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Abstract: Cephalopods represent an important pathway for mercury transfer through
food-webs. Due to the general difficulties in capturing oceanic squid, beaks found in the
diet of top predators can be used to study their life-cycles and ecological role. Using upper
beaks of the giant warty squid Moroteuthopsis longimana (major prey in the Southern
Ocean), we describe a method to assess mercury concentrations along the life of
cephalopods through the segmentary analysis of beak sections (i.e. rostrum’s tip and
subsections along the hood). Distinct total mercury concentrations in the different
subsections support that beaks can be used to study mercury levels in different periods of
cephalopods’ life-cycle. Mercury values in the anterior (1.3 to 7.9 ug kg dw) and
posterior (7.8 to 12.5 ug kg?' dw) subsections reflect juvenile and adult stages,
respectively. Furthermore, these results confirm that mercury bioaccumulates
continuously throughout the individuals’ life, with adults doubling their mercury

concentrations to juveniles.
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1 Introduction

Occurring naturally in the World’s Ocean, e.g. via emissions from hydrothermal
vents (Mason et al., 2012), mercury is a contaminant that presents high toxicity to
animals, including humans (Karagas et al., 2012; Mason et al., 2012; Wolfe et al., 1998).
Primarily found in its inorganic forms (Hg'"), the activity of anaerobic bacteria or the
decomposition of organic carbon transforms it in methylmercury (CHzHg) (Mason et al.,
2012). In its methylated form, mercury bioaccumulates in marine organisms and
biomagnifies through food webs (Jarman et al., 1996; Mason et al., 2012; Penicaud et al.,
2017). Mercury concentrations in marine ecosystems increased over the last decades due
to anthropogenic activities (Mason et al., 2012; Streets et al., 2011), with climate change
exacerbating this increase by, for example, releasing the mercury trapped in melting
glaciers (Eagles-Smith et al., 2018; Stern et al., 2012). The Southern Ocean is one of the
World’s oceans with highest mercury levels, with the percentage of methylated mercury
varying between waters south (~74% of the total mercury) and north (~50% of the total
mercury in deep waters) of the Antarctic Polar front (Cossa et al., 2011; Mason et al.,
2012), with top predators already presenting high levels of mercury (Carravieri et al.,
2016; Cherel et al., 2018; Tavares et al., 2013). Mainly transmitted by the food web, prey
is the main source of mercury to top predators (Anderson et al., 2009; Seco et al., 2019).

Cephalopods have a major ecological and economical relevance in marine
ecosystems around the world, being both predator and prey in food webs (Boyle and
Rodhouse, 2005; Young et al., 2013). Because cephalopods are abundant and are known
to accumulate considerable levels of mercury in their tissues (Bustamante et al., 2006;
Seco et al., 2020), they play an important role in the transfer of mercury to the top of food
webs (Bustamante et al., 2006; Xavier et al., 2018; Young et al., 2013). Until now,

numerous studies assessed mercury levels in the digestive gland of cephalopods. The



metal detoxification capacities of this organ are well-known (Penicaud et al., 2017).
Together with mercury levels in muscle (e.g. mantle and arms), these tissues may contain
up to 90% of the whole mercury body burden (Bustamante et al., 2006). Muscle are also
the most consumed tissue by predators and represent the main pathway for mercury
transfer (Bustamante et al., 2006; Chouvelon et al., 2012; Pierce et al., 2008). However,
the study of both digestive gland and muscle was carried out mostly for coastal and
commercialised species (Bustamante et al., 2006; Chouvelon et al., 2012; Lourenco et al.,
2009; Pierce et al., 2008), mainly because traditional fishing methods generally do not
capture non-commercialised species (Boyle and Rodhouse, 2005). Moreover, with the
low number of scientific cruises targeting cephalopods in remote areas of the world, e.g.
the Southern Ocean (Griffiths, 2010), a gap of knowledge persists regarding the mercury
levels of Antarctic oceanic squid (Rodhouse et al., 2014).

Cephalopod beaks (chitinous mandibles) growth throughout the life of individuals
without replacement and are widely used in cephalopod studies (Clarke, 1986; Xavier and
Cherel, 2009; Xavier et al., 2016). Beaks resist to digestion and accumulate in predators’
stomachs (Clarke, 1986; Miserez et al., 2010; Tan et al., 2015), which can be easily
accessed for research studies through different methods (Xavier & Cherel, 2009).
Different analyses applied to beaks (e.g. stable isotopes) allow the study of several
characteristics of the squid’s life-cycle, including habitat, trophic ecology, age and life
events (Cherel and Hobson, 2005; Perales-Raya et al., 2010, 2014, 2018; Ruiz-Cooley et
al., 2006). Recently, Xavier et al. (2016a) also showed that beaks can be used to access
mercury levels in cephalopods. Despite beaks are not the major mercury accumulator in
cephalopods, their concentration can be used as a proxy for other tissues [e.g. muscle
possesses approx. 10-fold more mercury than beaks (Matias et al., 2019; Xavier et al.,

2016a)]. Yet, as in digestive gland and muscle analyses, mercury determination using



whole beaks provide only an average of individuals’ levels, while it is known that some
species shift their diet and/or habitat with ontogenesis (Chouvelon et al., 2011). Recent
studies showed that the analysis of different beak regions provided valuable data on
different periods of individuals’ lifespans, from juvenile to adult stages (Guerra et al.,
2010; Queiros et al., 2018). The evolution of the trophic position revealed by the analysis
of different portions of squid beaks, suggests that the mercury exposure of squids evolves
during ontogenesis, as shown for soft tissues (Chouvelon et al., 2011). Thus, there is a
need to develop a simple technique that, using squid beaks, enables to study the variation
of mercury exposure in different periods of an individuals’ life.

Within Antarctic squid, the giant warty squid Moroteuthopsis (formerly known as
Kondakovia) longimana [Family: Onychoteuthidae (Bolstad et al., 2018)], is a Southern
Ocean squid with a circumpolar distribution (Xavier et al., 2016b), which can be used as
a model species to develop such method. M. longimana is predated in different stages of
its life-cycle (e.g. penguins feed on juveniles whilst wandering
albatrosses/toothfish/toothed whales feed on adults (Cherel and Weimerskirch, 1999;
Roberts et al., 2011; Xavier et al., 2003) and exhibits a large size and mass [mantle length
up to 1.1 m (Lynnes and Rodhouse, 2002; Rodhouse et al., 2014)]. Due to its importance
in the diet of Antarctic top predators, M. longimana can be an important pathway of
mercury through the Antarctic food web, thus it is also important to assess mercury levels
along its life. Furthermore, ontogenetic changes in the diet throughout the life cycle of M.
longimana (Cherel and Hobson, 2005; Queirds et al., 2018) suggest a change in the
mercury exposure because of mercury trophic-magnification (Chouvelon et al., 2011;
Jarman et al., 1996). This change in exposure confirms M. longimana as a good model

organism to validate this technique since it allows to determine which beak sections



provide reliable values for the different life-stages. Also, its large beaks provide more
material to test this methodology, as are easier to sectioning.

Under such context, habitat and trophic ecology (5*C and ¢*°N values) of upper
cephalopod beaks have been already analysed from the tip of the rostrum (proxy for early
life-stage) and four subsections along the hood (posterior region of the hood represents
older life-stage) to discriminate different periods of the life-cycle of M. Longimana
specimens used in this study (Queirds et al., 2018). Here, the main objectives are: (1) to
describe a reliable method to study mercury levels throughout an individuals’ life-cycle
using different sections of upper beaks; and (2) to compare the mercury levels in different

M. longimana’s life stages with its respective habitat and trophic ecology.

2 Materials & Methods

Beaks of M. longimana were collected from different stomachs of Patagonian
toothfish Dissostichus eleginoides captured in 2009 on board of the FV San Aspiring at
South Sandwich Islands [between 55.7°S and 59.9°S (Roberts et al., 2011)]. Beaks were
identified following Xavier and Cherel (2009) and preserved in 70% ethanol.

A total of 10 large upper beaks previously analysed for 53C and J*°N (Queirds et
al. 2018) were used in this study. All these beaks had similar size and belonged to adult
individuals of M. longimana (fully chitinized beaks (Clarke, 1986), and the Upper Hood
Length (UHL) measured using a digital calliper (£ 0.01 mm) (Table 1, Fig. 1). For stable
isotopic analysis and mercury analyses (see below), these beaks were sectioned using
laboratory stainless steel scissors into tip of the rostrum (R) and a section along the hood,
afterwards subdivided into four equal subsections - IV the earliest and | the latest to be
formed (Fig. 1). To cut the tip of the rostrum, we started by doing a mark (using the

scissors) in the zone where we were going to cut and when the scissors were well secured



in the place. Then, inside a bowl covered with parafilm, we cut the tip of the rostrum. To
avoid contamination, we washed the scissors, bowl and the beak piece every time we cut
a section. Subsections of the hood, i.e. IV to I, only comprising material from the hood,
with subsection IV being the area just after the junction of the hood, crest and lateral wall
in the rostrum. Beak parts were cleaned using 80% ethanol, stored in separated microtubes
and dried in an oven at 60°C. The different beak parts were reduced to a fine powder using
a mixer mill Retsch® MM400 for 10 min with a frequency of 30 s 2.

UHL at each subsection (LS) was estimated following the equation (considering

3 mm for the tip of the rostrum):

LS = == XSS,

where SS; is the subsection position in relation to the tip of the rostrum (Table 1).

Using the same samples, in which stable isotopic analyses were also conducted,
total mercury (T-Hg - inorganic and organic forms hereafter mercury) was determined
using an atomic absorption spectrometry (AAS) with thermal decomposition and gold
amalgamation, using an Advanced Mercury Analyser (AMA) Leco® 254 [minimum
detection of 0.01 ng of mercury (Costley et al., 2000)]. This methodology requires,
ideally, ~35mg of sample but works with lower mass if the amount of mercury is above
the minimum detection limit. It not requires a pre-treatment or digestion of the samples.
During the analysis, replicates of certified reference materials (NIST® 2976 (mussel
tissue) — 61.0 + 3.6 ug kg dw) were analysed to secure the accuracy and precision of the
method. The coefficient of variation was lower than 11% (n=12; except measurements in
ML_U10 where variation ranged between 7% and 51%, likely due to very little mass) and
a recovery efficiency of 87 £ 4% (n=24). Because of the low mass of each subsection, T-
Hg in R was determined on a single pooled sample (ML_U1+2+3+4+5+6+7+8+9+10 —

Table 1). For subsections IV, 11, Il and | samples were pooled in groups of three, except



ML_U10 which was measured individually (ML_U1+2+3; ML_U4+5+6; ML_U7+8+9;
ML_U10 - Table 1). These pools had beaks of similar size, ingested recently as toothfish
stomachs do not retain cephalopod beaks for long periods (Pilling et al., 2001).
Furthermore, as M. longimana have a short life-span of 1 to 3 years (Jarre et al., 1991;
Laptikhovsky et al., 2013; Boyle and Rodhouse, 2005), these pools were constituted by
individuals of similar size, age and maturation state. Individual stable isotopic analysis
results showed little variation in 6*C and 6'°N values amongst the 10 individuals,
suggesting similar habitat and trophic ecology. For these analyses, ~0.35mg of each
subsection (R, 1V, 11, 11, I) were measured using a continuous flow isotope ratio mass
spectrometry (Queiros et al., 2018). Thus, the result of the pool is expected to reflect the
individuals’ mercury levels.

Because T-Hg concentration in R derive from just one value, this beak subsection
was not considered in statistical analysis. To test differences in the T-Hg concentrations
between the four beak subsections, we performed a RM one-way ANOVA with
Greenhouse-Geisser correction, proceeded by a Tukey’s multiple comparison test to
perform a pairwise comparison. The correlation between T-Hg concentrations and LS and
0N was tested using a Pearson’s correlation. As 5*3C values (proxy for habitat) did not
change significantly across subsections (Annex 1) they were not considered to analyse
variations in the T-Hg concentrations in this study. Statistical analyses were performed
using Graphpad Prism® v6.01 using a= 5%. Images were prepared using Adobe

Photoshop CC 2015® and Adobe Illustrator CC 2015®.



Fig. 1. Analysed beak sections. UHL: Upper Hood Length; R: Tip of the Rostrum; 1V, 111, 11, I: analysed
hood’s subsections (IV is the first to be formed (juvenile) and I the last (adult).



Table 1. Size of the beaks and subsections, total mercury concentrations and §*°N values [measured in Queirds et al. (2018)] in each subsection. UHL: Upper Hood Length; LS: UHL at

each subsection T-Hg: Total mercury concentrations; R: Tip of the Rostrum; IV, III, II, I: analysed hood’s subsections (IV is the first to be formed (juvenile) and I the last (adult).

LS (mm) T-Hg (ng kg dw) 0N values (%)
Beak UHL (mm)
v 11 I | R v 11 I | R v 1 I I
ML_U1 53.4
ML_U2 48.6 14.6 26.2 37.8 49.3 5.7 5.7 7.6 11.9 +59 +6.2 +65 +7.1
ML_U3 46.1
ML_U4 424
ML_U5 57.3 14.8 26.7 385 50.4 7.9 8.6 9.7 125 +6.2 +6.7 +73 +75
9.1 +42
ML_U6 515
ML_U7 404
ML_U8 51.8 133 23.6 34.0 443 5.7 5.7 6.3 7.8 +6.1 +6.9 +72 +72
ML_U9 406
ML_U10 43.0 13.0 23.0 33.0 43.0 13 3.8 4.0 8.2 +51 +58 +59 +63
139+ 249+ 358+ 468+ 52+ 6.0+ 69+ 101+ +58+ +6.41+ +6.7+
Mean + SD 0.9 1.8 27 3.6 9.1 238 2.0 24 24 i 0.5 0.5 0.7 e
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3 Results

The values of T-Hg ranged from 0.8 to 12.6 pug kg™ dw in ML_U10 subsection IV
and ML_U4+5+6 subsection I, respectively (Table 1). Generally, the T-Hg increased
from subsection IV to subsection I: the lowest T-Hg were found in the subsection IV
(Mean + SD: 5.1 + 2.6 pg kg™ dw) and the highest in subsection | (Mean + SD: 10.1 +
2.6 ng kg dw) (Table 1, Fig. 2). The T-Hg of R was higher than those from subsections
Il and IV (Table 1). Significant differences were found between the four subsections
(RM one-way ANOVA with Greenhouse-Geisser correction, F1.445,10.11= 27.93, p< 0.001)
with Tukey’s multiple comparison test showing specific differences between subsections
(Fig. 2). Significant positive correlations were found between LS and T-Hg (Pearson’s
correlation, n=16, r= 0.724, p= 0.002). T-Hg also correlated positively with 6*°N values

(Pearson’s correlation, n=16, r=0.799, p< 0.001) (Fig. 3).
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Fig. 2. Total mercury concentrations in the different beak sections. Bars with different letters are
significantly different (Tukey’s multiple comparison test). White bar = tip of the rostrum, n=1 with 1
replicate (not included in statistical analysis and without SD); Grey bar = subsections of the hood values,
n=4 with 2 replicates each (8 values per bar). Values are mean + SD.
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Fig. 3. Correlations between total mercury concentrations and LS and 6*°N values from subsections IV

to I (Queiros et al., 2018). LS: UHL at each subsection; T-Hg: Total mercury; Straight line: correlation

between T-Hg and UHL (r= 0.7243, p= 0.002); Dashed line: correlation between T-Hg and §'°N values
(r=10.7989, p< 0.001). Each point represents the average of LS and §'°N value for each subsection pool.

4 Discussion

4.1 Mercury analysis along cephalopod beaks as a reliable method

Cephalopod beaks grow throughout the life of the individuals without
replacement. The rostrum is the first region to be formed with the lateral wall, crest and
hood growing continuously by the addition of new beak material (Perales-Raya et al.,
2010, 2014a, 2014b, 2018; Queiros et al, 2018). Mercury bioaccumulates in organisms,
increasing from early life-stages to adults (Jakimska et al., 2011). The lowest mercury
levels found in subsection IV (formed earlier in squid ontogeny) and the highest
concentrations in subsection I (last to be formed) show that different upper beaks’ sections

can be used to evaluate how mercury concentrations change throughout an individuals’
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life: the anterior region of the hood (subsection 1V) reflecting the earlier life stages and
the posterior part of the hood (subsection 1) reflecting the adult stage.

Unexpectedly, the tip of the rostrum (R - first beak region to be formed in squid’s
life) presented the highest concentration of mercury. This is possibly explained by the
continuous formation of daily beak material throughout the life of the individual in this
area as shown in previous (Perales-Raya et al., 2010, 2014b). Such daily increment can
suggest that R can deliver an average value of mercury exposure of the entire squids’ life.
However, R also contains more proteins than the rest of the beak (Miserez et al., 2008),
favouring mercury binding in comparison to the rest of the beak. This affinity between
mercury and proteins in cephalopods was already showed (Bustamante et al., 2006).
Nevertheless, and because this result derives from one pooled analysis of 10 beaks, future
studies should analyse this region in more detail. Future studies can also explore the
hypothesis of, using a more detailed technique (e.g. LA-ICP-MS), relate mercury
concentrations with a specific age in days.

Mercury concentrations in this study (0.8 to 12.6 pg kg™ dw), as in whole beaks
[4.0 to 13.0 ug kg dw in M. longimana; and 4.0 to 70.0 pg kg* dw in other species such
as Adeliedone polymorpha, Filippovia knipovitchi, Galiteuthis glacialis, Gonatus
antarcticus Pareledone turqueti and,Psychroteuthis glacialis (Matias et al., 2019; Xavier
et al., 2016a)], are ~10 times lower than in other tissues of Southern Ocean cephalopods
(80 to 110 ug kg* dw in muscle tissue of M. longimana; and to a maximum of 310 ug kg™
L dw in other Southern Ocean squid; and to 600 ug kg™ dw in benthic Antarctic octopods
(Anderson et al., 2009; Matias et al., 2019; McArthur et al., 2003; Xavier et al., 2016a).
Similar differences are also found in different world regions (up to 1998 and 3320 ug kg
L dw in Todarodes sagittatus and Architeuthis dux, respectively (Bustamante et al., 2006,

2008; Chouvelon et al., 2012; Pierce et al., 2008). This difference suggests that beaks
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accumulate far less mercury than soft tissues, showing an important inter-tissue
variability in mercury concentrations in cephalopods (Bustamante et al., 2008). Despite
analysing muscle and beaks, Xavier et al. (2016a) analysed tissues from different
individuals precluding a direct comparison in the accumulation rates of different tissues.
Following the work of Cherel et al. (2009) with stable isotopes, we suggest that future
studies should analyse mercury concentrations in different tissues from the same
individuals to evaluate the inter-tissue variability. Although we tested this methodology
in large beaks, it has potential to be applied to a variety of beak sizes of different species.
It might be necessary to pool different beaks of similar size, particular from cephalopod
species with small beaks, to obtain a minimum mass to secure a confident result. We
suggest that this technique can be used to assess other important trace elements
throughout cephalopods’ life, as recent studies using Moroteuthopsis ingens lower beaks
showed that beaks can also accumulate other trace elements (Northern et al., 2019;
Rodriguez-Navarro et al., 2006). Despite we used upper beaks, this technique can also be
applied to the lower beak. With results obtained from these analyses (e.g. mercury, other
trace elements, stable isotope analysis) and relate it to age information, it can possible

determine the bioaccumulation in relation to the specific age in days (discussed above).

4.2 Mercury levels through the life-cycle of M. longimana in relation to its ecology

Mercury concentrations in the different beak sections show that adults (subsection
I) exhibit twice as much mercury as juveniles (subsection 1V). Thus, predators feeding on
adults [e.g. wandering albatrosses (Xavier et al., 2003)] should receive twice as much
more mercury from M. longimana than those feeding on juveniles [e.g. king penguins
(Cherel and Weimerskirch, 1999)]. As cephalopods bioaccumulate mainly methylated

mercury (Bustamante et al., 2006), the feeding of the different M. longimana life stages
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may influence the exposure of predators to mercury and consequently Hg levels in their
tissues. Nevertheless, predators’ mercury exposure can be influenced by the habitat of M.
longimana, as previous studies showed that mercury values in the organisms may vary
with the location (Seco et al., 2019).

To our knowledge, only one study analysed mercury levels in the beaks of M.
longimana, obtaining lower concentrations than our study (Xavier et al., 2016a). This
difference can be explained by the methodological approach because Xavier et al.,
(2016a) analysed the whole beak, measuring an average value of the entire squid’s life.
Also, Xavier et al., (2016a) analysed smaller individuals that are expected to have lower
mercury levels. Though we cannot compare directly the mantle length because no
allometric equations are available for upper beaks, the size and coloration of beaks
(Clarke, 1986; Xavier and Cherel, 2009) in both studies strongly suggest the difference
in the size of the studied individuals. Furthermore, this difference can also be related with
the sex of the studied individuals as it is suggested that sex can have an influence on
mercury concentrations, in particular in sexually dimorphic species, e.g. Loligo forbesi
(Monteiro et al., 1992), as the case of M. longimana (Laptikhovsky and Xavier, 2017).
Nevertheless, because both studies analysed beaks from unsexed specimens and Xavier
et al. (2016a) only analysed 6 beaks, we suggest that a future studies should analyse this
sex-related differences in mercury concentrations of M. longimana.

The correlation between SL and mercury levels (excluding the tip of the rostrum)
suggests a continuous bioaccumulation throughout an individuals’ life-cycle. Indeed,
differences between non-adjacent subsections suggest a continuous increase in mercury
accumulation throughout the squid’s life-cycle. Different results (no correlation between
beak size and mercury concentrations), were obtained in entire lower beaks of M.

longimana from the same study region (Xavier et al., 2016a). Differences might result
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from the use of entire lower beaks in Xavier et al., (2016a) which delivers an average
value for the entire individuals’ life cycle (discussed above). The difference of subsection
I suggests a higher mercury accumulation rate in the end of the life-cycle of M. longimana
compared to the beginning and middle of its life-cycle. Changes in accumulation rates
during its life may relate with a dietary shift during its life cycle. Previous studies, using
different techniques, suggest a change from zooplankton in early life to higher trophic
levels (e.g. fish and squid) as adults (Cherel and Hobson, 2005; Nemoto et al., 1985, 1988;
Seco et al., 2016). Indeed, stable isotopes of J*°N in the same sections used in this study
suggest an increase of one trophic level from section R to section 1V, supporting a dietary
shift between the formation of both beak sections (Queirds et al., 2018). Mercury trophic
biomagnification (Chouvelon et al., 2012; Jarman et al., 1996) would explain the increase
of mercury from subsection 1V to subsection Il1, as the main diet shift happens early in
the squid life (Queiros et al., 2018). However, such shift is not reflected in a high increase
in mercury levels. But, it is in this period of its life-cycle (i.e. from subsection IV to
subsection 111) that M. longimana present high growing rates (Bizikov, 1991), suggesting
a dilution effect during this period.

Similar 6°N values between subsection Il and | suggest that M. longimana feed
at the same trophic position and prey during the second-half of squid’s life cycle (Queiros
et al., 2018). Therefore, the rapid increase of mercury between these subsections possibly
relates with an increasing feeding rate as squid prepares to reproduce.

Mercury concentrations generally increase with size in squid [for review, see
Penicaud et al. (2017) but also Lischka et al. (2018, 2019)]. However, some studies did
not find this relationship to be significant for some oceanic, such as M. ingens (McArthur
et al., 2003), Illex coindetii and Todarodes sagittatus (Bustamante et al., 2006), nor for

some neritic squid such as Loligo forbesi (Bustamante et al., 2006) and Loligo sp. (Ahmad
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et al., 2015). Furthermore, Xavier et al. (2016a) found a negative relation between
mercury concentrations and the estimated mantle size of five Southern Ocean squid
species (all species together). Such interspecific difference might relate the species’
ontogeny, the prey type or even environmental conditions (Penicaud et al., 2017).
Values of ¢*°N are commonly used to determine the trophic position of animals
in marine systems, including Southern Ocean cephalopods (Cherel and Hobson, 2005).
Positive correlations found between mercury levels and 6*°N values [analysed in Queirds
etal. (2018)] of each subsection confirm that trophic biomagnification influences mercury
levels in M. longimana (Chouvelon et al., 2012; Jarman et al., 1996). Similar results were
obtained for other cephalopod species in the Southern Ocean and Northeast Atlantic
(Chouvelon et al., 2012). Lower mercury levels of M. longimana in comparison with
smaller Southern Ocean squid species, e.g. Alluroteuthis antarcticus, F. knipovitchi, G.
glacialis, G. antarcticus, M. ingens and P. glacialis (McArthur et al., 2003; Seco et al.,
2020; Xavier et al., 2016a), might relate with differences in the trophic position. Indeed,
these species present higher 5°N values than M. longimana, thus higher trophic position
(Alvito et al., 2015; Anderson et al., 2009; Queiroés et al., 2018; Seco et al., 2016). Recent
analyses using compound-specific isotopic analysis of amino acids on beaks (which
overcomes the depletion of chitin in N and improve the knowledge on the food web
functioning) of M. longimana confirmed that this squid feeds at low trophic level (Cherel

etal., 2019).

5. Conclusions
Here we evaluated the T-Hg concentrations in different subsections of M.
longimana’s upper beaks to demonstrate it as a reliable technique to investigate the

variation of mercury exposure throughout a cephalopod life-cycle. Moreover, we
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confirmed that M. longimana bioaccumulate mercury throughout its life, with adults
being exposed two times more than juveniles, which might affect the top predators
exposure to mercury according to the different life-stages of this squid. With a clear
relationship between mercury concentrations and 6*°N values [obtained in Queiros et al.
(2018)], we confirmed that trophic magnification of mercury influences the mercury
concentrations in this species.

Future studies should analyse the anterior section of the hood (adjacent to the tip
of the rostrum) and the posterior section of the hood to evaluate mercury levels in
individual’s juvenile and adult life-stage, respectively. Our results do not show that the
tip of the rostrum is a reliable section to study mercury concentrations in any specific
period of cephalopods’ life-cycle. Because we just obtained one value for this region due
to the low sample mass available, specific studies should be devoted to the rostrum in
particular in the future. Despite we tested the technique using large M. longimana upper
beaks, this technique can also be applied to species with smaller beaks, however with the
possibility to pool different beaks, and to lower beaks as for stable isotopes (Queiros et
al., 2018). Furthermore, future studies can also apply this technique in beak regions where
it is possible to determine the age of the individual, e.g. Rostrum Sagittal Section (Perales-
Raya et al., 2014b) and study the bioaccumulation in different squid species and related

with the age, or analyse different trace elements.
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Supplementary material

Annex 1. §3C values in the analysed subsections obtained by Queirds et al. (2018).

Beak 013C values (%o)
R v 1 1 |
ML_U1
ML_U2 -24.0 -24.1 -23.9 -23.6
ML_U3
ML_U4
ML_U5 -24.2 -23.8 -233 -23.0
-244
ML_U6
ML_U7
ML_U8 -24.9 -25.2 -24.8 -23.0
ML_U9
ML_U10 -26.3 -25.3 -25.2 -25.0
_o44 -245+ -246+ -243+ -232+

0.9 0.7 0.7 0.3




