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ABSTRACT
The Arctic fox (Vulpes lagopus) is a small canid with a circumpolar Arctic distribution. Several
subspecies are recognized, including a subspecies known as the Pribilof fox (V. l. pribilofensis)
endemic to the Pribilof Islands of Alaska, USA. Pribilof fox tissues were collected from the
islands of St. Paul (n = 38) and St. George (n = 13). Levels of persistent organic pollutants
(POPs) and stable isotopes of carbon and nitrogen were measured and the findings related to
sex, age class, island and access to anthropogenic food resources using ANOVA and principal
component analysis. The rank order for POPs in fat was polychlorinated biphenyls (∑PCBs) >
chlordanes (∑CHLs) ≫ hexachlorocyclohexanes (∑HCHs) > DDTs (∑DDTs) > hexachloroben-
zene (HCB) ~ polybrominated diphenyl ethers (∑PBDEs). Adult females had lower mean levels
of most POPs (∑PCBs, ∑CHLs, ∑HCHs, ∑DDTs) and lower δ15N values than adult males. Foxes
on St. Paul had significantly higher levels of most POPs than those on St. George, though St.
George foxes were significantly higher in HCB. Foxes with high probability of access to
anthropogenic foods had significantly lower levels of ∑DDTs and lower δ15N values than
foxes with a low probability of access. The observed differences in contaminant and stable
isotope levels were consistent with fox use patterns of different food resources. POP con-
centrations in the tissues of some Pribilof foxes, especially from St. Paul, were higher than
those associated with thresholds for adverse health effects. POPs may therefore be a factor
for consideration in the conservation of Pribilof foxes.
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ABBREVIATIONS
ANOVA: analysis of variance;
CI: confidence interval; DDT:
dichlorodiphenyltri-
chloroethane pesticide plus
dichlorodiphenyldi-
chloroethane and
dichlorodiphenyldi-
choroethylene; GC/MS: gas
chromatography / mass
spectrometry; GLM: general
linear model; HCB:
hexachlorobenzene; LOQ:
lower limit of quantitation;
NOAA: National Oceanic and
Atmospheric Administration;
NWFSC: Northwest Fisheries
Science Center; PCA: principal
component analysis; PCB:
polychlorinated biphenyl;
POP: persistent organic
pollutant; SRM: standardized
reference material; TLC/FID:
thin-layer chromatography /
flame ionization detection;
Tukey’s HSD: honest
significant difference test.

Introduction

POPs, including PCBs and DDTs, are found in biota
throughout the Arctic (reviewed by Letcher et al.
2010). These contaminants are transferred to the
Arctic via atmospheric transport and ocean currents
(Barrie et al. 1992; Iwata et al. 1993; de Wit et al.
2004) or via biotransport (Evenset et al. 2007;
Lukyanova et al. 2014). Because these compounds
are lipophilic and highly persistent (Muir &
Norstrom 2000; de Wit et al. 2004), they may cycle
within the marine food web for decades. The highest
concentrations of POPs measured in Arctic biota are
found in marine mammals because they are relatively
long-lived, their bodies often contain high amounts
of lipid where lipophilic POPs can readily accumu-
late, and they often feed within relatively complex

marine food webs (Norstrom & Muir 1994;
Norstrom et al. 1998; Beckmen et al. 1999; Muir &
Norstrom 2000; Kucklick et al. 2002; Krahn et al.
2006).

Levels of POPs in many species of marine mam-
mals have been found to vary not only with diet, but
also in accordance with different life history para-
meters such as age class and reproductive status.
For example, reproductive females may have lower
levels of POPs compared to males, or to juvenile or
senescent females, because they transfer a significant
share of their body burdens of contaminants to their
offspring via gestation and lactation (Beckmen et al.
1999; Ylitalo et al. 2001; Debier et al. 2003).
Consequently, juvenile animals may have higher
levels of certain POPs than adults (Tuerk et al.
2005; Krahn et al. 2007; Ylitalo et al. 2009). In
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particular, first-born surviving offspring may receive
the largest share of their mother’s burden of contami-
nants and therefore accumulate higher levels of POPs
than subsequent siblings (Ylitalo et al. 2001). Adult
males may likewise accumulate high levels of POPs,
reflective of their lifetime exposures.

Stable isotopes of carbon and nitrogen have been
used to elucidate information about the relative
trophic levels of animals (Kelly 2000; Fisk et al.
2003), to assess spatial and temporal differences in
prey (Krahn et al. 2006; Ehrich et al. 2015) and to
determine the relative contributions of different car-
bon sources (e.g., terrestrial vs. marine; nearshore vs.
offshore) to diets (Hobson et al. 1994; Schell et al.
1998). Stable isotopes have also been used to describe
the effects of trophic level on the biomagnification
factors of POPs within marine food webs (Fisk et al.
2003). Stable isotope signatures of muscle reflect a
dietary time frame over a period of months (Roth &
Hobson 2000) and therefore give a more comprehen-
sive picture of an animal’s dietary intake compared to
methods that report on discrete feeding events such
as observation of predation events or examination of
stomach contents (Kelly 2000).

A subspecies of the Arctic fox (Vulpes lagopus)
known as the Pribilof fox (V. l. pribilofensis) is ende-
mic to the Pribilof Islands of Alaska. Pribilof foxes
feed primarily on northern fur seal (Callorhinus ursi-
nus) carcasses and placentas as well as on marine
birds and their eggs (White 1992), all of which may
contain high tissue levels of POPs (Beckmen et al.
1999; Loughlin et al. 2002; Vander Pol et al. 2004;
Elliott 2005; Braune 2007). Food resources available
to foxes vary in proportion between the Pribilof
Islands of St. Paul and St. George, with St. Paul
foxes relying more on fur seal rookeries and St.
George foxes preying more heavily on seabirds
(White 2001). There are also terrestrial food
resources consisting of small herds of introduced
caribou (Rangifer tarandus) present on each island,
lemmings (Lemmus nigripes) that are native to St.
George, and house mice (Mus musculus) that have
been introduced into the town of St. Paul.
Anthropogenic food resources such as table scraps
(processed and store-bought foods) or pet food may
be directly provided, and foxes also scavenge refuse in
towns and at the city dumps. Additionally, humans at
times provide foxes with remains of harvested seals,
crab or fish (scraps, discarded bait and carcasses) in
quantities far exceeding what foxes would normally
encounter (White 2010).

Relatively few studies have been published on POP
levels in Arctic foxes (Clausen et al. 1974; Norheim
1978; Wang-Andersen et al. 1993; Skaare 1996;
Hoekstra et al. 2003; Fuglei et al. 2007; Andersen
et al. 2015), and only that of Hoekstra et al. (2003)
included foxes from North America. Adverse effects

of dietary exposure to POPs on the immune and
other organ systems have been documented in
experimentally exposed Arctic foxes (Sonne et al.
2008; Sonne, Wolkers, Leifsson et al. 2009; Sonne,
Wolkers, Riget et al. 2009). Given the high trophic
level of Arctic foxes dependent on marine food
resources, some wild Arctic foxes may accumulate
dietary contaminants at levels where adverse effects
may be anticipated (Klobes et al. 1998; Fuglei et al.
2007; Andersen et al. 2015).

In the current study, we measured POP levels in
fat and ratios of stable isotopes of carbon and nitro-
gen in muscle from Pribilof foxes from St. Paul and
St. George islands in order to test the following pre-
dictions. First, we examined POP levels between
sexes, age classes, islands and access to anthropogenic
food resources. We predicted that adult female foxes
would have lower tissue concentrations of POPs than
adult males or juveniles because of contaminant off-
loading by reproductive females to their offspring.
We predicted that levels of most POPs would be
higher in foxes from St. Paul, which are more reliant
on northern fur seals as a food resource than foxes
from St. George, which rely more on seabirds.
However, we predicted that some foxes that were
more reliant on anthropogenic food resources
would have lower tissue concentrations of some
POPs. We further investigated whether stable iso-
topes of carbon and nitrogen could help elucidate
differences in fox diets. Given the foxes’ diets and
the location of the Pribilof Islands in the Bering Sea,
we predicted that Pribilof foxes would have tissue
levels of POPs high enough to potentially be a health
concern which would present an additional challenge
in the conservation of this endemic subspecies.

Materials and methods

Sample collection

Fat and muscle samples were obtained from dead
foxes that were salvaged opportunistically. These
included foxes that had been hit by automobiles,
killed incidentally by seals while foraging on rook-
eries, and shot or trapped by local townspeople.
Whenever possible, foxes were necropsied or frozen
shortly after death. Time of death was estimated by
state of the carcass (e.g., rigor mortis at the time
salvaged), or by a veterinary pathologist during
necropsy. Because necrosis rapidly affects fat and
muscle, most foxes included in these analyses were
salvaged within 48 hours after death. However,
because winter temperatures on the Pribilof Islands
remain below freezing throughout the day, in some
instances foxes that were frozen on site immediately
following death were salvaged 2 – 5 days after death.
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Upon discovery, foxes were assigned a unique field
collection number. Salvage date and location of death
were recorded, and dead foxes were frozen whole or
necropsied immediately by a veterinary pathologist
(T. Spraker) and the field princial investigator
(PAW). For each specimen, a 1 × 1 cm sample of
subcutaneous fat was removed from over the dorso-
posterior region. Where dorso-posterior fat was not
available, fat was obtained from the mid-ventral mus-
culature or the abdominal cavity. Because only one
fat sample was collected per animal, fat collected
from different body areas was not tested for differ-
ences in lipid or POP levels; however, adipose depots
(superficial, intra-abdominal and intramuscular) in
polar bears have been found not to differ significantly
in POP levels and patterns, with the exception of
intramuscular fat from the neck (Verreault et al.
2006). Prior to sample collection, a 2 – 3 mm layer
of fat was cut away using a sterilized scalpel to expose
uncontaminated tissue for sampling. Fat samples
were excised with a second sterilized scalpel, wrapped
in a 6 × 6 inch Teflon-coated sheet, placed into a
labelled plastic bag and immediately frozen, then
shipped on dry ice to the NWFSC for analysis.

Muscle samples for stable isotopes were obtained
from the gluteus region. Similar to fat sampling, a 2 –
3 mm layer of muscle was removed prior to tissue
collection to expose uncontaminated tissue. A
1 × 1 cm sample of muscle was then excised and
immediately frozen in a labelled glass vial for ship-
ment to NWFSC.

During necropsy, foxes were sexed, weighed,
examined for overall physical condition at time of
death and assigned to age class. Foxes that showed
any evidence of disease or obvious signs of nutritional
stress (e.g., emaciation) were excluded from the
study. Body condition was judged as fair to excellent
based on several variables including amount of fat
present, condition of the coat and teeth, pregnancy or
lactation in females and presence of wounds or bro-
ken bones. Reproductive history of females was deter-
mined by evidence of lactation and/or the presence of
attachment scars in the uterine horns. Cause of death
was determined whenever possible. Age was deter-
mined as follows: for pups and juveniles (<1 year
old), age was determined by tooth eruption patterns,
body size and breeding season data from the Pribilof
Islands (White 1992). For adult foxes (1 year or
older), an upper canine tooth was carefully removed,
dried and, for all but year 2006 samples, sent to a
tooth-aging laboratory (Matson’s Laboratory,
Milltown, MT, USA) that utilizes a species-specific
standardized cementum aging model to age animals
to year (Bradley et al. 1981).

Data from prior radio-telemetry and tagging stu-
dies were used to establish movement and feeding
patterns of foxes from different geographic areas on

St. Paul (White 1992, 2001, 2010). Radio-telemetry
was conducted during summer months (May through
October) and consisted of triangulating hand-held
H-antennae signals and subsequent visual confirma-
tion of location, and remote stations that automati-
cally recorded proximity of radio-tagged foxes. Ear
tags (plastic, coloured roto-tags in both ears) were
permanent markers used to identify individual foxes
during both summer and winter field visits during
which resighting efforts were conducted island-wide.
Observed movement and feeding patterns were used
to infer food habits for untagged foxes on both
islands, e.g., untagged foxes that were found dead
on rookeries were assumed to have utilized seals as
their primary food resource. Probability of untagged
foxes having access to human food resources was
based on telemetry and tagging studies that quanti-
fied the distances that foxes travelled when searching
for food.

Anthropogenic foods were defined as table scraps
(processed and store-bought foods), pet (domestic
cat) food and household garbage. In addition, com-
mercial fishing activities on St. Paul and St. George
islands at times provided foxes in the harbour areas
with excessive quantities of naturally-occurring food
items, e.g., crab, halibut (Hippoglossus stenolepis) and
pollock (Gadus chalcogrammus). Foxes’ access to
anthropogenic food resources was categorized as fol-
lows: those categorized as ‘high’ lived in town or at
the dump on each island; those categorized as ‘possi-
ble’ lived within 2 km of town and occasionally vis-
ited town as determined through radio-telemetry and
tag resightings; those categorized as ‘low’ lived more
than 4 km outside of town and, based on radio-
telemetry and tagging studies, were considered unli-
kely to visit the town or dumps.

Sample analyses

POPs analysis
Analysis of POPs in fat samples for a suite of com-
pounds including DDTs (reported as ∑DDTs), chlor-
danes (∑CHLs), hexachlorocyclohexanes (∑HCHs),
HCB as well as other organochlorine pesticides and
44 individual PCB congeners (∑PCBs) was carried out
by GC/MS at NWFSC. The analytical method used is
detailed by Sloan et al. (2005) and summarized here.

Pribilof fox fat samples (0.6 – 1.3 g) were weighed
and extracted after the addition of surrogate stan-
dards (PCB 103), either by homogenizing with
sodium sulphate and methylene chloride, or by pres-
surized solvent extraction using methylene chloride
with sodium and magnesium sulphate. Surrogate
standard recoveries were similar with either extrac-
tion method. An aliquot of the extract was removed
for gravimetric lipid determination and quantifica-
tion of lipid classes by TLC/FID, summarized below.
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The sample extract was filtered through a column of
silica gel and alumina and concentrated for further
cleanup. A second surrogate was added in order to
calculate the portion of the total sample subsequently
analysed, and size-exclusion chromatography with
high-performance lipid chromatography was used to
separate the analytes of interest from the earlier-elut-
ing lipids. The fraction containing the POPs was
collected and concentrated, and a gas chromatogra-
phy internal standard was added before analysis by
quadrupole GC/MS (Agilent, model 5972 or 5973) in
selected-ion monitoring mode on a 60 m DB-5
(Agilent/J&W Scientific) analytical column.

Analyte concentrations were calculated using the sur-
rogate standard, either with a second order or point-to-
point calibration based on 5 – 10 concentration levels of
standards analysed with each sample batch. Summed
DDTs (∑DDTs) were determined by summing the con-
centrations of o,p’-DDD, p,p’-DDD, o,p’-DDE, p,p’-DDE,
o,p’-DDT and p,p’-DDT. Summed chlordanes (∑CHLs)
was the sum of the concentrations of cis-chlordane,
trans-chlordane, cis-nonachlor, trans-nonachlor, nona-
chlor III, heptachlor, heptachlor epoxide and oxychlor-
dane. Summed HCHs (∑HCHs) was the sum of the
concentrations of α-HCH, β-HCH and γ-HCH (lin-
dane). Summed PCBs (∑PCBs) were calculated by sum-
ming the concentrations of 44 commonly detected
chlorobiphenyl congeners present as 40 chromato-
graphic peaks (congeners 17, 18, 28, 31, 33, 44, 49, 52,
66, 70, 74, 82, 87, 95, 99, 101/90, 105, 110, 118, 128, 138/
163/164, 149, 151, 153/132, 156, 158, 170, 171, 177, 180,
183, 187, 191, 194, 195, 199, 205, 206, 208, 209)
(Ballschmiter et al. 1992). Summed polybrominated
diphenyl ethers (∑PBDEs) were determined in a subset
of samples as methodology was updated, and were cal-
culated by summing the concentrations of BDE conge-
ners 28, 47, 49, 66, 85, 99, 100, 153, 154, 155 and 183
(labelled according to the same scheme as the
Ballschmiter congener designations for chlorinated
biphenyls). Concentrations of other chlorinated pesti-
cides (i.e., HCB, aldrin, dieldrin, mirex, endosulphan I)
were also determined.

Quality assurance measures included the analysis
of a SRM of pilot whale blubber, SRM 1945 (National
Institute of Standards and Technology, Gaithersburg,
MD, USA) and a laboratory blank with each batch of
10 to 12 samples, and participation in interlaboratory
comparison exercises for analyses of POPs in a vari-
ety of environmental matrices, including marine
mammal tissue. Surrogate standards were added at
the beginning of the procedure to follow analyte
recoveries throughout the extraction and were used
to calculate analyte concentrations. Surrogate recov-
eries ranged from 97 – 120%. LOQs were calculated
based on the area of the lowest level calibration
standard (Sloan et al. 2005), and ranged from 0.8 to
ca. 9.5 ng/g wet weight for individual POPs,

depending on the response of the analyte and the
sample mass. Certain pesticides (e.g., cis-nonachlor,
aldrin, endosulphan I) had LOQ values that were
greater than 5 ng/g wet weight in some samples; the
LOQ values for all other analytes were < 5 ng/g wet
weight. Values for individual analytes measured in
the SRMs were between 78 – 129% of the National
Institute of Standards and Technology certified
values, and the SRMs and laboratory blanks met all
internal laboratory quality assurance criteria (Sloan
et al. 2006).

Lipid class analysis
Fat samples from Pribilof foxes were analysed for per-
cent lipid and lipid classes by TLC-FID using an
Iatroscan Mark 6 (Iatron Laboratories) as described by
Ylitalo et al. (2005). Each lipid sample extract was
spotted on a Chromarod (Type SIII) and developed in
a solvent system containing 60:10:0.02 hexane:diethyl
ether:formic acid (v/v/v). Various classes of lipids (i.e.,
wax esters, triglycerides, free fatty acids, cholesterol and
polar lipids) were separated based on polarity, with the
nonpolar compounds (i.e., wax esters) eluting first,
followed by the more polar lipids (i.e., phospholipids).
Data were acquired and analysed using Tdatascan soft-
ware (RSS Inc.). A four-point linear external calibration
was used for quantitation. Duplicate TLC-FID analyses
were performed for each sample extract, and the mean
value for each lipid class was reported as percentage of
the total lipid (Supplementary Table S5).

Stable isotopes of carbon and nitrogen
Pribilof fox muscle samples were analysed for ratios of
stable isotopes of carbon and nitrogen at NWFSC.
Muscle samples were freeze-dried overnight in a Virtis
Freezemobile 12XL freeze–drier and the freeze–dried
material was then pulverized to a powder in a SPEX
Sample Prep 5100 micro ball mill (SPEX SamplePrep
LLC). Homogenized samples were prepared for analysis
by loading 0.4 – 0.6 mg dried powder into tin cups and
combusting in a Costech elemental analyser attached to
a Thermo-Finnigan Delta Plus isotope ratio mass spec-
trometer. The values were calibrated against internal
laboratory standards (aspartic acid and 15N-enriched
histidine) that were analysed after every 10 samples.
Unenriched histidine was also analysed after every 25
samples as a control material to determine set-to-set
reproducibility. Standards were acquired from Sigma-
Aldrich. For quality control, all standards and the refer-
ence material met standard deviations of ≤ 0.3‰ for
δ15N and ≤ 0.2‰ for δ13C.

Stable isotope ratios are expressed in δ notation as
per mil (‰) by the following expression:

δZ ¼ Rsample=Rstandard
� ��1
� �

; (1)
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where Z is 15N or 13C and Rsample is the ratio
15N/14N

or 13C/12C for the tissue sample. Rstandard is the ratio
15N/14N or 13C/12C of the corresponding standard;
atmospheric air and PeeDee Belemnite limestone,
respectively.

In order to facilitate comparisons to previously
published reports, the samples were not lipid-
extracted, though this is known to affect carbon
stable isotope values, as lipids are relatively enriched
in 12C compared to protein (Hobson 1995). Since a
few muscle C:N ratios were > 3.5, indicating possible
higher lipid content, δ13C values were normalized for
lipid content using the Post et al. (2007) equation for
aquatic organisms prior to statistical tests. Quality
assurance measures for stable isotopes included the
analysis of both continuing calibration standards and
a fish tissue, SRM 1946 (National Institute of
Standards and Technology, Gaithersburg, MD, USA)
with each batch of samples. Continuing calibration
standards were run between every 10 samples,
whereas SRM 1946 was run between every 20 sam-
ples. Isotope values for continuing calibration stan-
dards and SRM 1946 were within 0.30‰ of the values
calibrated against international standards for δ15N
and within 0.20‰ for δ13C. All samples were ana-
lysed in replicate, and the values averaged.

Statistical analyses
If the concentration of an individual POP was below
the LOQ in a sample, a value of LOQ/2 was used for
that analyte to calculate sums (e.g., ∑PCBs, ∑DDTs,
∑CHLs). Lipid-adjusted POP concentrations, using
the gravimetric lipid results, were log-transformed
to achieve normality, and total lipid was similarly
arcsine-transformed for ANOVA (Zar 1984).
ANOVA was performed to evaluate POPs by analyte
class, stable isotope values and total lipid with respect
to age class, sex, island, access to anthropogenic foods
and body condition. Tukey’s HSD test was used to
determine post-hoc pairwise significant differences in
mean POP concentrations (by analyte class), lipid
and stable isotope values within covariate groups.
PCA was performed by summed analyte class
(n = 50) (Supplementary Tables S2, S3), and by ana-
lyte class with stable isotope values (n = 39) using a
correlation matrix. Components that explained more
than 10% of the variance were retained. Varimax
factor loadings were run to evaluate the loading
weights of the individual analyte classes and stable
isotopes (range: 0 – 1.0); values greater than 0.5 are
reported. GLMs were performed to evaluate retained
PCA components. Full models are reported, includ-
ing sex, age class (adult vs. juvenile/pup), island and
access to anthropogenic foods as covariates. All mod-
els were conducted in R (version 3.2.2, R
Development Core Team 2015). The level of signifi-
cance used for all statistical tests was alpha = 0.05.

Results

Lipid content and POP concentrations

Demographic data on the Pribilof foxes sampled as
part of this study are given in Supplementary
Table S1, along with the full results of the chemical
analyses, including lipid, lipid classes, individual
POPs concentrations and stable isotopes of carbon
and nitrogen (Supplementary Table S5; full metadata
provided in Supplementary Table S6). Samples were
collected between 1999 and 2006, with all age classes
represented. All foxes were in fair to excellent body
condition; foxes in poor condition were excluded
from this study.

A summary of the lipids, POP levels and stable
isotopes by covariate is given in Tables 1 and 2. Lipid
content of Pribilof fox adipose (fat) samples was
highly variable, with values ranging from 16 to 96%.
Lipids in Pribilof fox fat tissue were predominantly
triglycerides, with small percentages of free fatty acids
in some samples, indicating a small degree of tissue
decomposition (Supplementary Table S5).

Concentrations of POPs in fat of Pribilof foxes were
highly variable, and ranked ∑PCBs > ∑CHLs≫ ∑HCHs
> ∑DDTs > HCB ~ ∑PBDEs (Table 1). The most abun-
dant PCB congeners measured in the fox samples were
the hexachlorinated PCBs 138 and 153, the heptachlori-
nated PCBs 170 and 180 and the octachlorinated PCB
194, accounting for 69 – 87% of ∑PCBs (Fig. 1). The tri-
and tetrachlorinated PCBs (i.e., PCBs 17, 18, 28, 31, 33,
44, 49, 52, 66, 70 and 74) were minor contributors to
∑PCBs, making up less than 2 % of the total
(Supplementary Table S5). The composition pattern of
individual PCB congeners in Pribilof foxes showed that
PCB 153 was the most abundant congener of the PCB
congeners measured (Supplementary Fig. S1a). One
notable exception was the PCB composition pattern of
a young adult female fox from St. Paul that differed by
having much higher percentages of PCBs 170, 180, 194
and 206 compared to PCB 153 (Supplementary Fig. S1b).
For ∑DDTs, p,p’-DDE was the most abundant DDT,
contributing 92 – 100% to the total. Oxychlordane and
trans-nonachlor together contributed 81 – 96% to the
∑CHLs. The most abundant HCH isomer was β-HCH,
which contributed 86 – 100% of ∑HCHs. PBDE 47 was
the predominant PBDE congener measured in fox sam-
ples that had detectable concentrations of these com-
pounds, contributing 62 – 100% to ∑PBDEs.

The ANOVA showed that mean concentrations of
∑PCBs, ∑CHLs, ∑HCHs and ∑DDTs were significantly
higher in males than in females (Table 1), and post-hoc
Tukey HSD showed foxes with a low or possible prob-
ability of access to anthropogenic foods also had higher
mean ∑DDTs compared to those with a high probability
of access (Table 1). Mean HCB concentration was sig-
nificantly higher in foxes from St. George, but ∑CHLs
were significantly higher on St. Paul. No statistical
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differences in POPs were seen with respect to body
condition category, though total lipid values varied sig-
nificantly (Table 1). As expected, foxes judged as being in
very good or excellent condition had higher lipid levels in
their fat than foxes judged as being in good or fair
condition. Age class was not a significant factor for any
POPs.

Stable isotopes

Carbon isotope values ranged from –21.76‰ to –
17.32‰. Carbon isotope values were significantly
more depleted in foxes judged as having possible access
to anthropogenic foods compared to those with a low or
high probability of access (Table 2). Nitrogen stable
isotope values ranged from 11.04‰ to 18.97‰, and
were significantly higher (p < 0.02) in males than in
females (Table 2, Fig. 2). Nitrogen stable isotope values
were also significantly higher in foxes with a low prob-
ability of access to anthropogenic food resources com-
pared to foxes with a high probability of access
(p < 0.01) (Table 2). Foxes considered to have low
probability of access to anthropogenic food resources
had an average δ15N value 2.6‰ higher than those with
a high probability of access, whereas foxes considered to
have possible access to anthropogenic food resources
had intermediate δ15N values (Table 2). There were no
significant differences in stable isotope values between
islands, age classes or body condition categories.

Principal component analysis

There were four extracted factors from the PCA
including POP concentrations and stable isotopes
that each accounted for greater than 10% of the

variance in the dataset (Tables 3 and 4). Factor 1
accounted for 48% of the variance, with high loadings
for ∑PCBs, ∑CHLs and ∑HCHs (Table 3). The GLM
for this factor showed a statistical increase in Factor 1
for males compared to females (estimate, 1.53;
p < 0.01); for foxes on St. Paul compared to St.
George (estimate, 1.88; p < 0.01); and a statistical
decrease for foxes with a high probability of access
to anthropogenic foods compared with a low prob-
ability of access (estimate, −1.47; p < 0.05; Table 4).
Factor 2 accounted for 17% of the variance in the
data set and loaded highly for δ13C (Table 3). The
GLM for this factor showed a statistical increase in
Factor 2 values for foxes with a high probability of
access to human foods compared to low probability
of access (estimate, 1.18; p < 0.01). Factor 3
accounted for 15% of the variance in the model and
loaded highly for HCB (Table 3). The GLM of this
factor showed a statistical decrease in Factor 3 for
foxes on St. Paul compared to St. George (estimate,
−1.07; p < 0.01; Table 4). Factor 4 accounted for 14%
of the variance in the dataset, and loaded highly for

Table 2. Summary data and ANOVA results for Pribilof foxes. Arithmetic means of stable isotope values of carbon and nitrogen (‰) in
muscle with 95% confidence intervals (CI), and ANOVA F-statistics and p values for covariates (sex, age class, island, access to
anthropogenic foods and body condition), by stable isotope values. Covariates for which there are significant differences (p < 0.05) are
in boldface. Tukey’s HSD test was used to determine post-hoc pairwise significant differences in mean values within covariate groups.
Single and double asterisks denote statistically significant differences between levels of a parameter (p < 0.05).

δ13C (aq)a δ15N

n mean 95% CI F, p mean 95% CI F, p

Female 22 -19 -19.5 – -18.5 <0.1, 0.91 14.8* 13.9–15.7 6.1, 0.02
Male 17 -19 -19.7 – -18.4 16.3* 15.6–17.1
Adult 26 -18.9 -19.4 – -18.5 0.5, 0.48 15.7 14.9–16.4 0.8, 0.37
Nonadult 13 -19.1 -19.8 – -18.5 15.1 13.9–16.2
Adult F 15 -19 -19.5 – -18.5 0.3, 0.73 15.2 14.0–16.3 1.6, 0.21
Adult M 11 -18.8 -19.7 – -18.0 16.4 15.5–17.3
Juveniles 13 -19.1 -19.8 – -18.5 15.1 13.9–16.2
St. George 13 -19.3 -20.1 – -18.5 1.1, 0.31 16.1 15.0–17.1 1.8, 0.18
St. Paul 26 -18.8 -19.3 – -18.4 15.2 14.4–15.9
Access: high 16 -18.7** -19.0 – -18.4 4.8, 0.01 14.2* 13.6–14.8 8.5, <0.01
Access: possible 8 -19.8*,** -20.9 – -18.7 15.6 13.9–17.3
Access, low 15 -18.9* -19.5 – -18.2 16.8* 15.9–17.6
Body condition: excellent 8 -19.4 -20.1 – -18.8 2.3, 0.10 15.8 14.3–17.2 2.6, 0.07
Body condition: very good 13 -18.6 -19.0 – -18.2 16.2 15.3–17.0
Body condition: good 14 -19.3 -20.1 – -18.4 14.4 13.4–15.4
Body condition: fair 4 -18.4 -19.4 – -17.3 16.5 14.1–19.0

a Carbon stable isotope values were normalized for lipid content according to the method of Post et al. (2007) for aquatic organisms.

Table 3. PCA rotated component-loading weights for POPs
contaminant classes and stable isotopes in Pribilof foxes
(n = 39). Only weights > 0.5 were reported.

Factor 1 Factor 2 Factor 3 Factor 4

% variance 47.7 16.9 15.0 13.7
eigenvalue 3.3 1.2 1.1 1.0
∑PCBs 0.58
∑CHLs 0.58
∑HCHs 0.57
∑DDTs 0.64
HCB 0.95
δ13Ca 0.90
δ15N 0.77

a Carbon stable isotope values normalized for lipid content according to
the method of Post et al. (2007) for aquatic organisms.
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Figure 1. Proportions of PCB congeners by homolog group (chlorination level) in adult male, adult female and juvenile/pup
Pribilof foxes from St. Paul and St. George islands. Tri-and tetra-chlorinated congeners made an insignificant contribution (<2%)
to the totals and are not shown.

Figure 2. Nitrogen (δ15N) vs. carbon (δ13C) stable isotope values (‰) in Pribilof foxes by sex and island. Error bars are standard
error. For both islands combined, males had significantly higher δ15N values than females (16.3‰ vs. 14.8‰; p = 0.02).
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both ∑DDTs and δ15N (Table 3). The GLMs for
Factor 4 suggested that foxes on St. Paul had overall
lower values for Factor 4 than foxes from St. George,
however, the p value (0.06) exceeded the 0.05 level of
significance (Table 4).

Discussion

This is the first study to report concentrations of
POPs or stable isotope values in tissues of Pribilof
foxes. Because the analyses were conducted on tissues
of foxes collected 10 to 15 years ago and inputs of
POPs to marine waters are predicted to change with
environmental conditions, e.g., increasing tempera-
tures (Burek et al. 2008), these findings also represent
a baseline of contaminant concentrations in the
region.

POP levels and stable isotope values

The general patterns and levels of POPs in Pribilof
foxes were consistent with those reported in coastal
ecotype Arctic foxes from other regions that are rela-
tively more dependent on marine food resources
(Fuglei et al. 2007; Geffen et al. 2007), in particular,
foxes from Svalbard and Iceland (Norheim 1978;
Wang-Andersen et al. 1993; Klobes et al. 1998;
Fuglei et al. 2007; Andersen et al. 2015). Similar to
Pribilof foxes, p,p’-DDE was the most abundant DDT
in Svalbard and Iceland Arctic fox tissues, where p,p’-

DDE was the only DDT reported (Klobes et al. 1998;
Fuglei et al. 2007; Andersen et al. 2015).

PCB homolog profiles (see Fig. 1) in Pribilof foxes
were similar to those reported in previous studies of
PCBs in Arctic foxes where comparable numbers of
PCB congeners were measured (Hoekstra et al. 2003;
Fuglei et al. 2007). As in previous studies, the more
highly chlorinated PCB congeners (those containing
six or more chlorine atoms) dominated the PCB
profiles of Pribilof foxes (Fig. 1; Supplementary
Fig. S1a). Homolog profiles of Pribilof foxes were
very comparable between age classes and islands
(Fig. 1). Though it appears that adult foxes have a
slightly larger proportion of PCB 209 compared to
non-adults, this was not statistically significant
(p = 0.06). The composition pattern of individual
PCB congeners in Pribilof foxes normalized to PCB
153 (Supplementary Fig. S1a) is closely comparable to
Arctic foxes from North America reported by
Hoekstra et al. (2003). PCB 153, a congener that has
been shown to be recalcitrant to metabolism in some
marine mammals (Boon et al. 1994), was the most
abundant congener measured in Pribilof foxes. The
exception was one young adult female (D-01–05)
from St. Paul with a very unusual pattern
(Supplementary Fig. S1b). This fox, noted to be in
very good body condition at time of death when
struck by a car, had much higher percentages of
certain hepta- through nonachlorinated PCB conge-
ners compared to all other foxes examined in our
study (Supplementary Fig. S1b). While there is no
obvious physical explanation for this fox’s unusual
PCB pattern, this fox had low probability of access
to anthropogenic food resources. Therefore, one pos-
sible explanation is that D-01–05 consumed an indi-
vidual prey item (e.g., seal) containing a higher
proportion of highly chlorinated congeners that had
disseminated to various tissues of the fox (i.e., fat) but
had not yet been metabolized. Arctic foxes are
inferred to have a capacity to metabolize certain
POPs, such as PCBs and chlordanes, similar to that
of polar bears. Both species exhibit similar patterns of
more highly-chlorinated PCB congeners and other
recalcitrant POPs in their tissues, and these patterns
differ from those in their prey and in other marine
predators (Hoekstra et al. 2003; Fuglei et al. 2007),
i.e., pinnipeds. Analyses of blubber samples from
northern fur seal pups from the Pribilofs found that
PCBs 138, 153, 170 and 180 accounted for only 32%
of ∑PCBs (PCB 194 was not measured), while p,p’-
DDE contributed 90% to ∑DDTs (Loughlin et al.
2002). Likewise, in ringed seals from near Pt.
Barrow, Alaska, PCBs 153, 138, 170, 180 and 194
contribute 45 – 50% of ∑PCBs, oxychlordane and
trans-nonachlor together contributed 79 – 86% of
total chlordanes, while p,p’-DDE made up 78 – 85%
of ∑DDTs (Kucklick et al. 2002). Proportions of these

Table 4. Full GLM parameters and coefficients for PCA
Factors 1 to 4 for POPs and stable isotopes in Pribilof foxes
(n = 39). Age class (adult vs. juvenile/pup), sex, island and
access to human foods were included as potential covariates.
Covariates for which there are significant differences
(p < 0.05) are in boldface.

Standard

Model Estimate error p value

Factor 1 Intercept −0.92 0.58 0.125
Sex (male) 1.53 0.50 0.004
Island (St. Paul) 1.88 0.59 0.003
Access (high vs. low) −1.47 0.61 0.023
Access (possible vs. low) −0.65 0.72 0.378
Age class (adult vs. nonadult) −0.79 0.57 0.171

Factor 2 Intercept −0.27 0.35 0.939
Sex (male) −0.14 0.30 0.640
Island (St. Paul) −0.32 0.35 0.368
Access (high vs. low) 1.18 0.37 0.003
Access (possible vs. low) −0.74 0.43 0.096
Age class (adult vs. nonadult) −0.10 0.34 0.771

Factor 3 Intercept 0.97 0.38 0.015
Sex (male) −0.26 0.32 0.424
Island (St. Paul) −1.07 0.38 0.007
Access (high vs. low) −0.21 0.40 0.596
Access (possible vs. low) −0.21 0.47 0.661
Age class (adult vs. nonadult) −0.032 0.37 0.931

Factor 4 Intercept 0.78 0.37 0.044
Sex (male) −0.11 0.32 0.736
Island (St. Paul) −0.73 0.37 0.060
Access (high vs. low) −0.5 0.40 0.212
Access (possible vs. low) −0.68 0.46 0.150
Age class (adult vs. nonadult) −0.29 0.36 0.424
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relatively recalcitrant POPs in both of these pinniped
species were lower than those found in Pribilof foxes,
suggesting Pribilof foxes are better able to metabolize
many of the POPs than pinnipeds.

Pribilof foxes had higher concentrations of ∑HCHs
than marine mammals from Arctic regions further to
the east. This geographic pattern in HCH distribution
has been reported previously (AMAP 1998; Muir &
Norstrom 2000; Hoekstra et al. 2002; de Wit et al.
2004), and reflects the greater exposure of marine
wildlife to HCHs in the north-eastern Pacific (i.e.,
Alaska) as a result of proximity to areas where
HCHs were more recently used (e.g., Asia; Iwata
et al. 1993) compared with areas such as Greenland
and Iceland.

Island was a significant factor in the GLMs for
Factor 1, which loaded highly for ∑PCBs, ∑CHLs
and ∑HCHs (Tables 3 and 4). For example, foxes
from St. Paul had higher mean values of ∑PCBs
(2455 ng/g lipid wt) compared with foxes from St.
George (1380 ng/g lipid wt), which may relate to
differences in PCB contamination among prey
items, and reflect the reliance of St. Paul foxes on
fur seals, and St. George foxes on seabirds and their
eggs. This is supported by previous studies that found
mean concentrations of ∑PCBs of 4334 ng/g lipid wt
in blubber of northern fur seal pups from St. George,
much higher than the mean of 1609 ng/g lipid wt in
fur seal pups from St. Paul (Loughlin et al. 2002). The
differences in observed POP levels between St. Paul
and St. George northern fur seals were attributable to
differences in foraging habitat (Robson et al. 2004). If
foxes on St. George were dependent on northern fur
seals as a food resource to the same extent as foxes on
St. Paul, they would be expected to have higher PCB
concentrations than St. Paul foxes, however our find-
ings showed the opposite trend. In contrast, seabird
eggs from St. George contain lower concentrations of
∑PCBs compared with levels in northern fur seals,
with 695 ng/g lipid wt in common murre (Uria aalge)
eggs and 876 ng/g lipid wt in thick-billed murre (U.
lomvia) eggs (Vander Pol et al. 2004). Murres are the
most numerous seabirds nesting in the Pribilof
Islands. Likewise, concentrations of ∑CHLs in
Pribilof foxes were significantly higher (p = 0.03) on
St. Paul Island compared to St. George Island (Table
1), again reflecting differences in fox diets. Reported
concentrations of ∑CHLs are much lower in St.
George seabird eggs (133 ng/g lipid wt in common
murre and 94 ng/g lipid wt in thick-billed murre
eggs; Vander Pol et al. 2004) than in northern fur
seals, which had blubber concentrations of 608–2400
ng/g lipid wt (Krahn et al. 1997).

Sex was also a significant factor in the GLMs for
Factor 1, with males having higher levels of most
POPs than females (Table 4). This might be explained
by females offloading POPs to their offspring during

gestation and lactation as observed in other marine
mammal species, or by different prey preferences
compared with males. Probability of access to anthro-
pogenic foods was another significant factor in the
models for Factor 1 (Table 4). Foxes with a high
probability of access to anthropogenic foods had
overall lower levels of most POPs compared with
foxes with low probability of access, which is consis-
tent with human garbage containing lower POP levels
than highly contaminated fur seals.

Factor 2 in the PCA loaded δ13C (Table 3) and the
GLMs showed that foxes with high probability of
access to human foods had significantly higher δ
13C values compared to those with a low probability
of access (Table 4). Relative enrichment in 13C in
wildlife indirectly consuming anthropogenic foods
has been observed previously. For example, peregrine
falcon (Falco peregrinus) eggs (Newsome et al. 2010)
from areas with dense human populations, where
falcons prey heavily on urban pigeons, were much
less depleted in 13C than eggs from non-urbanized
areas with a more diverse prey base. 13C enrichment
in the peregrine eggs was attributable to urban
pigeons consuming more corn-based foods; corn is
enriched in 13C compared with grasses such as wheat
(Tieszen et al. 1983). For Pribilof foxes with a low
probability of access to anthropogenic foods, the car-
bon isotope ratios in potential prey items (e.g., sea-
birds and northern fur seals) are dependent on
foraging area (nearshore vs. pelagic, which may vary
seasonally), on latitude (which may also vary season-
ally), and on trophic level (which may vary by age
class). However, northern fur seal tissues tend to be
more enriched in 13C than those of seabirds; skin
samples of northern fur seals from the Pribilofs
(Kurle & Worthy 2001) were enriched (mean δ13C
values ranging from −16 to −17.6) compared with
muscle of seabirds (Ricca et al. 2008) from the
Aleutians (mean δ13C values ranging from −17.2 for
more inshore feeders to −22.4 for more pelagic fee-
ders). The muscle δ13C values in foxes from St.
George in our study are similar to seabird muscle
values in Ricca et al. (2008) and to values reported
in tissues of pelagic seabirds sampled opportunisti-
cally in the north-west Pacific (Wainright et al. 1998;
Elliott 2005); lipid-rich seabird eggs show even
greater depletion in 13C than does muscle (Ehrich
et al. 2011). Female foxes from St. George showed
relative depletion in both 13C and 15N compared with
males (Fig. 2), although the differences were not
statistically significant. There is not as much oppor-
tunity for foxes on St. George to access anthropogenic
foods, however, so the slightly lower δ15N and δ13C
values may relate to female St. George foxes making
more use of lower trophic-level and more terrestrial
food resources, e.g., lemmings or caribou. Stable iso-
tope values in tissues of Arctic foxes from Svalbard
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that fed on lemmings vs. marine diets showed a
similar relationship (Fuglei et al. 2007), and Arctic
foxes from North America reliant on lemmings were
also found to be depleted in 13C (Hoekstra et al. 2003;
Fuglei et al. 2007, see also Supplementary Table S4 for
comparisons of stables isotopes and POPs in Arctic
fox tissues from various geographical areas).

Factor 3 in the PCA loaded highly for HCB
(Table 3), which was significantly higher (p < 0.01)
in foxes from St. George (Tables 1 and 4). Again this
difference is attributable to differences in prey; HCB
levels in seabirds nesting on St. George are orders of
magnitude higher than in northern fur seals. For
example, HCB levels in seabird egg composites from
St. George were 679 ng/g lipid wt in common murre
and 914 ng/g lipid wt in thick-billed murre, respec-
tively (Vander Pol et al. 2004). In contrast, HCB
concentrations in blubber of northern fur seals from
the Pribilofs were at most 3 ng/g lipid wt in one study
(Krahn et al. 1997) and 2 ng/g lipid wt in another
(Loughlin et al. 2002). Thus, overall, differences in
levels of HCB, ∑CHLs and ∑PCBs between St. Paul
and St. George foxes reflect the differences in the
levels of these contaminants reported in their prey
items on each island and are in agreement with
observations that foxes on St. Paul rely more on fur
seals while those on St. George rely more on seabirds
and their eggs.

Factor 4 in the PCA loaded highly for δ15N and for
∑DDTs. The ANOVA shows that sex and access to
anthropogenic foods were significant factors for δ15N
(p = 0.02 and p < 0.01, respectively) and for ∑DDTs
(p = 0.01 and p < 0.01, respectively; Tables 1 and 2), but
in the GLMs for Factor 4, these associations were not
apparent. It is possible the prediction capability was
dispersed across covariates, particularly since Factor 4
only explained 14% of the variance in the dataset. The
PCA analysis that excluded the isotope data (n = 50;
Supplementary Tables S2, S3) demonstrated a
decreased association between Factor 3, which loaded
highly for ∑DDTs, and high probability of access to
anthropogenic foods, compared to low probability of
access (p < 0.01), and also for foxes from St. Paul Island
compared to St. George (p = 0.017), while sex was not a
significant factor.

Mean concentrations of several classes of POPs
(i.e., ∑PCBs, ∑CHLs, ∑HCHs, and ∑DDTs) by
ANOVA were significantly higher in adult males
than in adult females. In polar bears as well as
many species of odontocetes and pinnipeds, repro-
ductive-age females generally have lower levels of
POPs than juveniles, adult males or senescent females
due to offloading of contaminants during gestation
and lactation (Norstrom et al. 1998; Beckmen et al.
1999; Ylitalo et al. 2001; Krahn et al. 2007). Similarly,
POP concentrations in tissues of male urban red

foxes (Dip et al. 2003) were significantly higher than
in females, although this trend has not been generally
observed in Arctic foxes. Based on observational
study (White 2001), a higher percentage of female
Pribilof foxes living in town had pups compared
with those living outside of town, suggesting that
contaminant offloading would have been prevalent
among town females. Though contaminant offload-
ing by reproductive females affects comparative levels
of POPs, the observed difference in ∑DDTs between
adult male and female Pribilof foxes was not
explained by sex alone, but was also associated with
greater utilization of anthropogenic food sources. The
ANOVA showed that both probability of access to
anthropogenic foods and sex were significant factors
for ∑DDTs and δ15N values. In addition, Factor 4 of
the PCA loaded both ∑DDTs and δ15N; ∑DDTs did
not load in Factor 1 with ∑PCBs, ∑CHLs, and
∑HCHs. Foxes with high access to anthropogenic
foods were mostly females from St. Paul. These
foxes had significantly lower ∑DDTs and were feed-
ing on average nearly an entire trophic level lower
than St. Paul males, and in addition had carbon stable
isotope signatures that indicated they were eating
foods that were enriched in 13C (i.e., corn-based).

Multiple factors may complicate the interpretation
of stable isotope data. The δ13C values observed in
Pribilof foxes, while indicating an overall reliance on
marine resources, may also reflect geographical dif-
ferences seen at the base of the marine food web in
the Bering, Chukchi and Beaufort seas (Schell et al.
1998), where a gradient has been observed in 13C in
zooplankton between the relatively enriched southern
and central Bering Sea (e.g., the Pribilof Islands),
which becomes increasingly depleted moving north-
ward towards the northern Chukchi and western
Beaufort seas (e.g., Barrow). Values of δ15N at the
base of the food chain may vary geographically as
well (Nadelhoffer et al. 1996; Clark et al. 2006).
Enrichment in 15N may also occur as a result of
eutrophication of the terrestrial and nearshore eco-
systems in the presence of seabird and fur seal colo-
nies (Cabana & Rasmussen 1996; Wainright et al.
1998). Further, POPs measurements in fat represent
a different time scale compared with the stable iso-
topes measured in muscle; POPs levels reflect bioac-
cumulation of these lipophilic compounds over a
relatively long time scale (i.e., years), especially for
males that do not offload POPs during reproduction,
while tissue turnover for stable isotopes in muscle is
on the order of months (Roth & Hobson 2000).
Comparisons of stable isotope values between differ-
ent tissues are also confounded by differing rates of
tissue turnover. Finally, nutritional stress can contri-
bute to elevated δ15N values in some species (Hobson
et al. 1993) and result in an apparent increase in

POLAR RESEARCH 11



trophic level. However, since the foxes in this study
were all in fair or better condition, nutritional stress
is not believed to have been a significant factor.

Pribilof foxes show relative enrichment in both 13C
and 15N, consistent with their greater reliance on
marine resources, despite the fact that some Pribilof
foxes are clearly consuming terrestrial resources (i.e.,
lemmings, caribou) or anthropogenic foods. Though
not statistically significant, there may be subtle sex-
based differences in prey selection for each island,
with females using relatively more inland food
resources compared with males. Anthropogenic food
resources altered δ15N and δ13C values for foxes with
a high probability of access, and POP and δ13C levels
were also affected by the availability of different food
resources both within and between islands. The larger
human population on St. Paul vs. St. George Island
(approximately 480 vs. 100 people, respectively; 2010
census) equates to larger accumulations of anthropo-
genic foods and more opportunities for foxes on St.
Paul to scavenge table scraps, pet food and garbage.
Foxes with a high probability of access to anthropo-
genic food sources fed at a lower trophic level overall,
with lower levels of POPs, especially ∑DDTs, and
showed the influence of corn-based foods on their
carbon isotope values. Adult male foxes on St. Paul
appeared to rely more on marine resources, e.g., fur
seals (White 2001), with higher levels of POPs and
higher δ15N values. In contrast to foxes from St. Paul,
foxes on St. George had POP signatures (i.e., higher
HCB levels but lower levels of other POPs) and
carbon stable isotope values reflecting a greater reli-
ance on seabirds and augmented by terrestrial prey
such as lemmings or caribou.

POP levels and possible health effects

Pribilof foxes bioaccumulate POPs at levels that are
high enough to warrant concern about health
effects. A recent review evaluated potential adverse
effects of POPs on the immune system, thyroid
hormones, testosterone levels, development of sex-
ual and internal organs and bone mineral density at
levels typically found in wild coastal ecotype Arctic
foxes (Pedersen et al. 2015). Experimental feeding
studies found that frequency of lesions in thyroid,
liver and kidney were significantly higher compared
to foxes fed a control diet (Sonne et al. 2008; Sonne,
Wolkers, Leifsson et al. 2009; Sonne, Wolkers, Riget
et al. 2009), with mean liver concentrations of
exposed foxes in these studies of 2064 ng/g lipid
wt for ∑PCBs and 2223 ng/g lipid wt for ∑CHLs,
and much lower levels of other POPs. In polar
bears, high PCB levels have been associated with
decreased humoral immunity (Norstrom et al. 1998;
Lie et al. 2004), with bears from Svalbard showing
decreased antibody titers after immunization for a

variety of viruses, compared with bears from
Canada. Lowered plasma retinol and testosterone
levels, alterations in plasma thyroid hormone levels,
and reproductive system pathologies (Letcher et al.
2010) have also been described for Svalbard and
East Greenland polar bears, where mean fat ∑PCB
concentrations ranged from 5400 – 9100 ng/g lipid
wt and ∑CHLs of 1500 ng/g lipid wt and greater.
High tissue levels of some organochlorine com-
pounds (e.g., PCBs, DDE and HCHs) have been
associated with cancer in other wildlife species and
humans (Dich et al. 1996; Martineau et al. 2002;
Randhawa et al. 2015).

All of the Pribilof foxes sampled had ∑HCH con-
centrations in fat that were two to 100 times higher
than experimentally exposed foxes (Sonne et al. 2008;
Sonne, Wolkers, Leifsson et al. 2009; Sonne, Wolkers,
Riget et al. 2009). Half of the Pribilof foxes sampled
had levels of ∑PCBs, ∑DDTs and ∑CHLs higher than
the mean liver levels of experimentally exposed foxes,
while a few Pribilof foxes had levels of ∑PCBs and
∑CHLs an order of magnitude higher than experi-
mentally exposed foxes. Liver concentrations of many
if not most PCB and chlordane congeners are higher
than blubber or fat concentrations on a lipid weight
basis (Boon et al. 1994; Bachour et al. 1998; Helgason
et al. 2013). This would suggest that Pribilof foxes are
even more highly exposed than indicated by the con-
centrations obtained from fat samples in this study.
Arctic foxes subjected to fasting, a seasonal occur-
rence, undergo a redistribution of contaminants in
their tissues, resulting in concentration of some POPs
and metabolism of others, increasing the potential for
toxicity (Helgason et al. 2013). Some caution is war-
ranted when comparing contaminant levels from dif-
ferent tissues, however, because fat and liver serve
different physiological functions in the animal, con-
taminant effects thresholds may differ between tis-
sues, and levels within and between tissues may vary
seasonally. While the consequences of POP exposure
on Arctic fox health are not yet fully understood, the
adverse effects of POP exposure previously reported
for this species, and the unprecedentedly high levels
of POPs found in this study within the small, isolated
and, therefore, particularly vulnerable Pribilof fox
population is cause for concern. Arctic fox fossils,
believed to date from the mid-Holocene, have been
found on St. Paul (Guthrie 2004). Modern Pribilof
foxes are morphologically (Pengilly 1981) and geneti-
cally distinct (Geffen et al. 2007), and are classified as
an endemic subspecies (Angerbjorn et al. 2004). The
fox population on St. Paul Island has declined dra-
matically over the past three decades because of
decreasing natural food resources and direct persecu-
tion (White, unpubl. data). The high tissue levels of
POPs found in Pribilof foxes represent potential
health impacts, especially in light of other threats to
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the population, and should be further considered
when addressing the conservation needs of this ende-
mic subspecies.
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