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a b s t r a c t

The concentrations of total and proportions of organic mercury were measured in tissues of 355 in-
dividuals of 8 species of Southern Ocean squid (Alluroteuthis antarcticus, Bathyteuthis abyssicola, Fili-
ppovia knipovitchi, Galiteuthis glacialis, Gonatus antarcticus, Kondakovia longimana, Psychroteuthis glacialis
and Slosarczykovia circumantarctica). Squid were caught around South Georgia (Scotia Sea) during 5
cruises, between the austral summers of 2006/07 to 2016/17 to evaluate temporal changes in bio-
accumulation and tissue partitioning. Total mercury concentrations varied between 4 ng g�1 and
804 ng g�1 among all tissues. Net accumulation of mercury in muscle with size was observed in
A. antarcticus, B. abyssicola and P. glacialis, but no relationship was found for S. circumantarctica and lower
concentrations were observed in larger individuals of G. glacialis. Muscle tissues had the highest mercury
concentrations in the majority of species, except for F. knipovitchi for which the digestive gland contained
highest concentrations. In terms of the percentage of organic mercury in the tissues, muscle always
contained the highest values (67%e97%), followed by the digestive gland (22%e38%). Lowest organic
mercury percentages were found consistently in the gills (9%e19%), suggesting only low levels of
incorporation through the dissolved pathway and/or a limited redistribution of dietary organic mercury
towards this tissue. Overall, results are indicative of a decreasing trend of mercury concentrations in the
majority of analysed species over the last decade. As cephalopods are an important Southern Ocean
trophic link between primary consumers and top predators, these changes suggest decreasing mercury
levels in lower trophic levels and an alleviation of the mercury burden on higher predators that consume
squid.
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1. Introduction

Evidence suggest that coleoid cephalopods, such as squid and
octopods, are one of the groups that are benefitting from envi-
ronmental change (Halpern et al., 2008), with some cephalopod
populations being on the rise at a variety of locations worldwide
(Arkhipkin et al., 2015; Doubleday et al., 2016).Within the Southern
Ocean, cephalopods are important links between primary con-
sumers and top predators (Clarke, 1996; Collins and Rodhouse,
2006; Seco et al., 2015). They prey mainly on crustaceans (Kear,
1992; Xavier et al., 2018) and are eaten by a wide range of preda-
tors including fish, penguins, albatrosses, seals and whales
(Mikhalev et al., 1981; Split, 1995; Xavier and Cherel, 2009). In the
Southern Ocean, the waters around South Georgia host a variety of
squid species. Galiteuthis glacialis, Gonatus antarcticus, Filippovia
knipovitchi, Kondakovia longimana and Psychroteuthis glacialis are
oceanic species and some of the most important prey for several
predators (such as seabirds, seals and whales (Xavier and Cherel,
2009)), both by number and by mass (Xavier et al., 2018). Allur-
oteuthis antarcticus and Slosarczykovia circumantarctica are taken
by a wide range of predators although not in high numbers (Collins
and Rodhouse, 2006; Xavier and Cherel, 2009). Bathyteuthis abys-
sicola is a deep-sea squid which is rarely found in the diet of
predators. Despite their important role in the Antarctic ecosystem,
there is still a lack of knowledge about their ecology (Clarke, 1983;
Collins and Rodhouse, 2006; Xavier et al., 2018). Moreover, very few
studies have focused on the ecotoxicological aspects of Southern
Ocean cephalopods (Anderson et al., 2009; Bustamante et al., 1998;
Cipro et al., 2018). Their focal position within Southern Ocean food
webs means that cephalopods are likely to be vectors of contami-
nants and could be valuable bioindicators of ecosystem
contamination.

Mercury is one of the contaminants that has been acknowledged
as a global toxicity problem (Selin, 2009; UNEP, 2013). Due to its
high affinity to proteins (Bloom, 1992), mercury is highly bio-
accumulative, becoming toxic for marine organisms higher up the
food web (Ackerman et al., 2014; Coelho et al., 2010; Dehn et al.,
2006). Furthermore, it biomagnifies along food webs, putting
long-lived top predators particularly at risk (e.g. (Goutte et al.,
2014; Tartu et al., 2014; Tavares et al., 2013). Indeed, there is
already evidence that major cephalopod predators have high levels
of mercury in their tissues (e.g. Bustamante et al., 2003; Fontaine
et al., 2014; Tavares et al., 2013). In terms of bioavailability within
food webs, organic mercury (due to its high affinity to Sulphur-
based protein groups) is a particularly toxic form of this element
which demands further attention.

In a warming world, in which Antarctica is one of the most
rapidly changing and vulnerable areas (IPCC et al., 2013; Rintoul
et al., 2018; Turner et al., 2014), organic mercury may become
more bioavailable due to the combined influence of increased
temperature and depletion of oxygen, which favour methylation of
the element by microorganisms (Cossa, 2013). It is therefore
important to evaluate the impact that these changes have on the
bioavailability of mercury in the Southern Ocean, along with any
potential temporal trends in bioaccumulation. Fast growing, short-
lived (i.e. generally 1e2 year life cycles) organisms such as squid
(Arkhipkin, 2004; Boyle and Rodhouse, 2005) are likely to be
responsive bioindicators of contaminant variability over time and
space.

Cephalopods bioaccumulate mercury from two main sources:
seawater and food. Some mercury uptake can occur through the
gills during respiration, from seawater, but mercury in prey is
considered to be the main intake pathway (Lacoue-Labarthe et al.,
2009). To assess the relative importance of the two pathways in the
bioaccumulation of mercury, we analysed mercury in three
different tissues: 1) muscle, which represents most of the body
weight of the animal and is expected to accumulate high levels of
organic mercury (Bustamante et al., 2006); 2) gills, responsible for
respiration and subjected to a constant water flow, so likely to be a
pathway of incorporation of dissolved Hg from seawater; and 3)
digestive gland, which is most affected by the dietary pathway
(Bustamante et al., 2006; Penicaud et al., 2017; Pierce et al., 2008)
and plays a major role in both the metabolism and detoxification of
contaminants such as mercury (Bustamante et al., 2006).

In this study, we evaluate the concentrations of total and organic
mercury in 8 different squid species (A. antarcticus, B. abyssicola,
F. knipovitchi, G. glacialis, G. antarcticus, K. longimana, P. glacialis,
S. circumantarctica) from South Georgia between the austral sum-
mers of 2006/07 and 2016/17. These species were selected due to
their different ecological roles in the Southern Ocean ecosystem
(Xavier et al., 2018). The specific objectives of this study are: 1) to
evaluate the accumulation pattern along with size (a proxy of age)
of Antarctic squid, 2) to understand the partitioning of total and
organic mercury in different tissues (muscles, gills and digestive
gland) and 3) to assess variability and trends in total and organic
mercury concentrations of these species over a 10 year period
(2006/07 to 2016/17).

2. Material and methods

2.1. Sampling

South Georgia is a sub-Antarctic island located in the southwest
Atlantic (Fig. 1). Water temperatures around this area vary
from �0.95 �C in winter to 1.75 �C in summer. South Georgia is a
highly productive area of the Southern Ocean, therefore it holds
large populations of seabirds, marine mammals and it is one of the
most important Southern Ocean fishing areas (Collins et al., 2004;
Murphy et al., 2007).

The samples were collected from the Scotia Sea, around South
Georgia (Fig. 1), in scientific cruises during the austral summer of
2006/07 [on board of the Royal Research Ship (RRS) James Clark Ross
(JCR)]: cruise JR161 [OctobereDecember 2006], 2007/08 - JR177
[December 2007eFebruary 2008], 2008/09 - JR200 [MarcheApril
2009], Fishing Vessel (FV) Sil research survey SG13 [13 January
2013]) and RRS JCR cruise JR16003 (December 2016eJanuary 2017),
2016/17.

On board the RRS JCR, samples were collected using an 8 or
25m2 mouth-opening Rectangular Midwater Trawl [RMT8 - mesh
size reducing from 4.5mm to 2.5mm in the cod end; RMT25 -mesh
size reducing from 8mm to 4.5mm in the cod end (Roe and Shale,
1979)]. The nets were rigged with two opening/closing nets that
could be remotely opened and closed at different depths. Samples
were collected from 1000m deep to surface. Cephalopods were
identified (Nesis, 1987; Xavier and Cherel, 2009), measured and
weighed on board. Samples were preserved individually in separate
ziplock bags at �20 �C for later laboratory analyses.

The samples collected by FV Sil were obtained from bottom
trawls using an FP120 trawl net with a standard steel bobbin rig,
conducted at tow speeds between 3.1 and 4.1 knots over a distance
of between 1.25 and 2.1 nautical miles, dependent on the prevailing
sea conditions and bottom topography. Whenever possible, sam-
ples were identified on board but, in some cases, identification was
not possible. In each case, individuals were frozen at �20 �C for
later laboratory processing.

2.2. Laboratory procedures

All samples were checked for identification [using cephalopod
beaks to confirm identification where there was any doubt (Xavier



Fig. 1. Sampling sites of species captured around South Georgia across all sampling years. Lines represent 1000m isobath.
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and Cherel, 2009)], measured and weighed again. When the mea-
surement of the mantle length (ML) of the individual was not
possible, allometric equations were used, based on beak size
(Xavier and Cherel, 2009). An effort was made to collect samples of
muscle, gills and digestive gland in all individuals, although the
digestive gland was destroyed in some specimens.

After being dissected, the collected tissues were frozen in
sterilised decontaminated plastic vials and freeze-dried for at least
48 h. Dried tissues were homogenized and analysed for total mer-
cury by thermal decomposition atomic absorption spectrometry
with gold amalgamation, using a LECO AMA-254 (Advanced mer-
cury analyser) following Coelho et al. (2008). Organic mercury was
determined through digestion with a mixture of 18% potassium
bromide (KBr) in 5% sulphuric acid (H2SO4), followed by extraction
of organic mercury into toluene (C7H8) and back-extractionwith an
aqueous solution of thiosulphate (Na2S2O3), as described in V�alega
et al. (2006). Where there was low individual mass (less than
200mg), samples were aggregated in groups of the same species,
with similar sizes and collected from the same location. Analytical
quality control was performed using three certified reference ma-
terials (CRM): NIST 2976mussel tissue, ERM-CE278Kmussel tissues
and TORT-3 lobster hepatopancreas. The obtained values
(mean± SD) for the whole of the CRM analyses ranged from 82 to
105% (NIST 2976: 85± 7%; ERM-CE278K: 92 ± 5%; TORT-3: 93 ± 8%).
Analyses were performed in duplicate, and the coefficient of vari-
ation between replicates never exceeded 10%. TORT-3was also used
to validate organic mercury analyses, with an extraction efficiency
of 95± 10%. The limit of detection for this analytical method was
0.01 ng of absolutemercury. All concentration data are expressed as
a function of dry weight (dw).
2.3. Statistical analysis

All analyses were performed using the R software version 3.4.2
(R Core Team, 2017). Correlations were determined between the
mercury concentration and the mantle length. Hg levels were
tested for normality using Shappiro-Wilk normality test and ho-
mogeneity using a Bartlett's test. Friedman tests were used to
compare Hg values between the different tissues (muscle, gills,
digestive gland) and aWilcoxon Signed Ranks Test for the tissues of
G. antarcticus (muscle, gills). Wilcoxon rank test and
KruskaleWallis test were used to compare Hg in muscle tissue
between different years, followed by Dunn's test multiple com-
parison test.

All values are presented as mean± SD. The significance level for
statistical analyses was always set at a¼ 5%.
3. Results

3.1. Total mercury concentrations in muscle of Antarctic squid

Overall, total mercury values in muscle were: 63± 53 ng g�1 in
A. antarcticus (family Neoteuthidae), 110± 40 ng g�1 in B. abyssicola
(family Bathyteuthidae), 100± 80 ng g�1 in G. glacialis (family
Cranchiidae), 24± 21 ng g�1 in P. glacialis (family Psychroteuthidae)
and 20± 20 ng g�1 in S. circumantarctica (family Brachioteuthidae).

Total mercury was analysed in the mantle muscle of squid
species where therewere sufficient individuals over a range of sizes
to evaluate the pattern of bioaccumulation with size as a proxy for
age (Fig. 2). To avoid the effect of sampling year, specimens were
selected from the year with higher number of individual (2007/08



Fig. 2. Total mercury concentration (ng g�1 dw) versus mantle length (ML; mm) in individual Antarctic squid collected around South Georgia in the austral summer of 2007/08
(except Psychroteuthis glacialis 2016/17). Regression equations are given in the text.
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for B. abyssicola, G. glacialis, A. antarcticus and S. circumantarctica;
2016/17 for P. glacialis). Three patterns were noted: 1) an increasing
concentration of total mercury with size [A. antarcticus (Y¼ 7.074*X
e 50.4, R2¼ 0.80, F1, 7¼ 28.78, p¼ 0.001) and P. glacialis
(Y ¼ 0.8259*X þ 10.1, R2¼ 0.74, F1, 7¼19.68, p¼ 0.003)]; 2) no
change in total mercury concentration with size [B. abyssicola
(Y ¼ 2.432*X þ 47.83, R2¼ 0.24, F1, 8¼ 2.56, p¼ 0.15) and
S. circumantarctica (Y ¼ �0.03111*X þ 19.33, R2¼ 0.009, F1,
38¼ 0.33, p¼ 0.56)]; 3) a decrease in total mercury concentration
with size [i.e. G. glacialis (Y ¼ �2.958*X þ 214.8, R2¼ 0.2426, F1,
23¼7.366, p¼ 0.012)].

3.2. Differential tissue accumulation of total mercury in Antarctic
squid

Analysis of mercury accumulation in different tissues was
possible in four species (A. antarcticus, F. knipovitchi, K. longimana
and P. glacialis). F. knipovitchiwas the only species where therewere
significant differences between tissues (Friedman test: c2 (2)¼ 7.6,
p¼ 0.024), with the digestive gland having a concentration 3 times
higher than the muscle and gills. In the other three species, no
statistical differences were observed between the mercury con-
centrations of the three tissues investigated (Friedman test: c2

(2)¼ 3, p¼ 0.5; c2 (2)¼ 3, p¼ 0.5; c2 (2)¼ 3, p¼ 0.5; A. antarcticus,
K. longimana and P. glacialis, respectively; Fig. 3). For G. antarcticus,
only the muscle and the gills were analysed, and no differences
between these two tissues were found (Wilcoxon Signed Ranks
Test; Z¼�1.826, p¼ 0.125).

3.3. Temporal trends of total mercury concentrations in muscle of
Antarctic squid

Over the 10 year study period, there was a suggestive decreasing
trend in mercury concentrations in the analysed species (Fig. 4).

There were no differences in body size between the years for all
the analysed species (A. antarcticus, Mann Whitney test, U¼ 9,
p¼ 0.889; B. abyssicola, KruskaleWallis H¼ 1.754, p¼ 0.442;
G. glacialis, KruskaleWallis H¼ 10.84, p¼ 0.442; P. glacialis, Mann
Whitney test, U¼ 4.5, p¼ 0.8; S. circumantarctica, KruskaleWallis
H¼ 65.46, p¼ 0.156). A. antarcticus and P. glacialis were each only
caught in two sampling years. For A. antarcticus, total mercury was
similar between the years 2007/08 (90± 60 ng g�1) and 2008/09
(30± 3 ng g�1; Wilcoxon rank test; W¼ 14, p¼ 0.19), as was
P. glacialis between 2008/09 (10± 2 ng g�1) and 2016/17
(40± 20 ng g�1; Wilcoxon rank test; W¼ 10, p¼ 0.057).
B. abyssicolawere caught in three years, 2006/07 (150± 20 ng g�1),
2007/08 (80± 10 ng g�1) and 2016/17 (80± 1 ng g�1), with in-
dividuals from 2006/07 having statistically higher concentrations
of mercury than 2007/08 and 2016/17 (KruskaleWallis H¼ 6.709,
p¼ 0.013; Fig. 4). There were no differences between samples



Fig. 3. Total mercury concentrations (Mean± SD, ng g�1 dw) in different tissues (muscle, gills and digestive gland) of Antarctic squid collected around South Georgia in the austral
summer of 2012/2013. No digestive gland tissue was available for G. antarcticus.
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collected on the other two years. G. glacialiswere caught on the four
sampling years, 2006/07 (100± 60 ng g�1), 20007/08
(150± 90 ng g�1), 2008/09 (20± 10 ng g�1) and 2016/17
(20± 7 ng g�1). Mercury concentrations for this species were
similar between the years 2006/07 and 2007/08 (Dunn's test
Q¼�8.77, p¼ 0.52) and also similar between the years 2008/09
and 2016/17 (Dunn's test Q¼ 0.057, p> 0.99), but were different
between the two similarity groups (2006/07, 2007/08 higher than
2008/09, 2016/17 (KruskaleWallis H¼ 28.69, p< 0.001).
S. circumantarcticawas also caught in all the sampling years: 2006/
07 (70± 10 ng g�1), 2007/08 (20± 6 ng g�1), 2008/09
(10± 6 ng g�1) and 2016/17 (10± 7 ng g�1); individuals from 2006/
07 had statistical higher concentration than the other 3 sampling
years (KruskaleWallis H¼ 60.08, p< 0.001).

3.4. Organic mercury concentrations and proportions in Antarctic
squid

Regarding the percentage of organic mercury relative to total
mercury in the different tissues of the five squid species sampled in
2013 (SG13 samples; Table 1), muscle had the highest values (67%e
97%) in all the analysed species, followed by the digestive gland
(22%e38%) and the gills (9%e19%).
Organic mercury concentrations were also analysed in the

muscle of three species (B. abyssicola, G. glacialis and
S. circumantarctica, Table 2) across sampling years. Concentrations
varied from 2 ng g�1 to 84 ng g�1, constituting between 25% and
77% of total mercury. S. circumantarcticawas the only species where
organic mercury was lower than 50% (40% in 2007/08; 47% in 2008/
09; 25% in 2016/17). Although organicmercury proportions differed
significantly between species, there were no statistical differences
between years.
4. Discussion

While some data exist on mercury concentrations in Antarctic
cephalopods (Anderson et al., 2009; Cipro et al., 2018; McArthur
et al., 2003), to the best of our knowledge, this is the first study
to measure total and organic mercury concentrations, and to
determine the percentage of organic mercury relative to total
mercury in different tissues, across a range of Southern Ocean squid
species, along a temporal scale.



Fig. 4. Total mercury concentrations (Mean ± SD, ng g�1 dw) in the muscles of Antarctic squid from the Southern Ocean collected around South Georgia in the austral summers of
2006/07, 2007/08, 2008/09 and 2016/17.

Table 1
Total mercury (THg) and organic mercury (OHg) concentrations (ng g�1 dw) and
percentage of OHg relative to THg in different tissues (digestive gland, gills and
muscle) of Antarctic squid collected around South Georgia in the austral summer of
2013/14.

Species Tissue THg OHg %OHg

Alluroteuthis antarcticus Digestive gland 42± 2 16± 3 38%
Gills 60± 23 11± 2 18%
Muscle 65± 4 52± 12 80%

Filippovia knipovitchi Digestive gland 643± 98 144± 52 22%
Gills 306± 68 57± 14 19%
Muscle 79± 28 53± 9 67%

Gonatus antarcticus Gills 89± 33 8± 2 10%
Muscle 162± 58 158± 29 97%

Kondakovia longimana Digestive gland 45± 21 11± 3 25%
Gills 75± 32 9± 4 12%
Muscle 82± 23 78± 14 95%

Psychroteuthis glacialis Digestive gland 25± 6 6± 3 24%
Gills 99± 3 9± 4 9%
Muscle 83± 18 62± 22 74%

Table 2
Total mercury (THg) and organic mercury (OHg) concentrations (ng g�1 dw) and
percentage of OHg relative to THg in the muscles of Antarctic squid collected around
South Georgia in the austral summers of 2006/07, 2007/08, 2008/09 and 2015/16.

Species n Year THg OHg %OHg

Bathyteuthis abyssicola 3 2006/07 103± 14 71± 12 69%
Galiteuthis glacialis 4 2006/07 40± 8 30± 5 75%

4 2007/08 110± 26 60± 13 55%
2 2008/09 26± 6 20± 5 77%
2 2016/17 43± 2 24± 2 56%

Slosarczykovia circumantarctica 6 2007/08 20± 12 8± 5 40%
4 2008/09 15± 5 7 þ 3 47%
2 2016/17 16± 7 4± 2 25%
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4.1. Total mercury concentrations according to size in Antarctic
squid

Biological and environmental factors such as size, sex, prey
preferences and habitat are drivers for mercury concentrations in
cephalopods (Bustamante et al., 2006; Monteiro et al., 1992; Storelli
and Marcotrigiano, 1999). When looking into the relationship be-
tween size and contamination level in squid from South Georgia
(Fig. 3), it is possible to identify three different patterns: 1)
A. antarcticus and P. glacialis had a positive correlation between
contamination level and size, 2) The correlation for G. glacialis was
negative, 3) Mercury concentration did not appear to be related to
size in B. abyssicola or S. circumantarctica.

Significant variation and opposite patterns between size and
mercury concentrations in cephalopods have been reported pre-
viously. Mercury concentrations increased with size in the veined
squid Loligo forbesi (Chouvelon et al., 2011; Monteiro et al., 1992;
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Pierce et al., 2008), the neon flying squid Ommastrephes bartramii
(Monteiro et al., 1992), the orange-back flying squid Sthenoteuthis
pteropus (Lischka et al., 2018), the common octopus Octopus vul-
garis (Rjeibi et al., 2014), the curled octopus Eledone cirrhosa (Rossi
et al., 1993), the common cuttlefish Sepia officinalis and the Euro-
pean squid Loligo vulgaris (Chouvelon et al., 2011). However, in
O. vulgaris (Raimundo et al., 2004, 2010a) and the greater hooked
Onykia ingens (McArthur et al., 2003), no relationships were found,
while in the spider octopus Octopus salutii (Storelli and
Marcotrigiano, 1999), O. vulgaris and Loligo vulgaris (Rjeibi et al.,
2014) there were negative relationships. Hence, the effect of size
on mercury bioaccumulation in cephalopods is variable (Penicaud
et al., 2017), and is likely to be sensitive to fluctuating environ-
mental conditions (see below).

4.2. Tissue allocation of mercury in Antarctic squid

For four species (A. antarcticus, G. antarcticus K. longimana and
P. glacialis), there were no differences in total mercury concentra-
tions between tissues. However, the fraction of organic mercury
was always higher in muscle (67%e97%) than in the digestive gland
(22%e38%) and gills (9%e19%). While presently the reasons for the
mercury distribution patterns are still a matter of debate, the par-
titioning of total mercury among tissues is consistent with previous
studies on oceanic squid [Cranchidae, Histioteuthidae and
Ommastrephidae (Bustamante et al., 2006)], suggesting some de-
gree of equilibrium between contaminant accumulation and
excretion rates, as well as efficient redistribution of total mercury
between tissues. In most studies of cephalopod species however,
the digestive gland had higher total mercury concentrations than
other tissues (Bustamante et al., 2006; Pierce et al., 2008;
Raimundo et al., 2010b), as we observed in F. knipovitchi (Fig. 4). The
high rates of absorption and assimilation of trace metals in the
digestive gland (Bustamante et al., 2002; Miramand and Bentley,
1992; Raimundo et al., 2004) make this organ a major pathway of
incorporation for contaminants into cephalopods (Bustamante
et al., 2002), and reflects the predominant role of the dietary
pathway for mercury bioaccumulation. The lower concentrations of
organic mercury in the digestive gland is in accordance with the
detoxification of organic mercury by demethylation that is sus-
pected to occur in this organ (Bustamante et al., 2006; Penicaud
et al., 2017). As this form of mercury is incorporated from the
diet, a fraction is likely to be demethylated in the digestive gland, to
allow its excretion (Lacoue-Labarthe et al., 2009), and a portionwill
be circulated, trapped and stored inmuscle tissues. Because organic
mercury has a strong affinity for the sulphydryl groups of proteins,
its accumulation in muscle tissues is favoured (Bloom,1992; Leaner
and Mason, 2004). In fish muscles, for instance, it may be tightly
bound by carbon-mercury and sulphydryl linkages (Ruelas-Inzunza
et al., 2003). As muscles comprise the highest mass fraction of
cephalopods, and given the known affinity of organic mercury to
muscular proteins (Bloom, 1992), high concentrations and pro-
portions of organic mercury are to be expected in this tissue. The
present results also highlight the high bioavailability of mercury
within the Southern Ocean food web (Chouvelon et al., 2012;
Clarkson, 1992; Dehn et al., 2006).

Concentrations and proportions of organic mercury also show a
considerable variation between species. The high intra-species
variation may be explained by the dietary ontogenetic shift that
occurs in cephalopods (Xavier et al., 2018) when they change from
feeding on small crustaceans [lower percentage of organic mercury
(Seco et al., 2019)] to prey at higher trophic levels (higher per-
centage of organic mercury (Chouvelon et al., 2011)), however this
can not be applied to G. glacialis, as mercury in this species de-
creases in bigger individuals. Similarly, interspecific differences are
probably due to variations in diet (Boyle and Rodhouse, 2005),
although the trophic ecology of these cephalopods is still poorly
known (Collins and Rodhouse, 2006).

4.3. Temporal trends of mercury concentrations in Antarctic squid

Our study analysed samples obtained over a 10 year period
(between 2006/07 and 2016/17), although only two species were
captured in all sampling seasons (G. glacialis, S. circumantarctica)
and the number of individuals captured for some species was
relatively low despite the sustained sampling effort. Squid have a
highly developed sensory system and can swim fast, while sam-
pling nets are relatively small and slow, so most adult squid can
avoid capture (Clarke, 1977; Xavier et al., 2002).

Squid are considered an r-selected species (Pianka, 1970): they
have a fast growth rate, are semelparous (reproduce only once) and
are short lived (~< 1e2 years) (Arkhipkin, 2004; Boyle and
Rodhouse, 2005; Xavier et al., 2018), although, some large squid
species, like K. longimana may live longer (Jarre et al., 1991; Lynnes
and Rodhouse, 2002). These characteristics make them responsive
bioindicators with which would be possible to monitor trends in
mercury concentrations over time, as they will reflect rapidly any
changes in the bioavailability of this contaminant.

Data from the squid species A. antarcticus, B abyssicola, G. gla-
cialis and S. circumantarctica show a decreasing trend of mercury
concentration along time, although further monitoring is required
to confirm this pattern. This suggestive pattern of declining con-
centrations of mercury in the majority of species is consistent with
the decreasing trend of atmospheric mercury over the last decade
(Soerensen et al., 2012) as a consequence of the reduction of
worldwide anthropogenic emissions of mercury (Streets et al.,
2017; Zhang et al., 2016). The decrease of mercury in the global
atmosphere could also mean a reduction in mercury deposition
levels in our study area. Comparing our results with a previous
study in the same region (Anderson et al., 2009) who sampled in
2001/02 and analysed specimens with atomic fluorescence spec-
trophotometry, a general reduction in the concentration of mercury
can also be observed: G. glacialis had a mercury concentration in
2001/02 (230± 70 ng g�1) (Anderson et al., 2009) that was more
than twice as high as our results from 2006/07 (100± 60 ng g�1),1.5
times when compared with 2007/08 (150 ± 90 ng g�1) and more
than ten times when compared with 2008/09 or 2016/17
(20± 10 ng g�1; 20± 7 ng g�1); in G. antarcticus (600± 2 ng g�1)
mercury concentrations were 5 times higher in 2001/02 than our
results for 2013. P. glacialis had concentration 4 times higher
(180± 110 ng g�1) in 2001/02 than our observations in 2008/09. In
the family Onychoteuthidae, the concentrations of mercury in
2001/02 (100± 20 ng g�1 in F. knipovitchi; 160± 90 ng g�1 in
K. longimana) were similar to our results for 2013.

The pattern of mercury bioaccumulation in species is influenced
by specific traits such as dietary preference, ingestion, excretion,
and growth rate. Prevailing environmental conditions may also
enhance or reduce contaminant bioavailability to cephalopods.
Habitat use has a major effect on mercury accumulation in organ-
isms, as sites contaminated by mercury will likely have higher
bioavailability of this toxic element. All of our samples were
collected in the Scotia Sea, around South Georgia (Fig. 1), which is
known to be a fairly stable ecosystem, which should mean lower
mercury variation between sampling sites.

The majority of our study species have a wide range of vertical
distributions: the depth of occurrence of A. antarcticus is normally
at 800e900m (Rodhouse, 1988), G. glacialis, at 600e1000m (Roper
and Young, 1975), G. antarcticus, at 250e928m (Collins et al., 2004;
Roper et al., 1984), F. knipovitchi, at 480e760m (Collins et al., 2004),
K. longimana, at 300e900m (Collins et al., 2004; Xavier et al.,
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2002), P. glacialis, at 275e928m (Collins et al., 2004; Xavier et al.,
2002) and S. circumantarctica, at 487e928m (Collins et al., 2004).
An outlier amongst these is B. abyssicola, which is a deep-sea squid
and occurs at a depth of 1000e1500m (Roper and Young, 1975).
Higher mercury levels were expected in species from deep habitats
as increasing depth raises mercury concentrations in fish (Choy
et al., 2009; Le Bourg et al., 2019; Monteiro et al., 1996). However,
that was not the case in our study, as mercury concentrations in the
tissues of the deep-sea squid B. abyssicola were within the same
range as the majority of other analysed species (see Fig. 4). The lack
of difference between species may be explained by the frequent
diel vertical migration associated with cephalopods (Norman et al.,
2014) in order to feed and to avoid predation. The differences in
mercury concentrations between years may be partially explained
by shifts in the abundance and contaminant loads of prey items
(Chouvelon et al., 2011; Paiva et al., 2008). However, there is still a
lack of data on the diets of the studied species (Collins and
Rodhouse, 2006; Xavier et al., 2018; Xavier and Cherel, 2009) and
it is presently not possible to evaluate the effect of diet on mercury
bioaccumulation in our study species.

Our results suggest a decreasing trend of total mercury con-
centration inmost of the South Georgia squid species analysed over
the last decade, with a stable proportion of organic mercury.
Considering that cephalopods are a major link between primary
consumer and top predators, these changes possibly reflect a drop
in mercury bioavailability in lower trophic levels and suggests that
mercury intake by squid predators may have decreased.

Acknowledgments

We thank the crew, officers and scientists aboard the RSS James
Clark Ross during the cruises JR161, JR177, JR200 and JR16003, and
on board the FV Sil during research survey SG13, for their assistance
in collecting samples, namely Mark Belchier. We also thank Peter
Enderlein, Carson McAfee, Daniel Ashurst and Scott Polfrey for
assembling and maintaining the net gear, and Giulia Pompeo for
her help with the mercury analysis. We acknowledge the Portu-
guese Foundation for the Science and Technology (FCT) through a
PhD grant to Jos�e Seco (SRFH/PD/BD/113487). Acknowledgments
are due also to the Integrated Program of SR&TD ‘Smart Valoriza-
tion of Endogenous Marine Biological Resources Under a Changing
Climate’ (reference Centro-01-0145-FEDER-000018), co-funded by
Centro (2020) program, Portugal 2020, European Union, through
the European Regional Development Fund, for personal funding to
J.P.Coelho. The IUF (Institut Universitaire de France) is acknowl-
edged for its support to P. Bustamante as a Senior Member. This
research was also within Jos�e Xavier strategic program of MARE
(MARE - UID/MAR/04292/2013). GAT, GS and SF were supported by
the Ecosystems programme at the British Antarctic Survey.

References

Soerensen, A.L., Jacob, D.J., Streets, D.G., Witt, M.L.I., Ebinghaus, R., Mason, R.P.,
Andersson, M., Sunderland, E.M., 2012. Multi-decadal decline of mercury in the
North Atlantic atmosphere explained by changing subsurface seawater con-
centrations. Geophys. Res. Lett. 39 https://doi.org/10.1029/2012GL053736 n/
aen/a.

Ackerman, J.T., Eagles-Smith, C.A., Heinz, G., La Cruz De, S.E.W., Takekawa, J.Y.,
Miles, A.K., Adelsbach, T.L., Herzog, M.P., Bluso-Demers, J.D., Demers, S.A.,
Herring, G., Hoffman, D.J., Hartman, C.A., Willacker, J.J., Suchanek, T.H.,
Schwarzbach, S.E., Maurer, T.C., 2014. Mercury in Birds of San Francisco Bay-
Delta, California: Trophic Pathways, Bioaccumulation, and Ecotoxicological
Risk to Avian Reproduction. https://doi.org/10.3133/ofr20141251. Oakland, CA.

Anderson, O.R.J., Phillips, R.A., McDonald, R.A., Shore, R.F., Mcgill, R.A.R., Bearhop, S.,
2009. Influence of trophic position and foraging range on mercury levels within
a seabird community. Mar. Ecol. Prog. Ser. 375, 277e288. https://doi.org/
10.3354/meps07784.

Arkhipkin, A.I., 2004. Diversity in growth and longevity in short-lived animals:
squid of the suborder Oegopsina. Mar. Freshw. Res. 55 https://doi.org/10.1071/
MF03202, 341e15.
Arkhipkin, A.I., Rodhouse, P.G., Pierce, G.J., Sauer, W., Sakai, M., Allcock, L.,

Arguelles, J., Bower, J.R., Castillo, G., Ceriola, L., Chen, C.-S., Chen, X., Diaz-
Santana, M., Downey, N., Gonz�alez, A.F., Granados Amores, J., Green, C.P.,
Guerra, A., Hendrickson, L.C., Ib�a~nez, C., Ito, K., Jereb, P., Kato, Y., Katugin, O.N.,
Kawano, M., Kidokoro, H., Kulik, V.V., Laptikhovsky, V.V., Lipinski, M.R., Liu, B.,
Mari�ategui, L., Marin, W., Medina, A., Miki, K., Miyahara, K., Moltschaniwskyj, N.,
Moustahfid, H., Nabhitabhata, J., Nanjo, N., Nigmatullin, C.M., Ohtani, T., Pecl, G.,
Perez, J.A.A., Piatkowski, U., Saikliang, P., Salinas-Zavala, C.A., Steer, M., Tian, Y.,
Ueta, Y., Vijai, D., Wakabayashi, T., Yamaguchi, T., Yamashiro, C., Yamashita, N.,
Zeidberg, L.D., 2015. World squid fisheries. Rev. Fish. Sci. 23, 92e252. https://
doi.org/10.1080/23308249.2015.1026226.

Bloom, N.S., 1992. On the chemical form of mercury in edible fish and marine
invertebrate tissue. Can. J. Fish. Aquat. Sci. 49, 1010e1017. https://doi.org/
10.1139/f92-113.

Boyle, P., Rodhouse, P.G., 2005. Cephalopods Ecology and Fisheries. Blackell Science,
Oxford.

Bustamante, P., Caurant, F., Fowler, S.W., Miramand, P., 1998. Cephalopods as a
vector for the transfer of cadmium to top marine predators in the north-east
Atlantic Ocean. Sci. Total Environ. 220, 71e80.

Bustamante, P., Cosson, R.P., Gallien, I., Caurant, F., Miramand, P., 2002. Cadmium
detoxification processes in the digestive gland of cephalopods in relation to
accumulated cadmium concentrations. Mar. Environ. Res. 53, 227e241.

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 (1-3), 25e39. https://doi.org/10.1016/S0048-
9697(03)00265-1.

Bustamante, P., Lahaye, V., Durnez, C., Churlaud, C., Caurant, F., 2006. Total and
organic Hg concentrations in cephalopods from the North Eastern Atlantic
waters: influence of geographical origin and feeding ecology. Sci. Total Environ.
368, 585e596. https://doi.org/10.1016/j.scitotenv.2006.01.038.

Chouvelon, T., Spitz, J., Cherel, Y., Caurant, F., Sirmel, R., M�endez-Fernandez, P.,
Bustamante, P., 2011. Inter-specific and ontogenic differences in d13C and d15N
values and Hg and Cd concentrations in cephalopods. Mar. Ecol. Prog. Ser. 433,
107e120. https://doi.org/10.3354/meps09159.

Chouvelon, T., Spitz, J., Caurant, F., M�endez-Fernandez, P., Autier, J., Lassus-D�ebat, A.,
Chappuis, A., Bustamante, P., 2012. Enhanced bioaccumulation of mercury in
deep-sea fauna from the Bay of Biscay (north-east Atlantic) in relation to tro-
phic positions identified by analysis of carbon and nitrogen stable isotopes.
Deep-Sea Res. Part I Oceanogr. Res. Pap. 65, 113e124. https://doi.org/10.1016/
j.dsr.2012.02.010.

Choy, C.A., Popp, B.N., Kaneko, J.J., Drazen, J.C., 2009. The influence of depth on
mercury levels in pelagic fishes and their prey. Proc. Natl. Acad. Sci. U.S.A. 106,
13865e13869. https://doi.org/10.1073/pnas.0900711106.

Cipro, C.V.Z., Cherel, Y., Bocher, P., Caurant, F., Miramand, P., Bustamante, P., 2018.
Trace elements in invertebrates and fish from Kerguelen waters, southern In-
dian Ocean. Polar Biol. 41, 175e191. https://doi.org/10.1007/s00300-017-2180-6.

Clarke, M., 1977. Beaks, nets and numbers. Symp. Zool. Soc. Lond. 38, 89e126.
Clarke, M., 1983. Cephalopod biomass - estimation from predation. Mem. Natl. Mus.

Vic. 44, 95e107.
Clarke, M.R., 1996. The role of cephalopods in the world's oceans: an introduction.

Phil. Trans. R. Soc. B 351, 979e983. https://doi.org/10.1098/rstb.1996.0088.
Clarkson, T.W., 1992. Mercury: major issues in environmental health. Environ.

Health Perspect. 100, 31e38. https://doi.org/10.1289/ehp.9310031.
Coelho, J.P., Reis, A.T., Ventura, S., Pereira, M.E., Duarte, A.C., Pardal, M.A., 2008.

Pattern and pathways for mercury lifespan bioaccumulation in Carcinus maenas.
Mar. Pollut. Bull. 56, 1104e1110. https://doi.org/10.1016/
j.marpolbul.2008.03.020.

Coelho, J.P., Santos, H., Reis, A.T., Falc~ao, J., Rodrigues, E.T., Pereira, M.E., Duarte, A.C.,
Pardal, M.A., 2010. Mercury bioaccumulation in the spotted dogfish (Scylio-
rhinus canicula) from the Atlantic Ocean. Mar. Pollut. Bull. 60, 1372e1375.
https://doi.org/10.1016/j.marpolbul.2010.05.008.

Collins, M.A., Rodhouse, P.G., 2006. Southern Ocean cephalopods. Adv. Mar. Biol. 50,
191e265. https://doi.org/10.1016/S0065-2881(05)50003-8.

Collins, M.A., Allcock, A.L., Belchier, M., 2004. Cephalopods of the south Georgia
slope. J. Mar. Biol. Assoc. U. K. 84, 415e419.

Cossa, D., 2013. Marine biogeochemistry: methylmercury manufacture. Nat. Geosci.
6, 810e811. https://doi.org/10.1038/ngeo1967.

Dehn, L.-A., Follmann, E.H., Thomas, D.L., Sheffield, G.G., Rosa, C., Duffy, L.K.,
O'Hara, T.M., 2006. Trophic relationships in an Arctic food web and implications
for trace metal transfer. Sci. Total Environ. 362, 103e123. https://doi.org/
10.1016/j.scitotenv.2005.11.012.

Doubleday, Z.A., Prowse, T.A.A., Arkhipkin, A.I., Pierce, G.J., Semmens, J., Steer, M.,
Leporati, S.C., Lourenço, S., Quetglas, A., Sauer, W., Gillanders, B.M., 2016. Global
proliferation of cephalopods. Curr. Biol. 26, R406eR407. https://doi.org/10.1016/
j.cub.2016.04.002.

Fontaine, M., Carravieri, A., Simon-Bouhet, B., Bustamante, P., Gasco, N., Bailleul, F.,
et al., 2014. Ecological tracers and at-sea observations document the foraging
ecology of southern long-finned pilot whales (Globicephala melas edwardii) in
Kerguelen waters. Mar. Biol. 162 (1), 207e219. https://doi.org/10.1007/s00227-
014-2587-3.

Goutte, A., Bustamante, P., Barbraud, C., Delord, K., Weimerskirch, H., Chastel, O.,
2014. Demographic responses to mercury exposure in two closely related
Antarctic top predators. Ecology 95, 1075e1086. https://doi.org/10.1890/13-
1229.1.

https://doi.org/10.1029/2012GL053736
https://doi.org/10.3133/ofr20141251
https://doi.org/10.3354/meps07784
https://doi.org/10.3354/meps07784
https://doi.org/10.1071/MF03202
https://doi.org/10.1071/MF03202
https://doi.org/10.1080/23308249.2015.1026226
https://doi.org/10.1080/23308249.2015.1026226
https://doi.org/10.1139/f92-113
https://doi.org/10.1139/f92-113
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref7
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref7
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref8
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref8
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref8
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref8
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref9
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref9
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref9
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref9
https://doi.org/10.1016/S0048-9697(03)00265-1
https://doi.org/10.1016/S0048-9697(03)00265-1
https://doi.org/10.1016/j.scitotenv.2006.01.038
https://doi.org/10.3354/meps09159
https://doi.org/10.1016/j.dsr.2012.02.010
https://doi.org/10.1016/j.dsr.2012.02.010
https://doi.org/10.1073/pnas.0900711106
https://doi.org/10.1007/s00300-017-2180-6
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref15
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref15
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref16
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref16
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref16
https://doi.org/10.1098/rstb.1996.0088
https://doi.org/10.1289/ehp.9310031
https://doi.org/10.1016/j.marpolbul.2008.03.020
https://doi.org/10.1016/j.marpolbul.2008.03.020
https://doi.org/10.1016/j.marpolbul.2010.05.008
https://doi.org/10.1016/S0065-2881(05)50003-8
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref22
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref22
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref22
https://doi.org/10.1038/ngeo1967
https://doi.org/10.1016/j.scitotenv.2005.11.012
https://doi.org/10.1016/j.scitotenv.2005.11.012
https://doi.org/10.1016/j.cub.2016.04.002
https://doi.org/10.1016/j.cub.2016.04.002
https://doi.org/10.1007/s00227-014-2587-3
https://doi.org/10.1007/s00227-014-2587-3
https://doi.org/10.1890/13-1229.1
https://doi.org/10.1890/13-1229.1


J. Seco et al. / Chemosphere 239 (2020) 124785 9
Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., 2008. A global map of human
impact on marine ecosystems, 319, 948e952. https://doi.org/10.1126/
science.1151084.

IPCC, 2013. Summary for policymakers. In: Stocker, T.F., Quin, D., Plattner, G.-K.,
Tignor, M.M.B., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M.
(Eds.), Climate Change the Physical Science Basis Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Working Group I Contribution to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA. https://doi.org/10.1017/
CBO9781107415324.

Jarre, A., Clarke, M.R., Pauly, D., 1991. Re-examination of growth estimates in oceanic
squids: the case of Kondakovia longimana (Onychoteuthidae). ICES J. Mar. Sci. 48,
195e200.

Kear, A.J., 1992. The diet of antarctic squid - comparison of conventional and
serological gut contents analyses. J. Exp. Mar. Biol. Ecol. 156, 161e178. https://
doi.org/10.1016/0022-0981(92)90243-4.

Lacoue-Labarthe, T., Warnau, M., Oberh€ansli, F., Teyssi�e, J.L., Bustamante, P., 2009.
Bioaccumulation of inorganic Hg by the juvenile cuttlefish Sepia officinalis
exposed to 203Hg radiolabelled seawater and food. Aquat. Biol. 6, 91e98.
https://doi.org/10.3354/ab00172.

Le Bourg, B., Kiszka, J.J., Bustamante, P., Heithaus, M.R., Jaquemet, S., Humber, F.,
2019. Effect of body length, trophic position and habitat use on mercury con-
centrations of sharks from contrasted ecosystems in the southwestern Indian
Ocean. Environ. Res. 169, 387e395. https://doi.org/10.1016/j.envres.2018.11.024.

Leaner, J.J., Mason, R.P., 2004. Methylmercury uptake and distribution kinetics in
sheepshead minnows, Cyprinodon variegatus, after exposure to CH3Hg-spiked
food. Environ. Toxicol. Chem. 23, 2138e2146. https://doi.org/10.1897/03-258.

Lischka, A., Lacoue-Labarthe, T., Hoving, H.J.T., JavidPour, J., Pannell, J.L., Merten, V.,
Churlaud, C., Bustamante, P., 2018. High cadmium and mercury concentrations
in the tissues of the orange-back flying squid, Sthenoteuthis pteropus, from the
tropical Eastern Atlantic. Ecotoxicol. Environ. Saf. 163, 323e330. https://doi.org/
10.1016/j.ecoenv.2018.07.087.

Lynnes, A.S., Rodhouse, P.G., 2002. A big mouthful for predators: the largest
recorded specimen of Kondakovia longimana (Cephalopoda : Onychoteuthidae).
Bull. Mar. Sci. 71, 1087e1090. https://doi.org/10.1080/
03036758.1992.10420819?needAccess¼true.

McArthur, T., Butler, E.C.V., Jackson, G.D., 2003. Mercury in the marine food chain in
the Southern Ocean at Macquarie Island: an analysis of a top predator, Pata-
gonian toothfish (Dissostichus eleginoides) and a mid-trophic species, the warty
squid (Moroteuthis ingens). Polar Biol. 27, 1e5. https://doi.org/10.1007/s00300-
003-0560-6.

Mikhalev, Y.A., Savusin, P.,V., Kishiyan, N.A., Ivashin, M.V., 1981. To the problem of
the feeding of sperm whales from the Southern Hemisphere. Rep. Int. Whal.
Comm. 31, 737e745.

Miramand, P., Bentley, D., 1992. Concentration and distribution of heavy metals in
tissues of two cephalopods, Eledone cirrhosa and Sepia officinalis, from the
French coast of the English Channel. Mar Biol 114, 407e414. https://doi.org/
10.1007/BF00350031.

Monteiro, L.R., Porteiro, F.M., Gonçalves, J.M., 1992. Inter- and Intra-specific Varia-
tion of Mercury Levels in Muscle of Cephalopods from the Azores, pp. 13e22.

Monteiro, L.R., Costa, V., Furness, R.W., Santos, R.S., 1996. Mercury concentrations in
prey fish indicate enhanced bioaccumulation in mesopelagic environments.
Mar. Ecol. Prog. Ser. 141, 21e25. https://doi.org/10.3354/meps141021.

Murphy, E.J., Watkins, J.L., Trathan, P.N., Reid, K., Meredith, M.P., Thorpe, S.E.,
Johnston, N.M., Clarke, A., Tarling, G.A., Collins, M.A., Forcada, J., Shreeve, R.S.,
Atkinson, A., Korb, R., Whitehouse, M.J., Ward, P., Rodhouse, P.G., Enderlein, P.,
Hirst, A.G., Martin, A.R., Hill, S.L., Staniland, I.J., Pond, D.W., Briggs, D.R.,
Cunningham, N.J., Fleming, A.H., 2007. Spatial and temporal operation of the
Scotia Sea ecosystem: a review of large-scale links in a krill centred food web.
Phil. Trans. R. Soc. B 362, 113e148. https://doi.org/10.1098/rstb.2006.1957.

Nesis, K.N., 1987. Cephalopods of the World. TFH Publications, Neptune City.
Norman, M.D., Finn, J.K., Hochberg, F.G., 2014. Family octopodidae. In: Jereb, P.,

Roper, C.F.E., Norman, M.D., Finn, J.K. (Eds.), Cephalopods of the World. An
Annotated and Illustrated Catalogue of Cephalopod Species Known to Date.
Volume 3 Octopods and Vampire Squids. FAO Species Catalogue for Fishery
Purposes, Rome, pp. 36e215.

Paiva, V.H., Tavares, P.C., Ramos, J.A., Pereira, M.E., Antunes, S., Duarte, A.C., 2008.
The influence of diet on mercury intake by little tern chicks. Arch. Environ.
Contam. Toxicol. 55, 317e328. https://doi.org/10.1007/s00244-007-9118-x.

Penicaud, V., Lacoue-Labarthe, T., Bustamante, P., 2017. Metal bioaccumulation and
detoxification processes in cephalopods: a review. Environ. Res. 155, 123e133.
https://doi.org/10.1016/j.envres.2017.02.003.

Pianka, E.R., 1970. On r and K selection. Am. Nat. 104, 592e597.
Pierce, G.J., Stowasser, G., Hastie, L.C., Bustamante, P., 2008. Geographic, seasonal

and ontogenetic variation in cadmium and mercury concentrations in squid
(Cephalopoda: Teuthoidea) from UK waters. Ecotoxicol. Environ. Saf. 70,
422e432. https://doi.org/10.1016/j.ecoenv.2007.07.007.

Raimundo, J., Caetano, M., Vale, C., 2004. Geographical variation and partition of
metals in tissues of Octopus vulgaris along the Portuguese coast. Sci. Total En-
viron. 325, 71e81. https://doi.org/10.1016/j.scitotenv.2003.12.001.

Raimundo, J., Vale, C., Can�ario, J., Branco, V., Moura, I., 2010a. Relations between
mercury, methyl-mercury and selenium in tissues of Octopus vulgaris from the
Portuguese Coast. Environ. Pollut. 158, 2094e2100. https://doi.org/10.1016/
j.envpol.2010.03.005.
Raimundo, J., Vale, C., Can�ario, J., Branco, V., Moura, I., 2010b. Relations between
mercury, methyl-mercury and selenium in tissues of Octopus vulgaris from the
Portuguese Coast. Environ. Pollut. 158, 2094e2100. https://doi.org/10.1016/
j.envpol.2010.03.005.

R Core Team, 2017. R: a Language and Environment for Statistical Computing.
Vienna, Austria. Retrieved from. https://www.R-project.org/.

Rintoul, S.R., Chown, S.L., DeConto, R.M., England, M.H., Fricker, H.A., Masson-
Delmotte, V., Naish, T.R., Siegert, M.J., Xavier, J.C., 2018. Choosing the future of
Antarctica. Nature 558, 233e241. https://doi.org/10.1038/s41586-018-0173-4.

Rjeibi, M., Metian, M., Hajji, T., Guyot, T., Ben Chaouacha-Ch�ekir, R., Bustamante, P.,
2014. Interspecific and geographical variations of trace metal concentrations in
cephalopods from Tunisian waters. Environ. Monit. Assess. 186, 3767e3783.
https://doi.org/10.1007/s10661-014-3656-2.

Rodhouse, P.G., 1988. Distribution of the neoteuthid squid Alluroteuthis antarcticus
odhner in the Atlantic sector ot the Southern Ocean. Malacologia 29, 267e274.

Roe, H.S.J., Shale, D.M., 1979. A new multiple rectangular midwater trawl (RMT
1þ8M) and some modifications to the institute of oceanographic sciences' RMT
1þ8. Mar Biol 50, 283e288. https://doi.org/10.1007/BF00394210.

Roper, C.F.E., Young, R.E., 1975. Vertical Distribution of pelagic cephalopods.
Smithson. Contrib. Zool. 209, 1e48.

Roper, C.F.E., Sweeney, M.J., Nauen, C.E., 1984. FAO species catalogue. Volume 3:
cephalopods of the world. An annotated and illustrated catalogue of species of
interest to fisheries. Fao Fish. Synop. 3, 277.

Rossi, A., Pellegrini, D., Barghigiani, C., 1993. Mercury in Eledone cirrhosa from the
Northern Tyrrhenian Sea: contents and relations with life cycle. Mar. Pollut.
Bull. 26, 683e686.

Ruelas-Inzunza, J.R., Horvat, M., P�erez-Cort�es, H., P�aez-Osuna, F., 2003. Methyl-
mercury and total mercury distribution in tissues of gray whales (Eschrichtius
robustus) and spinner dolphins (Stenella longirostris) stranded along the lower
Gulf of California, Mexico. Cienc. Mar. 29, 1e8. https://doi.org/10.7773/
cm.v29i1.138.

Seco, J., Roberts, J., Ceia, F.R., Baeta, A., Ramos, J.A., Paiva, V.H., Xavier, J.C., 2015.
Distribution, habitat and trophic ecology of Antarctic squid Kondakovia long-
imana and Moroteuthis knipovitchi: inferences from predators and stable iso-
topes. Polar Biol. https://doi.org/10.1007/s00300-015-1675-2.

Seco, J., Xavier, J.C., Coelho, J.P., Pereira, B., Tarling, G., Pardal, M.A., et al., 2019.
Spatial variability in total and organic mercury levels in Antarctic krill
Euphausia superba across the Scotia Sea. Environ. Pollut. 247, 332e339. https://
doi.org/10.1016/j.envpol.2019.01.031.

Selin, N.E., 2009. Global biogeochemical cycling of mercury: a review. Annu. Rev.
Environ. Resour. 34, 43e63. https://doi.org/10.1146/
annurev.environ.051308.084314.

Split, D.J., 1995. The diet of southern elephant seals (Mirounga leonina) from Heard
Island. Can. J. Zool. 73, 1519e1528.

Storelli, M.M., Marcotrigiano, G.O., 1999. Cadmium and total mercury in some
cephalopods from the South Adriatic Sea (Italy). Food Addit. Contam. 16,
261e265. https://doi.org/10.1080/026520399284028.

Streets, D.G., Horowitz, H.M., Jacob, D.J., Lu, Z., Levin, L., Schure, ter, A.F.H.,
Sunderland, E.M., 2017. Total mercury released to the environment by human
activities. Environ. Sci. Technol. 51, 5969e5977. https://doi.org/10.1021/
acs.est.7b00451.

Tartu, S., Bustamante, P., Goutte, A., Cherel, Y., Weimerskirch, H., Bustnes, J.O.,
Chastel, O., 2014. Age-related mercury contamination and relationship with
luteinizing hormone in a long-lived antarctic bird. PLoS One 9, e103642. https://
doi.org/10.1371/journal.pone.0103642.t004.

Tavares, S., Xavier, J.C., Phillips, R.A., Pereira, M.E., Pardal, M.A., 2013. Influence of
age, sex and breeding status on mercury accumulation patterns in the wan-
dering albatross Diomedea exulans. Environ. Pollut. 181, 315e320. https://
doi.org/10.1016/j.envpol.2013.06.032.

Turner, J., Barrand, N.E., Bracegirdle, T.J., Convey, P., Hodgson, D.A., Jarvis, M.,
Jenkins, A., Marshall, G., Meredith, M.P., Roscoe, H., Shanklin, J., French, J.,
Goosse, H., Guglielmin, M., Gutt, J., Jacobs, S., Kennicutt, M.C., Masson-
Delmotte, V., Mayewski, P., Navarro, F., Robinson, S., Scambos, T., Sparrow, M.,
Summerhayes, C., Speer, K., Klepikov, A., 2014. Antarctic climate change and the
environment: an update. Polar Rec. 50, 237e259. https://doi.org/10.1017/
S0032247413000296.

UNEP, 2013. Global Mercury Assessment 2013. UNEP Chemicals Branch.
V�alega, M., Abreu, S., Pato, P., Rocha, L., Gomes, A.R., Pereira, M.E., Duarte, A.C., 2006.

Determination of organic mercury in biota, plants and contaminated sediments
using a thermal atomic absorption spectrometry technique. Water Air Soil
Pollut. 174, 223e234. https://doi.org/10.1007/s11270-006-9100-7.

Xavier, J.C., Cherel, Y., 2009. Cephalopod Beak Guide for the Southern Ocean. British
Antarctic Survey, Cambridge.

Xavier, J.C., Rodhouse, P.G., Purves, M.G., Daw, T.M., Arata, J., Pilling, G.M., 2002.
Distribution of cephalopods recorded in the diet of the Patagonian toothfish
(Dissostichus eleginoides) around South Georgia. Polar Biol. 25, 323e330.

Xavier, J.C., Cherel, Y., Allcock, L., Rosa, R., Sabirov, R.M., Blicher, M.E., Golikov, A.V.,
2018. A review on the biodiversity, distribution and trophic role of cephalopods
in the Arctic and Antarctic marine ecosystems under a changing ocean. Mar Biol
165, 1e26. https://doi.org/10.1007/s00227-018-3352-9.

Zhang, Y., Jacob, D.J., Horowitz, H.M., Chen, L., Amos, H.M., Krabbenhoft, D.P.,
Slemr, F., St Louis, V.L., Sunderland, E.M., 2016. Observed decrease in atmo-
spheric mercury explained by global decline in anthropogenic emissions. Proc.
Natl. Acad. Sci. U.S.A. 113, 526e531. https://doi.org/10.1073/pnas.1516312113.

https://doi.org/10.1126/science.1151084
https://doi.org/10.1126/science.1151084
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref29
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref29
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref29
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref29
https://doi.org/10.1016/0022-0981(92)90243-4
https://doi.org/10.1016/0022-0981(92)90243-4
https://doi.org/10.3354/ab00172
https://doi.org/10.1016/j.envres.2018.11.024
https://doi.org/10.1897/03-258
https://doi.org/10.1016/j.ecoenv.2018.07.087
https://doi.org/10.1016/j.ecoenv.2018.07.087
https://doi.org/10.1080/03036758.1992.10420819?needAccess&equals;true
https://doi.org/10.1080/03036758.1992.10420819?needAccess&equals;true
https://doi.org/10.1080/03036758.1992.10420819?needAccess&equals;true
https://doi.org/10.1007/s00300-003-0560-6
https://doi.org/10.1007/s00300-003-0560-6
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref37
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref37
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref37
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref37
https://doi.org/10.1007/BF00350031
https://doi.org/10.1007/BF00350031
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref39
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref39
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref39
https://doi.org/10.3354/meps141021
https://doi.org/10.1098/rstb.2006.1957
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref42
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref43
https://doi.org/10.1007/s00244-007-9118-x
https://doi.org/10.1016/j.envres.2017.02.003
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref46
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref46
https://doi.org/10.1016/j.ecoenv.2007.07.007
https://doi.org/10.1016/j.scitotenv.2003.12.001
https://doi.org/10.1016/j.envpol.2010.03.005
https://doi.org/10.1016/j.envpol.2010.03.005
https://doi.org/10.1016/j.envpol.2010.03.005
https://doi.org/10.1016/j.envpol.2010.03.005
https://www.R-project.org/
https://doi.org/10.1038/s41586-018-0173-4
https://doi.org/10.1007/s10661-014-3656-2
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref53
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref53
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref53
https://doi.org/10.1007/BF00394210
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref55
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref55
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref55
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref56
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref56
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref56
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref57
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref57
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref57
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref57
https://doi.org/10.7773/cm.v29i1.138
https://doi.org/10.7773/cm.v29i1.138
https://doi.org/10.1007/s00300-015-1675-2
https://doi.org/10.1016/j.envpol.2019.01.031
https://doi.org/10.1016/j.envpol.2019.01.031
https://doi.org/10.1146/annurev.environ.051308.084314
https://doi.org/10.1146/annurev.environ.051308.084314
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref61
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref61
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref61
https://doi.org/10.1080/026520399284028
https://doi.org/10.1021/acs.est.7b00451
https://doi.org/10.1021/acs.est.7b00451
https://doi.org/10.1371/journal.pone.0103642.t004
https://doi.org/10.1371/journal.pone.0103642.t004
https://doi.org/10.1016/j.envpol.2013.06.032
https://doi.org/10.1016/j.envpol.2013.06.032
https://doi.org/10.1017/S0032247413000296
https://doi.org/10.1017/S0032247413000296
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref67
https://doi.org/10.1007/s11270-006-9100-7
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref69
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref69
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref70
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref70
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref70
http://refhub.elsevier.com/S0045-6535(19)32022-3/sref70
https://doi.org/10.1007/s00227-018-3352-9
https://doi.org/10.1073/pnas.1516312113

	Mercury levels in Southern Ocean squid: Variability over the last decade
	1. Introduction
	2. Material and methods
	2.1. Sampling
	2.2. Laboratory procedures
	2.3. Statistical analysis

	3. Results
	3.1. Total mercury concentrations in muscle of Antarctic squid
	3.2. Differential tissue accumulation of total mercury in Antarctic squid
	3.3. Temporal trends of total mercury concentrations in muscle of Antarctic squid
	3.4. Organic mercury concentrations and proportions in Antarctic squid

	4. Discussion
	4.1. Total mercury concentrations according to size in Antarctic squid
	4.2. Tissue allocation of mercury in Antarctic squid
	4.3. Temporal trends of mercury concentrations in Antarctic squid

	Acknowledgments
	References


