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Abstract

Trophic interactions in the Antarctic Ocean are likely to be affected by changing environmental conditions. Some of these
impacts can be observed, and predicted, by monitoring trace element concentrations in the tissues of animals at certain trophic
levels. The ‘glacial’ squid (Psychroteuthis glacialis) is an ideal indicator species for measuring trace element bioaccumulation
in the Ross Sea because it plays a central role in local marine food webs. Trace elements (Al, As, Cd, Co, Cu, Fe, Hg, Ni,
Mn, Pb, U, V, and Zn) were measured in mantle and digestive gland tissues of 57 P. glacialis specimens, including juvenile
and mature individuals. Significant differences in Al, As, Cd, Cu, Fe, Mn, V, and Zn concentrations were observed across
life stages, with juveniles generally having the highest concentrations. As the bioaccumulation of most trace elements is
influenced by diet, our results suggest different feeding patterns between juvenile and mature P. glacialis. In turn, it is likely
that the life stage of P. glacialis individuals consumed by predators will determine trace element exposure higher up the
trophic web. Overall, this Antarctic squid appears to be influenced by the trace element cycling in the Ross Sea and contains

lower concentrations of trace elements than have been observed in squids in warmer waters.
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Introduction

The Ross Sea is considered to be the most productive and
biodiverse region of the Southern Ocean (Smith et al. 2012).
Changing environmental conditions have impacted this pris-
tine ecosystem over the past five decades through drastic
sea-ice reduction and altered deep-sea circulation (Smith
et al. 2012, 2014). Noticeable changes have been reported
in the Ross Sea food web, including the foundational phy-
toplankton blooms (Orsi and Wiederwohl 2009), which are
highly influenced by iron and the availability of other essen-
tial trace elements (Feng et al. 2010).

Trace elements are ubiquitous in the marine environ-
ment (Anderson 2020), although concentrations vary among
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oceanic regions, and some are influenced by depth (e.g., Hg
(Choy et al. 2009) and Pb (Henderson and Maier-Reimer
2002). Sources of trace elements in the world’s ocean can
be either anthropogenic or naturally influenced (Tchounwou
et al., 2012). The remote Southern Ocean is considered to be
isolated from human inputs of trace elements. Several trace
elements occur only at naturally low levels (e.g., Cu or Fe)
within this region, and are a limiting factor for phytoplank-
ton blooms (Grotti et al. 2008; Loscher et al. 1997; Martin
et al. 1990), while others occur in very high concentrations
(e.g., Hg, Cossa et al. 2011). These blooms, in turn, impact
all trophic levels in the Ross Sea (Pinkerton and Bradford-
Grieve 2014).

Some Southern Ocean marine invertebrates have been
reported to have highly efficient trace element bioaccumu-
lation rates (Cipro et al. 2018), resulting in anomalously
high concentrations at surprisingly low trophic levels, as
has been observed for Cd in crustaceans such as amphipods
(e.g., Duquesne et al. 2000; Bargagli et al. 1996), and also
cephalopods (e.g., Bustamante et al. 1998a), bivalves (Mauri
et al. 1990) and fish (Bustamante et al. 2003). These high
Cd concentrations are hypothesized to result from co-accu-
mulation of the limiting essential elements such as Cu and
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Fe (Petri and Zauke 1993; Koyama et al. 2000; Bustamante
et al. 2002). Cephalopods in particular have high bioaccu-
mulation capacities. For example, Cd and Cu were reported
in high concentrations in Todarodes sagittatus (Bustamante
et al. 1998b), and these trace elements have recently been
suggested as biomarkers of overall trace element availabil-
ity in marine ecosystems (Seco et al. 2020). In particular,
pelagic squids have been used as a proxy to assess Hg con-
centrations in different ecosystems including the Southern
Ocean (Seco et al. 2020).

Cephalopods play an important role in the Ross Sea food
web (Pinkerton et al. 2010). The deep-sea oegopsid ‘gla-
cial’ squid Psychroteuthis glacialis, endemic to the waters
south of the Antarctic polar front (Groger et al. 2000), is
an important prey item for a variety of predators such as
seabirds—e.g., procellariiformes (Anderson et al. 2009),
emperor penguins (Aptenodytes forsteri), and Adelie pen-
guins (Pygoscelis adeliae, Offredo et al. 1985)—marine
mammals—e.g., Weddell seals (Leptonychotes weddellii,
Lake et al. 2003), elephant seals (Mirounga leonina, Daneri
et al. 2000)—and Antarctic toothfish (Dissostichus maw-
soni, Stevens et al. 2014). In light of its important trophic
role, the present study is the first to investigate trace element

concentrations in P. glacialis. Our specific aims were to: (1)
analyze potential effects of sex (male, female) and matu-
rity (juvenile, adult) on trace element concentrations; (2)
assess trace element concentrations in both digestive gland
and muscular mantle tissue; and (3) analyze whether squid
size or sampling location may influence concentrations of
trace elements.

Material and methods
Sample collection

Specimens of Psychroteuthis glacialis were collected by
the Research Vessel Tangaroa (National Institute for Water
and Atmospheric Research, Ltd [NIWA]) during one voy-
age (TAN1901) to the Ross Sea in January and February
2019. Samples were collected by bottom (demersal) trawls
in depths of 600—1500 m and the sampling area ranged
from 71°22' to 76°02' S and 169°13 to 177°14' E (Fig. 1).
In total, 57 individuals from 13 stations were analyzed for
trace elements. The sample set consisted of 26 juveniles
of undetermined sex (105-160 mm dorsal mantle length
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Fig. 1 Sampling locations of Psychroteuthis glacialis specimens collected in January 2019 (voyage TAN1901) in the Ross Sea, Antarctica
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[DMLY]), 25 submature to mature females (143-405 mm
DML), and 6 submature to mature males (144-335 mm
DML). Specimens were stored frozen at —20° C until dis-
section and trace element analysis.

Trace element analysis

Digestive gland and mantle tissue samples were
freeze-dried, homogenized with mortar and pestle,
and ~ 100-300 mg dry weight (dw) of each sample was
digested in a 3:1 mixture of 70% HNO; (Merck, suprapur
quality) and 37% HCIl (Merck, suprapur quality) in a
microwave digestion system (Multiwave GO, Anton Paar
GmbH, Austria) at 105 °C for 50 min. Following digestion,
samples were diluted to a volume of 50 ml with Milli-Q
water. Trace element analysis (Al, As, Cd, Co, Cr, Cu, Fe,
Hg, Ni, Mn, Pb, V, and Zn) was conducted by inductively
coupled plasma mass spectroscopy (ICP-MS, Agilent
Technologies 7500 series and Agilent 8900, CA, USA)
at the University of Canterbury, Aotearoa New Zealand
(Lischka et al. 2020a). The protocol for the Hg analysis
followed Aldridge et al. (2017). The quality of the analysis
was assured by measuring four blanks, duplicate samples,
and lobster hepatopancreas certified reference material
(CRM; TORT-3, National Research Council, Canada).
Uranium was analysed because of its potential relationship
to sea-floor phosphorites (Baturin and Kochenov, 2001;
Kolodny et al., 1970) and was measured by microwave
plasma atomic emission spectroscopy (MP-AES 4200
Agilent Technologies, Australia) with a detection limit of
0.001 ug g~' dw and a recovery rate for the certified refer-
ence material (QC1209; Sigma Aldrich) of 107%.

Detection limits (ug g~! dw) were calculated as 3 X the
mean standard deviation of the blanks and the solution
concentration converted to a tissue concentration follow-
ing Lischka et al. 2021a: Al (1.73), As (0.05), Cd (0.01),
Co (0.01), Cr (0.77), Cu (0.52), Fe (1.70), Hg (0.020),
Mn (0.10), Ni (0.10), Pb (0.04), Se (0.09), U (0.001), V
(0.03), and Zn (1.27). With each ten samples, a blank and
lobster hepatopancreas CRM (TORT-3, National Research
Council, Canada, n=4) was measured. Mean recoveries of
trace elements ranged between 80 and 102%.

Chromium concentrations were removed from the
analysis and manuscript as concentrations above 2 ug g~
dw were frequently observed and are indicative of poten-
tial contamination of samples during sample storage or
processing. We further removed Pb concentrations above
2 ug g~ dw and Ni concentrations above 5 ug g~! dw from
the analysis since the observed values appear to be outli-
ers based on a detailed comparison with other cephalopod
trace element studies (e.g., Lischka et al. 2018; Lischka
et al. 2021a, b).

Statistical analysis

Differences in trace element concentrations between the
mantle and digestive gland tissue were visualized using
principal component analysis (PCA) in R (Thaka and Gen-
tleman 1996; R Core Team 2017; package ‘ggbiplot’, Vu
2011). Prior to the PCA, concentration data were normalized
and auto-scaled (mean centred and divided by the standard
deviation). To test for relationships between trace elements,
pairwise nonparametric Spearman correlations were applied
(‘corr.test’ function of the ‘corrgram’ package, Wright
2012).

To detect whether trace element concentrations were
influenced by tissue type, size, sex, or sampling location,
generalised linear models (GLM) with a negative binomial
distribution and the logit link function were applied in R
(package ‘MASS’, Ripley et al. 2013). For each trace ele-
ment, one model was fitted against non-transformed data.
Variance homogeneity and distribution of the residuals was
checked with diagnostic plots.

Results and discussion
Tissue distribution

Trace element concentrations of Co, Hg, and U did not vary
significantly between mantle and digestive gland tissue
(Tables 1, 2). While concentrations of Al, Fe, Mn, Ni, Pb,
and Zn were significantly higher in the mantle tissue, As,

Table 1 Trace element concentrations (mean, standard deviation [sd],
minimum, maximum) in digestive gland and mantle tissue of Psy-
chroteuthis glacialis (ug g~' dw)

Digestive Gland Mantle

mean +sd min— max mean =+ sd min— max
Al 22.6+264 4.25- 151 31.6+34.6 11.3-270
As 7.83+3.57 1.57-17.2 5.88+2.68 2.31-144
Cd 19.0 +£22.5 2.83-123 0.19+0.32 0.01-1.90
Co 0.23+0.12 0.07-0.55 0.12+0.11 0.03-0.54
Cu 369 + 220 105- 1465 136+243 12.0- 1245
Fe 4544555 8.91-374 69.5+59.8 11.6-309
Hg 0.17+0.08 0.06-0.47 0.13+0.08 0.02-0.49
Mn 3.29+1.82 1.13-11.4 4.16+2.08 1.55-9.97
Ni 2.39+1.32 0.43-4.78 2.1+0.85 0.61-4.03
Pb 0.12+0.10 0.04-0.53 0.81+0.51 0.14-1.95
U 0.03+0.01 0.01-0.08 0.02+0.01 0.01-0.06
\Y 1.10+0.76 0.38-3.92 0.23+0.12 0.06-0.84
Zn 56.0+32.3 20.7-256 101 +62.3 49.7- 370

Significantly higher concentrations (p-value <0.05) between the two
tissues are highlighted in bold
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Table 2 Generalised linear Al As cd
model (GLM) results for trace
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element models from tissues
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The p-values of the variables are shown according to likelihood ratio tests (*** 0.001, ** 0.01, * 0.05).
Negative (|) effects for the continuous variables dorsal mantle length (DML) are indicated by arrows

Cd, Cu, and V concentrations were significantly higher in
the digestive gland tissue (Table 2; S.Fig. 1). This is com-
parable to other studies where higher concentrations of Cd
and Cu were measured in the digestive gland (e.g., Busta-
mante et al. 2002; Lischka et al. 2018). The digestive gland
is the known storage organ for Cd and Cu where detoxifica-
tion processes take place (Penicaud et al. 2017). Therefore,
higher concentrations can generally be expected than those
observed in muscular mantle tissues.

Cadmium has been shown to bioaccumulate in cephalo-
pods (Bustamante et al. 1998b); however, Cd concentrations
have not been previously assessed in P. glacialis. In this
study, mean Cd concentrations were 19 ug g~' dw in the

digestive gland and 0.19 pg g~! dw in the mantle tissues
(Table 1). These concentrations are lower overall than those
reported in oegopsid species from other oceanic regions
(e.g., Lischka et al. 2018; Table 3), such as Sthenoteuthis
pteropus (Lischka et al. 2018) and Todarodes sagittatus
(Bustamante et al. 2002). Cadmium concentrations fluctu-
ate depending on the season in the Ross Sea (Corami et al.
2005), and Cd in surface waters is nearly depleted during
the Antarctic summer months (Scarponi et al. 2000). It may
be that Cd concentrations throughout the Ross Sea pelagic
food web—especially during the austral summer—are
accordingly lower, explaining the relatively low concentra-
tions measured in P. glacialis. Comparative studies across

Table 3 Trace element concentrations for Cd (digestive gland [DG]) and Fe (mantle and digestive gland) reported to date in oegopsid squid spe-

cies

Species Cd DG Fe Mantle Fe DG Sampling location Study

Architeuthidae

Architeuthis dux 65.8+43.1 Bay of Biscay Bustamante et al. 2008
Gonatidae

Gonatus fabricii 35+15 18.7 57.5 Western Greenland Lischka et al. 2020a, b
Ommastrephidae

1llex argentinus 1003 +566 Central South Brazil Dorneles et al. 2007*
1llex coindetii 15+5 Bay of Biscay Bustamante et al. 2002
Nototodarus gouldi 15+12 346+231 New Zealand Lischka et al. 2020a, b
Nototodarus gouldi 50+25 745 South-East Australia Smith et al., 1984
Nototodarus sloanii 111+95 16+9 186+95 New Zealand Lischka et al. 2020a, b
Ommastrephes bartrami 287 +202 399 +204 Southern California Martin & Flegal 1975
Sthenoteuthis oualaniensis 782 +255 319+67 Southern California Martin & Flegal 1975
Sthenoteuthis oualaniensis 82 100 Ogasawara, Japan Ichihashi et al. 2001
Sthenoteuthis pteropus 748 +279 431+173 Eastern Tropical Atlantic Lischka et al. 2018
Todarodes filippovae 246+ 187 9.9+4.8 92+32 Indian Ocean Kojadinovic et al. 2011
Todarodes filippovae 98.5+67.2 9.7+5.2 183 +105 Tasmania Kojadinovic et al. 2011
Todarodes sagittatus 85+37 Bay of Biscay Bustamante et al. 2002
Todarodes sagittatus 18+12 Bay of Biscay Chouvelon et al. 2011
Onychoteuthidae

Moroteuthopsis ingens (female) 53+103 1827 233+216 New Zealand Lischka et al. 2020a, b
Psychroteuthidae

Psychroteuthis glacialis 19+23 70 + 60 45+56 Ross Sea This Study

Concentrations are shown as the mean =+ the standard deviation. All concentrations are in pg g~! dry weight

*Converted from wet weight
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different seasons would be helpful in understanding sea-
sonal Cd fluctuations in marine organisms, but sampling of
Antarctic cephalopods during the winter months remains
challenging.

Iron, an essential element, is considered a limiting factor
in the Southern Ocean (De Baar et al. 1995). In this study,
Fe and Zn were measured at higher concentrations in the
mantle compared to the digestive gland tissue (Tables 1, 3).
The higher concentrations of Fe in the mantle compared to
the digestive gland tissues contrast with findings for Archi-
teuthis dux (Bustamante et al. 2008), Moroteuthopsis ingens
(Lischka et al. 2020a), and Todarodes filippovae (Kojadi-
novic 2011). Iron has been reported to transfer from diges-
tive gland tissues to mantle tissues in the squid Doryteuthis
patagonica during freeze-thawing processes (Falandysz
1989). Since the squids analyzed in this study were freshly
dissected, fluctuations between tissues are unlikely influ-
enced by squid processing. It may be that the lower iron
availability in the Southern Ocean, especially during the
summer months, might influence tissue migrations in P.
glacialis (Olson et al. 2000). However, the tissues analyzed
in this study provide a single snapshot in time and further
bi-annual monitoring is needed. Higher Zn concentrations
in the mantle tissue compared to the digestive gland tissue
were observed in other oceanic squid species, e.g., M. ingens
(Lischka et al. 2020a) and Gonatus fabricii (Lischka et al.
2020b). This distribution pattern could be explained by a
competition of Cd and Zn for binding sites in the digestive
gland, leading to co-accumulation of Zn and a redistribution
to muscular tissues (Lischka et al. 2020a).

Influence of sex and maturity on trace element
concentrations

Concentrations of Al, As, Cd, Mn, V, and Zn were higher
in juvenile than in mature male and female specimens
(Fig. 2a—d, Table 2). Cadmium, Ni, Pb, and Zn have also
been reported at higher concentrations in juvenile Gona-
tus fabricii than in mature specimens (Lischka et al. 2020b;
Gerpe et al. 2000). It could be that dietary differences
between juvenile and mature P. glacialis contribute to dif-
ferences in trace element concentrations. Juvenile squids
tend to have a more crustacean-rich diet compared to adult
squids which mainly prey on fish (Bustamante et al. 1998b;
Kear 1992). Since crustaceans are not known to regulate
their intake of non-essential elements (unlike fishes), higher
concentrations can be expected (Duquesne et al. 2000) and
might contribute to the differences observed between juve-
nile and mature P. glacialis. Apart from dietary changes,
changes in habitat might also influence those maturity
related concentrations differences. Future studies focussing
on the diet of P. glacialis in the Ross Sea might identify
dietary preferences and feeding habits.

Mercury concentrations

The Hg concentrations measured in mantle (0.13 +0.08 pg
g~! dw) and digestive gland tissues (0.17 +0.08 ug g~!
dw; Table 1) were comparable to previously measured
Hg concentrations in muscle tissues of this species (e.g.,
0.18+0.11 ug g~ dw, Anderson et al. 2009). No relation-
ship was observed between mantle length and Hg concentra-
tions in this study.

While the present study focusses on trace elements in P.
glacialis as a study organism, previous studies focussed on
Hg in Antarctic seabird colonies and analysed P. glacialis
Hg concentrations mainly in bird regurgitates (Anderson
et al. 2009) or in comparison to other Antarctic cephalo-
pods (Seco et al. 2020). In the latter study, as in our pre-
sent findings, Hg concentrations did not differ between P.
glacialis mantle and digestive gland tissues, but the overall
concentrations of Hg were lower compared to this study
(0.024 +0.021 ug g~ dw; Seco et al. 2020). Differences
between these two studies could be driven by sampling loca-
tion or temporal fluctuations. Bioavailable mercury concen-
trations can vary among different Antarctic regions based
on productivity, bathymetry, and temperature differences
(Mason and Fitzgerald 1993; Cossa et al. 2011; Brasso and
Polito 2013). For example, depending on the environmental
factors, mercury “hot spots” have been previously reported
from various regions of the Antarctic Ocean (Brasso and
Polito 2013; Zheng et al. 2015). Future monitoring of Hg
concentrations in Antarctic cephalopods may improve our
understanding of mercury cycling within various regions of
the Ross Sea.

Conclusion

This study provides the first comprehensive baseline data
on trace element concentrations in an abundant mid-water
cephalopod species of the Ross Sea. Juveniles generally
had higher concentrations of trace elements than were
observed in mature individuals. Overall, the trace element
concentrations measured in this study were lower than have
been reported in cephalopods from tropical and subtropi-
cal waters. In this study, Fe concentrations were lower than
those reported in cephalopods from other oceanic regions,
reflecting the generally low bioavailability of this element
in the Ross Sea. Future studies should focus on Fe concen-
trations and compare the low Fe concentrations observed
in this study to top predator concentrations, to improve our
understanding of iron cycling in such naturally low parts of
the ocean. If possible, samples should also be collected and
analysed from other seasons, to investigate potential tempo-
ral variability in the trace element concentrations observed
herein.
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Fig.2 Trace element concen-
trations in the digestive gland
(DG) and mantle tissue of
unsexed juvenile (J), and mature
female (F) and male (M) P. gla-
cialis specimens. The boxplots
present the mean concentra-
tion as well as the 25th and the
75th percentile. 26 juveniles,
25 females and 6 males were
included in this study
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The data presented in this study will be important for
future comparisons and for mapping trace element concen-
trations in Southern Ocean cephalopods, which are crucial
members of Antarctic food webs. A comparison of different
cephalopods from Antarctic waters would be useful in con-
tinuing to investigate trace element cycling in the Southern
Ocean. This could help in identifying areas with high con-
centrations, enabling an assessment of potential contamina-
tion of different Antarctic habitats.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-023-04304-2.

Acknowledgements We would like to thank Darren Stevens from the
National Institute of Water and Atmospheric Research, Ltd (NIWA) for
sampling the specimens used in this study. We would also like to thank
Sadie Mills and Diana MacPherson from NIWA for their help. We
would further like to thank the crew of the RV Tangaroa (TAN1901)
for their efforts and collaboration. AL thanks Jaever Santos and Tilly
Gibb for their help with the sample processing; it was very appreci-
ated. Our thanks go to Auckland University of Technology (AUT) as
well as University of Canterbury for their financial support. We would
like to thank Robert Stainthorpe from the University of Canterbury for
performing the ICP-MS analysis.

Authors’ contribution statement All authors contributed to the study
conception and design. Squid dissection, data collection and analysis
were performed by Alexandra Lischka. All authors contributed to the
drafting of the manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. The authors have not disclosed any funding.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have
appeared to influence the work reported in this paper. All applicable
international and national guidelines for sampling of cephalopods for
the study have been followed and all necessary approvals have been
obtained. The sampling conducted by the National Institute of Water
and Atmospheric Research, Ltd (NIWA) was approved by the Minis-
try of Primary Industries (MPI) through an ‘Antarctic Marine Living
Resources’ (AMLR) permit. An import permit as well as a Biosecurity
clearance certificate (BACC number: B2019/52551) were also issued.
The trace element study was funded by Auckland University of Tech-
nology (AUT) as well as by University of Canterbury.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Aldridge SP, Gormley AM, Gaw S, Webb S, Buxton RT, Jones CJ
(2017) Elevated mercury concentrations in the feathers of grey-
faced petrels (Pterodroma gouldi) in New Zealand. Mar Pollut
Bull 119(1):195

Anderson RF (2020) GEOTRACES: Accelerating research on the
marine biogeochemical cycles of trace elements and their iso-
topes. Ann Rev Mar Sci 12:49-85

Anderson ORJ, Phillips RA, McDonald RA, Shore RF, McGill RAR,
Bearhop S (2009) Influence of trophic position and foraging range
on mercury levels within a seabird community. Mar Ecol Prog
Ser 375:277-288

Bargagli R, Nelli L, Ancora S, Focardi S (1996) Elevated cadmium
accumulation in marine organisms from Terra Nova Bay (Ant-
arctica). Polar Biol 16(7):513-520

Blanco-Penedo I, Cruz JM, Lépez-Alonso M, Miranda M, Castillo C,
Hernéndez J, Benedito JL (2006) Influence of copper status on
the accumulation of toxic and essential metals in cattle. Environ
Int 32(7):901-906

Brasso RL, Polito MJ (2013) Trophic calculations reveal the mecha-
nism of population-level variation in mercury concentrations
between marine ecosystems: case studies of two polar seabirds.
Mar Pollut Bull 75(1-2):244-249

Bustamante P, Cherel Y, Caurant F, Miramand P (1998a) Cadmium,
copper and zinc in octopuses from Kerguelen Islands, Southern
Indian Ocean. Polar Biol 19:264-271

Bustamante P, Caurant F, Fowler SW, Miramand P (1998b) Cepha-
lopods as a vector for the transfer of cadmium to top marine
predators in the north-east Atlantic Ocean. Sci Total Environ
220(1):71-80

Bustamante P, Cosson RP, Gallien I, Caurant F, Miramand P (2002)
Cadmium detoxification processes in the digestive gland of cepha-
lopods in relation to accumulated cadmium concentrations. Mar
Environ Res 53(3):227-241

Bustamante P, Bocher P, Cherel Y, Miramand P, Caurant F (2003)
Distribution of trace elements in the tissues of benthic and pelagic
fish from the Kerguelen Islands. Sci Total Environ 313:25-39

Bustamante P, Gonzélez AF, Rocha F, Miramand P, Guerra A (2008)
Metal and metalloid concentrations in the giant squid Architeuthis
dux from Iberian waters. Mar Environ Res 66(2):278-287

Cerklewski FL, Forbes RM (1977) Influence of dietary copper on lead
toxicity in the young male rat. J Nutr 107(1):143-146

Chouvelon T, Spitz J, Cherel Y, Caurant F, Sirmel R, Méndez-Fernan-
dez P, Bustamante P (2011) Inter-specific and ontogenic differ-
ences in §13C and 815N values and Hg and Cd concentrations in
cephalopods. Mar Ecol Prog Ser 433:107-120

Choy CA, Popp BN, Kaneko JJ, Drazen JC (2009) The influence of
depth on mercury levels in pelagic fishes and their prey. Proc Natl
Acad Sci 106(33):13865-13869

Cipro CV, Cherel Y, Bocher P, Caurant F, Miramand P, Bustamante P
(2018) Trace elements in invertebrates and fish from Kerguelen
waters, southern Indian Ocean. Polar Biol 41(1):175-191

Corami F, Capodaglio G, Turetta C, Soggia F, Magi E, Grotti M
(2005) Summer distribution of trace metals in the western sector
of the Ross Sea. Antarctica Journal of Environmental Monitoring
7(12):1256-1264

Cossa D, Heimbiirger LE, Lannuzel D, Rintoul SR, Butler EC, Bowie
AR, Averty B, Watson RJ, Remenyi T (2011) Mercury in the
southern ocean. Geochim Cosmochim Acta 75(14):4037-4052

Daka ER, Hawkins SJ (2006) Interactive effects of copper, cadmium
and lead on zinc accumulation in the gastropod mollusc Littorina
saxatilis. Water Air Soil Pollut 171(1):19-28


https://doi.org/10.1007/s00227-023-04304-2
http://creativecommons.org/licenses/by/4.0/

Marine Biology (2023) 170:163

Page90of10 163

Daneri GA, Carlini AR, Rodhouse PGK (2000) Cephalopod diet of the
southern elephant seal, Mirounga leonina, at King George Island.
South Shetland Islands Antarctic Science 12(1):16-19

De Baar HJ, de Jong JT, Bakker DC, Loscher BM, Veth C, Bathmann
U, Smetacek V (1995) Importance of iron for plankton blooms
and carbon dioxide drawdown in the Southern Ocean. Nature
373(6513):412-415

Dorneles PR, Lailson-Brito J, Dos Santos RA, da Costa PAS, Malm
O, Azevedo AF, Torres JPM (2007) Cephalopods and cetaceans
as indicators of offshore bioavailability of cadmium off Central
South Brazil Bight. Environ Pollut 148(1):352-359

Duquesne S, Riddle M, Schulz R, Liess M (2000) Effects of contami-
nants in the Antarctic environment—potential of the gammarid
amphipod crustacean Paramorea walkeri as a biological indicator
for Antarctic ecosystems based on toxicity and bioacccumulation
of copper and cadmium. Aquat Toxicol 49(1-2):131-143

Feng Y, Hare CE, Rose JM, Handy SM, DiTullio GR, Lee PA, Smith
WO Jr, Peloquin J, Tozzi S, Sun J, Zhang Y (2010) Interactive
effects of iron, irradiance and CO2 on Ross Sea phytoplankton.
Deep Sea Res Part I 57(3):368-383

Gerpe MS, De Moreno JEA, Moreno VJ, Patat ML (2000) Cadmium,
zinc and copper accumulation in the squid /llex argentinus from
the Southwest Atlantic Ocean. Mar Biol 136:1039-1044

Groger J, Piatkowski U, Heinemann H (2000) Beak length analysis
of the Southern Ocean squid Psychroteuthis glacialis (Cepha-
lopoda: Psychroteuthidae) and its use for size and biomass esti-
mation. Polar Biol 23(1):70-74

Grotti M, Soggia F, Lagomarsino C, Dalla Riva S, Goessler W,
Francesconi KA (2008) Natural variability and distribution of
trace elements in marine organisms from Antarctic coastal envi-
ronments. Antarct Sci 20(1):39

Henderson GM, Maier-Reimer E (2002) Advection and removal of
210pp and stable Pb isotopes in the oceans: a general circulation
model study. Geochim Cosmochim Acta 66(2):257-272

Ichihashi H, Kohno H, Kannan K, Tsumura A, Yamasaki SI (2001)
Multielemental analysis of purpleback flying squid using high
resolution inductively coupled plasma-mass spectrometry (HR
ICP-MS). Environ Sci Technol 35(15):3103-3108

Thaka R, Gentleman R (1996) R: A language for data analysis and
graphics. J] Comput Graph Stat 5:299-314

Kear AJ (1992) The diet of Antarctic squid: comparison of conven-
tional and serological gut contents analyses. J] Exp Mar Biol
Ecol 156(2):161-178

Kojadinovic J, Jackson CH, Cherel Y, Jackson GD, Bustamante P
(2011) Multi-elemental concentrations in the tissues of the oce-
anic squid Todarodes filippovae from Tasmania and the southern
Indian Ocean. Ecotoxicol Environ Saf 74(5):1238-1249

Koyama J, Nanamori N, Segawa S (2000) Bioaccumulation of
waterborne and dietary cadmium by oval squid, Sepioteuthis
lessoniana, and its distribution among organs. Mar Pollut Bull
40(11):961-967

Lake S, Burton H, van den Hoff J (2003) Regional, temporal and
fine-scale spatial variation in Weddell seal diet at four coastal
locations in east Antarctica. Mar Ecol Prog Ser 254:293-305

Lischka A, Lacoue-Labarthe T, Hoving HJT, Javidpour J, Pannell
JL, Merten V, Bustamante P (2018) High cadmium and mercury
concentrations in the tissues of the orange-back flying squid,
Sthenoteuthis pteropus, from the tropical Eastern Atlantic. Eco-
toxicol Environ Saf 163:323-330

Lischka A, Braid H, Cherel Y, Bolstad K, Lacoue-Labarthe T, Bus-
tamante P (2020a) Influence of sexual dimorphism on stable
isotopes and trace element concentrations in the greater hooked
squid Moroteuthopsis ingens from New Zealand waters. Mar
Environ Res 159:104976

Lischka A, Lacoue-Labarthe T, Bustamante P, Piatkowski U, Hoving
HIT (2020b) Trace element analysis reveals bioaccumulation

in the squid Gonatus fabricii from polar regions of the Atlantic
Ocean. Environ Pollut 256:113389

Lischka A, Betty EL, Braid HE, Pook CJ, Gaw S, Bolstad KSR
(2021a) Trace element concentrations, including Cd and Hg, in
long-finned pilot whales (Globicephala melas edwardii) mass
stranded on the New Zealand coast. Mar Pollut Bull 165:112084

Lischka A, Bustamante P, Braid H, Piatkowski U, Lacoue-Labarthe
T (2021b) Trophic ecology drives trace element concentra-
tions in the Antarctic octopod community. Sci Total Environ
768:144373

Liu J, Cao L, Dou S (2019) Trophic transfer, biomagnification and
risk assessments of four common heavy metals in the food web
of Laizhou Bay, the Bohai Sea. Sci Total Environ 670:508-522

Loscher BM, De Baar HJ, De Jong JTM, Veth C, Dehairs F (1997)
The distribution of Fe in the Antarctic circumpolar current.
Deep Sea Res 11 44(1-2):143-187

Martin JH, Flegal AR (1975) High copper concentrations in squid
livers in association with elevated levels of silver, cadmium, and
zinc. Mar Biol 30(1):51-55

Martin JH, Gordon RM, Fitzwater SE (1990) Iron in Antarctic
waters. Nature 345(6271):156-158

Mason RP, Fitzgerald WF (1993) The distribution and biogeochemi-
cal cycling of mercury in the equatorial Pacific Ocean. Deep Sea
Res 140(9):1897-1924

Mauri M, Orlando E, Nigro M, Regoli F (1990) Heavy metals in the
Antarctic scallop Adamussium colbecki. Marin Ecology Progr
Ser 67:27-33

Offredo C, Ridoux V, Clarke MR (1985) Cephalopods in the diets
of emperor and Adélie penguins in Adélie Land. Antarct Mar
Biol 86(2):199-202

Olson RJ, Sosik HM, Chekalyuk AM, Shalapyonok A (2000) Effects
of iron enrichment of phytoplankton in the Southern ocean dur-
ing late summer: active fluorescence and flow cytometric analy-
ses. Deep-Sea Res II 47:3179-3200. https://doi.org/10.1016/
S0967-0645(00)00064-3

Orsi AH, Wiederwohl CL (2009) A recount of Ross Sea waters. Deep
Sea Res Part I 56(13-14):778-795

Penicaud V, Lacoue-Labarthe T, Bustamante P (2017) Metal bio-
accumulation and detoxification processes in cephalopods: a
review. Environ Res 155:123-133

Petri G, Zauke GP (1993) Trace metals in crustaceans in the Ant-
arctic Ocean. Am J Hum Environ Res Manag 22(8):529-536

Pinkerton MH, Bradford-Grieve JM (2014) Characterizing foodweb
structure to identify potential ecosystem effects of fishing in the
Ross Sea Antarctica. ICES J Mar Sci 71(7):1542-1553

Pinkerton MH, Bradford-Grieve JM, Hanchet SM (2010) A balanced
model of the food web of the Ross Sea, Antarctica. CCAMLR
Science 17:1-31

R Core Team (2017) R: A Language and Environment for Statistical
Computing. R Found. Stat. Comput, Vienna, Austria

Rainbow PS (1997) Trace metal accumulation in marine inverte-
brates: marine biology or marine chemistry? J Mar Biol Assoc
UK 77(1):195-210

Ripley, B., Venables, B., Bates, D. M., Hornik, K., Gebhardt, A.,
Firth, D., & Ripley, M. B., 2013. Package ‘mass’. Cran R.

Scarponi, G., Capodaglio, G., Barbante, C., Toscano, G., Cecchini,
M., Gambaro, A., & Cescon, P., 2000. Concentration changes
in cadmium and lead in Antarctic coastal seawater (Ross Sea)
during the austral summer and their relationship with the evolu-
tion of biological activity. In Ross Sea Ecology (pp. 585-594).
Springer, Berlin, Heidelberg.

Seco J, Xavier JC, Brierley AS, Bustamante P, Coelho JP, Gregory
S, Fielding S, Pardal MA, Pereira B, Stowasser G, Tarling GA
(2020) Mercury levels in Southern Ocean squid: variability over
the last decade. Chemosphere 239:124785

@ Springer


https://doi.org/10.1016/S0967-0645(00)00064-3
https://doi.org/10.1016/S0967-0645(00)00064-3

163 Page 100f 10

Marine Biology (2023) 170:163

Smith WO Jr, Sedwick PN, Arrigo KR, Ainley DG, Orsi AH (2012)
The Ross Sea in a sea of change. Oceanography 25(3):90-103

Smith WO Jr, Dinniman MS, Hofmann EE, Klinck JM (2014) The
effects of changing winds and temperatures on the oceanog-
raphy of the Ross Sea in the 21st century. Geophys Res Lett
41(5):1624-1631

Stevens DW, Dunn MR, Pinkerton MH, Forman JS (2014) Diet of
Antarctic toothfish (Dissostichus mawsoni) from the continental
slope and oceanic features of the Ross Sea region, Antarctica.
Antarct Sci 26(5):502

Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., & Sutton, D.J., 2012.
Heavy metal toxicity and the environment, In: Molecular, Clini-
cal and Environmental Toxicology. Springer, 133—164.

@ Springer

Vu, V.Q., 2011. ggbiplot: A ggplot2 based biplot. R package ver-
sion, 1.

Wright, K., 2012. corrgram: Plot a Correlogram. R package ver-
sion, 1.

Zheng W, Xie Z, Bergquist BA (2015) Mercury stable isotopes in
ornithogenic deposits as tracers of historical cycling of mercury
in Ross Sea. Antarctica Environ Sci Technol 49(13):7623-7632

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	First reports of trace element bioaccumulation in the Antarctic deep-sea squid Psychroteuthis glacialis
	Abstract
	Introduction
	Material and methods
	Sample collection
	Trace element analysis
	Statistical analysis

	Results and discussion
	Tissue distribution
	Influence of sex and maturity on trace element concentrations
	Mercury concentrations

	Conclusion
	Anchor 13
	Acknowledgements 
	References




