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► PBDE measuring in Weddell seal blubber.
► DDE/DDT ratios continue to increase over the past 25 years in Weddell seal tissue.
► Weddell seal PBDE burden may be a function of local and/or long-range transport.
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Muscle samples were collected from pup, juvenile and adult Weddell seals (Leptonychotes weddellii) near
McMurdo Sound, Antarctica during the austral summer of 2006. Blubber samples were collected from juve-
nile and adult seals. Samples were analyzed for emerging and legacy persistent organic pollutants (POPs) in-
cluding current and historic-use organochlorine pesticides, polychlorinated biphenyls (PCBs), and
polybrominated diphenyl ethers (PBDEs). Of the 41 target analytes, 28 contaminants were recovered from
the Weddell seal blubber, in this order of prevalence: p,p′-DDE, p,p′-DDT, trans-nonachlor, mirex,
cis-nonachlor, PCB 153, PCB 138, dieldrin, heptachlor epoxide, nonachlor III, PCB 187, oxychlordane,
cis-chlordane, PCB 118, PBDE 47, PCB 156, PCB 149, PCB 180, PCB 101, PCB 170, PCB 105, o,p′-DDT, PCB 99,
trans-chlordane, PCB 157, PCB 167, PCB 189, and PCB 114. Fewer POPs were found in the muscle samples,
but were similar in the order of prevalence to that of the blubber: p,p′-DDE, o,p′-DDT, trans-nonachlor,
nonachlor III, oxychlordane, p,p′-DDT, dieldrin, mirex, cis-nonachlor, PCB 138, and PCB 105. Besides differ-
ences in toxicant concentrations reported between the muscle and blubber, we found differences in POP
levels according to age class and suggest that differences in blubber storage and/or mobilization of lipids re-
sult in age class differences in POPs. To our knowledge, such ontogenetic associations are novel. Importantly,
data from this study suggest that p,p′-DDT is becoming less prevalent temporally, resulting in an increased
proportion of its metabolite p,p′-DDE in the tissues of this top predator. In addition, this study is among
the first to identify a PBDE congener in Weddell seals near the McMurdo Station. This may provide evidence
of increased PBDE transport and encroachment in Antarctic wildlife.

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

The use of select persistent organic pollutants (POPs) has gone from
high production volumes (>454 t/yr in USA or >1000 t/yr globally) to
severe restriction or elimination through regional or global conventions
such as the Stockholm Convention of 2001 (Muir et al., 1988). Indeed
the Stockholm Convention, a global treaty designed to protect human
health and our environment against the most hazardous and toxic
POPs (Stockholm Convention, 2011; U.S. Environmental Protection
+1 254 710 2969.
ko).

rights reserved.
Agency, 2011), has called for the elimination of twelve “historic” or
“legacy” POPs, including dichlorodiphenyltrichloroethanes (DDTs)
and polychlorinated biphenyls (PCBs). In 2009, it was amended to
also include nine new or emerging POPs, includingmany brominated
flame retardants, such as commercial mixtures of penta- and octa-
polybrominated diphenyl ethers (PBDEs) and hexabromobiphenyl
(U.S. Environmental Protection Agency, 2011).

Regardless of these efforts, the long environmental half-lives of
many legacy POPs and their ability to undergo long-range atmospher-
ic transport and accumulation in cold environments through cold
condensation sustain their persistence in the ecosystem, and result
in a bioaccumulation up the food chain (Simonich and Hites, 1995;
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Wania and Dugani, 2003) such that they can be measured at toxico-
logically relevant concentrations all over the world (Ballschmiter et
al., 2002). As a result, many POPs and their degradation products
are considered ubiquitous in the environment, especially in high tro-
phic polar predators (de Wit and Muir, 2010; Muir and de Wit, 2010;
Wania and Mackay, 1996). Indeed, most newer emergent POPs have
already been identified in the Arctic although point sources do not
exist in the region (de Wit and Muir, 2010). The extent of these
chemicals' transport and accumulation in many top predators, espe-
cially for new or emerging POPs, is still uncertain (Gaden et al.,
2009; Macdonald et al., 2005).

Apex predators are routinely regarded as sentinel or indicator spe-
cies for environmental perturbations (Moore and Huntington, 2008)
especially since lipophilic POPs accumulate in fat deposits. Species
with poor metabolic and excretory capabilities for these pollutants,
such as marine mammals, make ideal models for the study of POPs
(Moore and Huntington, 2008; Tanabe et al., 1988; Tanabe, 2002).
For example, polar bears (Ursus maritimus) (Focardi et al., 1995)
and ringed seals (Phoca hispida) (Muir et al., 2000) have become reli-
able sentinel species for the study of POPs in remote polar environs.
The accumulation of these compounds in the body is not insignifi-
cant; for example, p,p′-DDT and its metabolites along with PCBs
have been shown to cause hormonal and immunological dysfunctions
in captive seals (Deswart et al., 1995; Reijnders, 1994), while semi-
volatile organochlorine compounds have been linked with reproduc-
tive disorders and endocrine disruption among marine mammals
(Chiu et al., 2000; Goldstein et al., 2009). Moreover, recent reports
have discovered relationships between stress hormones and various
POPs, such as PCBs, DDTs, and oxychlordane, in Arctic mammals and
seabirds (Letcher et al., 2010). As a result, population declines, such
as those observed in ringed, grey (Halichoerus grypus), and harbor
(Phoca vitulina) seals, may be attributed to a decrease in reproduction
rates associated with toxicant loads (Reijnders, 1994).

The lipid-centric existence of the Antarctic-based Weddell seal
(Castellini et al., 2009) could be very sensitive and vulnerable to the
bioaccumulation of POPs. Previous toxicant reports from Antarctic-
based seals span nearly three decades identifying numerous historic
contaminants (George and Frear, 1966; Schiavone et al. 2009), mainly
from blubber samples, confirming widespread global distribution of
POPs. However, while most animals/samples originated from the Ant-
arctic Peninsula region, there is evidence of POP accumulation in
Weddell seals inhabiting the Ross Sea region (Focardi et al., 1995).
Additional research is warranted to provide simultaneous reports on
legacy and emerging POPs in Weddell seals found in McMurdo
Sound. In addition, no POP studies have been inclusive of several life
history stages in Weddell seals. By examining toxicants in two tissues
(muscle and blubber) and in three life history stages (pup, juvenile,
and adult), we aimed to elucidate developmental influences on con-
taminant uptake and distribution in Weddell seals.

2. Methods

2.1. Animals

The vertebrate animal use committee at Colorado State University
approved all protocols for this project. Thirty-one Weddell seals were
sampled during the austral spring of 2006 near McMurdo Station,
Antarctica (77° 55′S, 166° 39′E). Ten pups (n=10; age 3–5 weeks
postpartum; 5 males and 5 females), six juveniles (age 1–2 years;
males), and 15 sexually mature adult (>7 years, 10 males and 5
non-lactating females) Weddell seals were mildly restrained (head
bag) near the pupping colony at Tent Island, McMurdo Sound from
October through December (Fig. 1). All adult females sampled during
this study were independent of the pups sampled. Animals were aged
by verifying numbered tags as a part of a long-term study in
McMurdo on Weddell seal population demographics (R. Garrott, J.
Rotella, and D. Siniff; NSF grant OPP-0225110). The seals were
immobilized with an intravenous injection of telezol (dorsal sinus,
0.1 mg/kg; dosage described in detail in Noren et al., 2008) and sub-
sequently weighed to the nearest 0.5 kg using an electronic scale (San
Diego Scale Inc., San Diego, CA.) mounted on a crossbeam sling. All
seals were detained for less than 60 min and were released when
the animals had regained full locomotion.

2.2. Blubber and muscle sampling

Muscle (intramuscular lipid; IML) and blubber samples were col-
lected at the Longissimus dorsi muscle (Kanatous et al., 2008; Trumble
et al., 2010) under local anesthetic (1 mL, Lidocaine®) using a 6 mmbi-
opsy cannula (Depuy,Warsaw, IN, USA). Sampleswere dissected free of
any visible fat and connective tissue and thenwere frozen and stored in
liquid nitrogen until later analysis. A 2-cm2 areawas cleaned using alco-
hol and a betadine solution and shaved before each biopsy. Blubber
samples were collected using a 6 mm biopsy cannula and stored in
glass containers (Teflon caps) and immediately frozen in liquid nitro-
gen. Sampleswere stored in nitrogen gas-filled vials at−80 °C until an-
alyzed. Muscle and blubber samples collected were used in a series of
physiological studies; muscle samples for this study were as follows:
10 pups (n=10); five juvenile males (n=5); 10 adult males (n=10)
and five adult females (n=5). Blubber samples for this study were as
follows: juvenile male 0.63 g (n=1); adult female, 0.50 g (n=1);
and adult males (n=2; 0.17 g and 0.38 g). As part of the permit proto-
col, blubber samples were not collected from pups.

All muscle and blubber samples were weighed to the nearest
0.001 g (wwt). Total muscle lipids (IML) were determined using
Soxtec 2043 in duplicate using a modification of the chloroform–

methanol method (Trumble et al., 2010) and expressed in g/100 g
(wwt) of total recovered weight.

2.3. Chemicals and materials

All standards were purchased from Accustandard (New Haven,
CT). PBDE standards were stored at room temperature, away from
sunlight. PCB standards were stored at 4 °C. Standards were
re-verified for their composition, purity and concentration. Solvents
were of HPLC grade from J.T. Baker and Honeywell.

2.4. Pressurized liquid extraction and clean up

Tissue samples were extracted using an accelerated solvent extrac-
tor (ASE 350, Dionex, Sunnyvale, CA). Tissue samples were stored at
−80 °C prior to extraction. Samples were weighed out in a small mor-
tar, then homogenized and dried with ~25 g of anhydrous sodium sul-
fate. The samples were transferred to an ASE cell (66 mL) containing
~12 g of pre-cleaned silica gel. The homogenate samples were spiked
with isotopically labeled surrogates prior to extraction. Samples
were extracted (2 cycles) with dichloromethane at 100 °C and
1500 psi and a flush volume of 100%. The ASE extract was concen-
trated to ~1.5 mL using a Turbo Vap II from Caliper. Large-molecule
weight interferences, such as fatty acids, were chromatographically
separated from target analytes using a gel permeation chromatograph
(GPC) system (Waters Corporation, Milford, MA). The GPC system
consisted of two analytical Envirogel GPC cleanup columns (a
19×150 mm and a 19×300 mm column) with a protecting guard
column (4.6×30 mm). Target analytes were collected in the 12 to
18 min fraction, concentrated to a final volume of ~300 μL, and spiked
with isotopically labeled 13C12-PCB 138 as the internal standard.

2.5. Analysis

The analysis of pesticides, PCBs, and PBDEs in adult male and fe-
male blubber was performed using an Agilent 7890 GC coupled to



Fig. 1. Sampling location of Weddell seals in McMurdo Sound, Antarctica; XXX denotes specific capture sites in Dellbridge Islands complex, Antarctica.
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an Agilent 5975 MS in electron capture negative ionization (ECNI)
and electron impact (EI) modes. Selective ion monitoring (SIM) was
used for identification of all target analytes, surrogates and internal
standards in both modes. For GC/ECNI-MS, 1 μL of an ~300 microliter
extract was injected using an Agilent 7683 injector in a pulsed splitless
mode (pulse at 20 psi until 0.74 min). A DB-5 ms capillary column
(Agilent, 30 m×0.25 mm i.d.; 0.25 μm film thickness) was used for
chromatographic separation with a helium carrier gas (99.999%) at a
flow rate of 1 mL/min. The injection port was set to 300 °C. The oven
temperature program for the ECNI mode was as follows: 120 °C held
for 2 min, ramped at 4 °C/min to 275 °C, ramped again at 6 °C/min to
320 °C and held for 5 min for a total run time of 52.25 min. The ECNI's
ion sourcewas set to 150 °C.Methane (99.999%)was used as the chem-
ical ionizationmoderating gas. The quadrupolemass analyzer tempera-
turewas 150 °C. The ECNI surrogates were 13C6-δ-BHC, d4-endosulfan I,
d4-endosulfan II, 13C12-PCB 77, 13C12-PCB 126, 13C12-PCB 169, and
13C12-PBDE 126, while 13C12-PCB 138 was the internal standard. For
GC/EI-MS, the injection volume, injector port temperature, analytical
column, and flow rates are as described above. The oven temperature
program for the EI mode was as follows: 120 °C for 1 min, and then
ramped at 4 °C/min to 250 °C for a total run time of 33.5 min. The EI
source temperaturewas 230 °C. The quadrupolemass analyzer temper-
ature was 150 °C. The EI surrogate and internal standards were 13C12-p,
p′-DDT and d10-phenanthrene, respectively.

The GC/EI-MS analytes consisted of: p,p′-DDT, o,p′-DDT, p,p′-DDE,
and o,p′-DDE. The GC/ECNI-MS target analytes consisted of pesticides
(hexachlorocyclohexane (HCH)-alpha, HCH-beta, HCH-gamma,
heptachlor, heptachlor epoxide, cis-chlordane, trans-chlordane,
cis-nonachlor, trans-nonachlor, endosulfan I, aldrin, dieldrin, and
mirex), PCBs (PCB 105 (2,3,3′,4,4′-PeCB), PCB 114 (2,3,4,4′,5-PeCB),
PCB 118 (2,3′,4,4′,5-PeCB), PCB 138 (2,2′,3,4,4′,5′-HxCB), PCB 153
(2,2′,4,4′,5,5′-HxCB), PCB 156 (2,3,3′,4,4′,5-HxCB), PCB 157 (2,3,3′,4,4′,
5′-HxCB), PCB 167 (2,3′,4,4′,5,5′-HxCB), PCB 169 (3,3′,4,4′,5,5′-HxCB),
PCB 187 (2,2′,3,4′,5,5′,6-HpCB), PCB 189 (2,3,3′,4,4′,5,5′-HpCB)), and
PBDEs (PBDE 28 (2,4,4′-TriBDE), PBDE 47 (2,2′,4,4′-TeBDE), PBDE 99
(2,2′,4,4′,5-PeBDE), PBDE 100 (2,2′,4,4′,6-PeBDE), PBDE 153 (2,2′,4,4′,
5,5′-HxBDE), PBDE 154 (2,2′,4,4′,5,6′-HxBDE), and PBDE 183 (2,2′,3,4,
4′,5′,6-HpBDE)). In addition, NOAA laboratories also using ECNI analyzed
all skeletal muscle and juvenile blubber tissue samples for oxychlordane,
nonachlor III, PCB 99 (2,2′,4,4′,5-PeCB), PCB 101 (2,2′,4,5,5′-PeCB), PCB
149 (2,2′,3,4′,5′,6-HxCB), PCB 170 (2,2′,3,3′,4,4′,5-HpCB), and PCB 180
(2,2′,3,4,4′,5,5′-HpCB).

2.6. Quality control and quality assurance

Quantification was performed using a calibration curve with isoto-
pically labeled surrogates and internal standard. Surrogates were
spiked before extraction, while the internal standard was spiked
prior to analysis. Target analyte concentrations were corrected by
their surrogate recovery factor for any loss during sample prepara-
tion. A calibration curve standard was run after every 4–16 samples
to validate the calibration curve. Blanks were run for every 5–7 sam-
ples. Surrogate recoveries ranged from 100 to 124%.

2.7. Statistics

Where possible, a general linear model (ANOVA, SPSS® v.17) was
used to examine age-class differences in POPs. Sex differences could
not be determined in adults due to sample size differences. Differences
among individual group means were analyzed using a Bonferroni



Table 1
Persistent organic pollutants recovered from age-class Weddell seal skeletal muscle
and blubber samples collected in 2006 near McMurdo Station. “ND” indicates none
detected. “n.a.” indicates analysis was not performed.

Analyte Skeletal muscle (ng/g) Blubber (ng/g)

Pup Juvenile
male

Adult
male

Adult
female

Juvenile
male

Adult
male

Adult
female

Trans-chlordane ND ND ND ND ND 0.46 0.78
cis-Chlordane ND ND ND ND 4.3 3.7 2.9
Oxychlordane 3.0 ND 1.7 ND 11 n.a. n.a.
trans-Nonachlor 4.9 0.33 3.5 ND 26 22 8.3
cis-Nonachlor ND ND 2.1 ND 16 12 5.0
Nonachlor III 2.9 ND 2.1 ND 16 n.a. n.a.
Heptachlor epoxide ND ND ND ND 2.1 18 ND
Dieldrin 3.0 ND ND ND 10 9.4 7.0
Mirex ND 0.28 1.9 ND 9.1 31 8.4
o,p′-DDT ND ND ND ND 1.7 ND ND
p,p′-DDE 16 3.1 12 2.8 81 310 660
p,p′-DDT 4.7 0.34 3.3 ND 30 340 ND
PCB 99 ND ND ND ND 1.5 n.a. n.a.
PCB 101 ND ND ND ND 2.3 n.a. n.a.
PCB 105 ND ND 0.35 ND 0.60 0.59 0.52
PCB 114 n.a. n.a. n.a. n.a. n.a. 0.20 ND
PCB 118 ND ND ND ND 2.3 2.4 1.4
PCB 138 ND ND 1.6 ND 5.5 18 4.5
PCB 149 ND ND ND ND 3.0 n.a. n.a.
PCB 153 ND ND ND ND 6.3 20 4.8
PCB 156 ND ND ND ND ND 1.0 2.0
PCB 157 n.a. n.a. n.a. n.a. n.a. 0.23 0.35
PCB 167 n.a. n.a. n.a. n.a. n.a. 0.10 0.26
PCB 170 ND ND ND ND 2.1 n.a. n.a.
PCB 180 ND ND ND ND 2.5 n.a. n.a.
PCB 187 ND ND ND ND 1.9 8.8 1.8
PCB 189 n.a. n.a. n.a. n.a. n.a. 0.10 0.26
PBDE 47 ND ND ND ND ND 1.2 1.8
ΣCHLDs 11 0.33 9.4 – 73 38 17
ΣDDTs 21 3.4 15 2.8 110 540 660
ΣPCBs – – 1.9 – 28 51 16
Total 34 3.7 27 2.8 210 690 690

ΣCHLD includes: cis-chlordane, trans-chlordane, cis-nonachlor, trans-nonachlor, and
oxychlordane (however, oxychlordane is not included for adult male and female
blubber).
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correction. POP percentage data were arc sine transformed to increase
normality. A simple linear regression was used on age-class total
lipid in skeletal muscle against tissue POP concentration as well as
against the ratio of the sum of DDTs (ΣDDT: p,p′-DDT and p,p′-DDT)
and sumof DDEs (ΣDDE: p,p′-DDE and o,p′-DDE) (ΣDDT/ΣDDE) against
year. Analysis of covariance (mixed-model ANCOVA, SPSS®) was used
to compare regression slopes. Along with ANCOVA, coincidence and
parallelism of slopes were also verified using F-values from ANOVA
tables (Garcia-Berthou, 2001). Commercial DDT is a mixture of several
closely-related compounds, the major component (77%) being the p,p′
isomer and the primary metabolite being p,p′ DDE. Therefore, a ratio
of this major component and its metabolite is used for the purposes of
assessing transport and accumulation in Weddell seals and as a means
to compare with previous studies. Statistical significance was set at
α=0.05. Results are reported as means±1 SD.

3. Results

3.1. Skeletal muscle POPs

Eleven (11) of the 41 target analytes were detected in the L. dorsi
muscle (IML) with concentrations ranging from 0.33 to 16 ng/g lipid
(Table 1, Fig. 2). Six analytes were detected in pup IML, four in juve-
nile males and nine in adult males, whereas only p,p′-DDE was recov-
ered from females. p,p′-DDE was the only contaminant detected in
the IML of all age classes. p,p′-DDE concentrations were greatest in
pups (16 ng/g lipid; ANOVA, pb0.05), however, the percent p,p
′-DDE detected in pups was lower than in either juvenile or adult
samples (Table 1, Fig. 3). Of the PCB congeners analyzed, only two
(PCBs 105 and 138) were detected in the skeletal muscle of adult
males (Table 1). Dieldrin was detected in pup skeletal muscle at
3.0 ng/g lipid, however, it was not detected in adult skeletal muscle.
PBDEs, heptachlor epoxide, and cis- and trans-chlordane were not
detected in any skeletal muscle samples.

Weddell seal pups had the highest concentration of detected total
contaminant burden (34 ng/g lipid) associated with their skeletal
muscle lipids when compared to all other age classes (ANOVA,
pb0.05). Total POP concentrations were positively correlated with
the total lipid amount in the L. dorsi muscle (g/100 g; r2=0.73,
Fig. 4). Skeletal muscle (IML) concentrations of p,p′-DDE and p,p′-DDT
(ng/g lipid)were significantly different among age classes; pups>adult
males>juvenile males>adult females (ANOVA, pb0.05). However, the
percent contribution of contaminants differed from this pattern, with
adult female p,p′-DDE and p,p′-DDT concentrations (100%)>juvenile
males (85%)>adult males (68%)>pups (48%; ANOVA, pb0.05, Fig. 3).
The adult female Weddell seal skeletal muscle was void of chlordanes
and nonachlorswhereas over 50% contribution of the pup skeletal mus-
cle was composed of trans-chlordane, nonachlor III, and oxychlordane;
this was significantly elevated compared to adult males (32%) and juve-
niles (15%, ANOVA, pb0.05, Fig. 3).

3.2. Blubber POPs

Twenty-eight (28) out of 41 target analytes were detectable in the
blubber (Table 1, Fig. 5), with p,p′-DDE blubber concentrations being
the highest detected concentrations for juvenile male, adult male, and
adult female (81, 310 and 660 ng/g lipid, respectively). Blubber sam-
ples from the pup were not available for analysis. The juvenile seal
blubber sample had the greatest overall number of POPs recovered
when compared to other age classes (Table 1). Contaminants mea-
sured in juvenile blubber that were not measured in adult blubber
samples were nonachlor III, oxychlordane, and PCBs 99, 101, 149,
170 and 180. Despite the overall increase in the number of contami-
nants found in the juvenile blubber, individual chemical concentra-
tions were greater in adults (Table 1). For example, p,p′-DDE
concentrations in the blubber were highest in adult females>adult
males>juvenile males (Table 1). This pattern of p,p′-DDE, a metabo-
lite of p,p′-DDT, as a percent of the overall contribution of contami-
nants in the blubber trended from females (92%), males (71%) to
juvenile males (48%) (Fig. 3). PBDE 47 was only detected in the blub-
ber of the adult male (1.2 ng/g lipid) and female (1.8 ng/g lipid)
(Table 1).

4. Discussion

During our study, we identified 28 emerging and legacy contami-
nants including 12 organochlorine pesticides, 15 PCBs and PBDE 47
from Weddell seals sampled near McMurdo Station, Antarctica.
While previous studies spanning from the 1960s to the mid-1990s
measured concentrations of various POPs in Weddell seal blubber tis-
sue, few studies sampled Weddell seals from locations within the
Ross Sea (Focardi et al., 1995; George and Frear, 1966; Vetter et al.,
2003). While Kawano et al. (1984), was the first to publish differences
in POPs recovered from adult Weddell seal blubber and skeletal mus-
cle sampled near Syowa Station, Antarctica (69° 00′S, 39° 35′E), the
present study reports differences in muscle and blubber from animals
sampled much farther south (77° 55′S, 166° 39′E). Building on histor-
ical measurements, we also examined the temporal relationship of p,p
′-DDE/p,p′-DDT ratios in Weddell seals compared with Arctic pinni-
peds. We explore the premise that age-class differences are likely as-
sociated with developmental differences in blubber deposition
(Castellini et al., 2009; Noren et al., 2008) and foraging strategies
(Burns et al., 2005). Our findings appear consistent with contaminant
burden off-loading in adult females associated with maternal transfer



Fig. 2. Percent total persistent organic pollutants (POPs) measured from Weddell seals (pups, n=10; adult male, n=10; adult female, n=5 and juvenile, n=6) skeletal muscle
captured near McMurdo Station, Antarctica 2006. Note: error bars are absent.
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during gestation and lactation, and bioaccumulation in males (Hall et
al. 2006; Muir et al., 1988).

4.1. Skeletal muscle POPs

The POPs detected in the IML in allWeddell seal age-classes sampled
included cis-nonachlor, trans-nonachlor, nonachlor III, oxychlordane,
dieldrin, mirex, p,p′-DDE, p,p′-DDT, and PCBs 105 and 138 (Table 1).
While there are limited previous data regarding POPs associated with
Weddell seal muscle, one previous study did detect chlordane in the
muscle tissue of one adult male Weddell seal (Kawano et al., 1986).
The ΣCHLD concentration (1.2 ng/g lipid) found in this previous study
is similar to the mean level measured in the current study (Table 1).
No other temporal comparisons regarding POPs in the musculature
Fig. 3. Percent contribution of major classes of persistent organic pollutants (POPs) re-
covered from Weddell seal skeletal muscle (A) and blubber (B) captured near
McMurdo Station, Antarctica 2006.
tissue of Weddell seals can be made because Kawano et al. (1986) did
not test for or detect any other contaminant.

Interestingly, Weddell seal pups had the highest concentrations
of total POPs (trans-nonachlor, nonachlor III, oxychlordane, dieldrin,
p,p′-DDE, p,p′-DDT) found in their IML (Table 1). Meanwhile, adult
seals sampled in the present study had fewer POPs recovered from
IML. For example, only one POP (p,p′-DDE) was recovered within
the IML of adult females. Because we sampled pups soon after
weaning, contaminants found in the IML of the pups likely reflect con-
taminant transfer from mother to pup via nursing (Bianchini et al.,
2009). Interestingly, previous studies on Arctic-based seal species
have reported that during lactation a selective transfer of contaminants
is found between female seals and their pups, with the highest selectiv-
ity for PCBs followed by DDTs (Espeland et al., 1997). This selectivity or
preferentialmobilization of specific lipid classes has also been identified
in lactating femaleWeddell seals; from their blubber tomilk and subse-
quently to the blubber of pups (Wheatley et al., 2008). Although the
mechanism behind the differential transfer of contaminants has yet to
be resolved, it has been speculated that although the blubber lipids con-
sist of non-polar triacylglycerols, the lipids in the blood of fasting seal
mothers contain more polar lipids and lipoproteins, which aid in the
offloading of contaminants from the mother to the pups. In addition,
Trumble et al. (2010) reported that the skeletal muscle lipid composi-
tion in Weddell seals changed during development; with pups having
greater amounts of saturated fat lipid than all other age classes. Specif-
ically, as these animals transition through different physiological states
there are thermoregulatory challenges as dictated by blubber thickness
Fig. 4. Simple linear regression of total intramuscular lipid (mg/g) against mean POP
concentration (ng/g lipid) in all age class Weddell seals sampled near McMurdo Sta-
tion, Antarctica 2006. y=0.168x+2.186, R2=0.73; pb0.05.

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. Percent contribution of major classes of persistent organic pollutants (POPs) recovered from Weddell seals' blubber captured near McMurdo Station, Antarctica 2006.
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and a significant shift from the use of saturated fatty acids to fuel their
metabolism as pups to the use of the oxygen conserving polyunsaturat-
ed fatty acids as actively foraging and diving adults. Regardless of the bi-
ological role of these intramuscular lipids and given the dietary
homogeneity (Burns et al., 1998), we speculate that the developmental
mobilization of lipids to the muscle may play, at least in part, a role in
the differences we observed in the contaminant load among
age-classes. In addition, we observed that the skeletal muscle
triacylglycerols (data not shown; adult males>juvenile males>adult
females, Trumble et al., 2010) and IML levels (Fig. 3) were positively
correlated with POP concentrations in Weddell seals. These findings
are in agreement with Kawai et al. (1988), who found that POP levels
in striped dolphins (Stenella coeruleoalba) were highest in tissues with
a higher proportion of triacylglycerolswhile tissues dominated by phos-
pholipids and cholesterol had lower POP concentrations. These patterns
provide evidence that tissue-specific lipid composition plays a role in
POP tissue distribution in marine mammals.

4.2. Blubber POPs

Organochlorine pesticides have been used extensively in agricul-
ture worldwide since the 1940s with DDTs as the first modern pesti-
cide developed to combat mosquitoes spreading malaria, typhus, and
other insect-borne human diseases. However, because of slow trans-
port poleward, p,p′-DDT and its degradation products were not
reported in key Antarctic predator species (Adelie penguin, Pygoscelis
adeliae and crabeater seal, Lobodon carcinophagus) until the mid-1960s
(Sladen et al., 1966). Nonetheless, concentrations of p,p′-DDT in the
blubber of Weddell seals appear to mirror historic use patterns of
Arctic-based vertebrates. Before 1970, total DDT concentrations in the
blubber of the Weddell seal ranged from 30 to 121 ng/g lipid (Sladen
et al., 1966), with subsequent DDT values decreasing over time, such
that by the 1980s and 1990s progressively lower concentrations of
30 ng/g lipid (Luckas et al., 1990) and 11 to 19 μg/kg wwt (Vetter et
al., 2003)were reported. A more recent study along the Antarctic Pen-
insula supports this trend; blubber sampled from southern elephant
seals in 1999–2000 had a total DDT concentration of 5 ng/g lipid
(Bianchini et al., 2009). Nonetheless, eleven (11) organochlorine
pesticides were detected in the blubber of Weddell seals including
cis-chlordane, trans-chlordane, heptachlor epoxide, cis-nonachlor,
trans-nonachlor, nonachlor III, oxychlordane, dieldrin, mirex, p,p′-DDE,
and p,p′-DDT. The relative trend of historic organochlorine pesticide
concentrations measured in blubber (adult male) was ΣDDTs (p,p′-DDT,
p,p′-DDE, o,p′-DDT, and o,p′-DDE)>ΣCHLDs (cis- and trans-nonachlor
and cis- and trans-chlordane)>mirex>ΣPCBs and was similar to that
found previously for one adult male Weddell seal (Kawano et al., 1984,
1986).

The two dominant congeners of PCBs recovered fromWeddell seal
blubber were PCB 138 (4.5–18 ng/g lipid) and PCB 153 (4.8–20 ng/g
lipid). However, blubber analyzed during this study provided a great-
er number of congeners than documented by a previous study of
Weddell seals sampled in the Weddell Sea region (Luckas et al.,
1990). It is important to note that while this study recovered a greater
number of congeners, the ΣPCB load (ng/g lipid) was similar when
comparing previous studies (Luckas et al., 1990; Corsolini et al.,
2002; Vetter et al., 2003). This is in contrast to a study of Weddell
seals from 1995 sampled in Terra Nova Bay near the Italian Antarctic
scientific station (350 km north from McMurdo Station) where ΣPCB
concentrations in the blubber of Weddell seals ranged from 406 to
750 ng/g (mean 585 ng/g) (Focardi et al., 1995). While the cause of
this discrepancy is unclear, recent data suggests historical dumping
grounds at research stations may be linked to PCB disposal into
local waters (Howe and Hageman, 2009).

Although PCBs were recovered in the blubber of all age-classes
(Table 1), males of both age classes had total PCB concentrations
higher than that found in the adult females. It has been reported
that male marine mammals tend to be more contaminated by highly
lipophilic compounds than females (Muir et al., 2000). For example,
male Arctic-based ringed seals had twice the PCB levels detected in
females, and this sex difference is likely due to excretion of contami-
nants by females during lactation and gestation (Addison and Smith,
1974). For marine mammals, blubber is mobilized during lactation,
fasting, and activity (Castellini et al., 2009; Wheatley et al., 2008),
providing transport of lipophilic contaminants from the lipid to the
blood and muscle. Indeed, the proportion of contaminants within
the whole blood of bottlenose dolphins (Tursiops truncatus) increased
as blubber lipid content decreased. In other words, as blubber lipid is
utilized, POPs are redistributed into the blood and tissues (Yordy et
al., 2010).

In contrast to the PCB results discussed above, POP concentrations
not only varied across sex but also across age class. While the sampling
protocol negated pup blubber sampling, POP concentrations in the
blubber were greatest in adults (females>males) followed by juvenile
males (Table 1). Total POP concentrations in poorer diving juveniles
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Fig. 6. Simple linear regressions of p,p′-DDE and p,p′-DDT ratio against year for previ-
ously reported ringed seals from Arctic (open circles) andWeddell seals (filled circles).
Previous data; ringed seal, Fisk et al. (2001), Addison and Smith (1974), and Kucklick
et al. (2002); Weddell seal, this study, Vetter et al. (2003), and Luckas et al. (1990).
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(Burns et al., 2005) are potentially lower than adult levels because of a
reduction in prey intake. This reduction in foraging efficiency reported
in juveniles results in a lower proportion of blubber (% body mass)
than observed in adult Weddell seals (Noren et al., 2008) and may re-
sult in a greater mobilization of fat stores than adults to meet energetic
needs. This may preclude total POP bioaccumulation while resulting in
greater numbers of POPs present in the blubber.

4.3. Flame retardants in Weddell seals

Studies of chemical contamination in Antarctica have commonly fo-
cused on historic POPs. However, some emerging persistent pollutants,
such as PBDEs, have been reported in sediment samples adjacent to
McMurdo station, Antarctica (Hale et al., 2008). These compounds are
used asflame retardants (Alaee, 2003) and are present inmanymodern
polymer-containing products. Home/office furnishings and electron-
ics are relatively resistant to biodegradation resulting in reported
PBDEs in sediment samples which range from 43.6 to 1820 ng/g. It
has been reported that PBDEs can affect thyroid function and cause
neurodevelopmental disorders as well as estrogenic and hepatic ef-
fects in aquatic and terrestrial ecosystems (Staskal and Birnbaum,
2004; ter Schure and Larsson, 2002). PBDE 209, the major constituent
in commercial deca-PBDE products, was the dominant congener recov-
ered in sludge and dust, as well as aquatic sediments collected near the
McMurdo wastewater outfall (Howe and Hageman, 2009). These data
indicate that reliance on wastewater maceration alone may permit the
entry of substantial amounts of PBDEs into the Antarctic environment.

During the present study, PBDE 47 was measured in adult Weddell
seal blubber (1.8 and 1.2 ng/g lipid; Table 1) with concentrations sever-
al times that of previously reported values from penguin eggs collected
10 years prior to this study (0.29 ng/g lipid) (Focardi et al., 1995).
While this is not the first report of PBDEs recovered from Antarctic
marine mammals (Orsinus orca; Krahn et al., 2008), we believe this
constitutes the farthest southward PBDEs have been detected in a ver-
tebrate. This may provide evidence of increased PBDE transport and en-
croachment in Antarctic wildlife. While the Weddell seal blubber
samples had relatively increased PBDE concentrations when compared
to the penguin eggs sampled in 1996, studies conducted in Arctic-based
marine mammals sampled at approximately the same period show
muchmore elevated concentrations (Rotander et al., 2012). Specifically,
the median ΣPBDE concentration in ringed seal blubber from East
Greenland ranged from 20 ng/g (1984) to 34 ng/g (1998) whereas
higher PBDE concentrations (38 ng/g and 148 ng/g) were found in the
hooded seals sampled in the samearea (Rotander et al., 2012). It is spec-
ulated that differences between the Polar Regions may be a function of
spatial transport whereas differences among the Arctic species sampled
appear to be related to migration patterns and exposure to wastewater
outfall (Wolkers et al., 2004). Interestingly, the first PBDE recorded in an
Arctic marine mammal was documented in ringed seals in 1981
(Letcher et al., 2010), approximately 25 years earlier than our Weddell
seal data. While consistent data have not been collected from
Antarctic-based mammals, a study conducted in 2001 did not detect
PBDEs in Weddell seals (Vetter et al., 2003). As with PCBs, long-range
atmospheric transport may not be the only source of PBDEs in Antarctic
marine ecosystems.

4.4. Perspective and significance

Ratios of p,p′-DDE/p,p′-DDT were compared in adult male blubber
samples collected in 1982 (Luckas et al., 1990), 1994 (Vetter et al.,
2003), and 2006 (this study). We used this ratio to examine the
change in contaminant profile emitted from source regions and sub-
sequently entering the Weddell seal food web (Fig. 6). The change
in p,p′-DDE/p,p′-DDT ratios over the past two decades suggests
that the degradation of p,p′-DDT to p,p′-DDE is not occurring off
continent, but likely at or near source regions. Based on a spotty
history of sampling for contaminants, the temporal relationship of
p,p′-DDE/p,p′-DDT ratios appears to accurately model delays in con-
taminant arrival times to higher trophic Antarctic organisms as com-
pared to similar organisms found in the Arctic. p,p′-DDE/p,p′-DDT data
reveal differences in regression (year and ratio) slopes such that there
is an approximate 20 to 25 year lag in contaminant accumulation in
select Antarctic species (Fig. 6; ANCOVA, pb0.05).

Interestingly, Letcher et al. (2010) measured PBDEs in ringed
seals in 1981 and this time lag in PBDE accumulation in themammals
of Antarctica corresponds with our models of occurrence based on
year and p,p′-DDE/p,p′-DDT ratios (Fig. 6). This may be a result of p,
p′-DDT, p,p′-DDE, and PBDE 47 having very similar physical and chem-
ical properties, such as vapor pressure, aqueous solubility, Henry's law
constant, and log Kow (vapor pressure of p,p′-DDT, p,p′-DDE, and PBDE
47 ranges between1.0×10−4 and 1.0×10−5 Pa at 25 °Cwith the aque-
ous solubility, Henry's law constant, and log Kow for this specific
chemicals range from 0.01 to 0.001 g/m3, 0.5 to 20 Pa m3/mol, and
5.7 to 6.9, respectively) (Mackay et al., 1997; Tittlemier et al., 2002).
Expanding the estimated lag in p,p′-DDT and p,p′-DDE arrival to include
other POPswith similar physical and chemical properties, wewould an-
ticipate measurable concentrations of PBDE 47 in Weddell seal blubber
sometime between 2001 and 2006.

It is important to recognize that this comparison does not take into
consideration many critical variables such as route of environment
exposure (i.e. pesticides are released directly into the environment,
while PBDEs are typically associated with consumer products). This
simple model suggests that emerging POPs including PBDE 47 will
continue to enter the Antarctic ecosystem over the next two decades.
This period could potentially be expanded due to knowndebromination
pathways associated with the higher brominated PBDEs as well as the
release of PBDEs from consumer products in use. While the origin of
PBDEs was not determined from this study, future research should
focus on assessing if these emerging contaminants are a result of local
or long-range accumulation.

During this study, we provided POP concentrations in both blubber
and skeletalmuscle lipids in age classes ofWeddell seals.We established
that juvenilemales consistently had increased numbers of contaminants
in the blubber when compared with adult Weddell seals. While no pre-
vious data exists on comparing age-class POPs in Weddell seals, we can
speculate that differences in age-related contaminants between juve-
niles and adults may be a function of dietary challenges, and/or body
composition differences (i.e. fasting) (Burns et al., 1998; Castellini et
al., 2009; Noren et al., 2008). Juvenile marine mammals are known to
have blubber reserves reduced by one-third (e.g., harbor seals;
Muelbert et al., 2003) following their first year of foraging (32% in juve-
nile Weddell seals calculated from Noren et al., 2008). Thus, we suspect
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lower blubber reserves in the juvenile because of reduced foraging suc-
cess (Burns et al., 2005; Clark et al., 2006, 2007;Weise and Costa, 2007),
and that this diminished blubber layer is strongly guarded to protect
against energetic or thermoregulatory demands (Noren et al., 2008). In-
terestingly, in a study by Castellini et al. (2009), the ratio of blubber ring
depth to core diameter in juvenile Weddell seals showed a decreasing
slope; as the core diameter increased, the blubber to core ratio de-
creased. This may establish a means to concentrate POPs in the blubber
layer of calorically challenged juveniles.

Our results suggest that 1) while still present, p,p′-DDT is becom-
ing less prevalent temporally, resulting in an increased proportion of
its metabolite p,p′-DDE in the tissues of Weddell seals, 2) based on
previous POP data from Antarctic seals, some classes of POPs (PCBs,
chlordanes) may be increasing as a result of long-range transport,
3) PBDE concentrations recovered in Weddell seal blubber may be a
function of local and/or long-range transport and 4)Weddell seals
do not follow previous assumptions that animal blubber mass corre-
lates with POPs found in the muscle lipid. Mechanisms responsible
for age class differences are needed. In the face of global climate
change as well as the importance of POP influence on animal health,
further research is needed to address these mechanisms.

It is worth mentioning that different methods of POP quantifica-
tion have been used over the years by assorted laboratories, and in-
formation on the biology of the sampled species (age, sex,
nutritional status, reproductive status, etc.) is frequently scarce or
lacking. This often makes it difficult to compare and/or evaluate data.
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