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To understand the bioaccumulation and food web dynamics of persistent organic
pollutants (POPs) as a function of species, age and sex in Antarctic mammals,
blubber samples of 3 killer whales (Type C) and 77 pinnipeds (Weddell, Ross and
crabeater seals) were collected from the Southern Ocean, Antarctica. They were
analyzed for polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) and
polybrominated diphenyl ethers (PBDEs). XDDTs, Xo9PCBs and chlordanes (12 —
4,600, 13 - 1,600, and < 1.5 — 1,700 ng/g lipid, respectively) were the most
abundant POPs. Killer whales typically displayed several times greater concentrations
of POPs compared to seals, except for PBDEs. PCBs and PBDEs were consistently
higher in adult crabeater and Weddell seal males, and in adult female Ross seals
than in other sex and age groups reflecting an age accumulation and possible
influence of segregated diet, foraging areas, and metabolic transformation rates. POPs
concentrations significantly correlated with gene transcription of nuclear receptors
involved in detoxification of contaminants and immune relevant cell mediators in the
crabeater seals, indicating possible immunotoxic and deleterious health effects. This
represents one of the largest studies on POPs in Antarctic marine predators and
highlights the complexity of POPs bioaccumulation.

Keywords: Ross seal, Weddell seal, crabeater seal, killer whale, POPs, DDT, trophic magnification, gene
transcription

HIGHLIGHTS

- OCPs, PCBs and PBDEs were measured in 3 seal species and Type C killer whales in
Western Antarctica.

- Killer whales displayed strong bioaccumulation of PCBs and OCPs, but not of PBDEs.

- Weddell and Ross seals displayed similar POPs profiles, different from crabeater seals.

- POPs are influenced by variations in habitat, diet, and metabolic transformations.

- Biomarkers for immunotoxicity were related to PCB concentrations in crabeater seals.
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GRAPHICAL ABSTRACT | POPs in Antarctic Mammals.

INTRODUCTION

Antarctica has long been considered a pristine environment
given its distance from human populations and pollution sources.
For persistent organic pollutants (POPs), this view changed
when organochlorine pesticides (OCPs) (George and Frear,
1966) and polychlorinated biphenyls (PCBs), formerly used in
electronics and other industries (Risebrough and Rieche, 1968),
were detected in 1966. Since then, studies were performed to
investigate the presence of POPs in water/snow (Tanabe et al.,
1983; Dickhut et al., 2005; Hale et al., 2008; Vecchiato et al., 2015;
Khairy et al., 2016) and biota (Kawano et al., 1984; Larsson et al,,
1992; Corsolini et al., 2007; Bargagli, 2008; Krahn et al., 2008;
Corsolini, 2009; Schiavone et al., 2009; Cipro et al., 2012; Trumble
et al., 2012; Brault et al., 2013; Dorneles et al., 2015). Long range
atmospheric transport (Tanabe et al., 1983; Larsson et al., 1992;
Montone et al., 2003), local emissions from the research stations
(Larsson et al., 1992; Wild et al., 2014; Khairy et al., 2016) and/or
the re-volatilization from snow as it melts or metamorphoses
(Khairy et al., 2016) have been suggested as the major sources of
POPs in Antarctica.

Due to the lipophilic and persistent nature of POPs, cold
temperatures in polar regions, and the tendency of polar
organisms to store lipid as an energy source, bioaccumulation
of POPs in the Antarctic organisms is expected (Loganathan
and Kannan, 1991; Schiavone et al, 2009). Additionally,
biomagnification can result in higher concentrations of POPs in
top predators, and render them more prone to adverse health
effects (Schiavone et al., 2009). Upper trophic level predators, like
marine mammals, are good bioindicators of the quality of their
environment since they have relatively long-life spans and poor
metabolism of POPs (Schiavone et al., 2009; Trumble et al., 2012).
Weddell (Leptonychotes weddellii) and crabeater seals (Lobodon
carcinophagus), are especially good bioindicators for Antarctica,
as their habitat range is constrained to Antarctic waters (Laws,
1977). Recent research indicates that Ross seals (Ommatophoca
rossii) spend a considerable portion of the year in pelagic regions,
traveling up to ~1,300 km from the ice edge (Arcalis-Planas et al.,
2015), and winter migrations of Antarctic fur seals (Arctocephalus

gazella) are diverse and may reach the Patagonian Shelf (Hinke
et al., 2012; Staniland et al., 2012).

Thus, in Ross and Antarctic fur seals, POP-levels represent
the combined contribution from Antarctic and subantarctic
environments. Continuous monitoring of POP concentrations
in these marine mammals will therefore indicate any shift
or change in the environmental quality of their habitats.
This is valuable information and can lead to the discovery
of new sources of emission since threshold levels for POPs
were exceeded, potentially leading to endocrine disruption and
immunotoxicity and indicating threats for marine mammal
populations (Noél et al., 2009).

In Antarctica, some seal species have been widely used for
monitoring POPs: Weddell seals for example were used to
monitor the levels of OCPs (Kawano et al., 1984; Karolewski
et al.,, 1987; Larsson et al.,, 1992; Vetter et al., 2003; Corsolini,
2009; Cipro et al., 2012; Trumble et al., 2012), PCBs (Karolewski
et al.,, 1987; Larsson et al.,, 1992; Vetter et al., 2003; Corsolini,
2009; Trumble et al., 2012) and to a lesser extent, polybrominated
diphenyl ether (PBDEs) (Hale et al., 2008; Schiavone et al., 2009;
Cipro et al., 2012; Trumble et al., 2012). Antarctic fur seals
(Corsolini, 2009; Schiavone et al., 2009; Brault et al., 2013) were
occasionally used to monitor the chlorinated organic compounds.
However, crabeater seals (Corsolini, 2009), Ross seals and killer
whales (Orcinus orca) (Krahn et al., 2008) have rarely been used
to monitor POPs.

In the current study, we measured the concentrations of OCPs,
PCBs and PBDEs in blubber biopsies collected from Weddell,
crabeater, and Ross seals and killer whale of different age and
sex. This is an extension to the previous work that reported
on mercury (Hg) concentrations in seal fur (hair) of some of
the same samples (Aubail et al., 2011; Lehnert et al., 2017)
and investigated the difference across the Arctic and Antarctic
continents as well as the influence of Hg exposure on their
immune systems by quantifying gene transcription of selected
molecular biomarkers. Our goals were to: (i) determine the
concentrations of different POPs in seals and killer whales;
(ii) compare the concentrations and profiles of POPs in the
four investigated species and elucidate the influences of sex,
growth stage, lipid content and body weight on contaminant
concentrations and patterns by applying multivariate and
univariate statistical techniques; (iii) investigate the influence of
the exposure to POPs on the immune systems of the seal species;
and (iv) calculate the bioaccumulation and trophic magnification
factors for the OCPs and PCBs in the Antarctic food web.

MATERIALS AND METHODS

Detailed description of the sampling methods for phytoplankton,
krill and fish, extraction and cleanup, isotope analysis in biota
and physicochemical properties of pollutants can be found in the
Supplementary Information. A summary is given below.

Sampling
During the “Oden Southern Ocean” expeditions in December-
January 2008/09 and 2010/11 in the Amundsen and Ross seas,
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Antarctica, skin, and blubber biopsies were taken from Weddell
seals (n = 33), Ross seals (n = 11), crabeater seals (n = 33) and
killer whales (n = 3) [Supplementary Figure 1, for ship track
and sampling stations see Lehnert et al. (2017)]. Seals hauling
out on the ice were spotted and caught from (1) the mother
ship, when moored to an ice floe, (2) from a zodiac, that was
launched when the mother ship was moored to an ice floe, (3)
during ski trips departing from the mother ship when moored
to an ice floe or (4) from a helicopter that departed from the
mothership at any time when moored or when moving through
the ice. When seals were spotted during surveys from a helicopter,
the helicopter landed on the ice within 100-500 m, a distance
where no apparent reaction to the helicopter was seen. From all
platforms the seals were slowly approached and either caught
using a lightweight pole-net made of two carbon fiber wind surfer
masts and a triangular 2 x 2 cm nylon net tied to the masts,
and physically restrained (seals in 2008/09 and some in 2020/11)
or immobilized with Zoletil 100 using a Daninject airgun and
anaesthetizing darts. The handling/sampling procedure of each
seal took 30-60 min in total. For the seals, standard length
and circumference were measured, weight taken during ventral
recumbency using a lightweight tripod and a digital scale (Salter)
and sex and life stage (subadult, adult) estimated (Table 1). For
each seal a set of samples were collected. A 5 mm biopsy skin
punch (PFM Medical) was used to collect a 0.4 g skin/blubber
biopsy at the lower part of the back near the hip, blood
samples were taken from the epidural intravertebral vein and
hair samples were cut with a scissor at the lower part of the
back. Samples were always stored frozen until they were analyzed
(Supplementary Figure 2).
The whole procedure is shown in two YouTube videos:

https://www.youtube.com/watch?v=IZEH-bsz18w&t=1s
https://www.youtube.com/watch?v=QhE1JXUwUew

From a helicopter the killer whales were spotted spy hopping
at the ice edge in the channel made by the ice breaking
mothership (Oden). The helicopter landed on the ice within
500 m of the whales, a distance where no apparent reaction
to the helicopter was observed. The whales were approached
by foot from the ice edge and biopsied using the air gun and
darts at < 20 m range and the darts were retrieved in the water
from the ice edge. More details about the samples are given in
Supplementary Table 1.

For trophic magnification factors (TMF) calculations, we used
concentrations of POPs and stable nitrogen isotope values (§'°N)
in Antarctic krill, phytoplankton and silverfish from the same
study region (Brault, 2012).

Extraction, Cleanup, and Instrumental

Analysis

After homogenization with anhydrous Na; SOy, each sample was
spiked with surrogate standards and extracted on a table shaker
for 1 day using a n-hexane/dichloromethane (DCM) solvent
mixture (1:1, v: v) followed by another 1-day extraction with
DCM only. Lipid content was determined gravimetrically by
taking aliquots from the concentrated extracts. Cleanup of the

extracts was done using sulfuric acid treatment followed by
neutral silica gel (1.0 g). After eluting the target analytes, samples
were concentrated to a final volume of ~ 50 wL in n-hexane after
spiking with the injection standards.

Twenty nine PCB congeners (PCB-8, 11, 18, 28, 44, 52,
66, 77, 81, 101, 105, 114, 118, 123, 126, 128, 138, 153, 156,
157, 167, 169, 170, 180, 187, 189, 195, 206, and 209), 19
OCPs including hexachlorobenzene (HCB), a-, B-, y- and
3- hexachlorocyclohexane (HCH), heptachlor and its epoxide,
oxychlordane, trans- and cis-chlordane, trans- and cis-nonachlor,
a-endosulfan, o,p’-DDE, o,p’-DDD, o,p’-DDT, p,p’-DDE, p,p’-
DDD and p,p’-DDT and 12 PBDE congeners (BDE-2, 8, 15, 28,
30, 47, 49, 99, 100, 153, 154, 183) were investigated in the current
study. All the analytes were analyzed using an Agilent GC 6890N
with a DB-5 MS fused silica capillary column (30 m x 0.25 mm
i.d., 0.25 pm film thickness, J&W Scientific) equipped with a
Quattro micro-GC tandem MS (Waters) as detailed in Khairy
et al. (2016).

Samples (1 wL) were auto injected in splitless mode with
the injection port at 250°C. Column flow was maintained at
1.0 mL/min. The instrument operated in the multiple reaction
monitoring mode with the following temperature program:
initial oven temperature of 100°C (1 min), ramping at a rate of
11.0°C/min to 180°C, then to 260°C (0.00 min) at 3.0°C/min,
and finally at 20.0°C/min to a final temperature of 300°C with
a final holding time of 6.00 min. PBDEs were analyzed using
the same system with the same column in the splitless mode
with the injection port at 260°C. Column flow was maintained
at 2.0 mL/min. The instrument operated in the multiple reaction
monitoring mode with the following temperature program:
initial temperature 140°C, hold 2 min, 10°C/min to 180°C,
3°C/min to 220°C, 10°C/min to 310, and hold for 5 min. PBDEs
were identified based on the comparison of the retention time and
mass spectrum of selected ions with the calibration standards.

Biomarkers Sampling and Analysis

Details on the sampling and analysis of gene transcription of
selected immune- and pollutant- related molecular biomarkers
can be found in Lehnert et al. (2017). Briefly, blood samples were
taken from the epidural intravertebral vein of the individuals. Full
blood was collected in ethylenediaminetetraacetic acid (EDTA)
tubes pre-prepared with RNAlater and stored at —20°C until
RNA isolation. Hair samples for Hg analysis were always taken
on the lower back part of the seal.

Quality Assurance

Procedural blanks and matrix spikes were included with each
sample batch throughout the entire analytical procedure in a
manner identical to the real samples. Recoveries of the surrogate
standards ranged from 71 to 96% for OCPs, PCBs and PBDEs,
respectively. Matrix spikes recoveries ranged from 93 to 103% for
all the target analytes and relative standard deviation was < 20%.
Method detection limits were calculated as a signal to noise ratio
of 3.0 (0.3 - 1.2 ng/g lipids for all POPs). Few analytes (PCB 18
and HCB) were detected in the blanks at levels < 8.0% of what
was detected in the samples; samples were not blank-corrected.
BDE- 47 was detected in the blanks at concentrations < 17% of
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TABLE 1 | Geometric means (in bold) and range (in brackets) of OCPs (HCB, Chlords and DDT), PCBs and PBDEs ng/g lipid) in the blubber samples of the three seal
species and killer whales, Values from phytoplankton, the Antarctic silverfish and krill are from Brault (2012).

N Lipid% HCB Chlords =DDTs $20PCBs ¥1,PBDEs

Lobodon carcinophagus ~ AF 10 76(35-93) 10.6 (<LOD-82) 8.02 (<LOD-82) 50 (12-203) 91 (28-335) 10 (3.0-49)

AM 9 83 (49-96) 4 (<LOD-77) <LOD 79 (31-282) 162 (66-696) 20 (7.0-89)

SAF 78 (51-89) 24 (8.0-99) 37 (18-59) 51 (127188) (28 139) 7.0 (4.0-19)

SAM 8 85 (32-91) 4(4.0-28) <LOD 3(3.0-42) 8 (13-341) 14 (3.0-72)

Leptonychotes Weddelli ~ AF 10 79 (41-97) 8.0 (5.0-27) 3 (18-98) (18 174) <2o 85) 4.0 (2.0-24)

AM 12 88(65-94) 1.0 (<LOD-62) 85 (28-177) 244 (132-482) 73 (39-151) 8.0 (3.0-40)

SAF 5 72 (28-81) 8.0 (5.0-14) 81 (24-192) 164 (63-332) 50 (19-109) 6.0 (3.0-14)

SAM 6 84(45 92) 9.0 (6.0-20) 51 (39-69) 103 (63-135) 39 (22-109) 6.0 (3.0-51)

Ommatophoca Rossii AF 6 70 (40-90) 4.0 2.0-19) 34 (22-197) 205 (111-654) 54 (23-211) 4.1 (2.0-24)

AM 4 76 (63-94) 4.0 (3.5-9.0) 0 (17-27) 154 (112-149) 35 (24-62) 3.6 (2.4-5.5)

Orcinus Orca NA 3 85 (31-88) 455 (181-1,418) 477 (181-1,663) 1,148 (366-4,626) 596 (247-1,598) 17 (10-32)
Phytoplankton NA 13 1.3(0.1-6.7) NA 29 (6.0-130) <LOD 50 (9-201)¢ NA
Antarctic silverfish NA 2 26 (22-31) NA 9.0 (11-13) <LOD 8.5 (8.0-9.0 NA
Krill NA 4 23 (10-35) NA 2.0 (2.0-3.0) <LOD 3.0 (2.5-4.0) NA

AF, adult female; AM, adult male; SAF, subadult female; SAM, subadult male; NA, not available; a-endo, a-endosulfan; Hept, heptachlors sum of heptachlor and its
epoxide); Chlords, chlordanes sum of trans- + cis-chlordane, trans- + cis-nonachlor and oxychlordane); £DDTs, sum of the six DDT isomers; %, Based on 13 congeners.

the sample concentrations and samples were corrected for the
blank concentration.

RESULTS AND DISCUSSION

Geometric means (GM) and ranges of OCPs, PCBs and PBDEs
in the blubber samples of seals and killer whales are given in
Table 1. Concentrations < LOD were replaced by 1/2 LOD
for data processing. In general, XDDTs displayed the highest
concentrations, of up to 4,600 ng/g lipid (GM: 1,148 ng/g lipid)
in orcas and 650 ng/g lipid (GM: 115 ng/g lipid) in seals, followed
by sum X,9PCBs (GM: 596 ng/g lipid in orcas, 65 ng/g lipid
in seals) and chlordanes (GM: 477 ng/g lipid in orcas, 36 ng/g
lipid in seals). ZDDTs dominated in Weddell and Ross seals, and
killer whales, while PCBs were most abundant in crabeater seals.
Concentrations of OCPs, PCBs and PBDEs in all the samples are
detailed in Supplementary Tables 2-13, respectively.

In all the sex and age classes of Weddell, ross, and in killer
whales, the following descending order (based on GM) was
observed: DDTs (sum of o,p’-DDE, o,p’-DDD, o0,p’-DDT, p,p’-
DDE, p,p’-DDD and p,p’-DDT; 90 - 244 ng/g lipid, 154 -
205 and 1,148 ng/g lipid, respectively) > PCBs (36 - 73 ng/g
lipid, 35 - 54 ng/g lipid and 600 ng/g lipid) > chlordanes
(sum of trans- and cis-chlordane, trans- and cis-nonachlor and
oxychlordane; 33-85 ng/g lipid, 20-34 ng/g lipid and 477 ng/g
lipid) > hexachlorobenzene (HCB; 1.0 — 9.0 ng/g lipid, 4.0 ng/g
lipid and 455 ng/g lipid) > PBDEs (4.0 - 8.0 ng/g lipid, 3.6 —
4.1 ng/g lipid and 17 ng/g lipid). A different order was observed
in crabeater, where PCBs displayed highest concentrations (52 -
162 ng/g lipid) followed by DDTs (50 - 79 ng/g lipid), chlordanes
(<LOD - 37 ng/g lipid), PBDEs (7.0 - 20 ng/g lipid) and HCB
(3.4 - 24 ng/g lipid).

In the current study, higher concentrations of chlordanes
were observed in crabeaters (<LOD - 82 ng/g lipid) compared
to previously detected concentrations (23 ng/g lipid) (Cipro

et al,, 2012) although the mean concentration was comparable
(arithmetic mean: 24 ng/g lipid). Chlordane concentrations in
Weddells (18-177 ng/g lipid) were higher than concentrations
reported during 2004-2006 [10 ng/g lipid, n = 1 (Cipro et al,,
2012)]. Additionally, reported chlordane concentrations in adult
males (28-177 ng/g lipid) and adult females (18-98 ng/g lipid)
were higher than concentrations previously observed for the
same age and sex groups in 2006 [38 and 17 ng/g lipid (Trumble
et al., 2012)] but lower than concentrations observed in subadult
males [39-69 ng/g lipid in the current study compared to 73 ng/g
lipid in 2006 (Trumble et al., 2012)]. Differences in the measured
isomers (cis- and trans-nonachlor were not included in Cipro
et al. (2012), total number of investigated samples [1-3 samples
(Cipro et al., 2012) and 21 in Trumble et al. (2012) compared
to 30 in the current study] and sampling locations should be
considered in this comparison.

DDT concentrations were much higher than concentrations
reported by Cipro et al. (2012), and lower than all the other
performed studies from Antarctica (George and Frear, 1966;
Sladen et al., 1966; Corsolini, 2009; Trumble et al., 2012).
OCP concentrations were also within the range or lower than
concentrations previously reported for Antarctic fur seal blubber
(Schiavone et al., 2009). Detected OCP concentrations in the
killer whale were within the range previously observed for killer
whales from the Antarctic (Krahn et al., 2008) but much lower
than concentrations previously observed for killer whales from
the southern Indian Ocean (Noél et al., 2009), Alaska, West
California and Eastern Pacific (Krahn et al., 2008).

Detected concentrations of PCBs in Weddells (36 - 73 ng/g
lipid) were lower than concentrations previously reported in 1981
[345 ng/g lipid (Siegfried et al., 2013)], 1994/1995 [395 ng/g
lipid (Corsolini et al., 2002)], 2004-2006 [300 ng/g lipid (Cipro
et al, 2012)] but within the range observed in 2006 [17 -
73 ng/g lipid (Trumble et al, 2012)] although different PCB
congeners were investigated in the above mentioned studies. PCB
concentrations in the killer whale (247 - 1,598 ng/g lipid) were
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within the range previously observed in 2006 [93 - 5,300 ng/g
lipid) (Krahn et al, 2008)] and lower than concentrations
observed in other places worldwide (Krahn et al., 2008). Median
concentrations of PCBs, chlordanes and DDTs reported for
seals in the current study are ~ 2 folds higher than median
concentrations reported for Gentoo and Chinstrap penguins
collected during 2013 - 2014 from King George Island, Antarctica
(Kim et al., 2021).

Few studies investigated the levels of PBDEs in the blubber
of seals and killer whales in Antarctica. In studies performed on
Weddell seals during 2004-2006 (Cipro et al., 2012) and 2006
(Trumble et al., 2012), only BDE-99 was detected in the first
study in one sample with a concentration (2.0 ng/g lipid) close
to the arithmetic mean observed in the current study (2.7 ng/g
lipid), whereas in the second study, BDE-47 was the only reported
congener with similar concentrations (<LOD - 1.8 ng/g lipids)
to our findings (1.2 - 2.3 ng/g lipid) for only adult males,
females and subadult males. However, we detected several tri-
through hexa-brominated BDE congeners in the seal blubber
samples (1.0-88 ng/g lipid), with an average concentration
(arithmetic mean: 13 ng/g lipid) that was comparable to that
observed for fur seal blubber samples collected from the
Antarctic in 2004 [11 ng/g lipid (Schiavone et al., 2009)] despite
the different number of investigated congeners (6 congeners
compared to 12 in our study). Detected concentrations in the
killer whale blubber samples (10 — 32 ng/g lipid) were within
the range previously observed in 2005 [ < LOD - 74 ng/g lipid
(Krahn et al., 2008)].

Organochlorine Pesticides

Cis-chlordane was only detected in the subadult males and
females of Weddell seals and killer whales comprising on average
16 and 20%, respective to the total chlordane concentrations
(Supplementary Figure 3A), which could possibly be attributed
to the higher degradation rate of the trans-isomer (Eitzer
et al,, 2001). Trans-chlordane (TC) was only detected in the
killer whale blubber (6.0-8.0 ng/g lipid) with a concentration
lower than the cis-isomer (CC; 52 - 249 ng/g lipid). Ratios
of TC/CC for the killer whale samples ranged from 0.02
to 0.23, which is much lower than the value calculated for
technical chlordane (1,56), indicating an aged chlordane source
(Bidleman et al., 2002).

Trans-nonachlor (TN) was more frequently detected (n = 56)
than the cis-isomer (n = 40). In the adult crabeater and Weddell
seals, trans-nonachlor was the dominant isomer comprising 28—
100% of the total chlordane concentrations, whereas comparable
contributions of the two nonachlor isomers (28 — 33% each) were
observed in the crabeater and Weddell subadults, adult Ross seal
seals and killer whale (Supplementary Figure 3A). The ratio
of TN/TC in the current study ranged from 2 to 276 for the
samples where TC was detected. These values are much higher
than values previously reported for the technical chlordane [0.42,
(Jantunen et al., 2000) and 0.76, (Mattina et al., 1999)]. TN was
also enriched in air above soil containing weathered technical
chlordane residues (Eitzer et al., 2001) indicating again the aged
chlordane source in the current study.

XDDTs were the most abundant and the most frequently
detected (94% of the total samples) OCPs in the blubber samples
of the seals and killer whales. p,p’-DDE was the most abundant
isomer comprising > 61% of the total DDT concentrations in all
the species (Supplementary Figure 3B) followed by the parent
compound p,p’-DDT (13 - 32%) and p,p’-DDD (1.0 - 13%). o,p-
isomers of the parent compound and metabolites were < LOD in
all the seal blubber samples. The ratio of p,p’-DDE/p,p’-DDT in
the current study ranged from 1.4 to 23 indicating an aged DDT
source (Sarkar et al., 2008).

Hexachlorobenzene was detected in 83% of the total analyzed
seal blubber samples and in all the killer whale samples.
However, it displayed lower concentrations compared to DDTs
and chlordanes (Table 1). This pattern was already previously
observed for marine mammals in the Antarctic (Corsolini, 2009).

Although HCHs and a-endosulfan were not detected in any of
the samples in the current study, they were previously detected
in the blubber samples of crabeater (HCHs: 0.22 ng/g lipid;
a-endosulfan: 2.1 ng/g lipid) and Weddell seals (2.6 ng/g lipid;
14 ng/g lipid) collected from the Antarctic in the austral summers
of 2004/2005 and 2005/2006 (Cipro et al,, 2012). This could
be attributed to the ban of HCHs and their short half-lives
compared to DDTs.

Polychlorinated Biphenyls

Polychlorinated biphenyls were detected in 100% of the samples
with concentrations ranging from 20 to 700 ng/g lipid and 250 -
1,600 ng/g lipid in the seal and killer whale blubber samples,
respectively. Concentrations of PCBs in the killer whale (250 -
1,600 ng/g lipid) were much higher than concentrations reported
for the seal samples most likely owing to its higher trophic
position in the food web.

Octa- through deca-chlorinated congeners were < LOD in all
the seal samples. As previously observed for seals (Trumble et al.,
2012) and in the scat of killer whales (Lundin et al., 2016), PCB
153 and 138 were the most abundant PCB congeners followed
by PCB 101, 52, 118, and 180, as is typically observed in higher
trophic level biota.

As for the PCB patterns, all animals, regardless of their sex,
life stage or species, were dominated by the hexa-, hepta- and
penta-chlorinated congeners (Supplementary Figure 3C). This
pattern was previously observed for killer whales in the southern
Indian Ocean (No¢l et al,, 2009) and higher chlorinated PCB
congeners dominated in the blubber samples of killer whales
collected from the Antarctic (Krahn et al., 2008). However, a
slightly different pattern, characterized by the dominance of the
tetra-, penta-, hexa- and hepta- congeners (Cipro et al., 2012),
was previously observed in crabeater and Weddell seal blubber.
Organisms located at higher trophic levels accumulate POPs
from their diet, and higher chlorinated (more lipophilic and
resistant to metabolic transformation) PCB congeners (hexa-
and hepta-) are expected to dominate as previously observed
(Focardi et al., 1995).

Polybrominated Diphenyl Ethers
Geometric mean concentrations of PBDEs in all the samples
were lower than those reported for the legacy POPs (Table 1)
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and ranged from 7.0 to 20 ng/g lipid (crabeater), 4.0 - 8.0 ng/g
lipid (Weddell) and 4.0 ng/g lipid (Ross) in the seal samples.
The geometric mean PBDE concentrations in the killer whale
samples (17 ng/g lipid) were comparable to those of the male
Crabeater seals (both adults and subadults; 20 and 14 ng/g lipid,
respectively) and ~ 2-4 folds higher than in the Weddell, Ross
and female Weddell blubber samples (4.0 - 10 ng/g lipid), which
was different from our findings for OCPs and PCBs, implying
that either the uptake sources of PBDEs are different and/or a
difference in the metabolic rates across the marine mammals
exists. Age differences between the killer whales and seals could
also play a role.

All the investigated blubber samples in the three species of
the seals were dominated by BDE-47 and BDE-99 comprising
52 - 71% of the total PBDE concentrations (Supplementary
Figure 3D) due to the wide global use of the penta-technical
formulation (Jia and Gan, 2014). Snowmelt samples collected
from the same region were also dominated by the same
congeners, which were mainly emitted from local sources
(research stations) (Khairy et al., 2016). BDE-47 was also the
highest detected congener in the blubber samples of Antarctic
fur seal (>90%) (Schiavone et al., 2009). In the killer whale
samples, BDE-47 was still the dominant congener (48%) followed
by BDE-49 (28%) and all the other congeners showed comparable
contributions (<4% each). In all the samples, BDE-2, BDE-8 and
BDE-15 were < LOD and BDE-183 was only detected in the adult
males of Ross seals.

Persistent Organic Pollutant Trends

Across Pinnipeds and Killer Whales

Several interesting trends were observed in the investigated
animals though only few were statistically significant. OCP
and PCB concentrations in the killer whales displayed much
greater concentrations than the seals, in-line with their trophic
position (see biomagnification section below). OCPs displayed
the most diverse variations between and within seals (e.g., male
versus female, subadult versus adult) (Figure 1A). Comparable
PBDE concentrations in the seals and killer whales were
observed (Table 1), possibly related to the exposure to the same
sources (local sources as mentioned earlier) and possibly similar
metabolic rates. This observed pattern for PBDEs was different
compared to PCBs and OCPs indicating differences in the uptake
sources and elimination patterns.

Adults vs. Subadults
Previous studies on marine mammals have indicated that
concentrations of POPs were generally higher in adults compared
to subadults due to the longer exposure periods (age) and the
reliance on prey items from different tropic levels. However,
metabolic transformation rates in adults are higher compared
to subadults, which could result in higher accumulation in the
subadults (Aguilar et al., 1999). Additionally, the transfer of POPs
from adult females to the newly born offspring via lactation could
result in a reduced body burden of POPs in the adult females
(Aguilar et al., 1999).

In the current study, no specific pattern was observed when
OCP concentrations in the adult and subadult crabeater females

were compared (Figure 1A). In contrast, the majority of OCPs
showed higher concentrations (1.3 - 5.0 factor difference)
in subadult females of Weddell seals, which was statistically
significant (Kruskal-Wallis ANOVA on ranks, p < 0.05) for cis-
nonachlor. This finding was similar to the pattern observed for
the lower chlorinated PCBs in the Northern Pacific elephant
seals (Mirounga angustirostris) (Peterson et al., 2014). For both
seal species, OCP concentrations in the adult males were higher
than the subadults (1.3 - 6.0 factor difference; Figure 2A) and
was statistically significant (Kruskal-Wallis ANOVA on ranks,
p < 0.05) for p,p’-DDE and E£DDTs in the crabeater, and p,p’-
DDE and p,p’-DDT in the Weddell seals.

Concentrations of PCBs and PBDEs in the crabeater seals
were generally higher in adult females than in subadults
(Figures 1B,C), whereas PCBs and PBDEs in the Weddell seals
showed a similar pattern to OCPs (higher in subadult females). In
the males of both species, adults displayed higher concentrations
of PCBs and PBDEs (Figures 2B,C), as was observed for OCPs.
Except for PBDEs and PCBs in the crabeater, our observed
findings were comparable to what was previously found for
marine mammals (Aguilar et al., 1999), and that the pattern
observed for PCBs and PBDEs in the crabeater (higher in adult
females than subadults) could be attributed to differences in
metabolic transformations (higher in adults) and different diet,
which was found to substantially differ with age and sex in a study
of cetaceans (Aguilar et al., 1999).

Males vs. Females

In marine mammals, females generally showed lower
detoxification ability for POPs compared to males, which
could result in higher concentrations in females (Aguilar et al.,
1999). However, other factors such as lactation (for females), their
respective life stage (age), and dietary differences can influence
the pattern. In the current study, concentrations of most OCPs
in the adult females of crabeater and Ross seals were generally
higher than concentrations in adult males, whereas the reverse
was observed for Weddell seals (Figure 3A). Concentrations
of HCB, heptachlor, trans-nonachlor and chlordanes in adult
and subadult females of crabeater, and p,p’-DDE in adult
female Ross seals were significantly higher (Kruskal-Wallis
ANOVA on ranks, p < 0.05) than in male seals (Figures 1A,
2A, 3A). In contrast, concentrations of trans-nonachlor, p,p’-
DDE, p,p’-DDT and DDTs in adult males of Weddells were
significantly higher (Kruskal-Wallis ANOVA on ranks, p < 0.05)
than adult females.

Concentrations of the majority of PCB and PBDE congeners
(Figures 3B,C) in crabeater and Weddell seals were higher in
adult males than adult females. In contrast, concentrations of
PBDEs and PCBs were higher in the adult female Ross seals (by
1.5 - 6.0 times). In our study, although higher concentrations
of PCBs and PBDEs were observed in males, this was not
consistent for all the seal species (Ross seals were different
from the other two species) and not for all the classes of POPs
(OCPs showed different pattern that PCBs and PBDEs in the
crabeater). Accordingly, metabolic transformation alone could
not explain the observed patterns and that other factors such
as differences in food items, foraging areas, nutritive conditions,

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 768715


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Khairy et al. POPs Bioaccumulation in Antarctic Mammals

x10

== Crabeater (AF: n = 11; SAF: n = 6)
== Weddell (AF: n = 10; SAF: n = 6)
2 —Y=1

25

15

0.5

HCB
Heptachlor
HE

TC

e

CN

TN
a-endosulfan
p.p’-DDE
p.p’-DDD
p,p’-DDT
HCHs
Heptachlors
Chlordanes
DDTs

Oxychlordane

x10

PCB 8
PCB 11
PCB 18
PCB 28
PCB 52
PCB 44
PCB 66

PCB 101
PCB 81
PCB 77

PCB 123

PCB 118

PCB 114

PCB 153

PCB 105

PCB 138

PCB 126

PCB 187

PCB 128

PCB 167

PCB 156

PCB 157

PCB 180

PCB 169

PCB 170

PCB 189

Total

BDE 30
BDE 28
BDE 49
BDE 47
BDE 100
BDE 99
BDE 154
BDE 153
BDE 183
Total

FIGURE 1 | Adult female (AF)/subadult female (SAF) concentration ratios of OCPs (A), PCBs (B) and PBDEs (C). HE, heptachlor-epoxide; TC, trans-chlordane; CC,
cis-chlordane; CN, cis-nonachlor; TN: trans-nonachlor. See Table 1 for sample size in each group.

habitat differences [as was observed for other species (Krahn and Ross seals shared common uptake pathways for POPs,
et al., 2007; Dickhut et al., 2009), and blubber thickness should ~whereas crabeater seals were distinctly different. In the

be considered (Aguilar et al., 1999)]. former two species, concentrations of POPs generally followed
XDDTs > chlordanes > PCBs > HCBs and PBDEs, while for
Ross vs. Crabeater and Weddell Seals crabeater seals, the ranking was PCBs > XDDTs > PBDEs,

Focusing on the general patterns of POPs concentrations HCB and chlordanes. This difference in POPs ranking could be
in seals and killer whales implied that whales, Weddell explained by the fact that Weddell and Ross seals both feed on
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FIGURE 2 | Adult male (AM)/subadult male (SAM) concentration ratios of OCPs (A), PCBs (B) and PBDEs (C). HE, heptachlor-epoxide; TC, trans-chlordane; CC,
cis-chlordane; CN, cis-nonachlor; TN, trans-nonachlor. See Table 1 for sample size in each group.

higher trophic levels (squid, fish), while crabeaters mostly feed
on krill (Rau et al., 1992; Burns et al., 1998).

There is also the influence of feeding regions on POPs
accumulations: crabeater and Weddell seals are both residents
of the Antarctic coastal waters, whereas Ross seals may migrate

northwards 1,300 kilometers out in the open ocean (Arcalis-
Planas et al, 2015) and some vagrants have been sighted as
far north as South Georgia, the Falkland Island and the South
Sandwich Islands (Stewart, 2007) thus reflecting a possible sub-
Antarctic pollution signature. Detected concentrations of POPs
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FIGURE 3 | Adult female (AF)/adult male (AM) concentration ratios of OCPs (A), PCBs (B) and PBDEs (C). HE, heptachlor-epoxide; TC, trans-chlordane; CC,
cis-chlordane; CN, cis-nonachlor; TN, trans-nonachlor. See Table 1 for sample size in each group.

in Ross seals were comparable to concentrations observed in  males, which in most cases contradicts what was observed for
the other two seal species. However, concentrations of PCBs the other seal species (Figure 3). Accordingly, we conclude that
and PBDEs in the females were almost always higher than the this observed sex difference could be attributed to difference in
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the diet, foraging areas, and metabolic activities with no strong
influence of the migratory behavior of the Ross seals.

Gene Transcripts and Persistent Organic

Pollutants

mRNA transcripts of target genes in blood samples of
the seal species are shown in Supplementary Table 14.
The correlation analysis between POPs and gene transcripts
in the three seal species revealed significant relationships
only in crabeater seals (Supplementary Table 15). Gene
transcription of aryl hydrocarbon receptor nuclear translocator
(ARNT) and aryl hydrocarbon receptor (AHR) and peroxisome
proliferator-activated receptor alpha (PPARa) showed significant
relationships with HCB, chlordanes, DDTs, £2°PCBs, and PCB
homologs groups, but not with PBDEs and 3-Cl biphenyls. AHR
and ARNT are induced by environmental contaminants and
mediate immunotoxic compounds (Gaspar-Ramirez et al., 2015).
AHR, ARNT and PPARa« transcription were previously found to
be associated with the exposure to organic pollutants in Baikal
seals (Kim et al., 2005; Ishibashi et al., 2008) and in harbor seals
(Lehnert et al., 2016).

In a study performed by Lehnert et al. (2017), no correlation
was found between xenobiotic biomarker transcripts and Hg
concentrations in fur of the same seal species. Nevertheless, the
highest transcription levels of pollutant-related markers were
found in crabeaters despite lower detected Hg concentrations
compared to Ross and Weddell seals. Based on the correlations
observed in the current study, and the higher detected PCB
concentrations in the crabeaters (Table 1), it seems that PCB
concentrations may be responsible for the high ARNT and
AHR gene transcription observed in crabeater seals. The strong
correlation of DDTs and HCB with ARNT, however, may be
due to species-specific metabolic processes and mechanisms of
bioaccumulation and biomagnification in crabeater seals.

Pro-inflammatory cytokines interleukin-2 (IL-2) transcription
was significantly correlated (p < 0.05, Supplementary Table 16)
to HCB (r = 0.75), PCBs (r = 0.58) and trichloro-, tetrachloro-
and pentachloro-biphenyls (r > 0.65) in the crabeater seals,
as was previously observed in harbor seals (Lehnert et al,
2016). IL-2 is a cell mediator of inflammatory disease in marine
mammals (Boyman and Sprent, 2012). The significant correlation
between IL-2 transcription and some POP compounds in the
current study may indicate immune-modulatory effects caused
by pollutant exposure.

Heat-shock-protein 70  (HSP70) transcription  was
significantly correlated with trichloro- (r = 0.64) and
pentachloro- (r = 0.58) biphenyl concentrations in the crabeater
seals (Supplementary Table 15) indicating a possible effect
on their stress response. Similarly, some heavy metals showed
significant correlations with AHR, IL-2 and HSP70 transcription
in harbor seals, indicating effects of environmental contaminants
on the xenobiotic metabolism, stress- and immune response in
pinnipeds (Lehnert et al., 2016).

It should be noted that POPs were analyzed in blubber,
while biomarker transcripts were measured in blood samples.
The different matrices used may in part account for differences

observed as pollutant concentrations in blood and blubber
may vary due to metabolic processes and biomobilization
characteristics of pollutant compounds.

Bioaccumulation of Persistent Organic

Pollutants

In the current study, the bioaccumulation factors (BAF) for
POPs were calculated based on the detected concentrations of
POPs in the blubber samples (Cj;,, ng/kg lipid) and dissolved
water concentrations, obtained from Galbdn-Malagon et al
(2013) (PCBs and OCPs for samples collected in 2009) and
Bigot et al. (2016) (OCPs only for samples collected in 2014).
Unfortunately, no data were available for PBDEs; accordingly,
they were excluded from this discussion. Calculated BAFs for
OCPs and PCBs are given in Supplementary Table 16 and shown
in Figure 4. BAFs were the highest for PCBs and ranged from
1.3 x 10% - 1.1 x 10'% and 1.5 x 107 - 1.8 x 10'? in the seals
and killer whales, respectively, followed by OCPs (2.1 x 10% -
2.6 x 10° and 9.4 x 10 - 4.4 x 10°). Calculated BAFs for PCBs
and OCPs in the killer whales were significantly higher (One Way
Repeated Measures ANOVA, p < 0.001) than calculated BAFs for
the seals. Additionally, calculated BAFs for all OCPs (except cis-
nonachlor) and PCBs were 1 — 4 orders of magnitude higher than
Kj;p_ in the seal and killer whale samples (Figure 4). At the same
time, the log BAF-Ky;,_, linear relationships for PCBs and OCPs
were statistically insignificant (p > 0.05). All the above findings
suggest that the uptake of POPs is mainly occurring through
diet, and the absence of equilibrium partitioning between lipids
and the water. Calculated BAFs for oxychlordane, p,p’-DDE,
p.p’-DDD and hexachlorobenzene (average: 108) were 1-2 order
of magnitude higher than the other OCPs (average: 10°-107)
(Supplementary Table 16). Similarly, calculated BAFs for the
hepta-chlorinated congeners (average: 10° for PCBs 180 and 187)
were 1-2 order of magnitude higher than the other congeners
(107-108). This could possibly be attributed to either more uptake
from the food items and/or less metabolic transformation rates
(persistence) for the higher chlorinated PCB congeners, p,p’-
DDE, p,p’-DDD and oxychlordane.

Trophic Magnification of Persistent

Organic Pollutants

To investigate the biomagnification of POPs, the trophic level
of each of the seal species and killer whales was calculated
based the stable nitrogen isotope values, 8!°N, using the
phytoplankton as the base trophic level according to Post
(2002). Concentrations of several OCPs and PCBs (trans-
chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor, PCB
101, 105, 118, 138, and 153) from the higher trophic level
predators reported here were compared to those in Antarctic
krill, phytoplankton and silverfish together with stable nitrogen
isotope values (5!°N) for the same species (Brault, 2012). The
lower trophic level samples were collected during the same
expeditions as the seal samples of the current study. 8!°N were
not estimated for the seal and killer whale samples collected
in this study, but rather obtained from Zhao et al. (2004)
and Krahn et al. (2008). We note that this approach relies
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on assuming a consistent baseline value of 3'°N in primary
producers (Graham et al., 2010).

Except for phytoplankton, an increasing trend of PCB
and OCP concentrations with increasing trophic level was
observed, from krill to the killer whale (Figure 5). As shown
in Supplementary Table 17, cis-chlordane, nonachlors, PCB
118, 138, and 153 showed trophic magnification [trophic
magnification factors (TMF) > 1]. However, TMFs were only
significantly greater than one (p < 0.05) for trans- and cis-
nonachlor (TMFs = 2.52 - 5.48). In contrast, TMFs for trans-
chlordane, PCB 101 and 105 were less than one indicating their
biodilution in the food web, although statistically insignificant
(p > 0.05).

To investigate whether the obtained relations and TMF
values are foodweb-dependent (depends on what species were
included in the TMF calculations), TMFs were recalculated after
excluding phytoplanktons (Supplementary Table 17). When
phytoplanktons were excluded, all the investigated pollutants
showed trophic magnification (TMFs > 1). Additionally,
calculated TMFs were statistically significant for trans- and
cis-nonachlor, cis-chlordane, PCB 138 and 153. This implies
that TMF calculations and their significance are partially
influenced by the included species. Calculated TMFs for the
nonachlor isomers were generally higher than values calculated
for the PCBs, and the highest values was observed for cis-
nonachlor, which was 2-5 times higher than all the other values
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(Supplementary Table 17). It must be pointed out that calculated
TMFs in the current study are influenced by many factors.
First, not all the dietary items for seals and the killer whales
were included in the current study (e.g., large predatory fish
and crabeater seal pups). Additionally, based on the measured
concentrations of POPs, we assumed that even for the same
seal species, different foraging areas and food items could be
expected in addition to the physiological differences that could
affect the uptake and excretion of POPs and hence TMFs. Second,
the trophic levels for the investigated species were calculated
based on §!°N values, and there is a difference in the turnover
time between nitrogen isotopes (within weeks) compared to
POPs (months to years) (Post, 2002). Finally, migration patterns
especially for killer whales could also be a factor affecting the
calculated TMFs in the current study, all of which indicates the
complex nature of this unique food web.

CONCLUSION

Detected concentrations of OCPs and PCBs in seals were
generally lower than concentrations previously detected in the
period from 1981 to 2006, whereas in the killer whale, no
decline in PCB concentrations were observed. In both seals and
killer whales, PBDE concentrations were much lower than the
legacy pollutants, but within the range observed in previous
studies. Similar PCB/OCP profiles in orcas, Weddell and Ross
seals imply a common regional POPs concentration across
the wider foraging region. This in turn may highlight the
continuous role played by regional sources (research stations,
deep sea currents and ice melting) in polluting this unique
aquatic environment (Goerke et al., 2004). Accordingly, blubber
samples collected over time should be considered in future
research to highlight any differences arising from temporal
changes in POPs dynamics in top predators (glacier and snow
melting, temperature variations, and variations in the thicknesses
of the blubber layer). The current work also highlighted
that sex, age and species type only played a minor role in

explaining the variability in the detected concentrations of
POPs in the blubber samples and that additional factors linked
to habitat and diet are needed to better explain observed
differences between species and various POPs concentrations.
The highest gene transcription in xenobiotic biomarkers were
observed in crabeater seals, probably due to their greater PCB
concentrations compared to the other investigated seal species,
despite their lower trophic levels. The observed correlations
between POP concentrations and other biomarkers such as
HSP70 in the crabeaters may indicate the possibility of
occurrence of immunotoxic and deleterious health effects in the
crabeater population.

CAPSULE

The investigation of POPs in Antarctic marine mammals
indicated that sex, age and species type only played a minor role in
explaining the variability in the detected concentrations and that
additional factors linked to habitat and diet are needed to better
explain observed differences. Results indicated the possibility of
occurrence of immunotoxic and deleterious health effects in one
species from the exposure to PCBs.
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