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• POPs levels and tissue distribution in
Antarctic notothenioid fish

• Trematomus newnesi,Notothenia coriiceps
and Notothenia rossii analyzed for POPs

• This is the first report on POPs levels in
the Antarctic notothenioid Trematomus
newnesi.

• Gonads and gills of analyzed specimens
presented the highest levels of studied
POPs.
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In the present work, persistent organic pollutants (POPs), such as polychlorinated biphenyls (PCBs), dichlorodi-
phenyltrichloroethane (DDT) and metabolites, polybrominated diphenyl ethers (PBDEs), and hexachlorocyclo-
hexane (HCH) were analyzed in three Antarctic notothenioids fish species: Trematomus newnesi (TRN),
Notothenia coriiceps (NOC) and Notothenia rossii (NOR). The contribution of each POP-family to the total load
was as follows: ΣPCB (40%) N ΣDDT (27%) N ΣPBDEs (23%) N ΣHCH (10%). Among the 23 PCB congeners
analyzed, penta-CBs homologues were the prevalent group, followed by hexa-CBs and hepta-CBs. DDT and its
metabolites presented the following trend: p,p′-DDT N p,p′-DDE ~ p,p′-DDD. PBDE profile was dominated by
BDE-47 and BDE-99 congeners, followed by BDE-100 N BDE-28 N BDE-154, BDE-153. Among HCHs, the γ-HCH
isomer was detected in all samples, constituting 69% total HCH load, while α-HCH and β-HCH contributions
were 15% and 16%, respectively.
The levels of POPs reported here suggest that NOR and NOC are more susceptible to accumulate the analyzed
contaminants than TRN, a species not previously analyzed for POPs.
(J.C. Altamirano).
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Distribution of POPs among different tissues of the three species (muscle, liver, gonads, and gills) was also inves-
tigated. Considering lipid weight, the general pattern of POPs distribution in tissues indicated that while gonads
showed higher levels of PCBs, DDTs and HCH, the most significant PBDE concentrations were recorded in gills.
Also, a comparative analysis of POPs concentration in fish samples from Antarctic area was included.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Although the human presence in Antarctica is low, with relatively
little impact of wastewater and solid waste, the anthropogenic effect
on the ecosystem has increased progressively, mainly through the com-
mercial fishery of living resources such as finfish and krill (Ainley and
Pauly, 2014; Kock, 1992). Contaminationwith persistent organic pollut-
ants (POPs) was documented in the region since 1960s (Sladen et al.,
1966; Tatton and Ruzicka, 1967). Due to their physicochemical proper-
ties and low decomposition rate, POPs like polychlorinated biphenyls
(PCBs), polybrominated diphenyl ethers (PBDEs), hexachlorocyclohex-
ane (HCH) and dichlorodiphenyltrichloroethane (DDT) are transported
over long distances and/or widely dispersed into the environment after
released. Transport of POPs can be accomplished through atmospheric
and/or water flows as a gas phase and/or associated to particulate
matter. Previous reports demonstrated that POPs associated with
organic particles are transported by sedimentation from the pelagic
zone to the sea-bed (Wania and Daly, 2002).

Cold condensation and global fractionation were proposed as the
main mechanisms whereby POPs reach polar locations (Wania and
Mackay, 1996). In this way, the more volatile POPs, such as HCH and
low-PCBs reach polar regions in a higher rate than the less volatiles
ones (highly halogenated PCBs, PBDEs and DDT) (Paasivirta et al.,
1999). The combination of environmental conditions and physicochem-
ical properties of POPs makes Antarctica to be a sink for such type of
compounds (Wania and Mackay, 1996). Cold-adapted species present
a slower metabolism, resulting in a slowdown of biological processes
including growth and reproduction (Bargagli, 2005). This adaptation
to cold environments can affect the fish's ability to detoxify or remove
pollutants from its body which, added to the storage of lipids as an
energy source, favor the bioaccumulation of hydrophobic chemicals
during the Antarctic fish lifespan (Goutte et al., 2013). These factors
also have significant influence on POPs biomagnification within the
Antarctic food webs (Corsolini et al., 2006).

Antarctic fish constitute an important link of marine Antarctic food
webs because they prey on a variety of benthic, epibenthic and plank-
tonic organisms and are preyed by squids, other fish, penguins, flying
sea birds, seals and whales (Barrera-Oro, 2002). Among fish, the
suborder Notothenioidei is an endemic coastal demersal group,
which includes six dominant families in terms of diversity (35%) and
biomass (Kock and Kellermann, 1991). Based on their feeding strategies
and their relevance to themarine environment under analysis (Barrera-
Oro, 2003), three different species of the family Nototheniidae,
Trematomus newnesi (TRN), Notothenia coriiceps (NOC) and Notothenia
rossii (NOR), were selected for the present study. TRN is found in the
permanent and seasonal packed-ice zones around Antarctica and adja-
cent islands. It is a benthos and plankton feeder, with benthic and
benthopelagic habits (Eastman and Barrera Oro, 2010). NOC inhabits
different areas of the same ichthyofaunistic subregion in the Atlantic
Ocean sector, Southern Indian Ocean sector and High Antarctic Zone
(Barrera-Oro, 2002). This fish species is euriphagous and changes its
diet seasonally according to prey availability. It is a benthos feeder,
with benthic and epibenthic habits. NOR inhabits the Scotia Arc, the
western Antarctic Peninsula and circum-Antarctic waters of sub-
Antarctic islands (Barrera-Oro, 2002). It is a benthos and plankton feed-
er and is characterized by offshore–inshore migrations in its life cycle.
During its juvenile stage, NOR feeds on benthos, epibenthos, plankton
and nekton (Casaux et al., 1990). It migrates then offshore to join the
adult population, and feeds primarily on krill (Euphausia superba) and
fish (Barrera-Oro, 2002; Casaux et al., 1990).

It is know that POPs and metabolites present different degradation
rates, as well as accumulation patterns among tissues, depending on
their chemical structures and/or the metabolic system involved (Cipro
et al., 2010; Ondarza et al., 2011; Tanabe et al., 1997). However, contam-
inants tissues distribution pattern not only are conditioned by the phys-
icochemical properties of POPs and its major metabolites, but also by
the biology and ecology of fish (Mormede and Davies, 2003; Storelli
et al., 2009). Considering the feeding habits of the fish studied in this
work, NOR and TRN species, both ephibentic and semipelagic water
column feeders, it is possible to hypothesize that POPs and major
metabolites should have a comparable pattern of accumulation in
these two species. Furthermore, this accumulation pattern would likely
be different in NOC, a mainly benthos feeder with a wide trophic spec-
trum. Although the number of NOC samples is low, our expected results
could be taken as indicative.

In the present work the occurrence, distribution and isomeric
profiles of target POPs, including PCBs, PBDEs, HCH, and DDT, and
main metabolites, were investigated in three Antarctic notothenioid
species: TRN, NOC andNOR. Additionally, distribution of thementioned
contaminants in tissues such as muscle, liver, gonads, and gills was
evaluated to find target organs. This is the first report about these
POPs groups and metabolites in TRN specimens.

2. Materials and methods

2.1. Reagents and materials

The following compounds were included in the analysis: 23 PCB
congeners (penta-CB: 99, 101, 105, 118; hexa-CB: 128, 138, 146, 149,
151, 153, 156; hepta-CB: 170, 171, 174, 177, 180, 183, 187; octa-CB:
194, 195, 199; nona-CB:206; deca-CB: 209), 7 PBDE congeners (nos:
28, 47, 99, 100, 153, 154, 183), HCH isomers (α-, β-, γ-), and DDT and
metabolites (p,p′-DDE, o,p′-DDD, p,p′-DDD, p,p′-DDT). Abbreviations
are expressed as follows: ΣPCB as the sum of the 23 congeners, ΣDDT
as the sum of the 4 compounds, ΣPBDEs as the sum of the 7 congeners
and ΣHCH as the sum of the 3 isomers.

Individual PCB, HCH and DDT standards were purchased from
Dr. Ehrenstorfer Laboratories (Augsburg, Germany). PBDE standard
mixtures were purchased from Wellington Laboratories (Guelph,
Ontario, Canada). General reagents, such as acetone, n-hexane, dichlo-
romethane (DCM), isooctane (all pesticide grade), and sulfuric acid (an-
alytical grade) were purchased from Merck (Darmstadt, Germany).
Silica gel 60 (63–230 mesh) and anhydrous Na2SO4 (Merck, Germany)
were pre-washed with hexane aliquots and dried afterward. Before
use, silica gel and Na2SO4 were heated at 150 °C for 24 h. Extraction
thimbles were pre-extracted (1 h) with the solvent-extraction mixture
used for the samples and dried at 100 °C for 1 h.

2.2. Collection, preservation of samples, and biometric determinations

Specimens of TRN (n = 21), NOC (n = 2), and NOR (n = 8) were
collected during summer campaigns from year 2008 to 2011 at Potter
Cove, King George Island/Isla 25 de Mayo, South Shetland Islands,
close to the Scientific Station Carlini – formerly Jubany Station –

(62°14′ S; 58°40′ W). Trammel nets (length 25, 35 and 50 m; width
1.5 m; inner mesh 2.5 cm; outer mesh 12 cm) were set for 6–96 h at
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rocky, macroalgae beds at 5–50 m depths at three sites in the outer
portion of the cove (Fig. 1). Each specimen was wrapped and kept in
individual aluminum foil and taken to the laboratory where they were
measured, weighed and stored at −20 °C until analysis. The length of
the fish wasmeasured from the front-tip of the mouth to the beginning
of the caudal fin (standard length). Due to complexity in the logistic of
sampling procedures, only in a few specimens it was possible to identify
the sex on site before freezing. Details of sampling date and biometric
data are presented in Table 1S.

2.3. Sample preparation

Specimenswere defrosted anddissected before analysis.Muscle, liver,
gonads and gills tissueswere freeze-dried at−55 °C and 33 Pa until con-
stant weight (ca. 72 h). The analytical methodology used is described in
Covaci et al. (2006). Briefly, dried tissue aliquot of muscle (~2 g), liver
(~0.8 g), gonads (~0.8 g) or gills (~1 g) was homogenized in an agate
mortar, mixed with sodium sulfate, and spiked with internal standards
(IS): 10 ng CB-143, 2 ng ε-HCH and 1 ng BDE-77. The homogenate was
then Soxhlet-extracted with 100 mL n-hexane:acetone (3:1, v/v)
for 2 h. An aliquot (ca. 1/10) of the resulting extract was used for the
determination of lipid content by gravimetry (Roosens et al., 2008).
The remaining extract was further cleaned up on ~8 g acidified silica
(H2SO4 44%,w/w) column; and analyteswere elutedwith 20mLhexane
and 15 mL DCM. The eluent was rotary evaporated to ~2 mL, further
evaporated to incipient dryness under a gentle N2 stream, and finally
reconstituted with 150 μL isooctane.

2.4. Instrumental analysis

Detection and quantification of analyteswere carried out byusing an
Agilent 6890-5973 GC–MS instrument (Agilent, USA) equippedwith an
electron capture negative ionization (ECNI) source, and a 30 m ×
0.25 mm × 0.25 μm DB-5 capillary column (J&W Scientific, Folsom,
USA). Ion source, quadrupole, and interface temperatures were set at
170, 150, and 300 °C, respectively. Helium was used as carrier gas at
constant flow (1.0 mL min−1), with methane as moderating gas. The
Fig. 1. The studied area in King George Island/Isla 25 de Mayo, South Shetland Isl
electron multiplier voltage was set at 2200 V. An aliquot of the extract
(1 μL) was injected in solvent vent mode (vent time 1.25 min, vent flow
54.2 mL min−1, splitless time 1.50 min; initial injector temperature at
92 °C, maintained for 0.03 min, then heated at 700 °C min−1 to 300 °C
and maintained for 30 min). Temperature of the DB-5 column was pro-
grammed from 90 °C (1.25 min) to 310 °C at a rate of 10 °C min−1 hold-
ing for 6.75 min. Bromine isotope ions (m/z 79 and 81) were acquired in
selected ionmonitoring (SIM)mode for thewhole run time. For PCBs and
pesticides, twomost intense characteristic ionsweremonitored in specif-
ic time segments according to elution characteristics (Ali et al., 2013;
Jaspers et al., 2013). Typical dwell times were 20–25 ms.

2.5. Quality assurance

Aprocedural blankwas analyzed every ten samples. Thiswas carried
out for each type of tissue analyzed. Procedural blanks were consistent
among them (relative standard deviations — RSD b 30%). These values
were used for correcting compounds concentrations by subtraction of
the average blank value. Method limits of quantification (LOQ) were
fixed at 3*SD of the procedural blanks. For compounds not detectable
in blanks, LOQs were calculated from a signal to noise ratio of 10 (Ael
et al., 2012). LOQs for the analyzed POPs and main metabolites ranged
from 0.005 to 3.50 ng g−1 dry weight (d.w.) for muscle, from 0.01 to
5.50 ng g−1 d.w. for liver, from 0.02 to 11.50 ng g−1 d.w. for gonads
and from 0.01 to 3.20 ng g−1 for gills. Recovery of internal standards
was above 70%. A standard reference material SRM 1945 (PCBs, DDT,
PBDEs and HCHs, in whale blubber) was used to test the accuracy of
the method. The results demonstrated good repeatability for individual
congeners (RSD between 1 and 20%) and good agreement with the cer-
tified values. Recovery values were above of 89%, except for the γ-HCH
and CB-197 with recoveries of 83 and 72%, respectively. More informa-
tion is included in the Supplemental material, Table 2S.

2.6. Analysis of reported POPs levels in Antarctic fish species

The bibliographic analysis of POPs levels reported in fish species
from the Antarctic continent was based on relative mean concentration
ands, with indication of the sampling site, Potter Cove (62°14′ S; 58°40′W).

image of Fig.�1
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for a specific tissue type, a POP family and/or metabolite, and a fish
species. It was calculated as follows: RMCsPOP = MCsPOP/MCTRNPOP, where
RMC is the relative mean concentration, MC is the mean concentration
of the target POP family in an specific tissue of the fish species (repre-
sented as ‘s’ in the equation). Reported data below LOD of the technique
was not included in the analysis. TRN was arbitrarily chosen as referent
(TRN) since this is the first time that this species is analyzed and
reported in literature for POPs study. Additionally, the largest number
of specimens analyzed in this work belonged to this species.

2.7. Statistical analyses

Statistical analyses were performed using the software SPSS 20.0 for
Windows (SPSS Inc., Chicago, IL). Level of statistical significancewas de-
fined at p b 0.05. For calculations of sums and means, a value of f ∗ LOQ
was assigned to concentrations of compounds bLOQ, where ‘f’ is the
proportion of determinations with concentrations above the LOQ (or
the detection frequency) (Covaci et al., 2008). Non-parametric statistics
were used since parametric requirements, including data normality
(Shapiro–Wilk), variances homogeneity (Levene test), and data trans-
formations (log10, square root, etc.), were not satisfied. Comparison of
POP concentrations among species and tissues were made using
Kruskal–Wallis H test (KW) and Wilcoxon rank sum tests with post-
hoc correction (Wxon).

3. Results and discussion

All analyzed samples contained detectable levels of the target POPs.
POP concentrations were normalized against lipid content of the
analyzed tissue. Results are summarized in Table 1.

The contribution of targets family to the total load was leaded
by PCBs. Average concentration of ΣPCB was about 40% of the total
load, followed by ΣDDT and ΣPBDEs with 27% and 23%, respectively.
ΣHCH represented only 10% of the total load (Fig. 1S, Supplementary
material).

3.1. PCBs

PCB was the predominant group along the target POPs, with levels
ranging from 11.1 to 99.0 ng g−1 lipid weight (l.w.) (Table 1). Six of
the analyzed 23 PCB congeners (CB-101, 105, 99, 118, 194, and 199),
were detected in more than 50% of the samples, whereas CB-209 was
detected in less than 20%. Our results showed that analyzed PCBs
congeners had noparticular accumulation pattern,whichwould be con-
ditioned by biotic (age, gender, body condition, reproductive status, and
diet), ecological (migratory habits, areas of occurrence, and depth) and
environmental factors (temperature, contamination load) (Mormede
and Davies, 2003; Storelli et al., 2009). There is evidence that PCB accu-
mulation can be influenced by trophic level position of the species in
high latitude environments. In this sense, higher chlorinated PCB
(penta to hepta-CBs) are found relatively abundant in fish and seabird
eggs (Corsolini et al., 2003; Goutte et al., 2013), while low-chlorinated
PCBs are mainly reported in the lower trophic levels (Corsolini et al.,
2003; Goutte et al., 2013). Tri- and tetra-CB congeners could not be
analyzed due to poor sensitivity on the GC–ECNI/MS instrument and
therefore, it is not possible to make any assumptions regarding these
congeners. However, we are aware that tri- and tetra-CB congeners
were reported to be present in biota, including fish specimens from
Antarctic continent (Cipro et al., 2013).

The contribution of each PCB congeners family to the total load
was as follows: penta-CBs presented the highest levels, followed by
hexa-CBs and hepta-CBs (mean: 5.4 ng g−1 l.w., 1.9 ng g−1 l.w. and
0.6 ng g−1 l.w., respectively; all species and tissues combined)
(Fig. 2S, Supplementary material). Highly chlorinated PCBs (octa- to
deca-CBs) presented the lowest levels in all tissues. The abundance of
penta- and hexa-CBs was already reported in fish worldwide (Covaci
et al., 2006; Ondarza et al., 2011; Storelli et al., 2009). These two homo-
logue PCB groups predominate in technical mixtures (UNEP, 2013) and
present distinctive physicochemical properties, including low vapor
pressure, high stability, and lipophilic character. Therefore, these two
families of congeners are easily transported and accumulated in the
environment, as well as in living organisms (Borghesi et al., 2008). Re-
garding hepta-CB homologues, those with chlorine atoms substituted
in the 2,4,5 position (e.g. CB-170, 180, and 187) are the most resistant
to fish metabolic degradation; and in turn are sparsely dispersed
in long-distance atmospheric processes (Corsolini et al., 2003). This
could explain the relatively high levels of these heavy congeners. Addi-
tionally, the presence of hepta- to deca-CBs was previously associated
with local sources, like waste burning and dumping sites in the King
George Island/Isla 25 de Mayo (Montone et al., 2003).

Among the studied species, NOR and NOC presented the highest
ΣPCBs levels (ΣPCBs 239 and 183 ng g−1 l.w., respectively; all tissues
combined), whereas TRN presented values considerably lower (ΣPCBs
122 ng g−1 l.w.). These differences could be related to the diet of the
species. TRN does not vary substantially its diet along the year, preying
on some epibenthic organisms, but also on plankton components in the
water column (Casaux et al., 1990). On the other hand, NOR and NOC
prey mainly on benthic organisms and have a wider trophic spectrum
(10 taxa) than TRN. Sediments found in stomach contents studies of
NOR and NOC specimens from the same study area confirm their
benthonic habits (Casaux et al., 1990). This suggests that part of the
PCBs intake by these fish species is through their food, which is then
readily available and can accumulate in it.

Despite differences in total concentration, distribution of PCB conge-
ner among the three fish species was similar to the previously described
pattern (penta-CBs N hexa-CBs N hepta-CBs; Fig. 2). Furthermore, no sig-
nificant differences were found when homologue groups profile was
compared among the three species (KW penta-CBs: X2 = 5.69, p =
0.05; hexa-CBs: X2 = 5.01, p = 0.08; octa-CBs: X2 = 4.69, p =0.09;
nona-CBs: X2 = 4.96, p = 0.08; deca-CBs: X2 = 0.43, p = 0.80), except
for hepta-CBs (KW X2 = 6.59, p = 0.03). Concentrations differences
were found between NOR and TRN (Wxon W = 2573.5, p =0.01),
with slightly higher concentration in the former species. Even though
it is difficult to explain this difference, Storelli et al.(2009) suggested
that the species have a selective metabolism for individual congeners
and/or some congeners have higher biomagnification potentials, lead-
ing to selective enrichments in higher organisms of trophic web
(Storelli et al., 2009).

Gonads presented the highest levels of ΣPCBs (216 ng g−1 l.w.,
all species combined), while gills, muscle, and liver tissue had similar
levels (123, 97 and 108 ng g−1 l.w., respectively; all species combined).
Previous reports indicated that PCBs distributions among tissues may
depend on differences of physiological characteristics among organisms
(age, sex and dietary habits), as well as lipid content and composition
(different ratios of triacylglycerols, phospholipids and cholesterol) in
analyzed tissues. Lipids provide energy for swimming during migration
and are transferred from muscle to gonads during reproduction. This
remobilization may be the main cause of the high PCB levels in gonads
(Corsolini et al., 2005).

Except for gonads (KW X2 = 2.49, p = 0.287), median concentra-
tions of PCB homologue groups in tissues significantly differed among
species (KW muscle: X2 = 21.60, p = 0.00; liver: X2 = 9.24, p =
0.01; gills: X2 = 8.86, p = 0.01; Fig. 2). Main differences were found
between NOR and TRN tissues (Wxon muscle: W = 153,171.5,
p b 0.00; liver: W = 86,369, p b 0.00; gills: W = 73,648.5, p b 0.00).
Additionally, PCB levels were 1.7 times higher in NOR than in
TRN (Table 1). CB-101 and -99 were the most abundant PCB congeners
in gonads (19 and 8.1 ng g−1 l.w., respectively) and gills (14 and
6.7 ng g−1 l.w., respectively) of TRN. Lower concentrations of these
congeners were found in muscle and liver. The highest levels of CB-
153 and -118were found in liver and gills of TRN (Table 1). Highly chlo-
rinated PCBs (hepta- to deca-CBs)weremainly found inmuscle tissue of



ble 1
ean and standard deviation of ΣPOPs concentrations (ng g−1 l.w.) and lipid content in Antarctic fish species.

NOC (n = 2) NOR (n = 8) TRN (n = 21)

Muscle Liver Gonads Gills Muscle Liver Gonads Gills Muscle Liver Gonads Gills

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

% lipids 2.60 0.16 5.99 1.11 1.08 0.30 3.05 0.15 2.71 0.74 4.19 1.62 1.16 0.41 2.14 0.57 8.28 3.83 6.18 2.80 1.95 0.37 5.15 3.66
CB 101 3.77 2.14 11.4 3.09 46.9 42.6 12.5 10.4 10.1 8.74 12.9 8.52 33.6 22.7 14.8 9.69 5.31 3.41 7.00 5.33 18.7 6.76 14.0 9.00
CB 99 1.67 1.49 6.09 0.51 24.6 23.5 5.54 2.22 1.63 1.84 7.15 4.59 16.4 10.6 6.92 2.47 2.19 1.67 3.51 2.15 8.15 3.19 6.7 4.11
CB 118 0.47 0.23 2.63 0.84 7.65 5.71 2.43 2.21 3.18 3.98 2.97 1.89 3.94 3.14 3.03 3.09 1.26 0.88 1.49 1.27 bLOQ a 2.1 1.77
CB 105 0.22 0.00 0.88 0.02 2.76 2.81 0.78 0.46 0.57 0.44 1.06 0.68 1.57 1.16 1.13 0.96 0.43 0.30 0.52 0.27 0.85 0.35 0.76 0.61
CB 151 bLOQ a bLOQ a bLOQ a 1.35 1.27 2.98 3.97 1.42 1.01 bLOQ a 1.65 1.40 bLOQ a 0.89 1.21 bLOQ a 1.1 0.93
CB 149 bLOQ a bLOQ a bLOQ a 3.57 3.08 8.33 11.0 bLOQ a bLOQ a 4.35 4.27 bLOQ a bLOQ a bLOQ a 3.3 3.32
CB 146 0.21 0.13 bLOQ a bLOQ a bLOQ a 1.63 1.98 bLOQ a bLOQ a bLOQ a 0.56 0.55 bLOQ a bLOQ a bLOQ a

CB 153 1.32 1.00 4.57 4.62 bLOQ a 4.67 5.13 11.7 14.7 5.95 5.03 bLOQ a 5.47 6.50 3.30 3.89 3.84 4.93 bLOQ a bLOQ a

CB 138 1.02 0.94 bLOQ a 4.50 5.24 2.66 3.03 9.98 14.2 4.43 3.40 4.21 8.36 3.68 6.26 2.47 2.93 bLOQ a bLOQ a 1.21 1.18
CB 187 0.13 0.08 bLOQ a bLOQ a 0.80 0.80 1.79 2.29 1.19 1.83 bLOQ a 1.26 1.35 0.65 0.72 bLOQ a bLOQ a bLOQ a

CB 183 0.06 0.05 bLOQ a bLOQ a 0.49 0.52 1.08 1.39 0.61 0.97 bLOQ a 0.67 0.81 0.32 0.42 bLOQ a bLOQ a bLOQ a

CB 128 bLOQ a bLOQ a bLOQ a bLOQ a 0.85 1.54 0.36 0.39 bLOQ a 0.36 0.69 0.35 0.45 bLOQ a bLOQ a bLOQ a

CB 174 bLOQ a 0.71 0.59 bLOQ a bLOQ a 1.67 2.36 1.16 1.20 bLOQ a 0.78 1.04 0.50 0.62 0.64 0.56 bLOQ a bLOQ a

CB 177 0.02 0.01 0.38 0.33 bLOQ a bLOQ a 1.06 1.54 0.56 0.71 bLOQ a 0.39 0.68 0.27 0.38 bLOQ a bLOQ a bLOQ a

CB 171 0.02 0.02 0.21 0.16 bLOQ a bLOQ a 0.60 0.80 0.31 0.35 bLOQ a 0.22 0.36 0.15 0.21 bLOQ a bLOQ a bLOQ a

CB 156 0.03 0.02 0.28 0.25 bLOQ a 0.28 0.30 0.68 1.10 0.41 0.48 bLOQ a 0.41 0.54 0.16 0.17 bLOQ a bLOQ a bLOQ a

CB 180 bLOQ a 1.30 1.24 bLOQ a 1.39 1.52 3.17 4.07 2.08 2.59 bLOQ a 2.53 3.02 0.86 0.97 1.05 1.09 bLOQ a bLOQ a

CB 170 0.07 0.05 bLOQ a bLOQ a 0.45 0.44 1.61 2.37 0.82 1.25 bLOQ a 0.95 1.38 0.41 0.48 bLOQ bLOQ a bLOQ a

CB 199 0.05 0.02 bLOQ a bLOQ a 0.14 0.14 0.27 0.29 0.21 0.27 bLOQ a 0.32 0.37 0.12 0.08 0.10 0.09 bLOQ a 0.10 0.13
CB 195 0.02 0.01 bLOQ a bLOQ a 0.03 0.03 0.08 0.12 0.04 0.07 bLOQ a 0.09 0.02 0.03 0.04 0.02 0.02 bLOQ a 0.02 0.02
CB 194 0.08 0.08 0.06 0.05 bLOQ a 0.07 0.08 0.18 0.22 0.12 0.16 bLOQ a 0.24 0.32 0.09 0.07 0.06 0.08 bLOQ a 0.05 0.08
CB 206 0.03 0.02 bLOQ a bLOQ a bLOQ a 0.04 0.03 0.05 0.05 bLOQ a bLOQ a 0.03 0.02 bLOQ a bLOQ a 0.01 0.00
CB 209 bLOQ a bLOQ a bLOQ a bLOQ a 0.03 0.02 0.08 0.10 bLOQ a bLOQ a bLOQ a bLOQ a bLOQ a bLOD a

ΣPCB 11.1 3.54 34.8 15.9 99.0 70.3 38.4 32.9 63.1 75.5 47.1 34.7 79.5 58.4 49.8 44.9 22.9 19.1 25.8 24.5 38.4 16.4 34.5 26.2
pp-DDE 6.86 0.69 9.30 2.10 16.2 8.98 7.31 0.53 7.31 1.63 8.62 4.20 20.6 25.2 11.0 4.75 4.59 1.77 4.96 3.42 8.23 2.34 7.50 4.28
op-DDD bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a bLOD a

pp-DDD 0.94 1.12 4.29 5.83 bLOQ a 1.53 1.97 0.87 1.12 7.72 5.75 79.9 175 1.85 2.25 2.63 1.82 3.74 3.55 1.70 2.46 3.69 3.19
pp-DDT 2.14 0.22 7.69 3.12 1.69 0.45 2.15 0.28 3.61 1.18 10.5 5.60 98.8 230 3.23 2.01 4.7 3.29 6.00 3.35 3.41 2.64 3.09 3.54

ΣDDT 9.95 0.64 21.3 11.0 18.2 9.43 11.0 1.16 11.8 2.15 26.8 13.9 199 430 16.0 6.97 11.9 5.68 14.7 9.49 13.3 6.48 14.3 10.2
BDE 28 0.13 0.01 2.37 0.78 0.29 0.40 0.65 0.05 0.56 0.71 0.42 0.40 0.33 0.41 1.10 0.68 0.08 0.07 0.19 0.19 0.30 0.26 0.75 0.68
BDE 47 2.84 0.78 73.6 33.4 3.76 2.70 14.4 7.54 8.53 14.5 6.47 7.43 4.86 4.59 39.8 16.7 0.55 0.65 2.40 1.82 1.38 0.61 8.12 8.09
BDE 100 0.47 0.25 7.86 5.80 bLOQ a 3.21 1.62 0.87 1.35 0.64 0.75 0.37 0.44 9.48 3.58 0.10 0.09 0.25 0.28 0.11 0.13 1.76 1.88
BDE 99 3.42 3.73 28.5 21.0 0.89 0.07 8.56 5.92 2.56 4.72 1.78 2.61 1.13 1.06 43.0 22.6 0.38 0.30 1.06 1.00 0.69 0.39 10.6 11.3
BDE 154 0.09 0.03 1.19 1.18 0.42 0.08 0.47 0.36 0.20 0.06 0.24 0.18 0.13 0.10 2.12 1.21 0.06 0.05 0.10 0.07 bLOQ a 0.48 0.60
BDE 153 bLOQ a 0.80 0.81 bLOQ a 0.17 0.20 0.04 0.03 0.33 0.56 bLOQ a 1.79 1.06 bLOQ a 0.09 0.08 bLOQ a 0.39 0.51
BDE 183 bLOQ a bLOQ a bLOD a bLOQ a bLOQ a bLOQ a bLOD a bLOQ a bLOQ a bLOQ a bLOD a bLOQ a

ΣPBDE 6.96 2.64 114 63.0 5.39 3.10 27.4 15.6 12.8 21.2 9.88 11.6 6.83 6.30 97.2 37.3 1.22 1.03 4.12 3.24 2.58 1.00 22.1 20.4
α-HCH bLOQ a bLOD a 6.69 1.39 3.44 0.91 0.76 0.38 bLOQ a 3.58 2.53 3.06 0.80 bLOQ a bLOD a 2.65 2.40 1.54 0.77
β-HCH 0.90 0.28 1.12 1.17 6.06 1.19 1.57 0.06 1.1 0.65 0.99 0.98 3.21 1.51 1.81 0.66 0.68 0.50 0.93 1.27 2.41 0.89 1.35 0.87
γ-HCH 3.44 0.43 3.29 4.14 24.2 4.83 9.93 0.81 3.9 2.0 bLOQ a 19.0 7.29 9.95 3.07 2.34 1.24 bLOQ a 13.0 5.87 6.33 2.68

ΣHCH 4.81 0.39 4.41 5.30 36.9 7.41 14.9 1.78 5.7 2.8 2.73 3.63 25.8 10.6 14.8 4.23 3.40 1.87 1.29 1.27 18.0 8.62 9.21 4.09

tal (in bold) = ΣPCB = (#101, 99, 118, 105, 151, 149, 146, 153, 138, 187, 183, 128, 174, 177, 171, 156, 180, 170, 199, 195, 194, 206, and 209); ΣHCH = (α-, β-, and γ-HCH); ΣDDT = (p,p'-DDE, o,p'- and p,p'-DDD, p,p'-DDT); ΣPBDE = (#28, 47,
0, 99, 154, 153, and 183); bLOD: below detection limit; bLOQ: below quantification limit.
a No standard error could be calculated since only one value was available or values are bLOD and bLOQ.
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Fig. 2. Congeners composition (percentage) of PCBs in tissues in analyzed notothenioid
species.
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TRN,while these congenerswere below to LOQ in liver, gonads and gills.
Similar to TRN, NOR also showed CB-101 and -99 as themost abundant
congeners, with levels in gonads 2.5 times higher than in gills, muscle
and liver. Congeners among CB-187 to CB-209 were below to the LOQ
in gonads. Remaining PCB congeners showed accumulation in muscle
tissue, mainly; with CB-153 and -138 prevailing (Table 1). NOC tissues
showed a similar trend to NOR and TRN, where CB-101 and -99
prevailed in gonads and gills. NOC muscle tissues presented the lowest
levels of PCBs (Table 1). In muscle, lighter PCBs congeners (penta- to
hepta-CBs) had higher concentrations than octa- to deca-CBs. The
relative high concentration of low-chlorinated PCBs in gills and gonads
tissues indicates that PCBs uptake is mainly from the water column
(Ondarza et al., 2011) due to the lower hydrophobicity of these conge-
ners (log Kow b 6.2). Biomagnification process through the food chain
may explain the high concentration of high-chlorinated PCBs in liver
and muscle tissue (Corsolini et al., 2006).

3.2. DDT and metabolites

Within the term “total DDT” (ΣDDT), we included DDT (p,p′-DDT)
and its metabolites (p,p′-DDE, o,p′-DDD, p,p′-DDD). This group was
the second most predominant of the studied contaminants, with levels
within the range 9.9–199 ng g−1 l.w. (Table 1). The contribution of
each compound to the total DDT load was as follows: p,p′-DDT N p,p′-
DDE ~ p,p′-DDD (Fig. 3S, Supplementary material), whereas o,p′-DDD
was not detected in any sample (Table 1). Fish biotransform p,p′-DDT
into its most stable metabolite p,p′-DDE (Vives et al., 2005). According
to literature, p,p′-DDE represents 90–99.7% of ∑DDTs in biological
samples, while o,p′-DDE is usually below LOQ (Storelli et al., 2009;
Weijs et al., 2010). Consequently, the authors selected p,p′-DDE as the
most representative metabolite to identify the pollution produced by
DDTs congeners.

Among the studied species, the highest level of total DDT was found
in NOR (254 ng g−1 l.w.), while comparable DDT levels were found in
NOC and TRN (60 and 54 ng g−1 l.w., respectively). A comparison of
median levels of DDT and DDT-metabolites among the studied species
revealed no significant differences (KW o,p′-DDD: X2 = 0.00, p = 1.0;
p,p′-DDD: X2 = 3.52, p = 0.17; p,p′-DDT: X2 = 3.71, p = 0.15), except
for p,p′-DDE (KW X2 = 17.02, p b 0.01). The lowest p,p′-DDE level was
found in TRN in relation to NOC (WxonW= 2067, p= 0.01) and NOR
(Wxon W = 2416, p b 0.00).

Gonads presented the highest ΣDDT levels (230 ng g−1 l.w.); while
concentrations in liver, gills andmuscle tissueswere comparable (ΣDDT
63, 41 and 34 ng g−1 l.w., respectively). Median levels of ΣDDT in
tissues (all species combined) were not significantly different (KW
muscle: X2 = 0.89, p = 0.63; gonads: X2 = 1.64, p = 0.44; gills:
X2 = 0.57, p = 0.74), except for liver (KW X2 = 12.63, p = 0.002).
Differences on liver concentrations were observed between TRN and
NOR (Wxon W = 1302.5, p b 0.00), with the lowest values found in
TRN specimens.

The distribution of the DDT and metabolites among tissues slightly
differed with the contribution fraction of each compound to the total
load (previously discussed). The observed order was: p,p′-DDE N p,p′-
DDT N p,p′-DDD, except in gonads and liver of NOR species, and in
liver and muscle of TRN species, where p,p′-DDT concentrations were
the highest (Fig. 3). Since fish can biotransform p,p′-DDT into p,p′-DDE
(Vives et al., 2005), the p,p′-DDE/DDT ratio is often used as an indicator
of the DDT input time. A high p,p′-DDE/DDT ratio (N0.6) indicates older
input, while low values point toward fresh DDT input (Yogui et al.,
2003). Furthermore, van den Brink et al. (2011) confirmed that p,p′-
DDE levels, as well as PCBs, are decreasing in Antarctic pelagic organ-
isms, while increasing in benthic organisms (van den Brink et al.,
2011). Consequently, concentrations of hydrophobic organic contami-
nants in pelagic biota may indicate fresh input of contaminants in the
environment, while the concentrations in benthic organisms are more
related to the total (background) environmental burden in Antarctica.
In the present study, p,p′-DDE/DDT ratios in different tissues were
N0.6, except for NOR gonads (Fig. 3). These results suggest that DDT res-
idues in Antarctic organisms derive from old DDT input. Additionally,
the high values of the ratio here reported for demersal fish could
be due to (secondary) exposure to high concentrations of p,p′-DDE
congener (Barrera-Oro, 2002).

3.3. PBDEs

The third group of POPs is constituted by PBDEs. The ΣPBDE levels
ranged between 1.2 and 114 ng g−1 l.w. (Table 1). Among the PBDE
congeners, BDE-47, -99, -28, -154 and -100were themost predominant
in more than 70% the analyzed samples. These results are consistent
with previous studies in Polar Regions (Corsolini et al., 2006; Haglund
et al., 1997; Ikonomou et al., 2002a; Wolkers et al., 2004). On the
other hand, BDE-183 was found in less than 8% of the total analyzed
samples. This congener is rarely detected in fish tissues. This can be
attributed to its low intake rate due to is scarce solubility in water
(Wurl et al., 2006), and/or its debromination in the intestine to BDE-
154, which in turn accumulates (Stapleton et al., 2004b). Remaining
PBDE congeners were bLOQ (Table 1).

Fig. 4 shows the contribution of each congener to the total PBDE load
in the different species and tissues, in which the following order was
observed: BDE-47 N BDE-99 N BDE-100 N BDE-28 N BDE-154 ~ BDE-
153. The sum of BDE-47 and BDE-99 contributed to ca. 93% of the total
PBDE load (Fig. 4S, Supplementarymaterial). This pattern is comparable
to commercial mixtures (e.g. 70-5DE Bromkal), in which BDE-47 and
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Fig. 3. Composition (percentage) of DDT and metabolites in tissues of the analyzed
notothenioid species.

Fig. 4. Composition (percentage) of PBDE congeners in tissues of analyzed notothenioid
species.
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-99 are ca. 70% of the formulation (Ikonomou et al., 2002b). Additional-
ly, the relative abundance of BDE-47 was consistent with previous
reports of fish from other regions of the world (Corsolini et al., 2008;
Vives et al., 2004; Voorspoels et al., 2003). Reported high levels may
be either due to an elevated uptake rate or a debromination of BDE-99
(Stapleton et al., 2004a). Higher levels of BDE-28 would be expected
due to its higher volatility, water solubility, and bioaccumulative
potential (Watanabe and Sakai, 2003). However, the low contribution
of BDE-28 to the PBDE pattern distribution may be explained due to
its low ratio in technical mixtures (0.11% of BDE-28) (de Boer et al.,
2000).

PBDE congeners levels presented significant differences among all
analyzed samples (KW BDE-28: X2 = 7.34, p = 0.02; BDE-47: X2 =
23.90, p b 0.00; BDE-100: X2 = 13.87, p b 0.00; BDE-99: X2 = 9.77,
p b 0.00; BDE-154: X2 = 22.87, p b 0.00), except for BDE-153 and
-183 (KW X2 = 2.53, p = 0.28 and X2 = 0.92, p = 0.63, respectively).
The presence of highest brominated congeners in Antarctica suggests
recent exposure to the octa- and deca-BDE commercial mixture and/or
BDE-209 debromination processes (Shaw et al., 2012). Because of its
large size (MW 959) BDE-209 mainly originates from contamination
by local sources such as touristic or research activities instead of global
fractionation process (Goutte et al., 2013). Local release of congeners
resulting from BDE-209 might generate a similar exposure stage for
the three species, leading thus to comparable BDE-153 and -183
concentrations among them.
The highest ΣPBDE levels were found in NOC and NOR specimens
(153 and 127 ng g−1 l.w., respectively), while concentrations in TRN
were one order ofmagnitude below (30 ng g−1 l.w.; Table 1). A suitable
explanation could be inter-specific differences in selective metabolism
of individual congeners and their diet (Wolkers et al., 2004). Some
PBDE congeners may present higher biomagnification potentials,
leading to a differential and selective enrichment in the studied species
(Gustafsson et al., 1999).

Median PBDEs levels in tissues significantly differed among species
(KW muscle: X2 = 8.17, p = 0.01; liver: X2 = 12.91, p b 0.00; gills:
X2 = 15.88, p b 0.00), except for gonads (KW X2 = 0.404, p = 0.817).
Main differences were found in liver tissue of NOC in comparison with
NOR and TRN (Wxon W = 1788.5, p b 0.00; W = 5880, p b 0.00,
respectively). The lowest ΣPBDE levels were found in muscle and
gonads (21 and 15 ng g−1 l.w., all species combined), while gills and
liver reported the highest (146 ng g−1 and 128 ng g−1 l.w.). These
results suggest that not only dietary intakes contribute to the accumula-
tion of PBDEs in the studied fish species, but also respiratory function.
Considering the bentonic habits of these species, the observed results
are to be expected, since these fish species are more exposed to the
PBDE adsorbed on suspend particles, as well as on seabed (Ondarza
et al., 2011). Thus, water pumped through the gills could be a route of
exposure for TRN and NOR species, while the euriphagous diet of NOC
may represent the main intake of PBDE congeners.
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3.4. HCHs

The ΣHCH concentrations ranged from 1.3 to 37 ng g−1 l.w.
(Table 1). While γ-HCH was detected in all samples being up to 69% of
the total HCH load, the α-HCH and β-HCH contributions were 15% and
16%, respectively (Fig. 5S, Supplementary material). Contrary to
PBDEs, the ratio among levels of HCH isomers found in tissues does
not reflect the isomers in the commercial product, lindane (Kutz et al.,
1991). This could be explained by the differences in physicochemical
properties and persistence of HCH-isomers, what determine their bio-
degradation rates (Phillips et al., 2005). The α-HCH isomer may
bioaccumulate, while β-HCH is stable to enzymatic degradation, thus
it is more persistent in biota and can biomagnify (Cipro et al., 2010;
Tanabe et al., 1997). Additionally, lindane (γ-HCH, 99% purity) is still
permitted for human health pharmaceutical applications toward head
lice control and scabies as second line treatment (UNEP, 2009). Consid-
ering thus the degradation rate trend of HCH isomers (β N γ N α)
(Kouras et al., 1998), the highest values of γ-HCH may indicate recent
contamination with lindane (UNEP, 2009).

The highest concentrations of ΣHCH in the studied fish species were
found in NOC (61 ng g−1 l.w.), followed by NOR (50 ng g−1 l.w.). TRN
had the lowest levels (32 ng g−1 l.w.), which are 50% lower than for
NOC (Table 1). Even when no significant differences among fish species
was observed for eachHCH isomer (p N 0.05), a comparable patternwas
observed among specieswhen theHCH isomeric profilewas analyzed in
tissues (Fig. 5). It is noteworthy that only β-HCH and γ-HCH isomers
were detected in liver tissue, with prevalence of β-HCH (Table 1). This
Fig. 5. Composition (percentage) of HCH isomers in tissues of in analyzed notothenioid
species.
fact may reflect its bioaccumulative nature and resistance to enzymatic
degradation (Tanabe et al., 1997).

Statistical analysis revealed that concentrations of HCH isomers
differed in muscle and gills tissues (KW X2 = 6.364, p = 0.042
and X2 = 6.614, p = 0.037, respectively), while for liver and gonads
were comparable among the studied fish specimens (KW X2 = 0.39,
p = 0.823 and X2 = 5.96, p = 0.05, respectively). The highest value
of ΣHCH was found in gonads (81 ng g−1 l.w.), followed by gills
(39 ng g−1 l.w.) and muscle (14 ng g−1 l.w.). Comparable results
were previously reported in other fish species (Rutilus rutilus, Abramis
brama, Leuciscus idus) (Singh and Canario, 2004; Singh and Singh,
2008; Tomza-Marciniak and Witczak, 2010). These results suggest
that gonads are the main organ for accumulating HCH residues, thus
resulting in a potential threat to the reproductive system of the organ-
ism. Singh and Singh (2008) reported that, during reproductive phase
of catfishes and carps, HCHs are transferred from liver to ovary, causing
reproductive disorders (Singh and Singh, 2008).

3.5. Reported POPs levels in Antarctic fish species

In Antarctic fish, POPs levels and metabolites were reported mainly
inmuscle and liver tissue. Available data includes seventeen fish species
from five Antarctic regions (King George Is., Elephant Is., Weddel Sea,
Ross Sea and Adelie Land). Fig. 1 shows the Antarctic regions reported
in bibliographic data, which were plotted in Fig. 6 and presented in
Table 3S. The whole dataset was summarized in Table 3S of the Supple-
mentary Material section. In order to get a quick view of the bulk of in-
formation, data was analyzed based on RMCs

POP parameter (described in
Materials and methods section), and was plotted in Fig. 6. PBDE and
HCH information was plotted together due to the scarce HCH data.
The reference line at log10 (RMCs

POP) = 0 is indicative of those values
comparables to those found for TRN. Relativemean concentrations plot-
ted in Fig. 6 showed higher dispersion for RMCs

PCB values, followed by
RMCs

PBDE and RMCs
HCH; while RMCs

DDT did not show significant dispersion
considering all analyzed fish species, tissue types, and regions. The sig-
nificant dispersion of RMCs

PCB along the time, sampled areas, and fish
species considered in Fig. 6, may suggest that PCBs burden in Antarctic
area have still not reached a steady state (Borghesi et al., 2008;
Borghesi et al., 2009; Cipro et al., 2013; Corsolini et al., 2005; Corsolini
et al., 2006; Goerke et al., 2004; Goutte et al., 2013; Weber and
Goerke, 2003). This could be due to reservoirs of POPs (soils and
snow/ices) in Polar Regions can be remobilized due to decreasing pri-
mary emissions or due to climate change-driven warmer conditions
(Cabrerizo et al., 2013). On the other hand, DDT levels were comparable
with those reported for TRN, independently of the analyzed fish species,
tissue types, and regions (Cipro et al., 2013; Corsolini et al., 2005;
Corsolini et al., 2006; Goerke et al., 2004; Weber and Goerke, 2003).
Additionally, these results suggest that while DDT is still present in
Antarctica, p,p′-DDT is becoming less prevalent, resulting in an in-
creased ratio of its metabolite, p,p′-DDE, in the fish tissues. All RMCs

PBDE

showed values above TRN reference, independently of tissue type, fish
species or analyzed region. Although the number of reports is scarce
for generalizing the observations, it is interesting to mention that
RMCs

PBDE values obtained for fish species from King George Is. were
slightly higher than those from Ross See or Adelie Land (Borghesi
et al., 2008; Borghesi et al., 2009; Cipro et al., 2013; Corsolini et al.,
2006; Goutte et al., 2013). HCH were only reported in TRN, NOC and
NOR species from Ross Sea and King George Is., respectively (Cipro
et al., 2013; Corsolini et al., 2006). Resulted RMCs

HCH values for liver as
well muscle tissues for NOC andNOR from King George Is. were compa-
rable between those species and TRN.

Although POPs levels in liver and/or muscle may be useful for esti-
mative purposes, it is interesting to consider the results of this work,
which show different accumulation pattern among the organs for the
studied specimens. Our results showed that PCBs, DDT and HCH highest
levels were found in gonads, while PBDEs in gills. Additionally, POPs
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Fig. 6. Relative mean concentration value (RMCs
POP) for PCB (a), DDT (b), PBDE and HCH (c) reported in Antarctic fish. TRN is the referent species and it is represented by the zero line.

Asterisk ‘*’ indicate the species analyzed in the present work. NOC: Notothenia coriiceps, NOR: Notothenia rossii, NOG: Gobionotothen gibberifrons, ANI: Champsocephalus gunnari, SSI:
Chaenocephalus aceratus, GYN: Gymnoscopelus nicholsi, TOA: Dissostichus mawsoni, TRL: Trematomus eulepidotus, ANS: Pleuragramma antarcticum, TIC: Chionodraco hamatus, ERN:
Trematomus bernacchii, GTO: Pagothenia borchgrevinki.
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here reported may suggest that NOR and NOC are the most susceptible
to accumulate the studied POPs. POPs accumulation in TRN could be
attenuated by the ecology of the species, which is less linked to the ben-
thic community in the bottom, with a higher tendency of migratory
habits in the water column throughout its life. Thus, this observation
strengthens the suggestion of considering a broad context when esti-
mating POPs accumulation in Antarctic fish specimens, since it could
be considering a non-representative organ of the addressed problem
and/or fish species without comparable habitats. As mentioned previ-
ously, the accumulation pattern may be conditioned not only by the
physicochemical characteristic of the target POP, but also by the biology
and ecology of the studied specimens.
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