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Various organochlorine pesticides and brominated
diphenyl ethers (BDE-47, -99, and -100) were measured in
sea ice algae, water column plankton, and juvenile and
adult krill collected in the Palmer Long-Term Ecological
Research (LTER) region west of the Antarctic Peninsula during
late austral winter and midsummer, 2001—2002. BDEs
were 100—1000 times higher in ice algae and 2—10 times
higher in phytoplankton than the most abundant orga-
nochlorine pesticide, hexachlorobenzene (HCB), reflecting
the current production and use of BDEs versus orga-
nochlorine pesticides. However, concentrations of HCB
and BDEs were significantly lower in summer plankton than
in ice algae indicating lower atmospheric inputs, removal
from the water column, and/or biodilution of persistent
organic pollutants at the base of the food web during summer.
Concentrations of HCB (juvenile and adult krill) and

BDEs (juvenile krill) were not significantly different from
their primary food source (ice algae, phytoplankton), and
BDEs were significantly lower in adult krill versus
phytoplankton, indicating no biomagnification of HCB or
BDEs during transfer from plankton to krill. The high
concentrations of BDEs and HCB in ice algae and associated
juvenile krill illustrate the importance of sea ice as a
vector for entry of POPs into the Antarctic marine ecosystem.

Introduction

Relatively volatile persistent organic pollutants (POPs) reach
high latitude regions primarily via long-range atmospheric
transport (1—3). The lipophilic nature and stability of these
compounds allows efficient assimilation and accumulation
in the body fat of organisms and subsequent biomagnification
through the food web. Indeed, organochlorine contaminants
(OCs) have long been detected in polar regions, particularly
in high trophic level predators such as penguins, seals, whales,
and polar bears (4—7). More recently, brominated diphenyl
ethers (BDEs), organic compounds produced for use as flame
retardants (8), have been found in fish-eating birds, the ringed
seal (Phoca hispida), and Beluga whales (Delphinapterus
leucas) from the Arctic Ocean (9, 10). Due to the current
production and use and long-range transport potential (1),
the presence of BDEs in the Antarctic marine food web is
also likely.

One mode of introduction of POPs into polar marine
ecosystems is via atmospheric deposition onto the seasonal
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sea ice surface, primarily via falling snow, and subsequent
percolation and incorporation into the underlying ice. Sea
iceisasite of high biological productivity (11), with the bottom
surfaces and interstices colonized by sea ice microbial
communities (SIMCO; 12), dominated by ice algae. POPs
exhibit an enhanced association with particulate matter in
the ice column (13, 14); consequently ice algae are likely
important in accumulating and concentrating these com-
pounds. Moreover, in the Antarctic, sea ice biota are an
important, and possibly the sole, food resource for over
wintering juvenile krill (Euphausia superba) (15). Therefore,
sea ice may serve as a conduit for the transfer of pollutants
from long-range sources to the planktonic food web.

Antarctic krill is important in the diet of seabirds, seals,
and penguins and is considered a keystone species in the
region west of the Antarctic Peninsula (16, 17). All Antarctic
marine vertebrates depend either directly or indirectly on
krill. This species is the most important macrozooplankton
consumer in the Antarctic pelagic food web and, unlike during
its juvenile stages, is supported in large numbers by blooms
of phytoplankton (18). POPs released from the melting ice
pack plus those deposited to surface waters during spring
and summer may become sorbed to phytoplankton cells due
to the hydrophobic nature of organic pollutants and the lipid-
rich characteristics and relatively large surface area of
plankton (19). Upon grazing of phytoplankton, POPs are
partitioned to lipid-rich organelles and tissues of consumers
(20), resulting in bioaccumulation and subsequent bio-
magnification. Lipid-normalized concentrations of POPs have
been found to increase from Antarctic krill to fish as well as
top predators including Adélie penguins (Pygoscelis adeliae),
Weddell (Leptonychotes weddellii), and southern elephant
seals (Mirounga leonina), proving that biomagnification of
highly lipophilic pollutants (log octanol—water partition
coefficient > 5) occurs (21).

This study focused on determining the presence of POPs
in lower trophic levels of the Antarctic marine food web and
on evaluating the role of both ice algae and phytoplankton
in providing the first step in pollutant transport up the food
chain.

Materials and Methods

Winter Sample Collection. Ice and juvenile krill samples
were collected in heavy pack ice (ca 1—5 m thickness and
80—100% cover) during the Austral late winter/early spring
on the 2001 Palmer-LTER Ice Cruise (September 7—October
26) aboard the RVIB Nathaniel B. Palmer. Samples were
collected at ice stations located west of the Antarctic
Peninsula, southwest of Adelaide Island, at ca. 69° W, 68° S
(Figure 1). Sea ice was sampled using a 1-m (3 in. diameter)
barrel corer. Cores were taken after clearing the overlying
snow from a ca. 2 m? area to expose the sea ice. Due to the
variability in seaice thickness and structure, and under rafting
of the ice, not all cores reached the maximum thickness of
the ice. Ice cores were cut into sections, placed into closed
(air- and water-tight) 60-L, solvent-rinsed, stainless steel
containers and transported back to the ship. Subsequently,
ice samples were melted by placing the sealed containers in
a warm water bath, and the thawed contents were filtered
to collect particulate matter (SIMCO) on precombusted (4
h at 400 °C) 142 mm diameter glass fiber filters (Gelman
Type A/E, nominal pore size 1 um). Melted ice from three
60-L containers (=100—130 L) was combined into one sample
(n = 4). Filters were packed in prewashed and combusted
(4 hat 400 °C) glass jars and frozen at —80 °C until analysis.
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FIGURE 1. Locations of sea ice particulate matter and juvenile krill sampling stations (1—6) during winter (September—October 2001),
and adult krill sampling stations (circle = station 500.060; square = station 600.040; triangle = station 600.120), during summer (January
2002), west of the Antarctic Peninsula. Inset map: plankton sampling sites (January—March 2002) in the vicinity of Palmer Station,

Antarctica (64.7° S, 64.0° W).

Juvenile krill samples (n = 2) were collected with clean
aquarium nets from the undersides and between rafted
surfaces of the sea ice by divers. Samples were frozen in
precleaned glass jars at —80 °C until analysis.

Summer Sample Collection. Summer sampling took place
between January 7 and March 14, 2002, in open water in the
vicinity of Palmer Station, Antarctica (64.7° S, 64.0° W), located
southwest of Anvers Island (Figure 1). Net tows were used
to collect plankton from the surface water community.
Plankton samples (n = 24) were collected weekly at three
stations (A, B, and E; see Figure 1) on the LTER in-shore
sampling grid located within 2 mi of Palmer Station.
Horizontal tows were done via Zodiak using a 153-um net,
followed by 2-mm sieving to separate out krill and other
large grazers. A subsample of plankton was examined under
10—20x magnification using a compound microscope fol-
lowing each tow. Plankton samples were found to be
composed mainly of diatoms, with a large proportion of the
species Thalassiosira. Plankton samples were frozen in
precleaned glass jars at —80 °C until analysis.

Adult krill samples (n = 3) were collected at stations on
the Palmer-LTER regional grid (Figure 1) using a 505-um,
2-mring net during the LTER summer cruise (January 2002).
Krill were frozen in precleaned glass jars at —80 °C until
analysis.

Chemical Analyses. Plankton, krill, and sea ice particulate
matter (ice algae) were extracted following identical proce-
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dures, although preparation of each sample type for extrac-
tion differed. Plankton samples were centrifuged at 1800 rpm
for 30 min, and the supernatant was decanted to remove
excess water prior to extraction. Individual krill were picked
from each sample for analysis and homogenized using a Virtis
45 tissue homogenizer prior to extraction. Filters containing
sea ice particulate matter were torn into pieces using clean
stainless steel forceps prior to extraction. Each plankton
sample (40—100 g wet wt), krill sample (~14—15 g wet wt),
and filter sample was thoroughly mixed with precombusted
(4 h at 450 °C) Varian Chem Tube—Hydromatrix to remove
water and extracted with 65:35 (v:v) dichloromethane (DCM):
methanol via accelerated solvent extraction (2000 psi; 100
°C; Dionex ASE 200 accelerated solvent extractor) following
addition of a surrogate standard mixture containing deu-
terated o-hexachlorocyclohexane (a-HCH)and 2,2',3,4,4',5,6,6'-
octachlorobiphenyl (OCB). Hydromatrix alone was extracted
as a laboratory blank. For each sample or blank, the extract
was brought to 1:1:0.9 DCM:methanol:water by addition of
methanol and 20% NaCl in hexane-extracted water and back-
extracted 3 times into hexane via agitation for 3 min.

The hexane extracts were reduced in volume to ~5 mL
by turbo- and/or rotoevaporation, followed by blow down
with purified N,. The total lipid extract (fraction of lipids by
weightin the hexane extract) was determined gravimetrically
for each sample in triplicate by weighing the ~5-mL extract
and 0.1 mL (=~2%) of the extract before and after solvent



evaporation at 65 °C. The remaining hexane extract was
vortexed with 1 mL of H,SO, (3—6x) to remove lipids, and
the hexane layer was removed after settling. The acidified
hexane fraction was blown down under ultrahigh-purity N>
to 1 mL and passed through a column containing 10 g of
precleaned (Soxhlet extraction with DCM for 24 h) deactivated
silica (mesh size 100—200), topped with 1 in. precombusted
(4 h at 450 °C) NaSO, for further removal of interfering
substances. Both 25 mL of hexane and 40:10 mL DCM:hexane
eluents were collected and reduced by rotoevaporation
followed by nitrogen blow down to 1 mL. An internal standard
containing deuterated lindane was added, and the extract
was further reduced to ~100 L under N, for analysis.

Samples were analyzed via gas chromatography/negative
chemical ionization mass spectrometry (Hewlett-Packard
6890 series GC and 5973 mass selective (MS) detector) using
a J&W DB-35MS wide bore capillary column (30 m length,
0.25 mm diameter, 0.25 um film thickness) and selective ion
monitoring. Method parameters for pesticide analysis were
as follows: 70 °C initial hold time of 1 min; 70—150 °C at 20
°C min~t; 150—280 °C at 4 °C min~%, hold for 15 min; 280—
295°Cat5 °C min~1, hold for 2 min; source temperature 150
°C. The temperature program for BDE analysis was 50 °C
initial hold time of 1 min; 50—130 °C at 20 °C min~*; 130—300
°C at5°C min~t, hold for 6 min; and the source temperature
was 150 °C. The carrier gas for both methods was helium at
1.0 mL min—twith avelocity of 39 cm s, Surrogate standard
recoveries (4 standard deviation) were 78 (£17)%, 90 (£8)%,
and 75 (£17)% for plankton, krill, and SIMCO, respectively.

OCs and BDEs were quantified relative to the surrogate
standards and concentrations are reported per unit of lipid
biomass (ng/giipia). Method detection limits (MDLs) in
plankton based on the average blank and lipid values were
1.5,0.2—0.3,and 0.03—0.06 ng/giipia for BDE-47 and -99; HCB,
heptachlor, and BDE-100; and the other OC pesticides,
respectively. The MDLs for adult krill, juvenile krill, and
SIMCO were 1/2, 2x, and 10x the plankton values, respec-
tively, due to varying lipid contents of the samples. Average
values (+ standard error) were only reported if compounds
were quantified in at least two-thirds of the samples. The
average hexachlorobenzene (HCB) concentration in plankton
was calculated substituting a lipid-normalized blank value
for values that were not quantifiable (NQ, values that were
below 3x the field blank (SIMCO filters) or lab blank (plankton
and krill)). The average y-HCH concentration in adult krill
was calculated using a value of zero for NQ, because this
compound was not detected in blanks. Unpaired or paired
(where appropriate) t-tests were performed on log-trans-
formed data to compare average values.

Results and Discussion

Sea Ice Algae and Phytoplankton. Concentrations of HCB
and BDE-47, -99, and -100 averaged 15.9 + 6.2, 5460 + 3840,
7110 £ 5910, and 1350 + 1070 ng/giipia, respectively, in sea
ice particulate matter. Note that the BDEs were present in
ice algae at concentrations between 100 and 1000 times higher
than HCB (Figure 2; p < 0.05; df = 3). One possible reason
for this difference is that BDEs are currently produced and
used in large quantities. In 1999, the North American market
demand for the penta-BDE commercial mixture (of which
BDE-47, -99, and -100 are major components) was 8290 t or
97.5% of the global demand (22). In comparison, HCB is not
currently manufactured or used as acommercial end product
in the United States, although it is formed as a byproduct in
the production of several chlorinated chemicals and is a
contaminantin some pesticides. Moreover, HCB has a higher
vapor pressure as compared to the BDEs (23, 24) and was
detected in relatively high concentrations in winter air
samples as compared to the other POPs during the study
period (25). The lower vapor pressures of BDEs versus HCB
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FIGURE 2. Average lipid-normalized concentrations + standard
error of selected organochlorine pesticides and BDEs in sea ice
algae (n = 4), summer plankton (n = 24), juvenile krill (n=2), and
adult (n = 3) krill samples. Heptachlor, a-HCH, and y-HCH were
detected in less than two-thirds of the plankton samples; heptachlor
was detected in only one ice algae sample; and other missing
values were not detected in the samples (see Supporting Informa-
tion).
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render the former more easily condensed out of the
atmosphere (2) and incorporated into sea ice.

Concentrations of a- and y-hexachlorocyclohexane (HCH),
heptachlor epoxide, and the DDT compounds were below
the level of quantification in sea ice particulate matter, and
heptachlor was only quantified (12 ng/giipia) in one of four
samples. Nonquantifiable concentrations of these OCs are
likely areflection of reductions in use in lower latitude regions,
leading to low atmospheric concentrations and reduced
deposition onto seaice. For example, lower atmospheric DDT
concentrations compared to those reported a decade earlier
indicated that atmospheric DDT levels over the Southern
Ocean had dropped 200—300x between 1980 and 1990 (26,
27). Likewise, quantifiable concentrations of p,p’-DDE and
DDT associated with sea ice diatoms were observed during
the 1986—1987 season in the Antarctic Peninsula region (28)
in contrast to this study.

Concentrations of HCB and BDE-47, -99, and -100
averaged 2.5 +£ 0.4, 22.9 + 3.5, 22.3 + 3.4, and 4.5 + 0.7 ng/
Qiipia, respectively, in plankton collected during the austral
summer (January—March) in the vicinity of Palmer Station.
HCHSs (<0.06—5.6 ng/giipid), heptachlor (<0.3—10.9 N9/ Yiipid),
heptachlor epoxide (<0.04—5.5 ng/giipia), and the DDT
compounds (<0.04—16.7 ng/Qiipia) Were below the level of
quantification in more than half of the samples (see Sup-
porting Information); thus, average concentrations were not
calculated. The presence of POPs in plankton suggests
retention of POPs introduced during snow and ice meltand/
or atmospheric deposition and subsequent uptake by
plankton of these contaminants during summer. However,
BDEs were only ~2—10 times higher than HCB in summer
plankton (Figure 2), suggesting lower atmospheric deposition
or continuous removal of these POPs from the water column
in summer as compared to winter.

The concentrations of HCB and BDES (1g/giipia) in summer
plankton were significantly lower than in ice algae (p < 0.05;
df = 26) (Figure 2). One mechanism responsible for this
decrease could be removal of particle-associated POPs from
the euphotic zone via sedimentation following ice retreat.
Phytoplankton blooms in the marginal ice zone around the
Antarctic Peninsula are followed by high rates of particulate
organic carbon export (29). For example, in the nearby
Bransfield Strait, more than 90% of the annual sedimentation
is concentrated in a short period during December and
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TABLE 1. Concentrations (ng/L) of Particulate- and Dissolved-Phase Pesticides and BDEs in Glacier Runoff Samples Collected in

the Vicinity of Palmer Station, January—February 20022

station a-HCH y-HCH p.p’ DDE
particulate

runoff 1 NQ nd NQ

runoff 2 NQ NQ NQ
dissolved

runoff 1 nd nd 0.02

runoff 2 0.01 0.04 nd

0,0/ DDD o,p DDT p,0 DDD p,p DDT
NQ nd 0.006 0.005
0.01 0.004 0.01 0.02
0.03 0.01 0.078 nd
0.05 0.01 0.47 0.03

2NQ (not quantifiable) = levels below 3x field blank; nd = no peak detected on GC/MS.

January (30). Sinking of pollutants sorbed to organic par-
ticulates is important in the sequestration of POPs in marine
environments. In the Mediterranean Sea, the seasonality of
PCB flux corresponded to cycles of zooplankton biomass
and primary productivity in surface waters (31). Given the
seasonal flux of particulate matter in the Antarctic Peninsula
region, a large portion of POPs deposited onto sea ice is
likely removed in a relatively short period of time following
ice melt.

The high standing stocks observed in the summer water
column (up to ~300 mg m~2 chl-a; 32) compared to winter
(up to 23 mg m~2 chl-a for sea ice algae; 11) likely also play
a role in the observed seasonal decrease in plankton-
associated POPs. An increase in the biomass of plankton
cells can lead to a decrease in contaminant concentration
on a per mass basis (33). Thus, contaminants retained in the
upper water column until summer and those added via
atmospheric input would be diluted in comparison to
concentrations in ice algal communities resulting in lower
POP levels per iipid.

Finally, lower atmospheric deposition fluxes or efflux out
of surface waters during spring and summer may also
contribute to the lower levels of POPs observed in phyto-
plankton during that period. Total atmospheric fallout of
POPs is lower during summer (27), with higher air temper-
atures during summer resulting in less condensation of gas-
phase POPs (2). Volatilization of contaminants from the water
to the air may also occur in the absence of sea ice. Although
this process is more likely for the more volatile HCB, it may
also be possible for the lower brominated BDE congeners.
Hargrave et al. (34) noted a high potential for sea to air flux
following ice melt in the Arctic in June and reported an
outgassing of HCB during the ice-free period that could have
removed 20% of the surface layer inventory of thiscompound.
Gregor (35) suggested volatilization as a mechanism re-
sponsible for the summertime loss of a major portion of the
OCs deposited in the Arctic snowpack during winter. Thus,
lower atmospheric deposition or volatilization of POPs in
summer may be responsible in part for the lower POP
concentrations observed in summer plankton than in ice
algae.

Impact of Glacial Melting. Glaciers accumulate atmo-
spherically deposited contaminants (36), and melting glacial
ice provides asource of contaminants to surface waters during
the spring and summer seasons (28, 37, 38). DDTs were
deposited in Antarctica during the 1960s and 1970s, and from
0.5 to 4 ng/L of DDT was found in ice layers down to 6.0 m
below the glacier surface in the vicinity of Anvers Island during
a 1975 study (39). In our study, the highest levels of a- and
y-HCH, heptachlor, heptachlor epoxide, and the DDTs in
plankton were measured during the first sampling week
(January 15, 2002) at station A, ~5 m from shore in Arthur
Harbor, an area directly influenced by melting glacier ice
during summer. In addition, glacier runoff samples collected
during this study contained DDTs and, to a lesser extent, o.-
and y-HCH, largely in the dissolved phase (Table 1). a- and
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FIGURE 3. Average Y HCH (a- + -HCH) concentrations =+ standard
error in plankton collected in the vicinity of Palmer Station, 2002
(), and data from previous studies: (O) ref 37, (v, O) ref 28 and
(<) ref 42. The average value for this study was calculated using
only those samples in which o- or y-HCH was quantifiable.
Therefore, the calculated half-life is a conservative estimate.

y-HCH and heptachlor were all found in air in the vicinity
of Palmer Station (25), indicating continued cycling of these
POPs between air and water and promoting accumulation
by plankton. However, DDTs were not detected in air,
suggesting some other source to summer plankton. Con-
sequently, runoff from glacier ice previously contaminated
with DDTs could have resulted in the presence of DDT
compounds in the near-shore plankton samples.

Temporal Trends. Levels of y-HCH (<0.06—5.6 ng/iipid),
heptachlor epoxide (<0.04—5.5 Nng/Qiipia), p,p'-DDT (<0.04—
16.4 ng/Qiipid), and p,p’-DDE (<0.03—5.2 ng/Qiipia) in plankton
measured in this study were almost 2 orders of magnitude
lower than concentrations previously reported for plankton
samples taken during 1987 in the Indian Ocean sector of the
Antarctic (40). Similarly, lower concentrations of a- and
y-HCH and the DDTs were measured in phytoplankton in
this study than previously in the Antarctic Peninsula region
(28, 37). The reduced frequency of occurrence and concen-
trations of pesticides in Antarctic plankton can be attributed
to decreases in use and atmospheric concentrations over
the past few decades. The decline in YHCH (a- + y-HCH)
in Antarctic plankton over time yields an estimated envi-
ronmental half-life of 2 yr for HCHs in coastal Antarctic
surface waters (Figure 3).

Juvenile and Adult Krill. Average concentrations of HCB
(10.3 £ 1.4 ng/giipia) and BDEs (568 + 209, 622 + 253, and
128 + 50.5 ng/giipia for BDE-47, -99, and -100, respectively)
in juvenile krill were not significantly different from those
found in ice algae (p > 0.05; df = 4; Figure 2), suggesting
uptake of these compounds by juvenile krill feeding on ice
algae but no biomagnification between trophic levels. y-HCH
and heptachlor were also quantified in juvenile krill, at
average concentrations of 1.3 + 0.5 and 14.2 + 12.9 ng/iipia,
respectively. Heptachlor was quantified in one ice algal
sample at a similar concentration as in juvenile krill (12 ng/



Oiipia), but otherwise, levels of y-HCH and heptachlor were
not quantifiable in ice algae.

The average concentration of HCB (3.8 & 0.3 ng/gjipia) in
adult krill was not significantly different from that in summer
plankton (p > 0.05; df = 25; Figure 2). Average concentrations
of BDEs in adult krill (2.0 £ 0.5, 2.5 + 0.6, and 0.5 + 0.1
ng/giipia for BDE-47, -99, and -100, respectively), in com-
parison, were significantly lower than in plankton (p < 0.05;
df = 25; Figure 2). As with juvenile krill and ice algae, no
biomagnification of POPs was found between plankton and
adult krill.

Concentrations of HCB and BDEs were significantly lower
in adult than juvenile krill (p < 0.05; df = 3; Figure 2).
Heptachlor was also detected in juvenile krill, but it was below
quantifiable levels in adult krill (Figure 2).Therefore, POP
accumulation by juvenile krill during their first year when
they are feeding on ice algae appears to exceed that for adult
krill.

Concentrations of HCB and BDEs were significantly higher
on a per lipid basis in ice algae as compared to summer
water column plankton (p < 0.05; df = 26; Figure 2). Thus,
the significant difference in POP levels between juvenile and
adult krill may be a reflection of contaminant levels in their
food source or of acquisition of contaminants during the egg
stage. Eggs of zooplankton are lipid-rich, and PCB concen-
trations in Acartia tonsa eggs have been found to be ~4 times
higher than the original concentration in the body of the
female (41). Juvenile stages of zooplankton generally have
high OC levels after yolk absorption, and higher levels of
hydrocarbons have been found in juvenile krill as compared
to adult males on awet weight basis (42). Thus, some portion
of POPs in juvenile krill may have been acquired during the
egg stage rather than by accumulation via consumption or
absorption.

The average HCB concentration (0.11 Ng/Qwet wt) in the
adult krill samples observed in this study is comparable with
the HCB concentration (0.2 ng/gwet wt) previously found in
krill collected between 1994 and 1996 from the Ross Sea,
Antarctica (43). However, the average concentration of Yy HCH
(0.009 Nng/gwet wr) in our adult krill samples was much lower
(~8x) than that found by Gupta et al. (44) for samples
collected from December 1987 to January 1988. This contrast
may be due to differences in the sampling region or time.
HCH concentrations in air close to the sampling site of Gupta
et al. (44) were 10 times higher (27) than for air samples
collected during this study (25). The decline in Antarctic HCH
concentrations with time is also reflected in plankton (Figure
3).

While a number of studies have shown biomagnification
of POPs between plankton and fish (21, 45, 46), increases in
contaminant concentrations within lower planktonic trophic
levels are less often seen. For example, no biomagnification
and OC concentrations reflective of equilibrium partitioning
with water have been observed for various plankton species
in the Arctic (47—49). However, an increase in PCB con-
centration with age for organisms with a life span greater
than 1 yr (fish) has been observed (45), and longer life spans
have been suggested to lead to increased biomagnification
in fish and other marine organisms. Given the long life span
of krill (6—7 yr) as compared to other zooplankton (50), we
expected to see POP biomagnification in adult krill.

The absence of biomagnification for HCB is more likely
than for the BDEs, given the relatively low octanol—water
partition coefficient (Kow) of this compound. Although POPs
in general are hydrophobic and lipophilic, characteristics
that affect POP bioaccumulation vary. For example, chemicals
with log Kow > 6.3 were observed to be biomagnified in a
food web containing zooplankton, benthic invertebrates, and
fish, while chemicals with log Ko < 5.5 (including HCB, log
Kow = 5.5) were not biomagnified (51). Similarly, HCHSs (log

Kow = 3.8) and HCB, despite being the most abundant OCs
in air and seawater samples from the Canadian Arctic, were
present in low concentrations in biota (52). Consistent with
our results, meso- and macrozooplankton in the Arctic were
found to contain similar amounts of a-HCH as ice algae and
phytoplankton on a per lipid basis (47).

Lack of biomagnification for HCB may reflect the uptake
mechanisms of this contaminant. Zooplankton, including
crustaceans, can accumulate POPs through ingestion of
contaminated food or by passive accumulation from water
into internal lipid pools. The mode of uptake varies depending
on the characteristics of each contaminant, with lower Koy,
more water-soluble compounds, bioavailable via passive
uptake from water (48, 49). If krillaccumulate POPs primarily
by equilibrium absorption into their lipids from water, we
would expect to see similar concentrations in plankton and
krill on a per lipid basis. This was observed for HCB in
plankton and adult krill, suggesting passive uptake by
equilibrium partitioning as the primary mechanism of uptake
of this contaminant by krill.

Despite no difference in BDE concentrations between ice
algae and juvenile krill (Figure 2), equilibrium partitioning
of these contaminants between water and juvenile krill is
unlikely because of the high Koy values (log Kew > 6.5) and,
consequently, low solubilities of these contaminants. Lack
of equilibrium partitioning of high Ky, OCs has also been
observed between zooplankton and water in the Arctic (48,
49). Likewise, the low solubility of BDEs does not suggest a
high dissolved under-ice or water column concentration for
these compounds. Instead, BDEs would likely be more
bioavailable absorbed to ice algae or plankton and would be
taken up by juvenile and adult krill via ingestion. Biomag-
nification would therefore be more likely for BDEs. Also, since
biomagnification of POPs increases with age, it would be
more likely to be observed in adult krill. A number of factors
may account for the lack of biomagnification for BDEs
between ice algae and juvenile krill and especially for the
significant decrease in BDE concentrations between plankton
and adult krill.

First, it is important to note that our sampling method
may have led to higher contaminant concentrations for ice
algae than were actually present in the ice column. Because
melted ice samples were passed through a GFF filter for
particulate matter collection, dissolved-phase compounds
in ice may have absorbed to particles during filtration causing
an over-representation of the fraction associated with ice
algae. However, this potential over-collection would only
occur if contaminant partitioning between ice and ice algae
were not already at equilibrium. Under low temperature,
slow growth conditions, algae have been observed to reach
equilibrium with PCBs in water after about 20 d (54). Given
the environmental conditions associated with sea ice, it is
likely that the ice algae were under slow growth conditions
and had presumably reached equilibrium with contaminants
in sea ice prior to our sampling at the end of winter. Thus,
itisunlikely that the measured ice algae concentrations were
influenced by the collection method. Moreover, this potential
sampling artifact would not have been a factor controlling
the significantly lower BDE concentrations in adult krill
compared to phytoplankton (Figure 2).

Increasing lipid content in adult krill during summer could
lead to biodilution of contaminants during trophic transfer.
In the Arctic, zooplankton synthesize lipids during summer
as energy reserves (55). Seasonal accumulation of lipids
during summer by Antarctic krill has also been observed
(56). An increase in lipid reserves in Arctic zooplankton has
been hypothesized to lead to a dilution of PCBs and was
suggested to explain lower PCB concentrations in the
zooplankton than particulate matter on a lipid weight basis
(53). Allower PCB concentration in zooplankton as compared
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to particulate matter on a lipid weight basis has also been
attributed to a dilution of contaminants in autogenically
formed lipids (57). Since these lipids are contaminant free,
an increase in lipid reserves at a faster rate than contaminant
uptake by krill feeding on plankton may have played a role
in diluting contaminants, particularly the BDEs, during this
initial trophic transfer. Accumulation of lipid reserves in adult
krill during summer may also explain the apparent dilution
of BDEs in adult as compared to juvenile krill collected in
winter (Figure 2). Likewise, growth dilution may account for
the decreases in POP concentrations between juvenile and
adult krill. Growth dilution of POPs occurs when the growth
rate of the organism is faster than the uptake rate of POPs,
resulting in adilution of the pollutant in the growing biomass
and a decreased concentration per unit of lipid biomass.
Growth dilution has been suggested as an explanation for
the inverse relationship between krill length and mercury
concentration (58).

Biomagnification factors less than one also occur when
the rate of elimination exceeds that for uptake of acompound
and may explain the lower levels of BDEs in adult krill
compared to plankton. Organisms at higher trophic levels
(i.e., mammals) generally have a higher capacity to metabolize
persistent organochlorines. This capability is also suggested
for longer-lived plankton (52) and may be likely for krill given
their relatively long life span. It can be hypothesized that this
process would be more important for elimination of BDEs
as compared to HCB since BDEs have vicinal C—H pairs that
would allow for biodegradation via the monooxygenase
pathway (59), whereas HCB does not. However, egestion is
another mechanism by which zooplankton can eliminate
contaminants. PCB concentrations in krill fecal pellets have
been found to be 10—1000x higher than in euphausiid bodies
or molts (60). Given the similarity of BDE structure to PCBs,
this suggests that egestion may account for some of the
decrease observed for BDEs in adult krill compared to their
food source and for the lack of biomagnification between ice
algae and juvenile krill.

The absence of POP biomagnification between plankton
and krill samples was surprising, given the long life span of
krill. The significant decrease for BDEs between plankton
and adult krill was particularly surprising, given the high
potential for biomagnification of these compounds. Itis also
interesting that, while the average BDE concentration was
significantly higher than the HCB concentration in ice algae
and plankton, this contrast was not the case in krill. Thus,
BDEs may not be efficiently transferred to higher trophic
levels despite the apparently higher input of these contami-
nants to the Antarctic coastal ecosystem and higher con-
centration in the lowest trophic levels.

Our results further suggest that sea ice contributes
contaminants to higher trophic levels in polar food webs.
This occurs directly via feeding by juvenile krill on ice algae
but may also include contaminant uptake by plankton and
adult krill following ice melt. Therefore, sea ice appears to
provide a controlling vector for entry of POPs into the
Antarctic marine environment and food web.

Acknowledgments

This project was funded by the National Science Foundation,
Office of Polar Programs, Award 0087872. We thank the
scientists and support staff at Palmer Research Station and
on the RVIB Nathaniel B. Palmer for their help with this
project, especially Langdon Quetin and Robin Ross for
collection of juvenile and adult krill. VIMS Contribution No.
2597. Palmer LTER Contribution Number 254.

Supporting Information Available

Table S1 includes concentration data (ng/giipia) for OCs and
BDEs measured in all Antarctic plankton, sea ice algae,

3556 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 38, NO. 13, 2004

juvenile and adult krill samples. This material is available
free of charge via the Internet at http://pubs.acs.org.

Literature Cited
(1) Wania, F.; Dungani, C. G. Environ. Toxicol. Chem. 2003, 22,

1252—1261.
(2) Wania, F.; Mackay, D. Environ. Sci. Technol. 1996, 30 (9), 390A—
396A.

(3) Watanabe, I.; Kawano, M.; Wang, Y.; Tatsukawa, R. Organo-
halogen Compd. 1992, 9, 309—312.

(4) Inomata, O. N. K.; Montone, R. C.; Lara, W. H.; Weber, R. R;;
Toledo, H. H. B. Antarct. Sci. 1996, 8, 253—255.

(5) Luckas, B.; Vetter, W.; Fischer, P.; Heidemann, G.; Plotz, J.
Chemosphere 1990, 21 (1—2), 13—19.

(6) Aono, S.; Tanabe, S.; Fujise, Y.; Kato, H.; Tatsukawa, R. Environ.
Pollut. 1997, 98, 81—89.

(7) Norstrom,R.J.; Belikov, S.E.; Born, E. W.; Garner, G. W.; Malone,
B.; Olpinski, S.; Ramsay, M. A.; Schliebe, S.; Stirling, I.; Stishov,
M. S.; Taylor, M. K.; Wiig, @. Arch. Environ. Contam. Toxicol.
1998, 35, 354—367.

(8) de Wit, C. A. Chemosphere 2002, 46, 583—624.

(9) Jansson, B.; Asplund, L.; Olsson, M. Chemosphere 1987, 16, 2343—
2349.

(10) Alaee, M.; Luross, J.; Sergeant, D. B.; Muir, D. C. G.; Whittle, D.
M.; Solomon, K. Organohalogen Cmpd. 1999, 40, 347—350.

(11) Kottmeier, S. T.; Sullivan, C. W. Mar. Ecol. Prog. Ser. 1987, 36,
287—-298.

(12) Garrison, D. L.; Sullivan, C. W.; Ackley, S. F. Bioscience 1986, 36
(4), 243—250.

(13) Wania, F.; Hoff, J. T.; Jia, C. Q.; Mackay, D. Environ. Pollut.
1998, 102, 25—-41.

(14) Pfirman, S. L.; Eicken, H.; Bauch, D.; Weeks, W. F. Sci. Total
Environ. 1995, 159, 129—146.

(15) Stretch, J. J.; Hamner, P. P.; Hamner, W. M.; Michel, W. C
Cook, J.; Sullivan, C. W. Mar. Ecol. Prog. Ser. 1988, 44, 131—139.

(16) Ross, R. M.; Quetin, L. B.; Lascara, C. M. In Foundations for
Ecological Research West of the Antarctic Peninsula; Ross, R. M.,
Hofmann, E. E., Quetin, L. B., Eds.; AGU Antarctic Research
Series; American Geophysical Union: Washington, DC, 1996;
Vol. 70, pp 199-217.

(17) Ross, R. M.; Quetin, L. B. Bioscience 1986, 36 (4), 264—268.

(18) Holm-Hansen, O.; Huntley, M. J. Crustacean Biol. 1984, 4 (1),
156—173.

(19) Swackhamer, D. L.; Skoglund, R. S. In Organic Substances and
Sediments in Water. Processes and Analytical; Baker, R. A., Eds.;
Lewis Publishers: Chelsea, Ml, 1991; Vol 2.

(20) Hargrave, B. T.; Vass, W. P.; Erickson, P. E.; Fowler, B. R. Tellus
1988, 40B, 480—493.

(21) Goerke, H.; Weber, K.; Bornemann, H.; Ramdohr, S.; Plotz, J.
Mar. Pollut. Bull. 2004, 48, 295—302.

(22) Hale, R. C.; Alaee, M.; Manchester-Neesvig, J. B.; Stapleton, H.
M.; Ilkonomou, M. G. Environ. Int. 2003, 29, 771—779.

(23) Liu, K.; Dickhut, R. M. Chemosphere 1994, 29, 581—589.

(24) Tittlemeier, S. A.;Halldorson, T.; Stern, G. A.; Tomy, G. T. Environ.
Toxicol. Chem. 2002, 21, 1804—1810.

(25) Cincinelli, A.; Dickhut, R. M. Poster at the Annual Meeting of
the Society of Environmental Toxicology and Chemistry (SETAC)
Europe. Hamburg, Germany, April 2003.

(26) Bidleman, T. F.; Walla, M. D.; Roura, R.; Carr, E.; Schmidt, S.
Mar. Pollut. Bull. 1993, 26 (5), 258—262.

(27) Larsson, P.; Jarnmark, C.; Sodergren, A. Mar. Pollut. Bull. 1992,
25 (9—12), 281—287.

(28) Lukowski, A. B.; Ligowski, R. Pol. Polar Res. 1988, 9 (2—3), 399—
408.

(29) Anadon, R.; Alvarez-Marqués, F.; Fernandez, E.; Varela, M,;
Zapata, M.; Gasol, J. M.; Vaqué, D. Deep-Sea Res. 1l 2002, 49,
883—901.

(30) Wefer, G.; Fischer, G.; Fuetterer, D.; Gersonde, R. Deep-Sea Res.
1988, 35 (6), 891—898.

(31) Burns, K. A; Villeneuve, J. P.; Fowler, S. W. Estuarine, Coastal
Shelf Sci. 1985, 20, 313—330.

(32) Smith, R. C.; Dierssen, H. M.; Vernet, M. In Foundations for
Ecological Research West of the Antarctic Peninsula; Ross, R. M.,
Hofmann, E. E., Quetin, L. B., Eds.; American Geophysical
Union: Wasington, DC, 1996; Vol. 70.

(33) Taylor, W. D.; Carey, J. H.; Lean, D. R. S.; McQueen, D. J. Can.
J. Fish. Aquat. Sci. 1991, 48, 1960—1966.

(34) Hargrave,B.T.;Barrie, L. A.;Bidleman, T.F.; Welch, H. E. Environ.
Sci. Technol. 1997, 31, 3258—3266.

(35) Gregor, D. J. In Pollution of the Arctic Atmosphere; Sturges, W.
T., Ed.; Elsevier Science: New York, 1991.



(36) Donald, D. B.; Syrgiannis, J.; Crosley, R. W.; Holdsworth, G.;
Muir, D. C. G.; Rosenberg, B.; Sole, A.; Schindler, D. W. Environ.
Sci. Technol. 1999, 33, 1794—1798.

(37) Lukowski, A. B.; Ligowski, R. Pol. Polar Res. 1987, 8 (2), 167—
177.

(38) Blais, J. M.; Schindler, D. W.; Muir, D. C. G.; Sharp, M.; Donald,
D.; Lafreniére, M.; Braekevelt, E.; Strachan, W. M. J. Ambio 2001,
30 (7), 410—415.

(39) Risebrough, R. W.; Walker, W., II; Schmidt, T. T.; de Lappe, B.
W.; Connors, C. W. Nature 1976, 264, 738—739.

(40) Joiris, C. R.; Overloop, W. Antarct. Sci. 1991, 3 (4), 371-377.

(41) McManus, G. B.; Wyman, K. D.; Peterson, W. T.; McManus,
Waurster, C. F. Estuarine Coastal Shelf Sci. 1983, 17, 421—430.

(42) Cripps, G. C. Polar Biol. 1990, 10, 393—402.

(43) Corsolini, S.; Kannan, K.; Imagawa, T.; Focardi, S.; Giesy, J. P.
Environ. Sci. Technol. 2002, 36, 3490—3496.

(44) Gupta, R. S.; Sarkar, A.; Kureishey, T. W. Deep-Sea Res. 11 1996,
43 (1), 119—126.

(45) Harding, G.C.;LeBlanc,R.J.;Vass, W.P.; Addison, R. F.; Hargrave,
B. T.; Pearre, S., Jr.; Dupuis, A.; Brodie, P. F. Mar. Chem. 1997,
56, 145—179.

(46) Evans, M. S.; Noguchi, G. E.; Rice, C. P. Arch. Environ. Contam.
Toxicol. 1991, 20, 87—93.

(47) Hargrave, B. T.; Phillips, G. A.; Vass, W. P.; Bruecker, P.; Welch,
H. E.; Siferd, T. D. Environ. Sci. Technol. 2000, 34, 980—987.

(48) Fisk, A. T.; Stern, G. A.; Hobson, K. A.; Strachan, W. J.; Loewen,
M. D.; Norstrom, R. J. Mar. Pollut. Bull. 2001, 43, 93—101.

(49) Hoekstra, P. F.; O’Hara, T. M.; Teixeira, C.; Backus, S.; Fisk, A.
T.; Muir, D. C. G. Environ. Toxicol. Chem. 2002, 21, 575—583.

(50) Quetin, L. B.; Ross, R. M.; Frazer, T. K.; Haberman, K. L. 1996.
In Foundations for Ecological Research West of the Antarctic
Peninsula; Ross, R. M., Hofmann, E. E., Quetin, L. B., Eds.;
American Geophysical Union: Washington, DC, 1996; Vol. 70.

(51) Russell,R.W.; Gobas, F. A.P. C.; Haffner, G. D. Environ. Toxicol.
Chem. 1999, 18 (6), 1250—1257.

(52) Hargrave, B. T.; Harding, G. C.; Vass, W. P.; Erickson, P. E,;
Fowler, B.R.; Scott, V. Arch. Environ. Contam. Toxicol. 1992, 22,
41-54,

(53) Joairis, C. R.; Laroussi Moatemri, N.; Holsbeek, L. Bull. Environ.
Contam. Toxicol. 1997, 59, 472—478.

(54) Swackhamer, D. L.; Skoglund, R. S. Environ. Toxicol. Chem. 1993,
12, 831—-838.

(55) Kattner, G.; Graeve, M. Polar Res. 1991, 10, 209—228.

(56) Hagen, W.; Van Vleet, V. E. S.; Gerhard, K. Mar. Ecol. Prog. Ser.
1996, 134 (1—3), 85—89.

(57) Delbeke, K.; Joiris, C. R.; Bossicart, M. Environ. Pollut. 1990, 66,

325—349.

(58) Palmer Locarnini, S. J.; Presley, B. J. Polar Biol. 1995, 15, 283—
288.

(59) Porte, C.; Albaiges, J. Arch. Environ. Contamin. Toxicol. 1993,
26, 273—281.

(60) Elder, D. L.; Fowler, S. W. Science 1977, 197, 459—461.

Received for review October 22, 2003. Revised manuscript
received March 25, 2004. Accepted April 27, 2004.

ES0351793

VOL. 38, NO. 13, 2004 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3557



