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Abstract: Marine ecosystems are increasingly threatened by pollutants, including trace
elements (TEs) such as heavy metals, which bioaccumulate and pose risks to both marine
fauna and human health. Sharks and rays are particularly susceptible to metal uptake
and retention, making them sentinel species for assessing environmental contamination.
This study investigated the bioaccumulation of 16 TEs across 12 elasmobranch species
sampled from the Ionian and Tyrrhenian coasts of Calabria, southern Italy, over an 11-year
period. Muscle tissue was analyzed for all species, while additional comparisons among
skin, muscle, and brain tissues were conducted for Galeus melastomus. Statistical analyses
revealed significant variability in TEs concentrations across trophic levels (TRLs), with
higher levels observed in species occupying higher trophic positions. Positive correlations
were noted for elements such as Al, Ba, and Se, while negative correlations were found
for Co, Cu, Mn, and U, indicating species-specific metabolic adaptations. Tissue-specific
analyses identified the skin as a primary site for TEs accumulation, likely due to its barrier
functions and external exposure. This study highlights the complex interplay of ecological,
dietary, and physiological factors influencing TEs bioaccumulation in elasmobranchs and
emphasizes the need for further research to understand the implications for marine food
webs and conservation strategies.

Keywords: elasmobranch; Mediterranean Sea; tissues; trace elements; trophic level

1. Introduction

In recent decades, there has been a notable rise in the levels of pollutants within marine
ecosystems. Among these pollutants, trace elements have been the focus of close monitoring
due to their persistence, toxicity, and tendency to accumulate in organisms [1]. Metals,
including heavy metals (highly toxic metals such as arsenic, cadmium, mercury, and lead),
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are released into the environment through natural and/or anthropogenic processes and can
negatively affect marine fauna and human health given their toxicity and environmental
persistence [2-6]. The uptake and tissue concentration of these metals in marine organisms
are influenced by environmental and species-specific biological factors as well as the
chemical and physical form in which metals occur in the environment [7]. Recent studies
have demonstrated that sharks and rays show increased susceptibility to metal uptake
and biomagnification, as they efficiently incorporate these compounds very efficiently and
eliminate them slowly [8-10]. While determining patterns of heavy metal concentrations
in sharks is important from the perspective of human food safety, the impacts of heavy
metal exposure on the well-being of wild sharks remain poorly understood [11]. Anatomy
and life cycle features of Chondrichthyes can potentially affect the intake and retention of
certain metals. Due to these traits and known species-specific life history parameters, these
animals are often regarded as sentinel species for environmental contamination [12-14].
Some species have a vast home range, making it challenging to identify the source of
contamination, while others have more restricted movements and can therefore provide
more information on the contamination of a particular area [5,15-18]. In sharks, exposure
and heavy metal toxicity are primarily driven by dietary uptake [19,20]. Overfishing in
coastal zones leads top predators such as sharks towards searching for food at higher
trophic levels, resulting in the bioaccumulation of metals in their tissues [21]. As diet is
the main source of these contaminants, understanding the feeding ecology of these top
predators is crucial for identifying potential pathways of metal transfer within marine
food webs [22]. However, available data on this topic remain limited [2,23-25], and further
research is required on a broader range of species.

This study aimed to compare bioaccumulation levels of trace elements across 12 dif-
ferent species of elasmobranchs, seven of which are classified in risk categories according
to the last IUCN assessments [26]: Centrophorus granulosus (critically endangered—MED;
endangered—global) Dalatias licha (vulnerable—global), Galeorhinus galeus (critically
endangered—global), Galeus melastomus (least concern—global), Hexanchus griseus (near
threatened—global), Heptranchias perlo (data deficient—MED; near threatened—global),
Isurus oxyrinchus (critically endangered—MED; endangered—global), Prionace glauca
(critically endangered—MED; near threatened—global), Pteroplatytrygon violacea (least
concern—MED and global), Squalus acanthias (endangered—MED; vulnerable—global),
Scyliorhinus canicula (least concern—MED and global), Torpedo torpedo (least concern—MED;
vulnerable—global). This comparison aims to investigate (a) differences between species,
(b) differences across various trophic levels, and (c) potential correlations between trophic
level and the bioaccumulation of trace elements. Additionally, for one species (Galeus
melastomus), the analysis will include a comparison of bioaccumulation in three different
tissues to identify affinities for trace elements (TEs) and metabolic patterns.

2. Materials and Methods
2.1. Study Area and Sample Collection

Samples were collected from different localities along the Ionian and Tyrrhenian coasts
of Calabria, in southern Italy (Figure 1). Calabria, together with Sicily and the Tunisian
coast, divides the Mediterranean Sea into western and eastern parts: the Tyrrhenian side
of Calabria lies in the western Mediterranean, while the Ionian side lies in the eastern
Mediterranean [27].
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Figure 1. Distribution of the sampling locations. The number shown inside the points represents
the number of species coming from that area. The size of the points is proportional to the number
of species.

The samples collected were obtained from specimens caught either as by-catch or
acquired during stranding events and identified using the guidelines established by Ebert
et al. [28]. The total number of samples was collected from 53 individuals, corresponding
to different shark (N = 10) and ray (N = 2) species, over a period of 11 years (from 2010 to
2021); it is worth noting that some of the data concerning G. melastomus were extrapolated
from our previous study [29,30]. Table 1 reports for each species the year of collection, the
locality, the ecology, the trophic level, and the source. Muscle tissue was analyzed as the
primary target for all species, while comparative analysis of different tissues (muscle, skin,
and brain) was conducted only for one species (Galeus melastomus).

Due to the lack of complete morphometric data, which prevented their use as a
grouping variable, results were categorized by trophic level (TRL) following the frame-
works proposed by Cortes [31] and Jacobsen and Bennett [32], as detailed in Table 1. For
species with n specimens > 1, more extensive statistical analyses were performed, allowing
interspecies comparisons among five selected species.
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Table 1. Comprehensive dataset of analyzed specimens. This table shows the code assigned to each
specimen along with its corresponding species. Additionally, it includes the trophic level (TRL), the
ecological category (D for demersal, P for pelagic), the year in which the sample was acquired, the
location of origin, whether the location falls within the Tyrrhenian or Ionian basin, and finally the
origin of the specimen (“Stranded” or obtained after capture (either accidental or intentional) during
“Fishing activity”). Samples extracted from the previous work by Gallo et al. [29] are marked with an
asterisk (*).

Code Species TRL Ecology Year Location Basin Source
#4 C. granulosus 4.1 D 2017 Paola (CS) Tyrrhenian Sea  Stranded
#2 D. licha 4.1 D 2008 Vibo marina (VV)  Tyrrhenian Sea  Fishing activity
#13 D. licha 4.1 D 2008 Vibo marina (VV)  Tyrrhenian Sea  Fishing activity
#16 D. licha 4.1 D 2015 Schiavonea (CS) Ionian Sea Fishing activity
#23 D. licha 41 D 2014 ?é%‘tepaor‘e lido i nian Sea Fishing activity
#30 D. licha 4.1 D 2012 Crotone (KR) Ionian Sea Stranded
GGl1 G. galeus 4.2 D 2013 Pellaro (RC) Ionian Sea Fishing activity
Fiumefreddo . - ..
GMF1 G. melastomus 3.7 D 2010 Bruzio (CS) Tyrrhenian Sea  Fishing activity
Fiumefreddo . . ..
GME2 G. melastomus 3.7 D 2010 Bruzio (CS) Tyrrhenian Sea  Fishing activity
Fiumefreddo . —_ ..
GME3 G. melastomus 3.7 D 2010 Bruzio (CS) Tyrrhenian Sea  Fishing activity
Fiumefreddo . —_ ..
GMF4 G. melastomus 3.7 D 2010 Bruzio (CS) Tyrrhenian Sea  Fishing activity
Fiumefreddo . L ..
GMF5 G. melastomus 3.7 D 2010 Bruzio (CS) Tyrrhenian Sea  Fishing activity
GMO01  G. melastomus * 3.7 D 2020 Golfo di Tyrrhenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) yrrhe ¢ shing activity
GM023  G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) y & y
GMO024  G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) y & y
GM026  G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
' ’ Sant’Eufemia (CZ) yrrhe ¢ Shing activity
GMO032 G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) y & y
GMO033 G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
' ’ Sant'Eufemia (CZ) y & y
GMO002 G. melastomus * 3.7 D 2020 Golfo di Tyrrhenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) y 8 y
GMO003 G. melastomus * 3.7 D 2020 Golfo di Tyrrhenian Sea  Fishing activit
' ’ Sant’Eufemia (CZ) y & y
GMO006  G. melastomus * 3.7 D 2020 Golfo di Tyrrhenian Sea  Fishing activit
' ’ Sant’Eufemia (CZ) yrrhe ¢ shing activity
GMO031  G. melastomus * 3.7 D 2021 Golfo di Tyrthenian Sea  Fishing activit
’ ’ Sant’Eufemia (CZ) y 8 y
GMO052 G. melastomus * 3.7 D 2021 Golfo di Tyrrhenian Sea  Fishing activit
: : Sant’Eufemia (CZ) 7 & y
GM121 G. melastomus * 3.7 D 2021 Golfo di Taranto Ionian Sea Fishing activity

(CS)
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Table 1. Cont.

Code Species TRL Ecology Year Location Basin Source

GM122 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS) Ionian Sea Fishing activity
GM123 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS)  Ionian Sea Fishing activity
GM124 G. melastomus * 37 D 2021 Golfo di Taranto (CS) Ionian Sea Fishing activity
GM125 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS)  Ionian Sea Fishing activity
GM166 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS)  Ionian Sea Fishing activity
GM126 G. melastomus * 37 D 2021 Golfo di Taranto (CS) Ionian Sea Fishing activity
GM128 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS) Ionian Sea Fishing activity
GM167 G. melastomus * 3.7 D 2021 Golfo di Taranto (CS)  Ionian Sea Fishing activity
#5 H. griseus 43 D 2015 Crotone (KR) Ionian Sea Fishing activity
5 H. griseus 43 D 2013 (Tlgg)etta di Crucoli 1 ian Sea Fishing activity
#26 H. griseus 43 D 2015 Crotone (KR) Ionian Sea Fishing activity
#28 H. griseus 43 D 2015 (Ccog;gllano Calabro 1 ian Sea Stranded
HGF1  H. griseus 43 D 2012 (Tlgf{r)e“a diCrucoli 1 ian Sea Fishing activity
HGE2 H. griseus 43 D 2016 Cetraro (CS) Tyrrhenian Sea Stranded

#8 H. perlo 42 D 2012 Bovalino (RC) Ionian Sea Stranded

#27 I. oxyrinchus 43 P 2012 Soverato (CZ) Ionian Sea Fishing activity
#6 P. glauca 4.1 P 2018 Schiavonea (CS) Ionian Sea Stranded

#20 P. glauca 4.1 P 2014 Bianco (RC) Ionian Sea Stranded

#21 P. glauca 41 P 2014 zﬁlée)l San Giovanni Tyrrhenian Sea Stranded

#22 P. glauca 41 p 2014 Ciro marina (KR) Ionian Sea Fishing activity
#24 P. glauca 4.1 P 2013 Punta Alice (KR) Ionian Sea Stranded

#29 P. glauca 4.1 P 2015 Sibari (CS) Ionian Sea Stranded

#7 P. violacea 3.6 D 2013 Ciro marina (KR) Ionian Sea Fishing activity
#9 S. acanthias 3.9 D 2012 Cetraro (CS) Tyrrhenian Sea Fishing activity
#10 S. acanthias 3.9 D 2012 Cetraro (CS) Tyrrhenian Sea Fishing activity
#11 S. acanthias 3.9 D 2012 Cetraro (CS) Tyrrhenian Sea Fishing activity
#12 S. acanthias 3.9 D 2012 Cetraro (CS) Tyrrhenian Sea Fishing activity
SCF1 S. canicula 3.6 D 2010 Cetraro (CS) Tyrrhenian Sea Fishing activity
#15 T. torpedo 42 D 2011 Cetraro (CS) Tyrrhenian Sea Fishing activity

2.2. Trace Elements Analysis

Sixteen trace elements (TEs) were investigated using inductively coupled plasma
mass spectrometry (ICP-MS; PerkinElmer/SCIEX, ELAN DRC-e). Before the analysis, the
samples were processed following the protocol by De Donato et al. and Gallo et al. [29,30].
In brief, tissue samples are dissolved through acid digestion using ultrapure HNO3, with
the following proportions: 12 mL of acid are added per 0.1 g (dry weight) of tissue in
proper vessels. After digestion, all samples are diluted to the same final volume of 100 mL
using ultrapure water (UPW) and stored at 4 °C until ICP-MS analysis. During the drying
phases, the tissue’s water percentage was also measured (only for muscle), thus allowing
the conversion of the dry weight values, returned by the ICP-MS, to wet weight (mg/Kg),
using the equation of Gaion et al. [33]:

WW =DW x (1 — WP)

where WW is the wet weight, DW is the dry weight, and WP is the water per-centage loss
during the drying stage. The blank was prepared with ultra-pure water and ultrapure nitric
acid (100 pL HNOg3:10 mL UPW). The percentage of water loss was calculated to be-on
average —71.2%.
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The ICP-MS was calibrated using the ICP multi-element standard solution VI for ICP-
MS (Merck). The accuracy of the method was evaluated using the Lobster Hepatopancreas
(Tort-3; National Research Council Canada) as the certified reference material (CRM). The
same preparation procedure was used on the CRM, and these solutions were used as
unknown samples during the analytical sequence. During the analysis, the blank and
the CRM were processed by the ICP-MS at the beginning and at the end and were also
interspersed with every six samples (checking that the values were always in the norm and
that the drift of the instrument did not affect the results obtained) [29]. The detection limit
was set at three times the standard deviation of the blanks, and its value oscillated around
0.13 mg/kg.

2.3. Statistical Analysis

To enable more robust statistical assessments across all species, a classification criterion
was developed to include species represented by only a single specimen, ensuring the
applicability of inferential statistical tests. Statistical analyses were conducted using the
Kruskal-Wallis test to compare differences across species, trophic levels, and tissue samples
of G. melastomus, followed by Dunn’s post hoc test with Bonferroni correction to control for
multiple comparisons. Additionally, the effect size was evaluated through the calculation
of eta-squared (82)2 values < 0,1 indicate “Small effect”, values between 0.1 and 0.6 stand
for “Medium effect” and values > 0.6 stand for “Large effect”. To further investigate
bioaccumulation trends in relation to trophic levels, Spearman’s rank correlation was
employed to assess the strength and direction of these relationships.

3. Results and Discussion
3.1. Muscle Tissue

The analysis of muscle tissue involved the quantification of 16 TEs: Al, As, Ba, Bi,
Co, Cr, Cu, Fe, Mn, Mo, Nji, Pb, Se, Sr, U, and Zn. The raw analytical data are provided in
Table S1 (Supplementary Material). By quantitatively analyzing the raw results, it can be
observed that—when comparing the outcomes obtained for species with a single specimen
(n = 1) to the average values obtained for species with n specimens > 1—P. violacea (Ba, Cu,
Fe, Mn, Se, Sr, and Zn) and T. torpedo (As, Cr, and Mo) more frequently exhibit the highest
values. This might misleadingly suggest differences between sharks and batoids. However,
since both species fall within the category of species with n = 1, the sample size is too small
to confidently conclude that the differences follow taxonomic patterns. For this reason, it
was decided to group the results based on trophic level (TRL) rather than species and to
separately conduct species-specific analyses including only the five species with n > 1.

In Table 2, it is possible to see the results on which the species-specific analysis
was based, including mean values, standard deviations, n specimens, and maximum
concentrations for each TE. The highest concentrations were primarily observed in H. griseus
and D. licha, which respectively accounted for 31% of the TEs analyzed (Figure 2). The
consistently high TE levels found in these two species imply that, possibly due to their
feeding strategies or metabolic processing, they are particularly prone to TE accumulation.

To compare the results obtained in the present study with the existing literature, a
conversion from dry weight to wet weight was carried out (Table 3). Although the lit-
erature on both trace elements and elasmobranchs often focuses on only a few elements
(primarily Hg) and few species, it was possible nonetheless to cross-reference some re-
sults for certain species. For instance, several scientific studies are available on the blue
shark (Prionace glauca), the bluntnose sixgill shark (Hexanchus griseus), and the blackmouth
catshark (Galeus melastomus).



Environments 2025, 12, 12

7 of 16

Table 2. Concentration values for species-specific analysis. The following table reports the mean

values, standard deviation, and number of samples (1) for each of the five species analyzed, for each

trace element (TE). The last column shows the highest mean value obtained for that element. All

values are expressed in ppm (mg/kg) and refer to dry weight (d.w.); bdl = below detection limit.

G. melastomus D. licha P. glauca S. acanthias H. griseus

Mean ]S)té“ n  Mean ]S)tév' n  Mean ]S)tév. n Mean sDté‘L n  Mean St. Dev. n ‘1\]/; ?ﬁe
Al27  7.652 4672 25 13.540 4700 5 35997 56.761 6 22150 10.114 4 45.693 53.702 6 45.693
As75  118.714 35.833 25 91.166 62984 5 76.130 55.327 6 85.630 21468 4 80.710 53.134 6 118714
Bal38 0.183 0429 25 0.392 0.100 5 0.523 0725 6 0360 0175 4 0.628 0.204 6 0.628
Bi209 0.007 0.007 25 0.026 0.012 5 0.022 0004 6 0.023 0.004 4 0.023 0.004 6 0.026
Co59 0.044 0.019 25 0.024 0.010 5 0.047 0022 6 0.038 0.008 4 0.033 0.008 6 0.047
Cr52 0925 0663 25 1152 0450 5 0.820 0261 6 1558 0.863 4 1468 0.498 6 1558
Cu63 1959 1.829 25 0.850 0.130 5 1.400 0690 6 1.098 0323 4 1.015 0.148 6 1959
Fe57 41901 39.630 25 66.738 17379 5 53.237 24760 6 43.858 13.662 4 59.068 30.931 6  66.738
Mn55 0986 0438 25 0.836 0232 5 0.747 0411 6 0780 0.168 4 0945 0411 6 0.986
Mo98 0.048 0.023 25 0.246 0312 5 0.143 0128 6 0223 0.084 4 0195 0.211 6 0246
NieO 1991 1177 25 6.242 4.056 5 3.817 2636 6 7188 4541 4 13180 3.856 6 13.180
Pb208 0.141 0.109 25 0.372 0169 5 0.165 0110 6 0213 0.066 4 0215 0.069 6 0372
Se82 0939 0.177 25 2238 0585 5 2.010 0533 6 1345 0.092 4 1383 0.134 6 2238
Sr88 2513 0953 25 4.044 1183 5  4.092 1.602 6 6.853 0.329 4 4823 0954 6 6.853
U238 0.007 0.005 25 bdl bdl 5 bdl bdl 6 bdl bdl 4 0.008 0.013 6 0.008
Zn64 21529 5847 25 29.322 9.602 5 37.890 19.714 6 26710 7.853 4 48370 16.910 6 48.370

SPECIES WITH HIGHEST VALUES

W G. melastomus

D. licha

P. glauca

S. acanthias

H. griseus

Figure 2. Concentration peaks in species-specific analysis. The chart shows, in percentage, how often

(among the analyzed TEs) the different species recorded higher mean values compared to the others.
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Table 3. Mean values conversion to wet weight. The following table reports the mean values
expressed in ppm (mg/kg) and referred to wet weight (w.w.), for each of the five species analyzed,
for each trace element (TE).

G. melastomus D. licha P. glauca S. acanthias H. griseus
Al27 2.219 3.927 10.439 6.424 13.251
As75 34.427 26.438 22.078 24.833 23.406
Bal38 0.053 0.114 0.152 0.104 0.182
Bi209 0.002 0.008 0.006 0.007 0.007
Co59 0.013 0.007 0.014 0.011 0.009
Cr52 0.268 0.334 0.238 0.452 0.426
Cu63 0.568 0.247 0.406 0.318 0.294
Fe57 12.151 19.354 15.439 12.719 17.130
Mn55 0.286 0.242 0.217 0.226 0.274
Mo98 0.014 0.071 0.042 0.065 0.057
Ni60 0.577 1.810 1.107 2.084 3.822
Pb208 0.041 0.108 0.048 0.062 0.062
Se82 0.272 0.649 0.583 0.390 0.401
Sr88 0.729 1.173 1.187 1.987 1.399
U238 0.002 0.000 0.000 0.000 0.002
Zn64 6.243 8.503 10.988 7.746 14.027

For Hexanchus griseus, the values obtained in this study for most elements are con-
sistent with those reported in previous studies [34-37], except for aluminum (Al), which
is significantly higher than the levels reported for the Aegean Sea by Roubie et al. [34].
Similarly, nickel (Ni) concentrations exceed those documented by both Giovos et al. and
Roubie et al. [34,37] for the Aegean Sea. Zinc (Zn) levels are also notably higher compared
to the values reported by other authors [34,35,37].

For Prionace glauca, the existing literature is more extensive. Consequently, we focused
on evaluating the main differences for some of the more debated elements. Regarding
arsenic (As), the mean concentration (wet weight) obtained in this study is consistent with
the findings of Roubie et al. [34] for the Aegean Sea but higher than the values they reported
for the Ionian Sea. Our results also exceed those reported by Torres et al. [38] for the Azores,
while being lower than those documented by Alves et al. [5] for the Atlantic.

Nickel (Ni) concentrations in our study are higher than those reported for the Atlantic
Ocean [5], the NW Atlantic [39], and both the Aegean and Ionian Seas [34]. However, our
values are lower than those reported for the Colima coast (Mexico) [40] and the English
Channel [14].

For lead (Pb), our results are comparable to those reported for the NW Atlantic [39]
and the Ionian Sea [34], higher than those from the English Channel [14], but lower than
the values documented for the Colima coast [40], the Atlantic [5], and the Aegean Sea [34].

For Galeus melastomus, the mean concentrations of Pb and Ni found in this study
are higher than those reported by Mille et al. [41] for the NW Mediterranean and the NE
Atlantic. In contrast, our arsenic (As) and Pb concentrations are slightly lower than those
reported by Gaion et al. [31] for the northern Tyrrhenian Sea.

The findings highlight significant geographical variability in heavy metal concen-
trations, likely influenced by local anthropogenic activities (e.g., industry, agriculture,
maritime transport) and oceanographic conditions (e.g., currents, salinity, sediments).

The Kruskal-Wallis test revealed significant interspecies differences for 14 out of 16 TEs
(Table S2), while the Dunn’s post hoc test identified pair-wise differences only in 10 of
these TEs (Ba, Bi, Cr, Cu, Mo, Ni, Pb, Se, Sr, and U) (Figure 3). G. melastomus consistently
displayed significant differences compared to other species. To assess potential bias due to
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sample size (1), the effect size (¢2) was computed; all TEs except Bi exhibited values < 0.6,
indicating low to moderate influence and confirming the reliability of the results.
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Figure 3. Species-specific comparison. Kruskal-Wallis and Dunn’s post hoc tests performed for five
species with more than one individual. The figure includes box plots (with standard deviation) for 16
elements. Elements showing significant differences are highlighted in bold. The figure also shows the
species that exhibited significant differences according to Bonferroni correction during Dunn’s post
hoc test, as follows: p < 0.05 (*), p < 0.001 (**). On the X-axis, the species are represented with the
following abbreviations: “D.1.” for Dalatias licha, “S.a.” for Squalus acanthias, “H.g.” for Hexanchus
griseus, “P.g.” for Prionace glauca, and “G.m.” for Galeus melastomus. On the Y-axis, the concentration
is reported relative to dry weight and expressed in ppm (mg/Kg).

These results emphasize the need for ongoing monitoring of contamination levels
across species and regions to detect trends and evaluate the effectiveness of mitigation
strategies. Further studies are warranted to understand the mechanisms of bioaccumulation
and biomagnification in marine food webs.

Moving on to the data analysis based on trophic level, the Kruskal-Wallis test indi-
cated statistically significant differences in 12 out of 16 elements among the six trophic
levels (TRLs), with no significant variation detected for As, Cr, Mn, and Pb (Figure 4 and
Table S3). Nine TEs exhibited consistent significant differences specifically between TRL
3.7 (represented by G. melastomus) and TRL 4.1 (encompassing P. glauca, C. granulosus, and
D. licha). Notably, TRL 3.7 demonstrated statistically significant differentiation across all
9 elements examined. The ¢? showed that only Bi exhibited values > 0.6, indicating an
influence of the size. [34,35,37].
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Figure 4. Trophic level comparison. Kruskal-Wallis and Dunn’s post hoc tests performed for trophic
levels. The figure includes mean and whisker plots (with standard error) for all 16 elements. Elements
showing significant differences are highlighted in bold. The figure also shows the TRLs that exhibited
significant differences according to Bonferroni correction during Dunn’s post hoc test, as follows:
p <0.05 (*), p < 0.001 (**), p < 0.0001 (***). On the X-axis, the different trophic levels are represented,
while on the Y-axis, the concentration is reported relative to dry weight and expressed in ppm

(mg/Kg).

To elucidate the relationship between TE concentrations and TRLs, Spearman’s rank
correlation analysis was performed (Figure 5). Statistically significant correlations were
identified for 12 of the 16 elements: positive correlations (indicating an increase in TE
concentration with ascending trophic level) were observed for 8 elements (Al, Ba, Bi, Cr,
Mo, Ni, Se, and Zn), while 4 elements (Co, Cu, Mn, and U) exhibited negative correlations
(indicating a decrease in TE concentration with increasing TRL).

TrL'

e I Y e e A A o A R A
’ 459 86 -038 033 “054 -037 037 QEY 0.38 -051 0.40
- - .
I} ] (=] —_
3 w

Figure 5. Spearman’s correlation about trophic levels/TEs concentration. The image displays
ellipses only for elements where the correlation (positive or negative) showed statistical significance
(p < 0.05). The color of the ellipses, as indicated in the legend, ranges from blue (slope coefficient
equal to 1) to red (slope coefficient equal to —1). The value displayed at the center of each ellipse
represents the coefficient observed.
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Elements As, Fe, Pb, and Sr appeared to show no correlation with TRL, which may
suggest that their bioaccumulation is not strongly linked to trophic level or dietary in-
take [42]. The positive correlations identified for elements such as Al, Ba, and Se could
indicate that diet plays a significant role in the bioaccumulation of these TEs. Conversely,
the negative correlations observed for Co, Cu, Mn, and U might imply that mechanisms
such as excretion or metabolic regulation help mitigate TE concentrations as trophic lev-
els increase [7,43]. This potential trend in TE metabolism could reflect species-specific
adaptations aimed at reducing toxicity or managing essential element concentrations.

3.2. Comparison Among Tissues

A comparative analysis of tissues encompassing 15 TEs (As, Co, Cd, Cr, Cu, Fe, Mn,
Mo, Ni, Pb, Se, Sn, Sr, U, and Zn) was conducted on G. melastomus. Mean values, standard
deviations, n samples, and maximum values are presented in Table 4, while the raw results
are listed in Table S4. Notably, the skin showed the highest mean concentrations for the
majority of TEs (67%), suggesting its significant role in TE accumulation, possibly due to
its direct exposure to the external environment and its involvement in barrier functions.
The brain followed with elevated concentrations for 27% of the elements, indicating that
certain TEs may preferentially accumulate in neural tissues, potentially due to either their
essential roles in neurological processes (e.g., Cu) or to antagonist effects and increased
binding affinity (e.g., Cd) or limited capacity for detoxification.

Table 4. Concentration values for tissues analysis. Mean values, standard deviation, and number of
samples (1) for each tissue analyzed, for each trace element (TE). The last column shows the highest
mean values. All values are expressed in ppm (mg/kg) and refer to dry weight (d.w.).

Muscle Skin Brain

Mean St. Dev. n Mean St. Devw. n Mean St. Devw. n \I\gﬁe
As75 79.350 15.082 5 41.420 20.212 3 75.325 25.255 2 79.350
Cd112 0.054 0.034 5 0.120 0.099 3 0.150 0.060 2 0.150
Co59 0.076 0.026 5 0.227 0.021 3 0.220 0.040 2 0.227
Cr52 1.176 0.358 5 1.297 0.333 3 1.380 0.510 2 1.380
Cu63 1.466 0.583 5 2.593 0.827 3 10.645 0.245 2 10.645
Fe57 28.794 17.084 5 359.057 71.277 3 67.950 14.520 2 359.057
Mnb55 1.758 0.963 5 13.443 2.989 3 2.700 0.850 2 13.443
Mo98 0.046 0.021 5 0.063 0.005 3 0.130 0.080 2 0.130
Ni60 0.576 0.264 5 1.603 0.454 3 0.605 0.455 2 1.603
Pb208 0.075 0.060 5 3.317 3.426 3 0.215 0.135 2 3.317
Se82 2.112 1.245 5 2.437 1.177 3 2.185 0.715 2 2.437
Sn 4.990 1.352 5 57.493 60.993 3 12.340 6.860 2 57.493
Sr88 6.912 9.346 5 330.537 71.845 3 7.500 2.680 2 330.537
U238 0.003 0.002 5 0.020 0.006 3 0.009 0.007 2 0.020
Zn64 17.074 7.870 5 49.940 8.841 3 33.660 0.160 2 49.940

Muscle tissue, typically considered a major site for TE bioaccumulation in many
organisms, showed the highest concentration for only one element, arsenic, which may
reflect species-specific metabolic pathways or storage patterns.

Significant differences were detected for 7 out of 15 TEs (Table S5), emphasizing that
TE distribution varies considerably between tissues. Dunn’s post hoc analysis further
narrowed these findings, confirming significant inter-tissue differences for 6 elements (Cu,
Fe, Mn, Pb, Sr, and Zn). These results indicate that skin and muscle tissues are most
differentiated in their TE concentrations (Figure 6), suggesting skin as a prominent site
for certain metals like zinc and lead, which could be linked to external accumulation or
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binding in the dermal layer. The €2 highlights a large size effect for 4 out of 15 TEs: Co, Mn,
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Figure 6. Kruskal-Wallis and Dunn’s post hoc tests performed for tissue. The figure includes box
plots (with standard deviation) for all 15 elements. Elements showing significant differences are
highlighted in bold. The figure also shows the species that exhibited significant differences according
to Bonferroni correction during Dunn’s post hoc test, as follows: p < 0.05 (*). On the X-axis, the
different tissues analyzed are represented, while on the Y-axis, the concentration is reported relative
to dry weight and expressed in ppm (mg/kg).

The unique case of Cu showed significant differences between the brain and muscle,
highlighting the potential for copper’s neurological roles or specific regulatory mechanisms
within brain tissue. This points to tissue-specific bioaccumulation and regulatory processes
that align with the distinct functions and exposure levels of different organs. It is interesting
to note that higher levels of Cd correspond to lower levels of Zn, a known antagonistic
effect described in the literature [44].

4. Conclusions

This study provides critical insights into how dietary habits, trophic levels, metabolic
pathways, and environmental exposure influence trace element (TE) bioaccumulation in
elasmobranchs. The results highlight significant interspecies and inter-trophic-level dif-
ferences, suggesting that ecological and physiological factors jointly shape these patterns.
Elements such as aluminum, barium, and selenium demonstrated strong positive corre-
lations with trophic level, underscoring the central role of diet in their accumulation. In
contrast, negative correlations observed for elements like cobalt and manganese point to
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active metabolic regulation or excretion processes. Interestingly, elements such as arsenic
and lead showed no correlation with trophic levels, indicating that localized environmental
contamination or specific detoxification pathways likely contribute to their variability,
further emphasizing the multifaceted nature of TE bioaccumulation.

Tissue-specific accumulation patterns revealed the skin as a major site for TE deposi-
tion, reflecting its direct environmental exposure and barrier functions. Muscle and brain
tissues displayed distinct accumulation trends, driven by their unique metabolic roles. For
example, elevated copper levels in the brain align with its essential neurological functions,
while antagonistic interactions between cadmium and zinc illustrate the complexity of
metal interactions within tissues. These findings provide a nuanced understanding of
how different tissues manage metal exposure and underscore the protective or essential
physiological mechanisms at play.

The observed accumulation of toxic elements such as lead and nickel in endangered
species, including Hexanchus griseus and Prionace glauca, raises significant conservation con-
cerns. These results suggest potential long-term health risks for these species and highlight
their value as sentinel indicators for marine contamination. Moreover, the findings have
implications for human health, particularly in regions where these species are consumed as
seafood, underscoring the need for careful monitoring of contamination levels.

Overall, this study emphasizes the critical role of elasmobranchs in assessing marine
pollution, given their trophic position and ecological significance. To build on these
findings, future research should expand the scope of species and geographic regions
analyzed, investigate the influence of environmental factors on TE dynamics, and explore
the physiological mechanisms underpinning metal accumulation and detoxification. These
efforts will not only enhance our understanding of TE bioaccumulation but also inform
conservation strategies and pollution mitigation measures, ultimately contributing to the
sustainable management of marine ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments12010012/s1, Table S1: Raw data obtained from the
analysis of the muscle tissue in the 12 species for the 16 TEs.; Table S2: Results of the Kruskal-Wallis
test and €2 in the comparison among species (five), with KW values and p values; Table S3: Results of
the Kruskal-Wallis test and €2 in the comparison among trophic levels (six), with KW values and p
values; Table S4: Raw data obtained from the analysis of three tissues in G. melastomus for the 15 TEs;
Table S5: Results of the Kruskal-Wallis test and €2 in the comparison among tissues (three), with KW
values and p values.
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