-17, -28, -47, -66, -85, -99,
-100, -138, -153, -154, -183,
-190 and -209
6 -MeO-PBDE-17,
4 -MeO-PBDE-17,
2 -MeO-PBDE-28,
4-MeO-PBDE-42,
6-MeO-PBDE-47,
3-MeO-PBDE-47, 5-MeOPBDE-47/4 -MeO-PBDE-49,
6 -MeO-PBDE-49,
2 -MeO-PBDE-68,
6-MeO-PBDE-85, 6-MeOPBDE-90/6-MeO-PBDE-99,
2-MeO-PBDE-123 and
6-MeO-PBDE-137
4 -OH-PBDE-17,
6 -OH-PBDE-17,
4-OH-PBDE-42,
6-OH-PBDE-47,
3-OH-PBDE-47,
5-OH-PBDE-47,
4 -OH-PBDE-49,
6 -OH-PBDE-49,
2 -OH-PBDE-68,
6-OH-PBDE-85,
6-OH-PBDE-90,
6-OH-PBDE-99,
2-OH-PBDE-123 and
6-OH-PBDE-137
perfluorobutane sulfonate,
perfluorohexane sulfonate and
perfluorooctane sulfonate
perfluoropentanoic acid,
perfluorohexanoic acid,
perfluorooctanoic acid,
perfluorononanoic acid
perfluorodecanoic acid,
perfluoroundecanoic acid,
perfluorododecanoic acid,
perfluorotridecanoic acid,
perfluorotetradecanoic acid and
perfluoropentadecanoic acid
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