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A B S T R A C T

Cephalopods play a major role in marine food webs as both predators and prey. Although most of the Hg in 
cephalopods is present in the muscle, most studies on its accumulation by predators are based on concentrations 
in beaks. Here, using upper and lower beaks and buccal masses of Moroteuthopsis longimana, we evaluated the 
relationship between Hg concentrations in different cephalopod tissues. Hg concentrations in muscle tissue 
(329.9 ± 166.4 ng.g− 1 dw) were ≈100-fold higher than in different sections of the upper (3.5 ± 1.4 ng.g− 1 dw) 
and lower (3.5 ± 1.0 ng.g− 1 dw) beaks. A positive linear relationship was found between the Hg in the beak wing 
and in the muscle. Hg concentrations in the wing are therefore a useful proxy for the total Hg body burden, and 
their analysis provides a means of assessing the levels, transport and fate of Hg in marine ecosystems.

1. Introduction

Mercury (Hg) is a naturally occurring metal but whose concentra
tions have increased in the environment due to anthropogenetic activ
ities such as mining and the burning of fossil fuels (Streets et al., 2017). 
Hg is a toxic element, especially in its organic form, causing adverse 
reproductive, neurological, immunological, physiological or behav
ioural effects in wildlife and humans (Bustamante et al., 2006; Goutte 
et al., 2014; Kershaw and Hall, 2019; Sunderland, 2007). Due to its high 
affinity to proteins and high bioavailability, organisms accumulate Hg 
throughout their life (Bustamante et al., 2006; Seco et al., 2020). Marine 
organisms intake most of their Hg from their prey, and to a lesser extent 
from surrounding seawater (Seco et al., 2021a). Hg bioaccumulates 
throughout the life of organisms (Bustamante et al., 2016; Cai et al., 
2007), and biomagnifies in food webs to reach high concentrations in 
some top predators (Matias et al., 2022; Mills et al., 2020; Seco et al., 
2021a). To understand the threat of Hg for higher predators, it is 

important to monitor and evaluate concentrations in organisms at mid 
trophic levels, as they are major links in the Hg trophic transference.

The polar regions are a sink for Hg (Angot et al., 2016). Although 
Antarctica is largely free of human activities that release Hg, it is 
transported from lower latitudes into the region by atmospheric currents 
where it then condenses and precipitates (Lean et al., 2005). Indeed, 
higher concentrations of Hg have been measured in the Southern Ocean 
than in open water closer to anthropogenic sources (Cossa et al., 2011). 
Hg concentrations in some Southern Ocean organisms are also higher 
than in other oceans (Cherel et al., 2018; Lischka et al., 2021; Seco et al., 
2021b), with previous studies showing an increase in the recent decades 
(Carravieri et al., 2016; Mills et al., 2020; Queirós et al., 2020b). Many 
studies have measured Hg concentrations in marine predators in the 
Southern Ocean, including seabirds (e.g. Bustamante et al., 2016; Car
ravieri et al., 2017; Cherel et al., 2018; Cusset et al., 2023; Mills et al., 
2020), marine mammals (e.g. Barragán-Barrera et al., 2024; Celis et al., 
2022) and fishes (e.g. Cipro et al., 2018; Goutte et al., 2015; Queirós 
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et al., 2020b; Seco et al., 2020). However, few have measured Hg in 
cephalopods, despite their importance as both predators and prey (e.g. 
Lischka et al., 2023; Queirós et al., 2020a; Seco et al., 2021a, 2020).

Southern Ocean squid are difficult to catch using scientific nets, 
especially larger specimens, due to their fast movements and avoidance 
behaviours (Rodhouse, 2013). As consequence, most studies focusing on 
Southern Ocean cephalopods used beaks obtained from diet samples of 
their predators (Xavier et al., 2022). Cephalopod beaks are chitinous 
structures that resist to digestion; as such, they accumulate in the 
stomachs of predators and can be sampled when regurgitated in a bolus 
(pellet) or when the animal dies (Xavier et al., 2022). As beak shape 
differs between species, and the beak grows throughout the life of the 
animal, it is possible to identify species from beak morphology and es
timate the size of the individual (Clarke, 1986; Xavier et al., 2022; 
Xavier and Cherel, 2021). Chemical analyses can also be applied to 
beaks, including stable isotope analyses that provide proxies for habitat 
and trophic level, and analyses of trace elements, including Hg (Matias 
et al., 2019; Northern et al., 2019; Queirós et al., 2020a; Xavier et al., 
2016). Previous studies show that Hg concentrations vary between 
different tissues (Xavier et al., 2016), with higher concentrations 
(≈10-fold) in muscle than beaks (Bustamante et al., 2006; Matias et al., 
2019; Xavier et al., 2016). As the mantle forms the bulk of the cepha
lopod body, muscle is the most relevant tissue for uptake of Hg to 
predators (Ahmad et al., 2015). Although several studies have measured 
Hg concentrations in muscle and beaks, they did not determine if con
centrations in both tissues were correlated (Northern et al., 2019; 
Queirós et al., 2020a; Seco et al., 2020; Xavier et al., 2016).

The giant warty squid Moroteuthopsis longimana is an abundant 
Southern Ocean species with a circumpolar distribution in Antarctic and 
subantarctic waters (Cherel, 2020; Collins and Rodhouse, 2006; Xavier 
et al., 2018). It is a deep-sea species that can live at least 2 years and 
reach >2 m in total length (Lu and Williams, 1994; Lynnes and Rod
house, 2002; Queirós et al., 2023). This species is one of the best studied 
squid species in the Southern Ocean, with previous studies analysing its 
diet, habitat, ecology, growth and reproduction (e.g. Abreu et al., 2020; 
Laptikhovsky and Xavier, 2017; Nemoto et al., 1988; Queirós et al., 
2018). These studies showed that M. longimana presents an ontogenetic 
shift in diet and trophic position, changing from zooplankton to fish and 
squid as they grow, with the trophic position of adults remaining similar 
over the last 50 years (Abreu et al., 2020; Nemoto et al., 1988; Queirós 
et al., 2018); it presents a nearly constant growth throughout their life 
cycle, though with a period of faster growing in the Summer and/or 
Spring (Queirós et al., 2023); and it is an iteroparous species without a 
defined breeding season (Laptikhovsky et al., 2013; Queirós et al., 
2023). Previous studies also analysed Hg concentrations in beaks, 
muscle and other tissues in this species testing, for example, how Hg 
concentrations vary between tissues and how it changes along the life of 
individuals (Anderson et al., 2009; Queirós et al., 2020a; Seco et al., 
2020; Xavier et al., 2016). These studies found that Hg concentrations in 
the muscle (from 0.08 to 0.11 μg.g− 1) can be ≈10-fold higher than in 
entire beaks (from 0.004 to 0.013 μg.g− 1), though these values were 
measured in different individuals from different studies (Anderson et al., 
2009; Xavier et al., 2016). Furthermore, Seco et al. (2020) showed that 
Hg concentrations do not significantly vary between tissues, i.e. muscle, 
gills and digestive gland. Queirós et al. (2020a) sectioned upper beaks 
and showed that individuals of M. longimana bioaccumulate Hg 
throughout their life, with adults presenting ≈2-fold higher concentra
tions than juveniles, and present a relationship with the trophic position. 
Due to the high knowledge about its life history and previous studies on 
Hg concentrations on beaks and muscle, M. longimana is a great model 
species to study Hg dynamics as we can relate any changes in Hg con
centrations to major traits of its life cycle and previously knowledge on 
Hg concentrations across tissues. Furthermore, this species plays a key 
role in the Southern Ocean food-web as a major prey of top predators 
including seabirds, marine mammals and fish, highlighting the need to 
understand the role this species may have as a major Hg pathway to top 

predators (Cherel and Duhamel, 2004; Clarke, 1980; Piatkowski and 
Pütz, 1994; Queirós et al., 2021, 2024; Xavier et al., 2003).

Building on the work of Xavier et al. (2016) and Queirós et al. 
(2020a), the main objective of our work was to establish the relationship 
between Hg concentrations in the beak and muscle of M. longimana. For 
that, we analysed muscle from buccal masses and both upper and lower 
beaks of M. longimana collected from the diet of Antarctic toothfish 
(Dissostichus mawsoni) to: (1) assess differences in Hg concentrations in 
different sections of upper and lower beaks, and muscle; (2) determine 
the relationship between Hg in beaks and muscle; and (3) evaluate 
bioaccumulation of Hg in M. longimana.

2. Materials and methods

2.1. Sample collection and preparation

Twenty-one buccal masses (with the respective upper and lower 
beaks) of M. longimana were sampled between 2019 and 2020 from the 
stomachs of Antarctic toothfish at the South Sandwich Islands (SSI). 
Buccal masses used in this study were chosen to include the largest range 
of beak sizes, i.e. we choose the largest and smallest beaks of the 
collection and we choose the maximum possible number of beaks 
available in this size range. Antarctic toothfish were captured onboard 
licensed fishing vessels operating during the toothfish fishing season at 
SSI and using an autoline-longline system baited with ommastrephidae 
squid (Fenaughty, 2008). Longlines were set between 950 and 2000 m 
deep. On board, stomachs were collected from the fish and frozen at 
− 20 ◦C. In the laboratory, stomachs were defrosted and all prey items 
identified (see Queirós et al., 2024 for details in methodology). Beaks 
and buccal masses were identified using a cephalopod beak guide 
(Xavier and Cherel, 2021), and stored at 70% ethanol until further 
analysis. Both upper and lower beaks were extracted from the buccal 
mass and cleaned using 70% ethanol. The lower rostral length (LRL) was 
measured using a digital calliper (±0.01 mm) (Fig. 1), and mantle length 
(ML, in mm) and mass (M, in g) estimated using published allometric 
equations (ML = − 22.348 + 37.318LRL; M = 0.713LRL3.152 (Xavier 
and Cherel, 2021).

The end of the hood (hereafter hood tip) from the upper beak, and 
the wing from the lower beak were separated from the remainder of the 
upper and lower beaks using a stainless steel scissors (Fig. 1). The wing 
and hood tip represent small portions of the beak that their removal has 
a negligible influence on Hg concentrations of the entire beak. A muscle 
sample (≈200 mg) of the buccal mass was also collected. Beak samples 
were dried in an oven at 60 ◦C for 24 h. Muscle samples were lyophilized 
at − 86 ◦C for 36 h. After drying, all samples were ground into a fine 
powder using a mixer mill Retsch MM400 for 10 min with a 30 s− 1 

frequency.

Fig. 1. Moroteuthopsis longimana beak sections analysed for Hg and lower 
rostral length (LRL). W: wing; H: hood tip; L: lower beak; U: upper beak. Beak 
photos from (Xavier and Cherel, 2021).
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2.2. Mercury analysis

Hg concentrations were measured by thermal decomposition atomic 
absorption spectrometry with gold amalgamation using an Advanced 
Mercury Analyzer LECO AMA-245 (Detection limit of 0.00001 μg.g− 1, 
LECO Corporation, United States). This method does not require pre- 
treatment or digestion of the samples (Costley et al., 2000). The sam
ples were weighed (wing: ≈12 mg; hood tip and muscle: ≈10 mg; upper 
and lower beak: ≈50 mg) and analysed in duplicate or triplicate, except 
for wing and hood tip which were only analysed once due to their low 
mass (Coefficient of Variation always <10%). Two certified reference 
materials (CRM) were used to evaluate the accuracy (mean ± standard 
deviation) of the analytical method: ERM-CE278K mussel tissue (n = 13, 
102 ± 4%) and TORT-3 lobster hepatopancreas (n = 33, 94 ± 3%). The 
CRM mass for quality control was adjusted to match total Hg concen
trations in the samples. Blanks were analysed at the start of each sample 
set. All Hg concentrations are expressed in ng.g− 1 dry weight (dw).

2.3. Statistical analysis

Statistical analyses were performed in GraphPad Prism v9.0.0 and 
considering a significance level of α = 5%. All analyses were preceded by 
tests for normality and homogeneity of variances. Differences in Hg 
concentrations between beak sections and muscle were tested using a 
Repeated Measures One-way ANOVA with a Greenhouse-Geisser 
correction, followed by a Tukey’s multiple comparison test. Relation
ships of Hg concentrations in beak sections with muscle and of beak 
sections and muscle with lower rostral length were tested using linear 
regression. Two relationships were tested, one including all values and 
one excluding a outlier (extreme (high) Hg concentration in the wing 
that could not be confirmed as no further material was available (see 
above)). Aside from the high value measured in this wing, Hg concen
trations measured in the hood tip, entire beaks (i.e. upper and lower) 
and in the buccal mass are within the range of values measured in the 
other studied individuals, supporting a potential analytical error in this 
sample (see raw data in Lopes-Santos et al., 2024).

3. Results

All beaks used in this study had fully dark wings, therefore belonging 
to adult individuals (Xavier and Cherel, 2021). The lower rostral length 
ranged between 13.0 and 21.2 mm, corresponding to mantle lengths of 
461 to 767 mm, and masses of 2291 to 10743 g (Table 1). Overall, the 
highest Hg concentrations were measured in the muscle (330 ± 166 ng. 
g− 1), being ≈100-fold higher than in either upper or lower beaks (3.5 ±
1.4 ng.g− 1 and 3.5 ± 1.0 ng.g− 1 respectively) (Table 1; Fig. 2). The 
highest Hg concentration was measured in the muscle of individual ML3 
(784 ng.g− 1) and the lowest in the upper beak of individual ML7 (1.4 ng. 
g− 1) (Table 1). Mean Hg concentrations differed significantly between 
the beak sections and muscle (F = 80.66, p < 0.0001); all pairwise dif
ferences were significant except for wing vs hood tip, and upper beak vs 
lower beak (Fig. 2).

A significant positive relationship was found between Hg concen
trations in the wing and muscle after the statistical outlier was removed 
(Hgmuscle = 34.88 Hgwing + 0.12; n = 20, r = 0.551, p = 0.012, F =
7.845) (Fig. 3). No other regressions between Hg in the various beak 
sections and muscle were significant (wing with outlier: p = 0.189, F =
1.853; hood tip: p = 0.241, F = 1.462; upper beak: p = 0.236, F = 1.501; 
lower beak: p = 0.188, F = 1.187). There were no significant linear 
relationships between lower rostral length and Hg concentrations in 
different beak sections or muscle (wing: p = 0.060; hood tip: p = 0.978; 
upper beak p = 0.977; lower beak: p = 0.519; muscle: p = 0.201) 
(Fig. S1).

4. Discussion

4.1. Mercury levels in beaks and muscle of Moroteuthopsis longimana

We found significantly higher Hg concentrations in muscle tissue 
than in the beak of Moroteuthopsis longimana, which was expected as Hg 
has high affinity to proteins, and beaks have a lower protein content 

Table 1 
Lower rostral length (LRL), estimated mantle length, estimated mass, and total 
mercury concentrations (Hg) of Moroteuthopsis longimana sampled between 2019 
and 2020 from the stomachs of Antarctic toothfish at the South Sandwich 
Islands.

LRL 
(mm)

Mantle 
Length 
(mm)

Mass 
(g)

Hg (ng.g− 1 dry weight)

Wing Hood 
tip

Upper 
beak

Lower 
beak

Muscle

13.0 461 2291 11.3 4.2 3.1 3.3 748
13.6 484 2655 14.2 6.0 3.7 3.5 144
15.3 547 3834 8.8 7.7 4.9 4.2 390
15.4 551 3906 3.4 2.4 1.6 1.8 284
16.4 589 4784 4.4 9.4 3.1 2.3 267
16.6 598 5008 10.2 9.4 5.6 4.9 461
17.0 614 5429 3.3 2.6 1.7 2.5 372
17.1 615 5469 6.3 7.1 3.2 4.3 330
17.2 620 5611 5.4 4.4 3.0 2.9 267
17.3 624 5704 3.7 3.8 3.0 3.3 185
17.3 624 5715 8.6 7.1 5.7 4.6 568
17.3 624 5725 7.9 6.8 4.7 4.3 528
17.6 634 6000 3.5 5.8 2.0 1.9 416
17.7 637 6098 8.8 5.2 5.3 4.4 60
17.9 647 6385 3.1 1.6 1.4 2.0 206
18.0 648 6418 6.5 5.0 3.8 4.1 294
18.3 662 6833 7.6 7.6 4.6 3.8 312
18.8 681 7450 2.9 3.5 1.8 2.6 222
18.8 679 7400 4.9 4.0 3.2 2.6 86
19.0 687 7664 7.8 6.1 5.4 4.8 490
21.2 767 10743 8.4 7.0 3.1 4.4 298

Fig. 2. Total mercury concentrations (Hg) in beak sections and muscle (buccal 
mass) of Moroteuthopsis longimana sampled between 2019 and 2020 from the 
stomachs of Antarctic toothfish at the South Sandwich Islands. Bars with 
different letters are statistically different. Left y-axis: wing, hood tip, upper beak 
and lower beak; Right y-axis: muscle. All concentrations are in dry weight. 
Values are mean ± SD.
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than muscle (Bustamante et al., 2006; Miserez et al., 2008). Our results 
showed that Hg concentrations in the muscle were ≈100-fold higher 
than in the upper and lower beaks and ≈50-fold higher than in the wing 
and hood tip. A previous study comparing beaks and muscle of 
M. longimana found this difference to be of just ≈10-fold (Xavier et al., 
2016). This is possibly because unlike previous studies that compared 
average Hg concentrations from different individuals (Xavier et al., 
2016), we compared Hg in the beaks and muscle of the same specimens.

Hg concentrations found in the muscle in our study are amongst the 
highest ever measured in M. longimana, being ≈3 to 4-fold higher than in 
Anderson et al. (2009) and Seco et al. (2020) (Table 2). This could reflect 
the different sampling locations and possibly the different sizes of the 
studied individuals. Our samples were from the South Sandwich Islands, 
a volcanic archipelago within the winter sea-ice zone (Rogers et al., 
2012; Thorpe and Murphy, 2022). Both volcanic activity and melting 
sea-ice are known to release mercury into the environment (Krabbenhoft 
and Sunderland, 2013; Mason et al., 2012). However, Hg concentrations 
were similar to those in the buccal mass of the benthic Antarctic octopod 
Pareledone turqueti (Matias et al., 2020). Hg levels in the Southern Ocean 
are known to increase with depth (Cossa et al., 2011). Furthermore, Hg 
concentrations are generally greater in benthic food-webs than in 
pelagic food-webs (Bustamante et al., 2006; Cipro et al., 2018). As such, 

the high Hg levels in M. longimana may suggest that individuals studied 
here may have been feeding deeper in the water column and closer to the 
seafloor. Given its diet includes Antarctic krill (Euphausia superba), 
which is known to perform diel vertical migrations and sometimes oc
curs in deep waters near the sea bottom (Nemoto et al., 1985, 1988; 
Schmidt et al., 2011; Everson, 2000; Cuzin-Roudy et al., 2014), we may 
have sampled deep-water residents. This is likely as the buccal masses 
used in this study were collected from Antarctic toothfish which is a 
demersal species from the Southern Ocean deep-sea (Hanchet et al., 
2015). There is also video footage of M. longimana feeding near the 
seafloor (unpublished data).

Although Hg concentrations in muscle were higher, those in the 
upper beak, lower beak, and hood tip in our study were lower than 
previously measured in M. longimana beaks from the diet of Patagonian 
(D. eleginoides) and Antarctic toothfish in the South Georgia and the 
South Sandwich Islands (Queirós et al., 2020a; Xavier et al., 2016) 
(Table 2). Such differences may arise from ontogenetic shifts in habitat 
of individuals, differences in feeding rates and/or differences in sam
pling years (Queirós et al., 2020a; Xavier et al., 2016).

Analysing different sections of the beaks provides information on 
different stages of the life cycle (Queirós et al., 2018, 2020a). Significant 
differences between all beak sections, except for wing vs the hood tip 
and upper beak vs lower beak, were expected since the wing and hood 
tip represent the same recent life period, and hence provide information 
on Hg incorporation in the last days before capture (Queirós et al., 
2020a). The similarity in Hg concentrations in upper and lower beaks 
are expected as both beaks grow at the same rate throughout the in
dividual’s life, representing the long-term average for the individual 
(Perales-Raya et al., 2010; Queirós et al., 2018). Results from upper and 
lower beaks are therefore directly comparable in ecological studies as 
they provide similar information. Lower Hg concentrations in upper and 
lower beaks than the wing and hood tip were also expected. Much of the 
beak is synthesized during the juvenile life stage when Hg intake is 
lower, reducing the overall average (Queirós et al., 2020a). As such, we 
caution that Hg concentrations measured in whole beaks do not reflect 
exposure over the same timescale as tissues such as muscle, and Hg 
concentrations in the muscle, wings and hood tip better indicate recent 
Hg ingestion.

4.2. Relationship between Hg concentration in beaks and muscle

Most of the mercury that predators obtain from cephalopods is from 
the muscle (Ahmad et al., 2015), hence the advantage of establishing the 
relationship with Hg concentration in the beaks, which are easily 
accessed. We found a positive relationship between Hg concentrations in 
the wing – the part of the beak formed the most recently (Queirós et al., 
2018) - and muscle, suggesting that this beak section can be used to 
estimate Hg concentrations in the muscle. Surprisingly, no linear rela
tionship was found between Hg concentrations in the muscle and hood 
tip. The latter is the thinnest part of the beak, and so may be grown over 
an even shorter period of life than wing (Queirós et al., 2018), and 
presumably also the muscle. Another possible explanation is the inclu
sion of untanned portions of the beak, which have a different protein 
composition from the fully chitinised tanned beak (Miserez et al., 2008). 
More studies are needed to understand how the beak composition affect 
Hg concentrations.

Other studies can now use the equation provided here (Hgmuscle =

34.88 Hgwing + 0.12), to estimate Hg concentrations in the muscle of 
M. longimana by analysing the beak wing. However, it is important to be 
cautious about potential differences in Hg concentrations between the 
muscle in the buccal mass and other muscular tissues, i.e. mantle and 
arms. A previous study analysing Hg concentrations in muscle from 
buccal masses and mantle of the orange-back flying squid (Stenoteuthis 
pteropus) in the tropical Eastern Atlantic Ocean found higher Hg con
centrations in the buccal mass when compared to the mantle (Lischka 

Fig. 3. Linear regression between mercury concentrations (Hg, dry weight) in 
the wing and muscle of Moroteuthopsis longimana sampled between 2019 and 
2020 from the stomachs of Antarctic toothfish at the South Sandwich Islands. 
Dotted lines represent the 95% confidence interval. Linear regression: n = 20, r 
= 0.551, p = 0.012, F = 7.845. ◯ is the outlier.

Table 2 
Mercury (Hg) concentrations (mean ± SD, dry weight) measured in Moroteu
thopsis longimana in this and previous studies.

Tissue n Hg (ng.g− 1) References

Whole beak
Lower 6 8.0 ± 3.0 Xavier et al. (2016)
Lower 21 3.5 ± 1.4 This study
Upper 21 3.5 ± 1.4 This study

Beak sections
Wing 21 6.7 ± 3.1 This study
Hood tip 21 5.6 ± 2.2 This study
Hood tip 4 10.1 ± 2.4 Queirós et al. (2020a)
3rd quarter of the hood 4 6.4 ± 2.4 Queirós et al. (2020a)
2nd quarter of the hood 4 6.0 ± 2.0 Queirós et al. (2020a)
1st quarter of the hood 4 5.2 ± 2.8 Queirós et al. (2020a)
Tip of the rostrum 1 9.1 Queirós et al. (2020a)

Other tissues
Muscle 2 100 ± 20 Anderson et al. (2009)
Muscle 5 82 ± 23 Seco et al. (2020)
Muscle 21 330 ± 166 This study
Gills 5 75 ± 32 Seco et al. (2020)
Digestive gland 5 45 ± 21 Seco et al. (2020)
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et al., 2018). Therefore, future studies should analyse the relationship 
between different muscular tissues in M. longimana. Furthermore, we 
analysed adults with fully-chitinised beaks, thus it should not be applied 
to beaks from juveniles or sub-adults with untanned sections that have a 
lower protein content (Miserez et al., 2008; Xavier and Cherel, 2021). 
Previous studies on two benthic octopods in the Southern Ocean, 
P. turqueti and Adelieledone polymorpha only found a relationship be
tween Hg concentrations in the muscle and the beak for A. polymorpha 
(Matias et al., 2020). In addition, the equation differed from our study, 
indicating that such relationships may be species-specific. Previous 
studies analysing relationships in Hg concentrations between muscle 
and other tissues (e.g. digestive gland, optical lobes) also found different 
relations across species (e.g. Minet et al., 2021; Seco et al., 2020). 
Because Hg concentrations relationships between tissues seem to be 
species-specific, until further studies are made, the equation presented 
here should therefore only be used for adult M. longimana.

4.3. Relation between Hg concentration and squid size

Cephalopods are known to bioaccumulate trace metals, including Hg 
(Bustamante et al., 2008). We did not find a relationship between Hg 
concentrations in beak sections or muscle with the lower rostral length, 
which is a proxy for squid size and age, and nor did Xavier et al. (2016). 
In contrast, a previous study showed Hg concentrations in adult 
M. longimana being 2-fold higher than in juveniles , indicating bio
accumulation (Queirós et al., 2020a). Such difference between studies is 
probably related with the study of adult individuals in which the vari
ation among individuals may be of much lower magnitude than the 
differences between adults and juveniles associated with the ontogenetic 
shift in diet in early life of this species (Queirós et al., 2018). This is 
another reason why caution should be exercised when interpreting Hg 
concentrations measured in whole beaks as they may not reflect expo
sure over the same timescale as muscle, and that levels in the wings or 
hood tip will provide a better indication of recent Hg ingestion.

In summary, this study provides an important tool to estimate Hg 
concentrations in M. longimana muscle by analysing the wings of lower 
beaks collected from the diet of predators. Our study also shows that the 
difference between beak Hg concentrations and the muscle can be of 
≈100-fold depending on the beak section that is analysed, i.e. the entire 
beak or just a section indicative of recent life. Our results also suggest 
that analysis of separate sections of the beak should provide better in
formation to study Hg bioaccumulation in cephalopods than analysing 
entire beaks and test relationships with the lower rostral length (squid’s 
size).
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