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ARTICLE INFO ABSTRACT

Keywords: Ten benthic fauna taxa in a polluted marine area adjacent to McMurdo Station, Antarctica were deemed to be
Polar potential biomonitors because PCBs, DDTs, PAHs, copper, lead and/or zinc in their tissues were significantly
?ollutlon higher than in tissues of taxa living in reference areas (p < 0.05). Concentrations of PCBs and DDT were highest
lssues . in Trematomus (fish). Total PAH concentrations were highest in Alcyonium antarcticum (soft coral), Isotealia
Persistent organic pollutants R . . . X A R
Trematomus antarctica (anemone) and L. elliptica. Copper and lead concentrations were highest in Laternula elliptica (bivalve)
Bioaccumulation and Flabegraviera mundata (polychaete), and lowest in Trematomus and Parbolasia corrugatus (nemertean).

However, copper concentrations were even higher in the asteroids Perknaster fuscus antarcticus, Odontaster validus
and Psilaster charcoti. Bioaccumulation factors for different species were highest for PCBs and DDT, and lowest for
lead. Bioaccumulation of some contaminants are likely prevalent in benthic taxa at McMurdo Station, but
concentrations are usually low relative to human consumption standards.

1. Introduction

Antarctica's coastal marine environment is among the least anthro-
pogenically disturbed in the world because access to the continent by
humans is restricted by sea ice (Halpern et al., 2008) and its distance
from populated land masses. Despite this isolation, Antarctica is still
impacted by humans on both global and local scales. Causes of global
effects include changes such as warming temperatures (Turner et al.,
2014), ocean acidification (Orr et al., 2005), and the deposition of long-
range atmospheric persistent organic pollutants (POPs; Risebrough
et al., 1976). Some obvious local effects are caused by legacy chemical
contamination around some past and present Antarctic research stations
(see Tin et al., 2009; Aronson et al., 2011; Palmer et al., 2020). Chemical
pollutants including hydrocarbons, metals, organic matter, poly-
chlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
(DDT) have accumulated in marine sediments and have caused changes
in benthic community composition adjacent to some of these research
stations (e.g., Dayton and Robilliard, 1971; Thompson et al., 2003;
Conlan et al., 2004; Kennicutt et al., 2010). In addition to community
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composition effects, both locally and globally derived contaminants
have been detected in tissues of many marine fauna species (see Bar-
gagli, 2005).

The bioaccumulation of contaminants into faunal tissues indicates
both the presence and bioavailability of contaminants (Kennicutt et al.,
1995). Contaminants in the marine environment are often adsorbed to
sediments, which then accumulate on the sea floor. Contaminants often
accumulate in faunal tissues from direct contact with these benthic
sediments and/or through the ingestion of contaminated food and sus-
pended particulate material (Kennish, 1997). Benthic invertebrate and
demersal fish species are therefore more likely than pelagic species to be
exposed to contamination in the marine environment. Several benthic
species, especially molluscs (e.g., oysters and mussels), have been suc-
cessfully used as biomonitors, species that accumulate, and can be
analyzed to monitor the bioavailability of, contaminants in their tissues
(Rainbow and Phillips, 1993; Sericano et al., 1995; Webb et al., 2020).
Although extensive bioaccumulation studies have been undertaken, and
cosmopolitan biomonitors identified in populated parts of the world,
studies occurring in remote parts of the world such as Antarctica have
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been limited in number of species and/or number of contaminants (e.g.,
Negri et al., 2006; Trevizani et al., 2016; Webb et al., 2020).

The Antarctic benthic faunal community comprises a diverse group
of long-lived (decades), slow growing invertebrates that have adapted to
the consistently cold sea temperatures and seasonally limited food
supply (Arnaud, 1977; Peck et al., 2006). The most species rich Antarctic
benthic taxonomic groups are polychaetes, gastropods, amphipods,
bryozoans, isopods and true sponges, although several groups are un-
derrepresented (e.g., gastropods, isopods, reptant decapods) and some
overrepresented (e.g., pycnogonids) relative to the global average
(Clarke et al., 2004). Decreases in detoxification mechanisms attributed
to low temperatures, peculiar feeding strategies (e.g., many filter and
opportunistic feeders; Arnaud, 1977), and their aforementioned
longevity is suggested to cause an increase in bioaccumulation of con-
taminants in Antarctic relative to other parts of the world (Grotti et al.,
2008). Elsewhere in the world (including the Arctic), durophagous
(exoskeleton-breaking) predators of benthic invertebrates are abundant
and dominated by bony fishes, decapods, and elasmobranchs (Aronson
etal., 2011). However, a lack of durophagous predators in the Antarctic
has resulted in slow-moving invertebrates, such as asteroids, nemerteans
and pycnogonids being most of the top predators of Antarctic shallow
benthic fauna (Aronson and Blake, 2001). This means that a diverse
range of long-lived Antarctic marine fauna from different trophic levels
and taxa groups live on the sea floor, in a place that is most susceptible to
contaminant accumulation.

This study aims to quantify the bioaccumulation of contaminants
into several different fauna species. Results of this study have implica-
tions for understanding the effects of contamination on the Antarctic
food web, and which species can potentially be used as Antarctic bio-
monitors for contamination. It is important to be able to use a suite of
biomonitors for contamination monitoring because different taxa have
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different contaminant-accumulation mechanisms (e.g., feeding mode,
assimilation efficiency) and can bioaccumulate contaminants in
different ways. This study is located adjacent to McMurdo Station, Ross
Island, a location with a well-documented history of marine sediment
contamination from locally-sourced waste dumping and sewage
discharge (e.g., Dayton and Robilliard, 1971; Lenihan, 1992; Kennicutt
etal., 1995; Kennicutt et al., 2010; Palmer et al., 2020). We hypothesize
that contaminants have bioaccumulated into epibenthic fauna and that
the extent of bioaccumulation varies among species.

2. Methods
2.1. Study design

Sampling occurred from 2000 to 2015 at two anthropogenically
disturbed (hereinafter “disturbed”) and two reference transects adjacent
to McMurdo Station, and at Turtle Rock (TR), a reference area approx-
imately 12 km northeast of McMurdo Station (Fig. 1). One disturbance
transect is in Winter Quarters Bay (WQB), a historic dumping area (and
adjacent to the primary Station dump until the 1980s; Lenihan et al.,
1990) and the location of the floating ice pier that is used to transfer
materials on and off McMurdo Station during its annual resupply in
January/February. The second disturbance transect is adjacent to a
sewage outfall (Outfall or O), which discharged raw sewage into
McMurdo Sound until 2003 (Egger, 2003) and is in the vicinity of
another historic dumping area. Although the exact historic quantities of
sewage are unknown, volumes prior to sewage treatment are expected to
be on the same order of magnitude as seasonal volumes occurring in
1997-1998: 53,000 L d™! to 272,000 L d! during the winter and
summer respectively (Conlan et al., 2006). WQB and Outfall bottom
sediments are known to have high concentrations of polycyclic aromatic
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Fig. 1. Sampling transects and stations. Disturbed transects = open symbols. Depths of sampling stations within each transect increase with distance away from land
(12, 24,36 m).WQB=Winter Quarters Bay. Area of landfill approximated from Lenihan et al., 1990.
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hydrocarbons (PAHs), total petroleum hydrocarbons (TPHs), poly-
chlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT),
and several metals, among other contaminants (Palmer et al., 2020). The
two local reference transects were at Cape Armitage (CA-E and CA-F),
while a distant reference transect was sampled at TR (Transect T).
Each transect comprised three sampling stations at water depths of 12,
24 and 36 m. Tissue samples from each transect were pooled because
there were not enough replicates (individuals of each taxon) to compare
concentrations among depths and transects.

Systematic sampling of sediment contamination occurred in
November/December at the two disturbed transects adjacent to
McMurdo Station (WQB, O) in 2000 and from 2003 to 2013, at CA-E in
2000 and 2008 to 2013, CA-F in 2000 and 2003 to 2009 (as A, D, E, F in
Palmer et al., 2020), and at TR in 2008 and 2011 to 2013. Opportunistic
sampling of twelve epibenthic and benthic fauna taxa occurred simul-
taneously with sediment sampling from 2000 to 2013 and in 2015
(Table 1, Table S1). Therefore, the location and years that each species
was sampled varied. Although some decreases in sediment contamina-
tion at the disturbed transects has been documented over the study
period, contamination was always distinctly higher than background
concentrations during the study period (PAHs, TPHs, DDTs, PCBs, Pb,
Cu, Ba, Cr, Hg, Cd; Palmer et al., 2020) and species sampled were long-
lived (decades; Peck et al., 2006). Therefore, any confounding effects of
the timing of sampling on fauna contamination was thought to be minor.

All taxa were identified to, and investigated at, the species level
except for the Nototheniidae family of fish Trematomus, which were
grouped together to increase the sample size. Trematomus consisted of
30 T. bernacchii, 5 T. pennelli, 3 T. hansoni, and 6 unidentified Trem-
atomus sp. The taxa collected were taxonomically and trophically
diverse, and included two filter feeders (bivalve Laternula elliptica and
soft coral Alcyonium antarcticum), a deposit feeder (polychaete Flabe-
graviera mundata), an herbivore (echinoid, Sterechinus neumayeri), and
eight scavenger/predators (Table 1).

2.2. Sampling and laboratory analysis

Marine sediments at each sampling location were sampled by SCUBA
divers using hand-held 6.3-cm diameter cores (35.3 sz) to a sediment

Table 1
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depth of 10 cm. Triplicate sediment samples were taken for chemistry
each year at each sampling station. Fauna were collected opportunisti-
cally if time permitted at the end of each sediment-sampling dive
directly by hand or with a hand-held net. After immediate clean pro-
cessing, all samples were stored in pre-cleaned glass jars.

Fauna tissue and sediment chemistry samples were frozen at —20 °C
and shipped to the Geochemical Environmental Research Group (GERG)
at Texas A&M University to be analyzed for hydrocarbons, organo-
chlorines, and trace metals using methods from the National Oceanic
and Atmospheric Administration ‘Status and Trends Program’ (NOAA,
1993) and the United States Environmental Protection Agency (Telliard,
1989; Creek et al., 1994; see Morehead et al., 2008; Kennicutt et al.,
2010; Klein et al., 2012). Polycyclic Aromatic Hydrocarbon (PAH), PCB
and pesticide concentrations were determined using gas chromatog-
raphy/mass spectrometry (GC-MS), metal concentrations (except for
mercury) were determined using inductively coupled plasma mass
spectrometry (ICP-MS), and mercury concentrations were determined
by cold vapor atomic absorption spectroscopy (CVAAS). Tissue analysis
was of the whole organism, which is 1) more useful for integrating
concentrations into bioaccumulation studies involving higher trophic
levels (because consumers eat an entire organism and not just a certain
tissue), and 2) easier to process, which is more useful should a species be
used in future biomonitoring studies. Fish processed in this study
(Trematomus spp.) were all ~<20 cm long. All sediment and tissue
concentrations are reported as a dry weight basis.

2.3. Statistical analyses

A one-way general linear model (GLM) analysis of variance
(ANOVA) test was used to test for differences in each species' individual
contaminant concentrations among sampling locations: Winter Quarters
Bay (WQB), the outfall transect (Outfall), reference transects E and F
adjacent to Cape Armitage (CA), and the reference transect at Turtle
Rock (TR). The CA reference transects were combined because they were
not always sampled in the same years and their sediment chemistry was
similar. Normality of the residuals of the ANOVA models were assessed
graphically and using Shapiro-Wilk tests. Differences among locations
were highlighted using Tukey's Studentized Range (HSD) Test (p < F of

Number of samples and range of years of each taxa were analyzed from each transect. Shaded cells indicate disturbed transects. The numbers in parentheses represent
additional samples that were analyzed for metals only. *includes those listed for Trematomus. WQB = Winter Quarters Bay, O = Outfall, CA-E = Cape Armitage

transect E, CA-F = Cape Armitage transect F, TR = Turtle Rock.

Dominant Feeding Taxa Species n Year range
Type WQB O CA- CA- TR WOQB o CAE CA-F TR
E F
Deposit Feeder Polychaete Flabelligera mundata 2 3@ oW 3 2004-2010  2007-2011  2010-2015 2011-2015
Filter Feeder Bivalve Laternula elliptica 3 3 5 3 4 2004-2011  2000-2012  2000-2012  2004-2007  2008-2012
Filter Feeder Soft coral Alcyonium antarcticum 4 4 1 2009-2010  2009-2010 2009
Herbivore Echinoid Sterechinus neumayeri 17 17 3 4 3 2000-2010  2000-2010  2009-2010  2004-2009 2011
Predator Actinarian Isotealia antarctica 10 13 8 8 2005-2012 2000-2012 2009-2012 2005-2009
Predator/ Teleost Trematomus 11 16 5 8 2 2004-2012 2004-2012 2008-2012 2004-2009 2013-2015
Scavenger
Trematomus 7 11 3 6 2 2004-2012 2004-2012 2008-2012 2004-2007 2013-2015
bernacchii*
Predator/ Nemertean Parborlasia corrugatus 11 15 6 10 7 2005-2012 2005-2012 2008-2012 2005-2009 2008-2012
Scavenger
Predator/ Nudibranch  Tritoniella belli 4 1® 2 2011-2015  2010-2013 2004
Scavenger
Predator/ Asteroid Diplasterias brucei 3 4 2010-2012  2010-2012
Scavenger
Predator/ Asteroid Odontaster validus 17 15 10 12 5 2000-2012 2000-2012 2000-2012 2000-2008 2008-2012
Scavenger
Predator/ Asteroid Perknaster fuscus 2 2 6 3 2004-2015 2010 2006-2008  2011-2012
Scavenger antarcticus
Predator/ Asteroid Psilaster charcoti 3 4 6 2004 2004-2005 2000-2005
Scavenger
Sum 760 97@  50® 60 27
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0.05). Chemicals were considered to be local sediment contaminant
indicators if they were significantly enriched in disturbed (WQB and
Outfall transects) relative to reference areas (CA transects E and F, TR
transect). Similarly, species were deemed to be potential biomonitors for
a contaminant if tissue concentrations of a sediment contaminant indi-
cator were significantly higher in individuals located in disturbed than
reference locations. Differences in faunal contaminant composition
among species were compared using Principal Components Analysis
(PCA) using only contaminants that were significantly higher in
disturbed than reference locations for both sediments and fauna. Data
were loge-transformed prior to ANOVA and PCA analysis. Bio-
accumulation factors (BFs, = Concentrationyganism/Concentrationgeg;.
ment) Were calculated for fauna in disturbed locations to approximate
bioaccumulation from the sediment to each organism (Negri et al., 2006;
Trevizani et al., 2016). A BF > 1 indicates that bioaccumulation in an
organism is greater than the concentration of the sediment. Size, age,
sex, and condition index data were unavailable for each individual
sampled so were not incorporated into statistical analyses. All data
management and statistics were conducted using SAS 9.4 software (SAS
Institute Inc, 2017).

3. Results

A total of 315 fauna samples were analyzed for tissue contaminants
from 2000 to 2015. Most of these samples (292, 93%) were taken in the
eight-year period from 2004 to 2012. Five samples (four F. mundata, one
Tritoniella belli sampled in 2010) were analyzed for metals only.

Chemicals were considered to be local sediment contaminant in-
dicators if they were significantly enriched in disturbed relative to
background concentrations in reference areas (p < 0.05). These in-
dicators include total DDTs (disturbed was 19x greater than CA, 803 x
greater than TR), PCBs (43x > CA, 41x > TR), PAHs (26x > CA, 164 x
> TR), cadmium (2.3x > CA, 3.4x > TR), copper (3.5x > CA, 1.8x >
TR), lead (6.4x > CA, 40x > TR), mercury (4.5x > CA, 18x > TR), and
zinc (1.4x > CA, 1.4x > TR) (p < 0.001 to p < 0.01, F values from 3.9 to
217.3, n = 117 to 129; Table 3, Table S2, Table S3). All these con-
taminants had higher or similar mean concentrations at the Outfall
compared to WQB (Fig. S1 to Fig. S13). Arsenic concentrations in
sediments were similar in the disturbed area to the CA reference tran-
sects but were still higher than at the TR reference transect (2.4x > TR).
In contrast to the other metals, sediment barium, cobalt, iron and nickel
concentrations were highest at the TR reference transect (Mean Ba: 174
ng g, Co: 18 ug g1, Fe: 55,669 pg g, Ni: 74 pug g~ 1) and lowest at the
CA reference transects (Ba: 41 pg g’l, Co: 8 ug g’l, Fe: 17,505 pg g’l, Ni:
37 ug g7 Y (p < 0.0001).

Total PCB concentrations were higher at the disturbed than reference
locations in tissues of all species except the soft coral, A. antarcticum (p
< 0.11), the asteroid, Diplasterias brucei (p < 0.14), and the nudibranch,
T. belli (p < 0.32). Total PCB concentrations in tissues from the disturbed
WQB and Outfall transects were similar to each other, and greater than
tissues from CA and TR reference transects in the polychaete F. mundata
(23x > CA, undetected at TR), the bivalve L. elliptica (8.3x > CA, 162x
> TR), the echinoid S. neumayeri (18x > CA, undetected at TR), the
actinarian I antarctica (39x > CA, not sampled at TR), the teleost
Trematomus (25x > CA, 350x > TR), the nemertean Parbolasia. corru-
gatus (32x > CA, 796x > TR), and the asteroid O. validus (8.8x > CA,
139x > TR), Perknaster fuscus antarcticus (40x > CA, 586x > TR) and
Psilaster charcoti (12x > CA, not sampled at TR). Tissue PCB concen-
trations in the disturbed WQB and Outfall transects were greatest in
Trematomus (WQB: mean = 11,048 ng g™, Outfall: 7081 ng g™ 1), fol-
lowed by I antarctica (WQB: 5191 ng g~!, Outfall: 4463 ng g~ 1),
S. neumayeri (WQB: 3271 ng g}, Outfall: 1917 ng g~1) and Parbolasia
corrugatus (WQB: 3513 ng g~*, Outfall: 1614 ng g™ 1).

Although maximum total DDT concentrations for most species were
higher at the disturbed than the reference locations, large intraspecies
variability meant that there were only differences in means among
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locations for five species. Total DDT concentrations in F. mundata were
higher in the disturbed WQB (17.9 ng g~!) transect than all other lo-
cations (Outfall: 3.7 ng g~!, CA and TR: 0 ng g, p < 0.03). Total DDT
was higher in the anemone I. antarctica at the disturbed Outfall (11.1 ng
g‘l) transect than the disturbed WQB (2.6 ng g‘l) transect and the
reference CA (1.3 ng g’l, p < 0.0002) transect. Trematomus DDT con-
centrations were higher at the disturbed WQB (21.6) transect than at the
disturbed Outfall (16.4 ng g~!) transect, which in turn was higher than
the reference locations (CA: 4.0 ng g%, TR: 1.2 ng g}, p < 0.001).
Parbolasia corrugatus DDT concentrations were highest in the disturbed
WQB (3.1 ng g’l) transect and lowest in the reference TR (0.2 ng gfl)
transect, and similar between the disturbed Outfall (1.5 ng g~!) and
reference CA (1.0 ng g’l, p <0.001) transects. Total DDT concentrations
in T. belli differed from the other species in that concentrations were
higher at the reference CA (14.6 ng g’l), than the disturbed Outfall (1.3
ng g %, p <0.03).

Total PAHs in L. elliptica were greater in the disturbed WQB (538 ng
g’l) than the other three locations (30 to 260 ng g’l, p < 0.003). Total
PAHs were higher at both disturbed locations, WQB and Outfall, as well
as the reference CA, than the reference TR for both Trematomus (CA: 9.3
ng g%, else: 69 to 89 ng g%, p < 0.01) and Parbolasia corrugatus (CA:
20.6ng g, else: 115 to 247 ng g}, p < 0.001). Total PAHs were higher
in L. antarctica at the disturbed Outfall (486 ng g’l) than the disturbed
WQB (383 ng g’l) and reference CA (93 ng g’l,p < 0.02). Total PAHs in
S. neumayeri were higher at the reference TR (382 ng g~ ') than all three
other locations (52 to 237 ng g’l, p < 0.002).

Pb concentrations were higher at the disturbed Outfall than all other
locations sampled for S. neumayeri (Outfall: 7.1 pg g%, [TR, CA, WQB]:
0.3 to 2.3 pg g, p < 0.001), I antarctica (Outfall: 7.9 pg g~ !, [CA,
WOQBJ: 0.9t0 1.2 ug g %, p < 0.0001), O. validus (Outfall: 3.6 pg g~ *, [TR,
CA, WQB]: 0.9 to 2.4 ug g_l,p < 0.06), and A. antarcticum (Outfall: 3.4
ug g%, CA: 0.8 pg g1, p < 0.02). There were no differences in Pb
concentrations among locations for all other species.

Hg concentrations were also highest at the disturbed Outfall in
F. mundata (Outfall: 0.08 pg g%, [TR, CA, WQB]: 0.03 to 0.07 pg g %, p
< 0.01) and S. neumayeri (Outfall: 0.16 pg g’l, [TR, WQB, CA]: 0.08 to
0.12 pg g’l, p < 0.03). In contrast, Hg concentrations were highest at
reference CA in T. belli (CA: 0.22 pg g%, Outfall: 0.08 pg g%, p < 0.04),
O. validus (CA: 0.26 ug g%, [WQB, TR, Outfall]: 0.15to0 0.22 pg g, p <
0.007), and Perknaster fuscus antarcticus (CA: 0.42 pg g’l, [WQB, TR]:
0.14 t0 0.28 pg g1, p < 0.005).

Conversely, Cd concentrations in fauna were highest at reference TR
in Parbolasia corrugatus (TR: 39 pg g%, [Outfall, CA]: 21 to 22 pg g%,
WOQB: 9+ 6 ugg L, p < 0.0001) and S. neunayeri (TR: 4.7 pg g%, [WQB,
Outfall, CAJ: 1.6 to 2.2 pg g%, p < 0.009). There were no spatial dif-
ferences in Cd concentrations in any other species.

Cu concentrations were highest at the disturbed Outfall in
A. antarcticum (Outfall: 10 pg g™, CA: 3 ug g%, p < 0.04), S. neumayeri
(Outfall: 12 pg g~!, [CA, WQB, TR]: 2 to 4 pg g%, p < 0.003),
1. antarctica (Outfall: 18 pg g™, [CA, WQB]: 7 to 10 pug g%, p < 0.008),
and Trematomus (Outfall: 7 ug g~1, WQB: 6 pg g1, [TR, CAl: 1 to 7 pg
g1, p < 0.05), and highest at disturbed WQB in L. elliptica (WQB: 25 pg
gfl, [CA, TR, WQB]: 13 to 23 pg g’l, p < 0.01) and Perknaster fuscus
antarcticus (WQB: 77 pg g’l, [TR, CA]: 9 to 11 pg g’l, p < 0.0006).

There were no differences in Zn concentrations among locations for
any species (p > 0.14) except for in L. elliptica and Trematomus. Zn
concentrations in Trematomus were higher at the transects closer to
McMurdo Station ([disturbed WQB and Outfall, reference CA]: 67 to 88
Hg g’l) than at reference TR (41 pg g’l, p < 0.004). Zn concentrations in
L. elliptica were lower at disturbed WQB (57 pg g~1) than the other three
transects ([TR, Outfall, WQB]: 145 to 169 pg g’l, p < 0.004).

Potential biomonitor species were identified as those that had con-
centrations of contaminants that were significantly greater in disturbed
than reference areas as determined using Tukey's HSD tests (p < 0.05).
These included all species sampled except for the asteroid D. brucei and
the nudibranch Tritoniella belli. These biomonitor species were
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incorporated into a PCA using contaminants that were commonly higher
in fauna at disturbed than reference locations (PCB, PAH, DDT, Pb, Cu,
Zn; Fig. 2). Fauna at only the disturbed locations (WQB and Outfall)
were included in the PCA to determine how bioaccumulation of con-
taminants varied among bioindicator species rather than how species
compared between disturbed and reference locations. The first two
principal components (PC1 and PC2) accounted for 29.8 and 22.0% of
the variability within the tissue contamination data. Fauna at the
disturbed sites that had high total PCB concentrations (low PC1 scores)
generally had high DDT concentrations. Fauna at the disturbed sites that
had high Pb concentrations (high PC1 scores) generally also had high Cu
concentrations. Trematomus had higher total PCBs and DDT concentra-
tions (mean concentration in WQB and Outfall: 9063 and 19 ng g’l)
than all other fauna (402 to 4827, and 1 to 11 ng g_l, Fig. 3) at the
disturbed sites. Total PAH concentrations were highest in A. antarcticum
(1355 ng g 1), I antarctica (434 ng g~1) and L. elliptica (398 ng g~ 1). Cu
and Pb concentrations were both high in L. elliptica (24 and 10.6 pg g™ %)
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and F. mundata (24 and 14.1 pg g’l), and lowest in Trematomus (6.3 and
0.7 pg g~ 1) and Parbolasia corrugatus (5.8 and 0.8 pg g~1). However, Cu
concentrations were highest in the asteroids Perknaster fuscus antarcticus
(77 pg g Y, O. validus (50 pg g~ 1) and Psilaster charcoti (35 pg g~
Fig. 4).

Bioaccumulation factors (BFs) of contaminants ([fauna]/[sediment])
were inconsistent among species (Table 2). Total PCB BFs ranged from
0.5in D. brucei and 0.6 in A. antarcticum to 6.8 in I. antarctica and 12.7 in
Trematomus Total DDT BFs ranged from <1 in T. belli, D. brucei and
Perknaster fuscus antarcticus to 3.4 in F. mundata and 5.9 in Trematomus.
Zn BFs were highest in F. mundata (4.3), S. neumayeri (3.9) and
I antarctica (3.6). Cu BFs were all <1.0 except in Perknaster fuscus ant-
arcticus (1.8) and O. validus (1.2). Pb BFs were <0.2 in all fauna except
for F. mundata (0.3) and L. elliptica (0.2). Total PAH BFs were <0.5 in all
fauna except for A. antarcticum and T. belli (both 1.4).

Pb

Species

B Ajcyonium antarcticum
X Flabegraviera mundata
® /sotealia antarctica

* ® [aternula elliptica
A Odontaster validus
X Parborlasia corrugatus
¥ Perknaster fuscus antarcticus
4 Pesilaster charcoti
0O Sterechinus neumayeri
O Trematomus spp.

(]

Fig. 2. Chemical loads (A) and species scores (B) from Principal components analysis of bioaccumulating contaminants in species occurring at Winter Quarters Bay
and the Outfall. Symbols and error bars represent the mean and standard deviation of species scores.



T.A. Palmer et al.

Marine Pollution Bulletin 178 (2022) 113621

A
25000 -
= 20000 -|
-
'—cn
E 15000
L2
S
a 10000
T"! 'y T 8
B
5000 -| - F .
" g
B. N
60
2
-
IU) 40 {
o a
(=
: o
o -
a o
. o
= 20 +
'_ o
: 4 :
-l | ey
o = min = == B S
C.
3000
2
= o
I—U)
E’ 2000
» o
T
<
a
E —
I§ 1000 i °
e 2
- =l s
0 o — =Aes [ e ¥ = = &
£ % Py s A
&90. % ('5?' K %,. oy % % % s, 8,
% S <, ) s, S, ) 4 %, % S
2 X 2 7, (> S Yo 9 9, S
% %, % % %, & 3 YR RN
- e, s, 2 ¢, %, ’770 % (R S, s
B, Y, W S B, 8 o, % e
2, % % & (- o %, 7o, g )
“%, * %, % % 2 @, 0"9
% K& }b’/ (b"‘ oé/
‘?}‘,0

Fig. 3. Total PCBs, DDT and PAHs concentrations in sediment and fauna in Winter Quarters Bays and the Outfall. One sediment PAH concentration from WQB (5314

ng g~ 1) is above the scale of the plot.
4. Discussion
4.1. Sediments

Determining the type and intensity of local contamination in
Antarctica is dependent on adequate characterization of background
concentrations of trace metals and organic compounds because it is
uncommon for historic waste-generating activities to be documented
and dumping to be quantified. It is difficult to use a continental baseline
for trace metals because metal concentrations are influenced by local
geological sources, e.g., high Hg concentrations occur at Deception Is-
land, South Shetland Islands (Bento et al., 2021). The presence of

naturally occurring hydrocarbons also makes it difficult to determine
low concentrations of anthropogenic hydrocarbons (Cripps, 1994). A
further complication is that persistent organic compounds (POPs),
which have no natural origins, are transported to the Antarctic via long-
range atmospheric transport (Risebrough et al., 1976). These problems
are avoided by determining potential contaminant concentrations in at
least one local reference location, as occurred in this study.

Total DDTs, total PCBs, total PAHs, Cd, Cu, Pb, Hg, and Zn were all
identified as sediment contamination indicators for this study because
the bottom sediments of the disturbed area adjacent to McMurdo Station
(WQB and the Outfall transects) had greater concentrations than both
reference sites, suggesting local, anthropogenic input to the disturbed
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Fig. 4. Copper, zinc and lead concentrations in sediment and fauna in Winter Quarters Bays and the Outfall. Three outliers of sediment zinc concentrations (99, 165,

182 g g~ 1) are above the scale of the plot of lead concentrations.

area (Fig. S1 to Fig. S13). Ba, Co, Fe and Ni all likely had anthropogenic
sources because their concentrations were greater in the disturbed area
than the reference CA. However, the high concentrations of these metals
at the reference TR indicates that natural geological sources can over-
shadow any anthropogenic inputs further away from McMurdo Station.
Therefore, these four metals could only be used as indicators of
anthropogenic contamination within limited spatial scales in this study
(< 10 km from McMurdo Station) and were excluded from further sta-
tistical analyses. These differences in natural enrichment of metals un-
derlines the importance of using local rather than continental reference
values for assessments of anthropogenic contamination.

The largest enrichment in sediment contamination between the

disturbed and reference locations occurred in DDTs (mean was 19 to
803 x > means of CA and TR), total PCBs (41 to 43x > TR and CA), and
PAHs (26 to 164 greater than CA and TR). Mean Cd, Cu, Pb, Hg, and Zn
concentrations at disturbed locations were usually less than ten times
the concentration at reference locations CA and TR than WQB and the
Outfall.

Mean sediment PAH concentrations at disturbed locations WQB
(1095 ng g~ 1) and the Outfall (779 ng g~ ') were similar to the higher
concentrations occurring at Carlini Station, King George Island (KGI;
228 to 1908 ng g~ 1; Curtosi et al., 2007) but higher than those occurring
adjacent to stations in Admiralty Bay, KGI (9-271 ng g~ '; Martins et al.,
2004). Sediment PAH concentrations at reference locations CA (36 ng
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Table 2
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Mean concentrations of contaminants in sediments and fauna in disturbed locations relative to the Cape Armitage and Turtle Rock reference locations. Inf. = infinity

because concentrations were zero at the reference station.

Taxa type Species Ar Ccd Cu Fe Pb Hg Zn PAHs PCBs DDT
Relative to Cape Armitage reference location

Sediment 1.2 2.3 3.5 1.6 6.4 5.8 1.4 238.3 42.9 19.4
Polychaete Flabegraviera mundata 1.1 4.3 2.6 2.1 3.1 2.3 5.3 0.8 22.7 inf.
Bivalve Laternula elliptica 0.5 0.6 1.9 3.9 4.4 0.6 0.8 7.5 8.3 3.7
Soft coral Alcyonium antarcticum 2.3 1.4 2.8 4.0 4.1 0.9 2.8 4.6 4.0 1.5
Echinoid Sterechinus neumayeri 1.1 0.9 3.8 2.0 4.3 1.1 1.4 3.9 185 3.8
Actinarian Isotealia antarctica 1.2 0.9 2.2 5.7 4.8 1.1 1.0 4.7 39.3 5.2
Teleost Trematomus 0.7 0.7 0.9 1.2 0.6 1.3 0.8 1.2 25.4 4.7
Nemertean Parborlasia corrugatus 1.9 0.7 1.3 1.9 0.6 0.8 1.0 1.9 321 2.4
Nudibranch Tritoniella belli 0.5 1.0 0.4 1.9 0.4 0.5 2.4 1.5 0.1
Asteroid Diplasterias brucei 0.7 0.1 1.3 2.0 4.1 0.8 0.6 0.7 2.3 2.4
Asteroid Odontaster validus 0.9 1.1 1.4 3.8 1.3 0.7 0.9 1.2 8.8 1.9
Asteroid Perknaster fuscus antarcticus 0.3 0.8 7.1 4.7 0.5 0.3 0.6 1.0 40.1 3.6
Asteroid Psilaster charcoti 0.6 0.7 1.1 0.9 2.4 0.8 0.9 1.8 11.8 2.4
Relative to Turtle Rock reference location

Sediment 2.4 3.4 1.8 0.5 39.6 18.8 1.4 95.4 41.0 838.2
Polychaete Flabegraviera mundata 2.8 1.9 2.1 8.8 2.7 5.4 0.8 inf. inf.
Bivalve Laternula elliptica 0.5 0.4 1.3 1.2 9.9 0.6 0.8 131 161.8 69.0
Echinoid Sterechinus neumayeri 0.4 2.0 1.5 14.4 1.7 1.0 0.5 inf. inf.
Teleost Trematomus 6.0 6.1 2.0 4.4 2.1 1.8 9.2 350.3 15.8
Nemertean Parborlasia corrugatus 1.9 0.4 0.8 0.4 1.5 1.2 1.0 10.5 795.7 14.1
Asteroid Odontaster validus 1.1 1.1 2.5 2.2 3.4 1.1 0.9 2.3 138.8 1.8
Asteroid Perknaster fuscus antarcticus 0.4 14.6 8.9 1.7 5.6 0.5 1.6 1.5 586.1 55.2

Table 3
Bioaccumulation factors ([organism]/[sediment]) at Winter Quarters Bay and the Outfall. Values of each variable are color-coded from green to red (small to large).

Taxa Species Copper Lead Zinc DDT PAHs PCBs
Polychaete Flabegraviera mundata 0.5 0.3 4.3 3.4 0.3 2.6
Bivalve Laternula elliptica 0.5 0.2 1.6 1.4 0.4 1.3
soft coral Alcyonium antarcticum 0.2 0.1 2.0 1.4 1.4 0.6
Urchin Sterechinus neumayeri 0.2 0.1 3.9 1.2 0.2 3.6
Actiniarian Isotealia antarctica 0.3 0.1 3.6 2.1 0.5 6.8
Teleost Trematomus 0.1 0.0 1.0 5.9 0.1 12.7
Nemertean Parborlasia corrugatus 0.1 0.0 2.3 0.7 0.2 3.6
Nudibranch Tritoniella belli 0.1 0.0 1.1 0.4 1.4 1.9
Asteroid Diplasterias brucei 0.2 0.0 0.7 0.5 0.1 0.5
Asteroid Odontaster validus 1.2 0.1 1.4 1.1 0.1 1.2
Asteroid Perknaster fuscus antarcticus 1.8 0.0 1.1 0.9 0.1 2.7
Asteroid Psilaster charcoti 0.8 0.1 1.0 1.7 0.1 1.5

g1 and TR (6 ng g~ ') were similar to those from reference locations at
Palmer Station (6-30 ng g’l, Palmer et al., in submission) and those 500
m from Signy Station, South Orkney Islands (14 ng g~*; Cripps, 1992).

Mean total DDT concentrations at disturbed locations WQB (2.8 ng
g’l) and the Outfall (3.6 ng g’l) are lower or similar to two sediment
samples analyzed at Palmer Station, Anvers Island (3.2 and 25.3ng g7},
Palmer et al. in submission) but higher than all other Palmer Station
sediment concentrations (none detected). Disturbed McMurdo Station
sediments were higher than the North American Effects Range Low
(ERL, 10th percentile of effects, 1.58 ng g~1) but much lower than the
Effects Range Median (ERM, 50th percentile of effects, 46.1 ng g1, Long
et al., 1995), which indicates that there is a low possibility of biological
or ecological effects from total DDT contamination in the sediments
(ignoring compounding effects of multiple contaminants). The origin of
DDT in marine sediments adjacent to McMurdo Station is suspected to
be from US Naval vessels, which used DDT as an insecticide and
rodenticide until 1972 (USEPA, 1975; Palmer et al., 2021). The US
military began permanent occupation of the area that is now occupied
by McMurdo Station in 1955 and has maintained a presence at McMurdo
Station until today, although their role in operations is now limited to
logistical support (Klein et al., 2008).

Historic dumping in the early days of McMurdo Station occupation is
also the likely cause of elevated PCB concentrations in sediments at
McMurdo Station. The PCB mixture in Murdo Station resembles a

mixture used in fluid-filled semiconductors (Aroclor 1260) until 1971
(USEPA, 1976; Kennicutt et al., 2010), a mixture that has also been
found in former military bases in the Arctic (Poland et al., 2001, Kuzyk
et al., 2005). Mean total PCB concentrations in disturbed McMurdo
Station locations (WQB: 440 n g ! and the Outfall: 985 ng g~!) are
higher than those occurring at reference locations in this study (17 ng
g’l), at Palmer Station (0 to 353 ng g’l; Palmer et al., 2021), in
Admiralty Bay, KGI (2 to 6 ng g’l; Montone et al., 2001), Zucchelli
Station, Terra Nova Bay (0.05 to 0.36 ng g’l; Fuoco et al., 1994), the
Effects Range Median (180 n g~; Long et al., 1995), and the CCME
probable effect levels (PEL; 189 ng g’l; CCME, 2009). The PCB con-
centrations in WQB and the Outfall are large relative to other docu-
mented locations in the Antarctic and are likely having probable
biological and ecological effects on marine benthic fauna.

4.2. Biomonitors

As with sediments, the comparison of bioaccumulated trace metals in
fauna among locations is difficult due to differing background metal
concentrations. However, spatial comparisons of reported bio-
accumulated contaminants is even more difficult because different
studies report different measurement units (e.g., per wet or dry weight,
per lipid content) and analyze different body parts (particular organs or
tissues, whole body; Bargagli, 2005). Comparing different species is a
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further complication because different taxa vary in factors such as
detoxification and excretion mechanisms, ages, growth rates, contami-
nant tolerance, feeding modes, and diet, which can depend on the time
and location given that many Antarctic fauna are opportunistic feeders.
Tissue contamination by PCBs, DDTs and some PAHs determined in this
study can be compared with the few similar studies conducted in other
Antarctic studies because these types of contaminants only have
anthropogenic sources. However, this current study focuses on identi-
fying and using potential biomonitors to assess the effects of localized
contamination around McMurdo Station because natural background
concentrations vary spatially, the ecophysiology of many species is not
well known (or not well documented), and laboratory analyses are
inconsistent among the few published studies.

All but two taxa sampled were deemed potential biomonitor species
in this study because contamination-indicator organic compounds and
metals were higher in tissues from contaminated versus reference lo-
cations (Fig. 3 and Fig. 4). The species with the most potential for bio-
monitoring for specific contaminants in this study area are those with
the highest bioaccumulation factors and have higher tissue concentra-
tions in disturbed than reference areas. These species include Trem-
atomus for PCBs and DDT, A. antarcticum for PAHs, O. validus and
Perknaster fuscus antarcticus for Cu, L. elliptica and F. mundata for Pb, and
F. mundata for Zn. Contaminant concentrations in Tritoniella belli (nu-
dibranch) were not different among locations except for total DDT and
Hg, which were higher at the reference CA (DDT: 14.6 4+ 11.1 ng g~ *,
Hg: 0.22 + 0.10 pg g~ 1) than at the disturbed Outfall (DDT: 1.3 + 1.6 ng
g’l, Hg: 0.08 £+ 0.03 pg g’l). However, there is some uncertainty in
concentrations calculated for T. belli because the body is mostly made up
of liquid (~93%) and any measurement errors (false positives or inter-
ference errors) based on the small amount of dry mass would have been
magnified when converting to concentration to a dry weight basis.
Contaminants in D. brucei (asteroid) tissues were not different for any
contaminant indicator (p > 0.13) among locations. In contrast, all other
taxa, including three other asteroids (O. validus, Perknaster fuscus ant-
arcticus and Psilaster charcoti) are suitable biomonitors. It is probable
that an increase in sample size of all species would allow us to determine
the performance of each species as a biomonitor more accurately. We are
not aware of any further studies at McMurdo Station that would allow
the sample size for each species to be increased. The monitoring activity
that we conducted to sample fauna and generate these tissue contami-
nant data was discontinued in 2015.

Although this research identified ten species that are potentially
useful Antarctic biomonitors, verification of the utility of using a species
as a biomonitor to determine temporal changes in environmental
contamination requires knowing a relationship between contaminant
concentrations in tissues and the ambient environment (Rainbow,
1995). These relationships could be determined from further studies of
dose-dependence over a spatial gradient of ambient concentrations (Ahn
et al., 1996), or possibly from dosing experiments in the laboratory.
These types of studies are rare or undocumented in the Antarctic.
However, dose-dependence relationships derived from such studies will
allow biomonitoring to become a useful environmental management
tool in Antarctica. Comparisons of organism contaminant concentra-
tions at McMurdo Station with those occurring at other Antarctic loca-
tions will help determine the spatial extent at which a species may be
used as a biomonitor.

4.3. Asteroids

As with other predator/scavengers, asteroids consume a range of
organisms within the food web and are useful as biomonitors because
they integrate a wide range of biomagnification pathways (Webb et al.,
2020). Of the four asteroids sampled, O. validus, is possibly the most
well-studied because of its ubiquitous, circumpolar abundance in
shallow (most commonly 15 to 200 m) rocky and soft-sediment bottoms
(Dearborn, 1977; McClintock et al., 1988). O. validus was considered a
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biomonitor of metals, at Rothera Research Station, Adelaide Island,
although for natural, rather than anthropogenic metal bioavailability
because of their wide range of food items and feeding behaviour
(Arnaud, 1977; Webb et al., 2020). Asteroids, especially O. validus and
Perknaster fuscus antarcticus, were good monitors for anthropogenic
bioavailability of PCBs and Cu in our current study. Cu concentrations of
O. validus at disturbed locations in this study (43 to 58 pg g~ ') were
similar to those occurring adjacent to Arctowski Station, KGI (35 to 63
pg g7}, Trevizani et al., 2016). Soft tissues of O. validus were charac-
terized by having high Cu, Zn and Cd concentrations in Terra Nova Bay,
Ross Sea (Grotti et al., 2008). It is probable that D. brucei was not
identified as a biomonitor species in this study because its small sample
size (7 specimens from two transects) did not allow for the statistical
power and spatial coverage necessary to determine differences among
disturbed and reference locations as occurs with the other three asteroid
species that were identified as biomonitors (13-59 specimens from three
to five transects).

The three potential biomonitor asteroids identified in our current
study also had greater Cd concentrations at each sampling location (6
and 80 to 117 pg g~ 1) than all other taxa sampled (<40 pg g~ 1; Fig. S6).
De Moreno et al. (1997) documented a similar finding when comparing
Cd concentrations in O. validus tissues with eleven non-asteroid Ant-
arctic invertebrates in islands and locations along and north of the
Antarctic Peninsula (10 to 20 pg g lwer weight = 50 to 100 pg gfldry
weight)- Interestingly, there was no difference in Cd concentrations in
asteroid tissues among locations in our current study (p > 0.90, except in
Perknaster fuscus antarcticus [p < 0.09]), despite there being less Cd in
the reference (0.2 pg g~1) compared to the anthropogenically disturbed
sediments (0.6 pg g~ 1). This lack of difference, as well as the two to three
order of magnitude apparent BF from the sediments to the tissues in-
dicates a probable natural or non-sediment source. Indeed, several
studies have indicated that Cd is not a reliable bioindicator of anthro-
pogenic contamination in the Antarctic because Cd bioaccumulation
coincides with upwelling of Cd-rich waters and the resulting increased
phytoplankton blooms (e.g., Honda et al., 1987; Bargagli et al., 1996;
Sanchez-Hernandez, 2000). High Cd concentrations in O. validus have
also been suggested as being attributed to their long lifespan of poten-
tially more than 100 years (Pearse, 1969) rather than Cd availability in
their diet (De Moreno et al., 1997). There is evidence in our study that
there is a natural source of Cd at TR because of the greater Cd tissue
concentrations in S. neumayeri, L. elliptica and Parbolasia corrugatus at TR
than those adjacent to McMurdo Station (WQB, Outfall and CA). Our
Turtle Rock sampling site is further north and much steeper than the
other sampling locations, which could allow Cd-rich upwelling and
greater phytoplankton productivity. Weddell Seals (Leptonychotes wed-
dellii), who have a colony at Turtle Rock, could also be importing cad-
mium because they accumulate Cd through their diet, especially in their
kidneys and liver, and excrete high concentrations in their urine
(Yamamoto et al., 1987; Bargagli, 2005). Regardless of the pathway that
Cd is bioaccumulated, our study gives no evidence that anthropogenic
Cd contamination in the sediments is related to Cd concentrations in
Antarctic invertebrate tissues.

4.4. Teleost fish (Trematomus spp.)

Trematomus were high in arsenic, DDT and total PCB concentrations
but low in Cu, Pb, Fe, Cd, and total PAH concentrations relative to the
invertebrates sampled in this study (Fig. 3 and Fig. 4). However, Trem-
atomus is still a potential biomonitor for anthropogenic total PAHs, total
PCBs, DDT, and Cu. It has been suggested that organic pollutants (PAHs,
PCBs) and/or pathogens from the sewage outfall, rather than metal
exposure, caused pathological conditions in Trematomus bernacchii
occurring in WQB (Evans et al., 2000). Total PCBs and DDT in Trem-
atomus in disturbed locations WQB (Total PCBs: 11,044 ng g~!, DDT:
21.6 ng g~ 1) and the Outfall (Total PCBs: 7081 ng g}, DDT: 16.4ng g 1)
were 21 to 1135% (DDTs) and 59 to 2410% (PCBs) greater than in any
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invertebrate species in this study. These PCB and DDT concentrations at
McMurdo Station were much greater than PCBs but similar to DDTs (p,
p’-DDE + p,p’-DDT) in Trematomus at Syowa Station, East Ongul Island
in 1981 (0.08 to 0.59 ng g*1 w.w. ~ 0.3to 2.5ng g’1 d.w.; DDTs: 0.4 to
1.5 ng g_l wet weight ~ 1.7 to 6.3 ng g_1 dry weight; Subramanian et al.,
1983). Half of the whole-body concentrations of bioaccumulated PCBs
in Trematomus tissues in the disturbed areas (7/11 in WQB, 6/16 at
Outfall) are above the U.S. Food and Drug Administration (FDA) action
level of 2000 ng g71 wet weight (=~ 8500 ng 871 dry weight) for total PCBs,
but below the action level of 5000 ng g*1 wet weight (= 20,800 ng g’1 dry
weight) for DDT, for the edible parts of finfish and shellfish (FDA, 2020).
The FDA will take legal action to remove foods from the market in the US
that exceed action limit levels for substances that are deemed poisonous
or deleterious to humans, such as PCBs and DDTs. The BF for DDT and
PCBs are higher in Trematomus than in any other species sampled, which
means that Trematomus bioaccumulate more of these compounds than
benthic invertebrate species. These large BFs mean that PCBs and DDT
can likely be passed up the food chain into higher trophic level taxa
more readily. This pathway could potentially allow the biomagnification
of PCBs and DDTs in Weddell seals (Leptonychotes weddellii) in McMurdo
Sound because Trematomus are part of the seal diet, especially for ju-
veniles (Burns et al., 1998). However, this biomagnification into seals is
likely to be minor because the small spatial extent of contamination (<1
krnz; Lenihan et al., 1990) and restricted home range of Trematomus
(Evans et al., 2000; Bargagli, 2005).

The low PAH concentrations in Trematomus relative to invertebrates
are probably because PAHs aren't readily accumulated in fish tissues
(Varanasi and Gmur, 1981; Kennicutt et al., 1991). It is possible that the
higher concentrations of PAHs in whole-body tissues close to McMurdo
Station than at the reference TR could be attributed to recently ingested
and metabolizing anthropogenic PAHs (McDonald et al., 1992) rather
than long-term storage in its tissues.

4.5. Other predator/scavengers (Isotealia antarctica, Parborlasia
corrugatus)

The predatory actinarian I antarctica and predatory scavenger
nemertean P. corrugatus were both identified as potential biomonitors of
PCB, DDT, and PAHs, while L. antarctica was also a potential biomonitor
of Pb and Cu. Although not much information was found concerning
PAHs and PCBs in Antarctic actinaria, bioaccumulation of PAHs and PCBs
have been documented in deep-sea Actinaria in the Gulf of Mexico
(Lawson et al., 2021). The second largest BF for PCBs occurred in
I antarctica (6.8). Only two of the whole-body concentrations of bio-
accumulated PCBs in I. antarctica tissues in the disturbed areas (1/10 in
WQB, 1/13 at Outfall) are above the FDA action level of 2000 ng g’1 wet
weight (13,300 ng g’1 dry weight) for total PCBs.

Cu, Zn and Cd concentrations in P. corrugatus measured in WQB and
near the sewage outfall and a reference site (Cinder Cones) in 1988
(Lenihan et al., 1990) are similar to those occurring in similar locations
in the current study. Background Pb concentrations in P. corrugatus were
ten times greater in this study (0.5 to 1.3 pg g~ 1) than in Terra Nova Bay
(0.05 pg g~ 1), however background Cu and Zn concentrations were
similar (Grotti et al., 2008). Bioaccumulated concentrations of PCBs,
DDT and PAHs are unlikely to be biomagnified further up the food chain
from P. corrugatus because natural chemical defenses cause ingestion
avoidance by potential predators (Heine et al., 1991).

4.6. Herbivore/Omnivore (Sterechinus neumayeri)

The ubiquitous, circumpolar echinoid S. neumayeri is a potential
biomonitor of PCBs, PAHs, Pb, Cu and Hg. An Arctic echinoid (Strong-
ylocentrotus droebachiensis) was also enriched in Pb, Cu and Hg near a
former lead-zinc mine relative to a reference site in Greenland
(S¢ndergaard et al., 2019). Total PCB concentrations in S. neumayeri
near the Dumont D'Urville Station, Adelie Land, were ~ 12 ng g~!
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(Goutte et al., 2013), which is higher than PCB concentrations at
reference location TR (0 ng g~1) but lower than PCB concentrations at
reference location CA (141 ng g~ 1). A temperate echinoid Paracentrotus
lividus was also found to be an efficient bioaccumulator of PCBs in
France (Danis et al., 2005). As also observed by de Moreno (1997),
S. neumayeri had high Zn concentrations (in this study 199 to 282 pg g ™)
relative to other invertebrates. There was no difference in Zn among
locations in this study, which means S. neumayeri is not suitable as a
biomonitor for sediment Zn contamination.

4.7. Deposit feeder (Flabegraviera mundata)

The surface deposit feeding polychaete F. mundata is potentially a
good biomonitor for PCBs, DDTs and lead. Total PCB, DDT and Pb
concentrations were greater in disturbed (PCB: 1633 to 2138 ng g™,
DDT: 4 to 18 ng g, Pb: 10 to 18 pg g~ ) than reference locations (PCB:
0 to 83 ng g%, DDT: 0 ng g%, Pb: 2 to 5 pg g~ 1). F. mundata has the
highest BF of Zn (4.3) and Pb (0.3), and second highest BF for DDT (3.4).
Mean F. mundata Pb concentrations in disturbed locations (10 to 18 ug
g_ldry weight ~ 1.0 to 1.8 pg g_lwet weight) are similar to the maximum
level allowable for any food in the European Union (bivalves 1.5 pg
gflwet weight; EU, 2020). Mean F. mundata Zn concentrations in disturbed
locations (29 to 31 pg gfldry weight ~ 2.9t0 3.1 pg g’lwet weight) are below
international criteria allowable for edible fish (60 pg g’lwet weights
Summers et al., 1995). Although F. mundata is not likely to be consumed
by humans, these comparison gives an indication of potential toxicity to
other animals. Exported sympagic (sea ice) algae, the main food items of
F. mundata (Wing et al., 2012; Michel et al., 2019) is not expected to
have high contaminant concentrations. However, increased bio-
accumulation relative to other species for DDT and Zn could be aided by
the direct ingestion of contaminated sediments, or the mucous mem-
brane surrounding F. mundata. Zn and DDT could be biomagnified up
the food chain more readily into predators of F. mundata, such as the
giant Antarctic isopod Glyptonotus antarcticus (Brueggeman, 2021).

4.8. Filter feeders (Laternula elliptica and Alcyonium antarcticum)

The burrowing bivalve L. elliptica is a ubiquitous, circumpolar filter
feeder that is frequently used or proposed as a suitable biomonitor
species (e.g., Kennicutt et al., 1991; Ahn et al., 1996; Vodopivez et al.,
2015; Webb et al., 2020). Trace metals accumulated in L. elliptica are
similar to those occurring in oysters and mussels, which are used for
large-area (1000s of km) biomonitoring programs (Sericano et al., 1995;
Ahn et al., 1996). In our study, L. elliptica is a suitable anthropogenic
biomonitor for total PCBs, PAHs, Pb and Cu. Total PAH concentrations in
L. elliptica tissues at disturbed locations WQB (538 ng g~ ') and the
Outfall (258 ng g~ 1) in this current study were much lower than those
occurring close to Palmer Station immediately after the Bahia Paraiso
shipwreck and subsequent fuel spill in 1989 (1222 and 17,498 ng g~ ;
Kennicutt et al., 1991) but higher than a 2015 sample immediately
adjacent to Palmer Station (26.2 ng g~!, unpublished data). Cu con-
centrations were 1.5 orders of magnitude lower in L. elliptica at reference
location CA in this current study (13 pg g 1) than in a study that sampled
in 2002 (275 pg g~ 1) but similar between studies at reference location
TR (current study: 19 pg g’l, 2002: 20 pg g’l; Negri et al., 2006). Cu
concentrations in L. elliptica tissues in disturbed locations WQB (25 pg
g™ 1) and the Outfall (275 pg g~!) were also lower than those sampled
adjacent to Scott Base, Ross Island in 2002 (82 to 170 pg g~ !, Negri et al.,
2006). Pb concentrations in L. elliptica at reference TR were lower in the
current study (1.0 pg g~1) than in the 2002 specimens (5.4 pg g~ 1), but
similar at reference CA (current study: 2.4 pg g’l; 2002: 3.1 pg g’l;
Negri et al., 2006).

The soft (alcyonacean) coral A. antarcticum differs from L. elliptica in
that it feeds on microscopic particles high in the water column rather
than particles at the sediment surface (Dayton and Oliver, 1977; Conlan
et al., 2006; Michel et al., 2019). Although documentation about
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bioaccumulation and biomonitoring of soft corals in Antarctica is sparse,
A. antarcticum is a biomonitor for Cu, Pb and PAHs in this current study.
Cu, Pb and total PAH concentrations were higher in A. antarcticum tis-
sues at the disturbed Outfall (Cu: 10 pg g%, Pb: 3 ug g}, PAHs: 1354 ng
g~ 1) than at the reference CA (Cu: 3 ug g%, 1 Pb: pg g1, PAHs: 295 ng
g 1), the only other location that the species was sampled. Soft coral
Leptogorgia setacea contained total PAHs, including those from pyrogenic
sources, at higher concentrations than in sediments in the Gulf of Mexico
(Sabourin et al., 2013). The highest BF for total PAHs occurs in
A. antarcticum. In comparison, a BF of approximately 3.9 occurred in a
hard (scleractinian) coral (Acropora), which was higher than two fish
and a bivalve in the Great Barrier Reef, Australia (Coates et al., 1986).
However, it is speculated that PAHs bioaccumulate in hard corals from
the water column rather than sediments (Ko et al., 2014). The soft coral
A. antarcticum is the only water filter feeder in this study, so may bio-
accumulate PAHs better than other species. Natural biochemical de-
terrents occurring in A. antarcticum tissues result in the coral having few
known predators aside from a pycnogonid (Colossendeis megalonyx,
Slattery and McClintock, 1995), which means there is minimal risk of
biomagnification from A. antarcticum to higher trophic levels.

5. Summary

In addition to PCBs and DDT, which have no natural origins, this
study identified total PAHs, Cd, Cu, Pb, Hg, and Zn as locally sourced
anthropogenic contaminants in marine sediments adjacent to McMurdo
Station. All of these organic chemicals and metals, aside from Hg and Cd,
can be used in localized sediment contamination biomonitoring because
they are concentrated in benthic teleost and invertebrate fauna tissues in
greater concentrations where greater sediment concentrations occur.
Ten diverse and relatively easy to collect (and analyze) taxa were
deemed to be potential biomonitor species of local anthropogenic
contamination including a deposit feeding polychaete (F. mundata),
filter feeding bivalve (L. elliptica) and soft coral (A. antarcticum), a
predatory anemone (I antarctica), an herbivore/omnivore echinoid
(S. neumayeri), and predatory/scavenger teleost (Trematomus), nemer-
tean (Parborlasia corrugatus) and asteroids (O. validus, Perknaster fuscus
antarcticus, Psilaster charcoti). Given that ten out of twelve species
sampled proved to bioaccumulate localized contaminants in greater
quantities in contaminated compared to reference locations, it is likely
that bioaccumulation of local contaminants is prevalent throughout the
diverse marine food web in the small (< 1 km?) contaminated area
adjacent to McMurdo Station, and other research stations where intense
sediment contamination may exist. It is possible that bioaccumulated
contaminants are biomagnified into larger organisms such as Lep-
tonychotes weddellii, whose diet directly and indirectly partially com-
prises benthic fauna. However, much of the benthic tissue
contamination is of low levels relative to human consumption standards,
except for Pb in the polychaete Flabegraviera mundata and PCBs in the
fish Trematomus.
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