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ABSTRACT

Human activities have increased environmental concentrations of pollutants in marine ecosystems, which can cause
harmful effects on marine organisms. Top predators are particularly susceptible to bioaccumulation and bio-
magnification of pollutants through the food webs and are described as good sentinels for monitoring metal
accumulation such mercury (Hg) in marine ecosystems. However, to be used as sentinels, it is important to un-
derstand the main ecological factors affecting the concentrations of pollutants in these organisms. In the present
study, our main objective was to investigate the effect of body size, sex, trophic niche and geographic area on Hg
concentrations in a top marine top predator, the blue shark (Prionace glauca). We analysed Hg in muscle samples
from male and female blue sharks of different body sizes collected from the waters surrounding the Canary Islands
and the South of Portugal, in the Atlantic Ocean, to waters of the north-western Mediterranean Sea. The results
revealed that the sampling area was an important factor explaining Hg concentrations, showing higher values in the
Mediterranean blue sharks. We also found a positive relationship between Hg concentrations and body size of blue
sharks, indicating a bioaccumulation process of this pollutant in relation with body size. Moreover, we observed a
relationship between Hg concentrations and 5'3C values, a proxy of the use of inshore-offshore marine habitats.
Individuals with depleted 5'3C values that potentially foraged in offshore waters showed higher Hg values.
Importantly, most of the analysed blue sharks presented Hg concentrations that exceeded the limits established by
the European Union for human consumption.
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1. Introduction

The diversity and number of pollutants dispersed into the environ-
ment by anthropogenic activities has become problematic at a world-
wide scale (Aktar et al., 2009; Halpern et al., 2008). Marine
environments receive inputs of chemicals from irrigation waters from
agriculture or industry, among others (Boehm et al., 2017; Ramir-
ez-Llodra et al., 2011). Given their high toxicity and persistence, these
pollutants cause harmful and negative effects in marine fauna, which in
turn could affect human health (e.g. Alves et al., 2016; Storelli et al.,
2020). Among them, mercury (Hg) is of particular concern due to its
affectation on the immunological, reproductive, hormonal, and nervous
systems, and, which could damage both in individuals and in whole
populations (Furness, 2018).

Hg inputs from natural sources include volcanic activity and forest
fires, nevertheless, the major part of the Hg present in the aquatic
habitats and atmosphere has a human origin (Boening, 2000). Hg is
present in different chemical compounds and forms compounds, and
exhibits a particular dynamic in comparison with other pollutants as it
biomagnifies along the food webs and is able to bioaccumulate in or-
ganisms (Hilgendag et al., 2022; Lavoie et al., 2013). In aquatic eco-
systems, Hg can be methylated thereby transformed into methylmercury
(MeHg), the most toxic form of Hg for biota. In addition to the effect of
abiotic and biotic processes in mercury methylation, microbial
methylation is considered the main pathway in this compound to the
environment, being the sulphate-reducing bacteria the most important
methylating agents. Such process occurs in sub-thermocline low-oxygen
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oceanic waters, and in the sediment where organic matter is highly
remineralized (Bloom, 1992; Fitzgerald et al., 2007). Inorganic Hg
passes through biological membranes, being available for microbial
methylation in cellular cytoplasm, it gets transformed into MeHg and
thereafter, it is assimilated through diet by higher trophic level organ-
isms causing biomagnification through the food webs (Hoffman et al.,
2002).

Biomagnification has been widely studied in aquatic ecosystems,
being comparable among diverse ecosystems, source and concentrations
of Hg (Hilgendag et al., 2022; Lavoie et al., 2013; Watras et al., 1998). In
animals, dietary uptake is the main pathway for Hg assimilation (Hall
et al., 1997). After passing through the intestine, given the high affinity
of Hg to sulfhydryl protein groups (-SH), Hg is sequestered in muscle
hindering its excretion and elimination from muscle tissues (Maulvault
et al., 2016; Wang and Wong, 2003). Thus, Hg concentrations tend to
bioaccumulated with size and age, which outcomes from the slow de-
gree of removal relative to its fast degree of uptake.

Sharks play a unique and pivotal ecological role in marine ecosys-
tems as top predators (Heithaus et al., 2008). Due to its long-lived
strategies, sharks are particularly susceptible to accumulate high
levels of pollutants, including Hg (Alves et al., 2016, 2022; Branco et al.,
2007). However, despite the fact that information on these pollutants in
top predators is paramount for improving knowledge about their bio-
transference, published information on metal content for shark species
at global scale is scarce (McKinney et al., 2016; Pethybridge et al.,
2010). Also, since the fishing captures of some shark species for human
consumption have increased in recent years (Dulvy et al., 2008), it is
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Fig. 1. Study area and distribution of sampling locations of blue sharks in the western Mediterranean Sea (W Med), south of Portugal (S Portugal) and Canary Islands
(Canary I). The smoothed spatial contour maps (based on spatial inverse weighting — IDW; 100 km of buffer around each sampling location) of the muscle total
mercury (THg) concentrations are also indicated. Blue shark drawing by Alex Mascarell.
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Table 1

Number of males and females sampled, and mean and standard deviation of fork
length, total Hg concentrations, 8'°N and &'>C values of blue sharks analysed
from the western Mediterranean Sea, South of Portugal and Canary Islands.

Zone Sex N FL THg (mg  5'°N 5'3C (%o)
(cm) kg! (%o)
wWwW)
Western Male 19 140+ 4.07 + 11.72 -17.74
Mediterranean 30 2.63 + 0.98 + 0.79
Female 13 114+ 2.58 + 11.86 —-17.65
45.33 1.72 +0.92 + 0.65
South of Male 41 161 + 0.98 + 12.68 —18.10
Portugal 38.81 0.62 + 0.69 + 0.64
Female 28 141 + 0.79 + 13.15 -17.30
29.01 0.45 +0.56 + 1.06
Canary Islands Male 29 166 + 1.24 + 12.55 -17.83
37.15 0.70 +0.57 +0.84
Female 11 170 + 1.15 + 12.91 -17.77
35.51 0.56 +0.93 + 0.96
Table 2

Summary of the statistical tests (ANOVA tests for THg, Fork length and §'°N;
Kruskal-Wallis test for §'3C) examining the variation in these variables between
sexes and sampling areas (WM = western Mediterranean Sea; SP=South of
Portugal; CI=Canary Islands) for blue sharks sampled during 2017 and 2018.
Pairs of means differing significantly (p < 0.05) by post-hoc tests are linked with
a A

Parameter Effect Statistic p-value Post-hoc

THg (mg kg™! ww)  Sex Fy 135 = 2.24 0.136
Zone Fy, 135 = 33.26 <0.01 WM # SP,CI
Sex x Zone Fi, 135 = 4.3 0.64

Fork length (cm) Sex Fy, 135 = 6.29 0.02
Zone Fy, 135 = 8.62 <0.01 WM#SP,CI
Sex x Zone Fi 135 = 1.7 0.18

5N (%0) Sex Fi, 135 = 7.84 0.16
Zone Fi, 135 = 24.85 <0.01 WM#SP,CI
Sex x Zone Fi, 135 = 0.54 0.58

513C (%0) Sex H =833 0.004 SP£WM, CI
Zone H=1.44 0.48

necessary a more accurate pollutant monitoring in these species (Storelli
et al., 2020).

The blue shark (Prionace glauca) is a highly mobile pelagic shark
inhabiting temperate and tropical waters of all oceans frequently
captured by drifting longlines or as bycatch in pelagic fisheries world-
wide (Druon et al., 2022), being considered the most frequent elasmo-
branch in the international trade of shark fins (Clarke et al., 2006).
Regarding to the diet of blue shark, different studies indicated that this
species preys on a diverse type of marine resources, including fishes and
cephalopods (e.g. Loor-Andrade et al., 2017; Rosas-Luis et al., 2017).
From a conservation point of view, steepest population declines have
occurred in the North and South Atlantic Ocean, with lesser declines in
the Indian Ocean, although with some degree of uncertainty (Dulvy
et al., 2008; Queiroz et al., 2016). In the Mediterranean Basin, the blue
shark is considered a Critically Endangered species by the International
Union for Conservation of Nature (IUCN) based on a past decline of up to
90% of the Mediterranean populations due to overfishing (Rigby et al.,
2009).

Different authors have analysed the Hg values of blue shark (e.g.
Alves et al., 2016; Alves et al., 2022; Biton-Porsmoguer et al., 2018)
showing high levels of this pollutant in muscle tissue. However, disen-
tangling the relative importance of diverse Hg sources within individual
fish species remains a challenge (Cossa et al., 2022). This is especially
true for species that shows a highly migratory behaviour and moves
throughout ocean basins. Since Hg is transferred to higher trophic levels
through diet, the incorporation of 8'3C and 8'°N stable isotopes mea-
surements as proxies of trophic ecology (Shiffman et al., 2012; Vidal
et al., 2022), could help to understand the relationships between Hg and
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the trophic habits of marine predators (Quillfeldt et al., 2022). In
addition, relatively few ecosystem-comparative studies in pelagic
migratory species have been documented, and therefore, differences in
Hg bioaccumulation and biomagnification among different ecosystems
are not yet well understood (Lavoie et al., 2013).

In this study, the main aim was to examine the Hg concentration in
the muscle of blue sharks sampled in western Mediterranean Sea, South
of Portugal, and the Canary Islands to determine the influence of size,
sex, trophic ecology tracers (stable isotopes), and spatial distribution on
Hg levels in individuals. Furthermore, based on our results, we aimed to
evaluate the risk of its consumption to human health and discuss its
possible use in biomonitoring programmes.

2. Material and methods
2.1. Sampling procedures

During the years 2017 and 2018, a total of 141 blue sharks were
opportunistically collected as bycatch by Spanish commercial longline
vessels targeted swordfish (Xiphias gladius) along a wider geographic
area, between the south of the Canary Islands and the Atlantic Ocean
and the north-west of the Mediterranean Sea (Fig. 1). As the major part
of the individuals were released alive after the capture, for each indi-
vidual, we only measured the fork length with a ruler (+0.1 cm) and sex
(visually), and collected a small portion (1 cm) of white muscle from
above the dorsal fin with sterilized scalpels. Muscle samples were stored
on-board at —20 °C until Hg and stable isotopic determination.

2.2. Mercury determination

Total mercury concentrations (THg) (ng/g dry weight) were deter-
mined by combustion in 20-30 mg of lyophilized dry muscle samples
using a Direct Mercury Analyzer (Milestone® DMA-80). Accuracy and
precision were assured by analysing dogfish liver (DOLT-3; reference
from the NRCC) every 10 samples. The obtained THg recoveries for the
DOLT-3 analyses ranged from 80 to 90% of the certified values, thus, we
did not apply any corrections to the THg values. THg concentration
levels of samples were initially expressed as THg dry weight concen-
tration in muscle (ng/g dry weight). In addition, to allow comparisons
with other studies, those values were converted into wet weight con-
centrations, considering a factor 1:5 dw/ww (Cresson et al., 2014).

2.3. Stable isotope analysis

After removing the urea content from the muscle samples (following
the procedures of Kim and Koch, 2012), isotopic determination was
conducted at LIE-EBD (Stable Isotopes Lab, Estaciéon Bioldgica de
Donana, Spain) by using an isotope-ratio mass spectrometry system by
means of a Flash HT Plus analyser coupled to a Delta-V Advantage
isotope ratio mass spectrometer via a CONFLO IV interface (Thermo
Fisher Scientific). The isotopic composition was reported in the con-
ventional delta (5) per mil notation (%o), relative to atmospheric Ny
(5'°N) and VPDB (5'3C). The analytical errors were of +0.1%o and
+0.2%o for 5'3C and §'°N, respectively. No lipid correction of the §'3C
values was applied because the C:N ratio of the isotopic values was lower
than 3.5 (Logan et al., 2008).

2.4. Statistical analyses

To examine the potential differences in total mercury concentration,
body size (FL), 5!°N (as a proxy of trophic position) and 8'°C (as a proxy
of habitat source) values between sexes and geographical sampling lo-
cations, two-way ANOVA tests were used. Post-hoc tests (Tukey tests)
were applied when significant differences based on the ANOVA tests
were observed. Before the ANOVA tests, all variables were checked for
normality and homoscedasticity considering each sampling area
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Fig. 2. Mean and Confidence Interval 95% of (A) muscle total Hg (THg) concentrations, (B) fork length (FL), (C) 5'°N values and (D) 5'°C values for male and female
blue sharks sampled in the western Mediterranean Sea (W Med), South of Portugal (S Portugal) and Canary Islands (Canary I) during the years 2017 and 2018.

separately by using Kolmogorov-Smirnov tests and residual plots. Based
on the normality tests, for 5'3C values, we compared between sexes and
sampling locations by using Kruskal-Wallis and U-Mann-Whitney tests.

To investigate the effect of FL, 5!°N values, 5'3C values and sampling
location on the variability of Hg concentrations, Generalized Linear
Models (GLMs) were applied. FL (when considering size-related trends)
and isotopic values (when considering isotopic-related trends) were the
continuous explanatory variables in the models, while area (a categor-
ical variable) was included as an interaction factor. As it is common in
contaminants variables, GLMs were fitted to raw Hg values with log-link
function and Gamma distributions (Chouvelon et al., 2018). Differences
in Hg values between males and females were tested firstly, but since
there was no effect, the sex was removed from the final GLMs.

The models performed were based on the algorithm:

Log [THg] ~ FL + Zone and Log [THg] ~ Zone + 515N + Zone x
s'3c

For each model, we retained the variables based on the Akaike In-
formation Criterion (AIC). We checked the homogeneity and normality
in model residuals, as well as the independence (Zuur et al., 2010). For
all cases, we considered a p < 0.05 as the level of statistical significance.
Statistical analyses were performed using R v.4.0.3 (R Development
Core Team, 2020).

3. Results

3.1. Differences between sexes and sampling areas in the stable isotopes,
body size and mercury concentrations

Total Hg concentrations (THg) in muscle of blue sharks differed
among sampling areas, showing the highest values in the western
Mediterranean, followed by Canary Islands and South of Portugal (Ta-
bles 1 and 2, Figs. 1 and 2, and Table S1 in Supplementary Information).
Regarding the fork length, we found that males presented higher values
of THg than females (Tables 1 and 2; Fig. 2), and the individuals sampled
in the western Mediterranean showed lower fork length than the in-
dividuals sampled in Atlantic waters (Tables 1 and 2, Fig. 2). Analo-
gously, we found significant differences in §!°N values between the
Mediterranean Sea and both Atlantic areas (Tables 1 and 2, Fig. 2). In
contrast, no differences were found in §'>C values among sampling areas
and only between sexes for the individuals sampled in Canary Islands
(Tables 1 and 2, Fig. 2).

3.2. GLM results

In the GLM models, the total deviance explained for the variability of
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Table 3

Results of the final GLM models explaining THg concentrations variability in the
muscle of blue shark. Akaike Information Criterion (AIC) values, the total
deviance explained (DE) are added. Estimates and significance (p-values) for
each term included are also given.

Variables (equation terms) Estimates  p-

value
Body size-related Log[THg] = FL + Zone

trend
AIC = 263
Total DE = 61.48%
Intercept —1.464 0.001
FL 0.009 0.001
Mediterranean (relative to Canary ~ 1.36 0.001
Islands)
South of Portugal (relative to —0.168 0.102
Canary Islands)

Stable isotopes- Log[THg] = Zone + 815N + Zone

related trend x 813C
AIC = 273.76
Total DE = 60.46%
Intercept -10.773 0.001
815N 0.094 0.16
Mediterranean (relative to Canary ~ —5.96 0.06
Islands)
South of Portugal (relative to 5.55 0.01
Canary Islands)
Mediterranean x $13C —0.946 0.001
Canary x 813C —0.544 0.001
Portugal x §13C -0.219 0.001

THg was high, ranging between 61.48% for size-related and 60.46% for
isotopic-related trends (Table 3), showing similar effects. In the case of
the size-related trends (based on the fork length), for the three sampling
areas, THg concentrations increased significantly with fork length
(Table 3, Fig. 3), being the intercept significantly higher for blue sharks
sampled in the western Mediterranean than for Atlantic ones. The
relationship between 5'°N and THg did not show significant differences
among areas (Table 3, Fig. 3). In the case of s13¢C values, we found
different relationships between THg concentrations and 5!°C among
areas (Fig. 3).

3.3. Comparison of Hg concentrations with legislation limits

The European Commission set maximum level for Hg in shark, tuna
or some demersal fish for human consumption up to 1 mg kg~! ww for

A B

log(THg)
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seafood (Commission Regulation (EC) No 1881/2006). In the present
study, 71.42% of the samples from the Mediterranean Sea exceed the
legal limit, 31.42% in the South of Portugal and 68.29% in the Canary
Islands (Fig. 2).

4. Discussion

In the present study, we examined the proximate factors influencing
the Hg values in blue sharks in a wide geographic area from the western
Mediterranean and the Canary Islands, in the Atlantic Ocean. Specif-
ically, we investigated the effect of biological parameters such as sex and
body size, and ecological parameters related to trophic ecology and
spatial distribution (Atlantic Ocean vs. Mediterranean Sea) on Hg con-
centrations in muscle samples of the species. Also, we discuss whether
blue shark consumption could be a human health issue and the suit-
ability of this species as a bioindicator in marine biomonitoring
programmes.

Hg values for the blue sharks sampled in Canary Islands and South of
Portugal were similar to those reported for pelagic sharks from Atlantic
waters (Alves et al. 2022; see Table 4), as well as other Atlantic top
predators such as the black scabbard fish (Aphanopus carbo) (Afonso
et al., 2007), or swordfish (Xiphias gladius) (Biton-Porsmoguer et al.,
2022). In contrast to the Atlantic sampling areas, the individuals ana-
lysed from the western Mediterranean Sea showed higher Hg values, as
has been previously reported for other marine species (Andre et al.,
1991; Chouvelon et al., 2018; Cinnirella et al., 2019; Damiano et al.,
2011). Those differences may be partially explained by the “Mediter-
ranean Hg anomaly”, that indicates that Mediterranean organisms have
a high Hg bioaccumulation (Cinnirella et al., 2019; Cossa et al., 2022). It
has been proposed that the differences between the Hg concentration in
the Mediterranean biota compared to other oceanic regions could be
explained by the presence of higher Hg methylation associated to the
higher sea temperatures of this semi-enclosed sea (Bacci, 1989; Cinnir-
ella et al., 2019; Cossa et al., 2022). The potential impact of sea-surface
temperature differences could also explain the elevate Hg bio-
accumulation showed in the Mediterranean blue sharks. Warmer Med-
iterranean waters may increase mercury bioaccumulation in biota’s
tissues and, on the other hand, it could affect their ability to eliminate
contaminants (Maulvault et al., 2016). Moreover, the high Hg values
observed in the blue sharks sampled along the western Mediterranean
Sea could be also explained by the high level of anthropogenic impact
associated to the numerous mining and chemical industries placed in
this region (Morillo et al., 2004; Palanques and Diaz, 1994).
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Fig. 3. Relationships between individual log-transformed THg concentrations and (A) fork length values, (B) 5!°N, and (C) 5'3C values of blue shark sampled in the

Mediterranean Sea, South of Portugal, and Canary Islands.
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Table 4

Some examples of total mercury values (THg, in mgkg™! wet weight) for
different pelagic sharks and sampling locations (ATL = Atlantic Ocean; MED =
Mediterranean Sea). * = Mean, ** = range values.

Species Year Location THg Reference
Prionace 2017-2018 MED (W) 3.46 Present study
glauca
Prionace 2017-2018  ATL 1.22 Present study
glauca (Canary
Is.)
Prionace 2017-2018  ATL 0.91 Present study
glauca (Portugal)
Prionace 2017-2018 ATL (NE) 1.36% Alves et al. (2016)
glauca
Prionace 2017-2018 MED 0.38* Storelli et al. (2001)
glauca (Adriatic
Sea)
Sphyrna tiburo 1999 ATL 0.13-1.50**  Adams and
(Florida) McMichael (1999)
Prionace 2013 ATL 0.14-0.54** Torres et al. (2017)
glauca (Azores
Islands)
Prionace 2012-2013 ATL (NE) 0.14-1.71%* Biton-Porsmoguer
glauca et al. (2018)
Carcharhinus 1997 ATL (SW) 1.77* de Pinho et al.
signatus (2002)
Galeorhinus 2013 ATL 0.1-0.56** Torres et al. (2014)
galeus (Azores
Islands)
Isurus 2013 ATL 0.35-1.53** Torres et al. (2017)
oxyrinchus (Azores
Islands)
Isurus 2012-2013 ATL (NE) 0.12-2.57** Biton-Porsmoguer
oxyrinchus et al. (2018)

In consumers, Hg values are related to their trophic position and also
to particular biological factors such as growth, feeding rates, longevity
and detoxication capability (Li et al., 2020; Senn et al., 2010). In our
case, the best-fitted model included the fork length as a key variable
explaining mercury variations among sampling zones. Specifically, we
found that larger individuals showed higher Hg concentrations, indi-
cating that Hg has been bioaccumulated in relation to the body size
(Branco et al., 2007; de Carvalho et al., 2014; Storelli et al., 2020, 2003).
The increase of Hg concentrations with length is due to the high uptake
efficiency for Hg and its slow excretion rates (Dang and Wang, 2012;
Trudel and Rasmussen, 1997). Interestingly, in the Mediterranean Sea,
sampled blue sharks showed smaller body sizes, Hg concentrations
tended to be higher than similar sized specimens from the Atlantic
Ocean. This can be related to differences in growth rates between
Mediterranean and Atlantic populations (Megalofonou et al., 2009). As
Hg accumulation is age and size dependent, slower growth rates
exhibited by the Mediterranean population may be enhancing metal
bioaccumulation, since they reduce the dilution effect of the somatic
build up (Cossa et al., 2012). In addition, as Hg concentrations are
correlated with age (Wang and Wong, 2003), it is possible that equiv-
alent size blue sharks in the Mediterranean could show higher mercury
concentrations because they are older than Atlantic ones. However,
these interpretations need to be taken carefully since other potentially
factors such as different ingestion rates may occur among the different
populations. Similar, although male and female elasmobranchs have
been documented to differ in their Hg values (de Pinho et al., 2002), in
our case, we did not find sexual differences in this pollutant for any of
the sampled areas. This similitude in the Hg values between sexes could
be explained by the similar trophic (isotopic) niche occupied by male
and female blue sharks (Torres et al., 2014; Vidal et al., 2022).

Considering diet as the main pathway of mercury intake in predators
such as elasmobranchs, tunas or cetaceans (Boening, 2000), the use of
5'°N values as a proxy of trophic position (Navarro et al., 2011) allowed
us the exploration of the biomagnification process of Hg along the entire
food web. Here, the association between 5'°N and Hg values in blue

Chemosphere 313 (2023) 137642

sharks was not significant, probably indicating the consistent dietary
during the range of body sizes included in our study. Nevertheless, this
was also observed in blue sharks from the north Atlantic waters (e.g.
Biton-Porsmoguer et al., 2018; Escobar-Sanchez et al., 2011; Torres
et al., 2017). If the Hg biomagnification between trophic levels is con-
stant upwards a food web, then the basal Hg values at the bottom of the
food web will regulate Hg concentrations in apical predators. Therefore,
results from the stable isotopic trend found in the Mediterranean Sea
could be reflecting the presence of higher Hg values from the lowest
trophic positions in this basin compared to the Atlantic Ocean. Similar
findings have been published in other ecosystem-compared studies
(Chouvelon et al., 2018; Cossa et al., 2012), reinforcing the hypothesis of
the higher basal Hg levels in the Mediterranean than in the Atlantic
ecosystems (Cossa et al., 2022). Moreover, the relationships found be-
tween the Hg and 8'3C values can be indicating the habitat where blue
sharks were feeding. In marine environments, 5'>C values present nat-
ural spatial gradients related to the distance from the coast: depleted and
enriched §'3C values reflect the use of inshore or offshore waters,
respectively; Cherel and Hobson (2007). Based on these trends, the blue
sharks with more depleted 5'3C values and, thus, they were feeding in
more offshore waters, showed higher Hg values. One potential expla-
nation of this result could be the fact that the winds and atmospheric
currents can transport and deposit Hg to offshore waters (Outridge et al.,
2018).

European Union plays an important role in the international trade of
shark products, exporting 30% of worldwide shark meat exports, being
Spain, Portugal, France, and Germany are considered the largest shark
meat traders in Europe (Niedermiiller et al., 2021). Thus, to protect
human health and according to national and international agreements
about marine pollution (i.e. European Marine Strategy Framework and
Minamata Convention of Mercury), it is important to evaluate food
safety for consumers. Since significant percentages of our samples were
above the safety level for Hg in seafood for human consumption
(Commission Regulation (EC) No 1881,/2006), the consumption of blue
shark may be detrimental for human health. Moreover, as sampled blue
sharks in this study were juveniles and medium sized adults, and
knowing that Hg has a robust relationship with body size, this may raise
a serious concerns since half of the wild shark population could exhibit
higher concentrations than those found in the present study.

5. Conclusions

In marine ecosystems, life-traits of elasmobranchs make them ideal
for long-term biomonitoring. The blue shark has demonstrated great
potential to be used as pollution bioindicator as it merges key features.
Their cosmopolitan distribution together with their high trophic posi-
tion, low growth rate and longevity allows the extrapolation of relevant
information on ecosystems and human health. The main constrains to
use them in biomonitoring are their accessibility, as well as their high
mobility. The latter characteristic makes it difficult to associate certain
metal levels with a specific limited region, therefore, it would be better
to use this species for large scale studies. The combination of tracking
studies together with stable isotopes could improve the knowledge gap.
In fact, during the last decade has been an increment of electronic
tracking studies with this species, specifically in Atlantic waters (Druon
et al., 2022), to better understand their movement patterns and enhance
its accessibility. Nonetheless, the Mediterranean Sea seems to be a
comparatively understudied area for sharks in general, including the
research conducted with the blue shark. The present findings indicate a
strong influence of size, system structure and habitat preference on Hg
bioaccumulation in the blue shark, reinforcing the necessity for global
pollutant assessments.
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