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Abstract

Mussels, as filter feeders, efficiently accumulate various pollutants from the
surrounding water, making them valuable bioindicators of marine environmental
quality. This review focuses on their application in assessing trace element
contamination in the Mediterranean Sea. Trace elements such as arsenic, cadmium,
lead, mercury, and zinc are commonly identified in mussels due to their potential
toxicity and bioaccumulation. Seasonal variations in trace element concentrations
in mussel tissues are influenced by factors such as phytoplankton blooms,
gametogenesis, temperature, and salinity. However, anthropogenic activities,
including industrial discharges, mining, and urban runoff, can significantly elevate
these levels. The Mediterranean Sea is particularly vulnerable to pollution due to
its enclosed nature and high human population density. Natural and geological
phenomena contribute to the increased bioavailability of certain elements, such
as arsenic and mercury, in the Adriatic Sea and the Tyrrhenian Sea. An in-depth
understanding of these phenomena is fundamental for interpreting data from
scientific studies and environmental monitoring. Regions with historical mining
activities, such as the Iberian Peninsula and North Africa, show elevated levels of
elements such as lead and zinc. Areas with significant industrial activities, such
as the Gulf of Taranto and the Gulf of Trieste (Italy), also exhibit elevated levels of
trace elements in mussels. The Eastern Mediterranean, including the Aegean and
Marmara Seas, is characterized by widespread pollution from urban and industrial
sources, as well as maritime traffic. Mussels from these regions often exhibit high
levels of trace elements, particularly in areas near major cities and industrial
centers. This review examines literature from the past 25 years concerning the use
of mussels as bioindicators in the study of natural and anthropogenic phenomena
affecting the bioavailability of trace elements in the Mediterranean Sea, providing
an overview of case studies and environmental monitoring commonly carried out
in this area.
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1. Introduction

The Mediterranean Sea, a semi-enclosed and highly
anthropized basin, has been under increasing pressure from
human activities since ancient times."* Industrialization,
urbanization, intensified agriculture, and tourism have
led to widespread pollution of the marine environment,
with significant repercussions on ecosystems and human
health."? The relatively closed nature of the Mediterranean
Sea, along with its high population density, makes this
area particularly vulnerable to environmental pollution."?
Monitoring environmental pollution helps identify
the most critical areas and assess the impact of human
activities on marine biodiversity.*> This effort enables
the implementation of conservation and restoration
measures for natural habitats.>” Many pollutants present
in the sea can accumulate in marine organisms and enter
the food chain, posing health risks to humans through
the consumption of contaminated seafood. An accurate
assessment of the environmental status is fundamental
to promoting sustainable economic development and
avoiding the long-term compromise of natural resources.**

The main sources of anthropogenic contamination in
the Mediterranean include industrial discharges, which
release organic chemicals and trace elements, as well as
urban pollution, which results in sewage discharges, solid
waste, and the release of pathogenic microorganisms. In
addition, intensive agriculture contributes to the spread
of pesticides and fertilizers, and soil erosion. Increasing
maritime transport also poses risks, such as accidental
spills of hydrocarbons or the release of harmful substances
from ships, while tourism activities contribute to pollution
through detergents and plastic waste."?

Monitoring strategies may include the chemical
characterization of abiotic matrices through the analysis
of water and sediments, the use of biological models
(bioindicators) to estimate the bioaccumulation of
contaminants in the tissues of sentinel organisms, and the
application of mathematical models to predict pollutant
dispersion and assess their impact on different components
of the marine ecosystem.*** Among these methods, the use
of mussels as sentinel organisms offers notable advantages.
Mussels can actively bioaccumulate various pollutants
and provide early biological and biochemical signals in
response to multiple stresses. Widely distributed along
the Mediterranean coasts, mussels are found in natural
environments, on farms, and on anthropic structures such
as offshore installations. Mussels feed by filtering seawater,
concentrating a wide range of substances in their tissues,
from organic particles to chemical contaminants. As sessile
organisms, mussels cannot escape adverse environmental
conditions, making them ideal indicators of contamination

in the areas where they live. Their relatively long lifespan
allows for the assessment of the long-term impact of
persistent pollutants and reflects the bioavailability of
chemicals. Furthermore, they can be easily translocated
from one site to another. These aspects make mussels ideal
biological indicators for assessing the quality of marine
ecosystems and the level of contamination in an area.*"!

However, monitoring activities in the Mediterranean
are not without challenges. Environmental contamination
is a complex and dynamic phenomenon influenced by
numerous factors, and understanding it often requires
significant financial resources. Furthermore, environmental
monitoring involves numerous stakeholders (institutions,
research organizations, associations) whose activities
should be better coordinated. In the author’s view, the
absence of common directives or strategies among the
Mediterranean states hinders the implementation of
large-scale monitoring plans. In addition, in many cases,
there are insufficient historical data series to assess long-
term trends. From this perspective, it is important to
identify common strategies that contribute to sustainable
development policies across the Mediterranean region,
through enhanced monitoring of environmental quality.

Mediterranean mussels (Order Mytilida; Family
Mytilidae; Genus Mytilus; Linnaeus, 1758) are often used to
monitor the presence and bioavailability of trace elements
such as arsenic, cadmium, lead, mercury, and other
toxic elements arising from industrial activities, urban
discharges, and atmospheric deposition. They also provide
relevant information on the presence of petroleum-derived
substances origin such as polycyclic aromatic hydrocarbons
or mixtures of aliphatic hydrocarbons, as well as persistent
organic pollutants. Compounds such as polychlorinated
biphenyls, dichlorodiphenyltrichloroethane, and dioxins,
although banned in many countries, persist in the
environment and can bioaccumulate in mussel tissues
and along the food chain. Furthermore, mussels have
recently been found to be useful for monitoring emerging
contaminants, such as pharmaceuticals, pesticides, and
microplastics, which represent new challenges for marine
ecosystems and human health '3

Trace elements (e.g., arsenic, cadmium, copper,
mercury, lead, and zinc) are among the most investigated
pollutants in terms of bioaccumulation in bivalve
mollusks. As natural constituents of the Earth’s crust,
trace elements are widely distributed in water bodies
and exhibit measurable baseline levels in the tissues of
aquatic organisms, including bivalve mollusks. Since the
early studies on the bioaccumulation of trace elements
in Mediterranean mussels, the presence of important
seasonal fluctuations in baseline natural levels has been
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well-documented.'*'* Therefore, a deep understanding
of the factors and dynamics underlying the seasonal and
annual fluctuations of trace element bioaccumulation in
the tissues of aquatic organisms is essential for a correct
interpretation of the results derived from monitoring
plans. New knowledge continues to emerge through the
application of these monitoring plans, although often on a
limited geographical or temporal scale.

The aim of the present review is to summarize the
current knowledge regarding the bioaccumulation of
trace elements in mussels as bioindicator organisms of
environmental contamination in the Mediterranean. The
review seeks to establish a framework for understanding
the presence and impact of this class of environmental
pollutants while also focusing on the natural factors and
dynamics affecting seasonal and annual variations in
bioavailability and bioaccumulation levels. Specifically, the
most relevant literature from the past 25 years has been
discussed, identified through Scopus (Elsevier, 2025), and
organized to first describe natural phenomena altering the
bioavailability of trace elements and then examine the key
contamination hotspots in the Mediterranean Sea.

2. Species and investigations

The present review explored the most relevant literature
related to the use of bioindicator mussels in the
Mediterranean Sea. The most common species in this
region is Mytilus galloprovincialis (Lamarck, 1819), which
is widely used in bioaccumulation and bioavailability
investigations. In contrast, Mytilus edulis (Linnaeus, 1758),
primarily distributed in the Atlantic Ocean and Northern
Seas, is only occasionally included in Mediterranean
monitoring plans. However, the two species are closely
related, and given almost all the available data on trace
element bioaccumulation in the Mediterranean refer
to M. galloprovincialis, the species are not discussed
separately here. To maintain a clear framework, the
natural phenomena influencing the basal levels of trace
elements in mussel tissues — essential for understanding
bioaccumulation in altered environmental conditions -
are discussed first, followed by an exploration of the main
contamination hotspots in the Mediterranean.

2.1. Basal levels and natural fluctuation of trace
elements in Mediterranean mussels

Even at the end of the last century, some authors observed
significant seasonal variations in the levels of trace elements
in the tissues of sentinel bivalve organisms."'” Regoli &
Orlando' verified that these seasonal variations occur
both in reference mussels from pristine, uncontaminated
areas and in populations sampled from polluted sites,
complicating the interpretation of bioaccumulation levels

in these organisms. Although with different profiles,
fluctuations in trace element levels affect different tissues
and organs, such as the gills and digestive glands. These
observations suggest that seasonal fluctuations in the
bioaccumulation rates of trace elements in mussels depend
not only on environmental factors, such as temperature,
pH, salinity, dissolved oxygen, and nutrients but also on
the biological cycle of the organisms themselves, which
determines distinct phases of organ and tissue development
throughout the year.'*"

Since then, several authors have investigated the nature
of seasonal fluctuations of trace elements in mussels in the
Mediterranean area, providing reference databases of the
normal concentration ranges found in the tissues of these
organisms. Table 1 summarizes the ranges obtained from
various areas of the Mediterranean over the past 25 years,
including additional data from the Marmara Sea and the
Black Sea.*!#2

To understand seasonal trends in trace elements,
researchers often employ the condition index (CI). This
parameter is calculated by dividing a seasonally variable
physiological characteristic, like the total soft tissue weight
of the mollusks, by a more stable variable, such as shell
weight or size. An increase in CI typically indicates growth
in tissue weight, often linked to the expansion of digestive
or gonadal tissues.®!*!>23282

Mosttrace elements, with afew exceptions, preferentially
accumulate in digestive tissues, while gonads are less prone
to accumulation due to their higher lipid content.*!*'
Consequently, element concentrations often peak during
phytoplankton blooms, when digestive tissues grow, as
reflected by the CI trend. On the contrary, gonad growth,
which occurs before gamete release, can dilute element
concentrations, leading to lower bioaccumulation despite
increasing the CI. Therefore, a direct statistical correlation
between CI and trace element levels is often observed only
during specific periods, such as phytoplankton blooms or
gametogenesis.»'*!®

An exception is arsenic, which is generally accumulated
in the form of organic compounds that show an affinity
to lipid-rich tissues. As a result, arsenic can be distributed
uniformly across all tissues of mollusks, showing a direct
relationship with the trend of the CL.* Therefore, the seasonal
trend of CI and trace elements, including arsenic, offers
important insights into understanding and identifying
phenomena of increased bioavailability or contamination
in mussel populations, both in pristine areas and those
subjected to environmental impacts. The availability of
extensive databases, such as those summarized in Table 1,
also offers the opportunity to understand geographic and
environmental variations in these phenomena.
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Table 1. Concentration ranges of trace elements in tissues of mussels (Mytilus galloprovincialis or Mytilus edulis) across various
areas in the Mediterranean, Marmara Sea, and Black Sea (1999 - 2022), according to original investigations*'*-

Element Min Max Note Site/area Period References
Ag <0.05 0.205 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.*
Al 500 1100 b Morocco, Mediterranean Coast 2016 Azizi et al*
50 400 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.®
As 2.6 58.4 - France, Northwest Mediterranean 1999 - 2001 Bodin et al.'
8.1 423 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
14.7 29.9 - Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.”?
8.5 25 . Gulf of Trieste, Slovenia 2015 Bajc & Kirbig*
8 14 b Morocco, Mediterranean Coast 2016 Azizi et al*
3.7 10 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
18.2 54.7 - Croatia (mussels farms) 2020 - 2021 Zurga et al.®
Ba 0.94 11 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
Be <0.05 <0.05 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.*
Bi <0.05 <0.05 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
Cd 0.4 1.4 - France, Northwest Mediterranean 1999 - 2001 Bodin et al.'
0.24 1.8 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
0.2 2.6 . Turkish Aegean Sea 2002 - 2003 Sunlu®
0.51 1.24 - Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.??
0.36 1.3 . Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
0.07 1 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.*
0.06 0.26 - Turkey (mussel farms) 2019 - 2020 Dogruyol et al.”’
0.28 0.74 - Black Sea 2022 Peycheva et al.*
Co 1.4 7.1 - Marmara Sea 2008 - 2009 Tiirk Culha et al.?!
0.6 1.75 . Gulf of Trieste, Slovenia 2015 Bajc & Kirbig*
0.07 0.44 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.®
Cr 0.5 2.6 - France, Northwest Mediterranean 1999 - 2001 Bodin et al.'®
1 3 b Thermaikos gulf, Greece 2000 Caskie & Florou"
0.29 2.9 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
1.8 223 . Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
0.27 0.65 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”®
0.01 0.36 - Black Sea 2022 Peycheva et al.*®
Cu 34 7.2 - France, Northwest Mediterranean 1999 - 2001 Bodin et al.’®
2 6 b Thermaikos gulf, Greece 2000 Caskie & Florou"
1 10 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini ef al.*
4.75 9.25 . Turkish Aegean Sea 2002 - 2003 Sunlu®
42 6.7 - Marmara Sea 2008 - 2009 Tiirk Culha et al.?!
3.46 11.3 - Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.”?
4.25 7.1 . Gulf of Trieste, Slovenia 2015 Bajc & Kirbig*
4.75 44 . Sardinia, Calich Lagoon, Italy 2017 Esposito et al.®®
3 13.6 - Croatia (mussels farms) 2020 - 2021 Zurga et al.®®
0.38 2.72 - Black Sea 2022 Peycheva et al.**
(Cont'd...)
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Table 1. (Continued)

Element Min Max Site/area Period References
Fe 100 700 Thermaikos Gulf, Greece 2000 Caskie & Florou"
51.5 680 Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
82 177 Marmara Sea 2008 - 2009 Tirk Culha et al*
75 745 Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
85 320 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
14 108 Black Sea 2022 Peycheva et al.?
Ga <0.05 <0.05 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”®
Hg 0.08 0.2 France, Northwest Mediterranean 1999 - 2001 Bodin et al.'®
0.014 0.22 Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
0.06 0.36 Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
0.055 0.105 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
0.017 0.315 Turkey (mussels farms) 2019 - 2020 Dogruyol et al.”’
0.07 0.23 Croatia (mussels farms) 2020 - 2021 Zurga et al.*®
In <0.05 <0.05 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”®
Li 1.5 1.8 Morocco, Mediterranean Coast 2016 Azizi et al >
Mg 4500 6500 Morocco, Mediterranean Coast 2016 Azizi et al**
Mn 8 24 Thermaikos gulf, Greece 2000 Caskie & Florou"
2.7 23.1 Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
5.5 21.5 Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
10 13 Morocco, Mediterranean Coast 2016 Azizi et al*
1.9 18 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
0.83 327 Black Sea 2022 Peycheva et al.*
Ni 0.8 2.3 France, Northwest Mediterranean 1999 - 2001 Bodin et al.'
1 6 Thermaikos gulf, Greece 2000 Caskie & Florou"
1.3 8 Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
<0.01 6.5 Marmara Sea 2008 - 2009 Tirk Culha et al*
1.2 7.05 Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
0.6 0.95 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
0.04 0.21 Black Sea 2022 Peycheva et al.?
pt 0.7 3.6 France, Northwest Mediterranean 1999 - 2001 Bodin et al.'®
0.25 33 Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
2.5 8.6 Turkish Aegean Sea 2002 - 2003 Sunlu®
2.5 3.3 Marmara Sea 2008 - 2009 Tirk Culha et al*
0.76 2.16 Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.?
<0.1 1.6 Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
0.2 3.55 Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
0.036 0.37 Turkey (mussels farms) 2019 - 2020 Dogruyol et al.””
0.7 1.86 Croatia (mussels farms) 2020 - 2021 Zurga et al.?®
0.11 0.41 Black Sea 2022 Peycheva et al.*®
S 12,000 13,500 Morocco, Mediterranean Coast 2016 Azizi et al**

(Cont'd...)
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Table 1. (Continued)

Element Min Max Note Site/area Period References
Se 1.6 5.1 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
2.22 6.57 - Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.,”
1.65 4 “ Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
0.8 2.9 - Turkey (mussels farms) 2019 - 2020 Dogruyol et al.””
Si 900 1400 b Morocco, Mediterranean Coast 2016 Azizi et al.**
Sn 0.07 0.13 a Sardinia, Calich Lagoon, Italy 2017 Esposito et al.®®
Ti 8 12 b Morocco, Mediterranean Coast 2016 Azizi et al.*
Tl <0.05 <0.05 a Sardinia, Calich Lagoon, Italy 2017 Esposito et al.®
16) <0.05 <0.05 “ Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
\4 0.29 8.1 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
2 4.5 b Morocco, Mediterranean Coast 2016 Azizi et al.*
Zn 116 436 - France, Northwest Mediterranean 1999 - 2001 Bodin et al.'®
30 90 b Thermaikos gulf, Greece 2000 Caskie & Florou®
11.5 156 - Italy, Central Adriatic Sea 2001 - 2005 Fattorini et al.*
80 185 ¢ Turkish Aegean Sea 2002 - 2003 Sunlu®
78 122 - Marmara Sea 2008 - 2009 Turk Culha et al?!
72.3 73.4 - Gulf of Trieste, Slovenia 2009 - 2010 Kristan et al.2
60 155 “ Gulf of Trieste, Slovenia 2015 Bajc & Kirbis*
85 270 ¢ Sardinia, Calich Lagoon, Italy 2017 Esposito et al.”
76 194 - Croatia (mussels farms) 2020 - 2021 Zurga et al.?®
14 25 - Black Sea 2022 Peycheva et al.*®

Notes: Data are expressed in pg/g (dry weight). “Original data, referred to wet weight tissues, were converted using a factor of five (assuming about 80%

of tissue-associated water); "Data were deduced from a figure.

Abbreviations: Ag: Silver; Al: Aluminum; As: Arsenic; Ba: Barium; Be: Beryllium; Bi: Bismuth; Cd: Cadmium; Co: Cobalt; Cr: Chromium; Cu: Copper;
Fe: Iron; Ga: Gallium; Hg: Mercury; In: Indium; Li: Lithium; Mg: Magnesium; Mn: Manganese; Ni: Nickel; Pb: Lead; S: Sulfur; Se: Selenium; Si: Silicon;

Sn: Tin; Ti: Titanium; T1: Thallium; U: Uranium; V: Vanadium; Zn: Zinc.

Despite regional and climatic differences, most elements
tend to exhibit higher concentrations during colder
periods (autumn and winter) and lower concentrations
in warmer seasons (spring and summer).*'®?* However,
annual fluctuations can occur, as investigated by Fattorini
et al.,* who conducted the most extensive monthly-based
study to date, with data spanning from 2001 to 2005, on
mussels from a Central Adriatic Sea location (Protonovo,
Ancona, Italy). This study revealed interannual variations
in element concentration trends, probably linked to shifts
in the timing and intensity of phytoplankton blooms and
gametogenesis, as indicated by the CL.*

This aspect can be summarized and visualized in
Figure 1, which represents the Multidimensional Scaling
(MDS) distribution of the data proposed by Fattorini et al.*
The metric MDS was obtained through Torgerson-Gower
scaling of the distance matrices between the available cases
and the analyzed parameters. Data are represented by the
mean of values available from the original investigation®
(N=39 for each parameter, with standard deviations not

considered). The parameters include arsenic, barium,
cadmium, chromium, copper, iron, mercury, manganese,
nickel, lead, selenium, vanadium, and zinc. The first
clustering was based on the season as follows: autumn
data for September, October, and November; winter data
for December, January, and February; spring data for
March, April, and May; summer data for June, July, and
August. The second clustering was based on years 2001,
2002, 2003, 2004, and 2005. The scaling was arbitrary
from non-dimensional values of —1 - 1. The analyses and
graphical elaboration were performed using Microsoft
Ofhice Excel 365.

Figure 1A shows the distribution of the available cases
by season. The displayed clusters are represented by circles,
with the center coinciding with the mean value of the
points belonging to each group and the radius reflecting
the variability among the cluster data (standard deviation).
A clear separation of the available data was observed,
especially between the autumn (brown) and winter (blue)
clusters, which almost completely overlap, and the Spring
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Figure 1. MDS of data by Fattorini et al.* related to the seasonal and interannual variations of trace elements in tissues of Mytilus galloprovincialis sampled
monthly from a central Adriatic Sea location (Portonovo, Ancona, Italy) between 2001 and 2005. (A) Data distribution as a function of season; (B) Data
distribution as a function of year; (C) Map showing the contribution of various parameters in determining the data distribution, similarity, and separation

(further details in the text).

Abbreviations: As: Arsenic; Ba: Barium; Cd: Cadmium; Cr: Chromium; Cu: Copper; Fe: Iron; Hg: Mercury; Mn: Manganese; Ni: Nickel; Pb: Lead; Se:

Selenium; V: Vanadium; Zn: Zinc; MDS: Multidimensional scaling.

(light green) and summer (orange) clusters, confirming
the strong seasonality of trace elements concentration
values in mussel tissues and the phenomena previously
described. Interestingly, the distribution of clusters by year
(Figure 1B) revealed an overlap between the clusters for
2002 (red), 2003 (green), and 2004 (light blue). In contrast,
the clusters for 2001 (grey) and 2005 (purple) were partially
separated and distinct. This result confirms interannual
differences, with seasonal trends characterized by temporal
shifts in concentration values of certain elements in mussel
tissues from year to year. Finally, the separation of the
analyzed parameters is shown in Figure 1C, highlighting
how they influence the MDS distribution of the available
data. It is immediately evident that arsenic was clearly
separated from all other parameters, confirming a distinct
distribution pattern for this element in mussel tissues,
leading to seasonal and interannual fluctuations that differ
from those of other trace elements.

3. Natural enrichment phenomena and
spots of anthropogenic contamination

Natural enrichment phenomena or chronic anthropogenic
contamination sources can influence the bioavailability
and bioaccumulation of trace elements in mussel tissues.
These phenomena typically affect specific areas on a
restricted geographical scale. In the Mediterranean, some
of these natural or anthropogenic phenomena coexist. In
this section, the most relevant elements are summarized.

3.1.The natural arsenic gradient in the Adriatic Sea

Arsenic is a widely distributed element that exists in several
chemical forms in the marine environment. Inorganic
arsenic mediates the most toxic effects and predominates
in sea water and sediments, while organisms generally
accumulate non-toxic organic forms to concentrations
that likely reflect species-specific characteristics in
arsenic metabolism.* Fattorini et al* investigated the
concentrations of trace elements, including arsenic, in
mussels (M. galloprovincialis) from the Adriatic Sea (Italy)
over a 5-year period, sampling from more than 40 offshore
installations. The primary goal was to understand natural
variations in levels of arsenic and other elements and to
assess the potential impact of anthropogenic activities,
particularly those related to offshore gas extraction.

Arsenic exhibited unique patterns that were not
strongly correlated with other elements, and important
geographical differences in bioaccumulation in mussels
were observed, with higher concentrations in the
central Adriatic compared to the northern region. Such
arsenic level variations were largely attributed to natural
fluctuations rather than direct anthropogenic impacts
from offshore platform activities. The results revealed a
regional north-south gradient, with higher arsenic levels
observed in the Ancona area (Central Adriatic Sea, Italy),
particularly during 2004 and 2005. This trend was found
to be independent of geographical location and exhibited a
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temporal pattern, with arsenic levels increasing from 2001
to 2002 before subsequently decreasing. Overall, the range
of arsenic concentrations measured in the tissues of M.
galloprovincialis varied from a minimum of approximately
8 ug/gto over 40 ug/g (dry weight).* Oceanographic factors,
including salinity, nutrient concentrations, and water
circulation, were identified as significant contributors to
arsenic bioaccumulation.

The oceanographic characteristics of the northern
and central Adriatic are typically marked by elevated
variability in environmental conditions, largely due to
the combined and changing influence of the Po River
runoft, nutrient loads, atmospheric conditions, water
circulation, and stratification. The northern Adriatic is
generally more influenced by river inputs: surface waters
have reduced salinity (32 - 37%) and are supersaturated
with oxygen (O,sat > 105%) for almost the entire year.
On the contrary, different oceanographic conditions
are observed in the central Adriatic, where higher
salinity waters (38.3 - 38.8%) and moderate oxygen
undersaturation or supersaturation (Ozsat > 85%)
are measured. Marine organisms typically contain
much higher concentrations of arsenic than freshwater
species, suggesting that salinity influences arsenic
bioaccumulation. This hypothesis was first proposed for
marine fishes sampled from different sites of the North Sea
and Baltic waters, revealing a positive linear relationship
between arsenic concentrations and salinity.** Laboratory
experiments confirmed that higher salinity enhances the
uptake of arsenobetaine (2-trimethylarsoniumylacetate,
C,H,,AsO,) in several marine species, including the blue
mussel (M. edulis), consistent with the proposed role of
arsenobetaine as an adventitiously acquired osmolyte for
marine organisms.”!

To confirm the interaction between arsenic
bioaccumulation in mussels and salinity, a strong
correlation was found between the data obtained by
Fattorini et al,* as summarized in the newly reedited
Figure 2, which shows a linear regression between the two
variables. As reported in the original study, this correlation
was statistically significant at the 99% confidence level
(N=191, R’=0.185; Pearson=0.427, significance p<0.001).
Figure 2 further highlights, using different colors, data
obtained from different monitoring years (from 2001
to 2005), clearly demonstrating that salinity influences
arsenic bioaccumulation levels regardless of the sampling
year, as the different data series largely overlap.

The distinctive conformation of the Adriatic Sea,
a basin closed to the north and channeled toward the
southeast, is characterized by a constant and distinctive
runoft from the Po River that determines a constant salinity

Salinity (psu)

y (Sal) =0.083 x (As) + 34.5
N =191, R2=0.185, Pearson = 0.427
Sig. p<0.001

w
°®

0 5 10 15 20 25 30 35 40 45 50
[As] in mussel tissues (pg/g d.w.)

[ 2001 | 2002 | 2003 | 2004 | 2005 ]

Figure 2. Linear regression between arsenic (As) concentration (ug/g dry
weight) in whole tissues of Mytilus galloprovincialis from the Adriatic Sea,
sampled between 2001 and 2005, and salinity (Sal; psu). The correlation is
statistically significant at a 99% of confidence interval (N=191, R*=0.185;
Pearson=0.427, significance p<0.001), according to Fattorini et al.*

gradient in the northern and central Adriatic Sea. This
gradient is associated with a notable gradient in arsenic
bioaccumulation in mussel populations, a natural and
unique characteristic of the Adriatic Sea, never observed
before in other areas.

3.2. Natural and anthropogenic sources of mercury
contamination in the Mediterranean

Mercury levels in the West Mediterranean are largely
influenced by natural variations due to geological
peculiarities.’** Volcanoes in the Mediterranean, such
as Etna, Stromboli, and Vulcano (Aeolian Islands, Italy),
are significant sources of mercury emissions.”?” Studies
have shown that these volcanoes release mercury into the
atmosphere, contributing to regional and global mercury
pollution and playing an important role in the overall
mercury distribution in the Mediterranean.* In addition,
geothermal power plants and abandoned mining sites,
particularly those associated with cinnabar (HgS) deposits,
are additional sources of mercury emissions in the
Mediterranean. For instance, Mount Amiata in Tuscany
(Italy) is a region with significant geothermal activity and
historical mining operations, largely responsible for the
substantial release of mercury into the atmosphere and
the water bodies.””*® Recent studies have challenged the
notion that the Mediterranean is inherently more polluted
with mercury than other oceanic regions and is known
for its high levels of mercury in certain aquatic species,
particularly top predator fishes and cetaceans, due to the
ability of methylmercury - the most abundant chemical
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species in the tissues of living organisms - to biomagnify
along the trophic webs.***

Nevertheless, it has been noted that in cases of acute
and chronic contamination resulting from natural or
anthropogenic causes, elevated mercury levels can be
detected even in the lowest trophic levels, such as bivalve
mollusks.”"** Bruno et al.** proposed a large dataset of
mercury concentrations in the tissues of M. galloprovincialis
to investigate the sources, distribution, and bioaccumulation
of this element in the Mediterranean, observing several
factors that contribute to mercury accumulation in mussels.
As expected, natural sources, such as volcanic activity and
geological anomalies, play a significant role, particularly
in the Tyrrhenian Sea. However, anthropogenic activities,
including mining, industrial processes, and urban runoff,
are also major contributors. They also observed that
mercury bioaccumulation in mussels is influenced by water
temperature, salinity, and the availability of organic matter.
Significant spatial and temporal variations in mercury levels
in mussels have also been observed: higher concentrations
were reported from coastal areas with intense human
activities, such as industrial zones and ports. However, even
in relatively pristine areas, elevated mercury levels were
found, confirming the influence of natural sources and
long-range atmospheric transport. Climate change can alter
the distribution and fate of mercury in the environment,
potentially leading to increased exposure.**

Nevertheless, the highest mercury concentrations in
mussels have been observed in regions severely affected

by industrial human activities, as evidenced in Table 2,
which summarizes the maximum values recorded in
different Mediterranean areas, according to the original
investigations.®** It is evident that in heavily polluted
industrial areas, mercury levels in mussels can reach
concentrations up to two orders of magnitude higher
than the normal ranges observed in reference populations
(Table 1).

For instance, Kastela Bay (Split, Croatia), located on the
central Adriatic coast, has experienced significant mercury
pollution due to the historical operation of a chlor-alkali
plant.*>*® This industrial activity led to the accumulation
of high levels of mercury in the sediment, which can be
remobilized and become bioavailable to marine organisms.
Biomonitoring studies have been conducted in this area
using M. galloprovincialis as a sentinel species. Mussels
were transplanted from clean areas to different stations
within the bay to monitor their uptake of mercury and
its methylated form, methylmercury. Mussels efficiently
accumulate both total mercury and methylmercury
from the contaminated environment, and inorganic
mercury was observed to be the predominant form. As it
is relatively well known that inorganic mercury in nature
can be rapidly converted to methylmercury by numerous
anaerobic organisms,* the bioaccumulation of high
levels of inorganic mercury suggests the presence of active
and ongoing contamination. A strong positive correlation
was observed between mercury concentrations in mussel
tissues and sediment, suggesting that sediment-bound

Table 2. Maximum mercury levels in whole mussel tissues from Mediterranean sites affected by severe anthropogenic pressure or
natural enrichment due to geological anomalies, according to original investigations®*

Site Area Main source of contamination Hg (ug/g)
Kastela bay (Split, Croatia) Central Adriatic Sea Industrial pollution 27.34
Leghorn harbour (Italy) Ligurian Sea Industrial pollution 19.99
Gulf of Naples (Italy) Tyrrhenian Sea Volcanic activity 10.02
Mouth of the Gromolo torrent (Genoa, Italy) Ligurian Sea Mount Amiata cinnabar anomaly 6.69
Gulf of Trieste (Trieste, Italy) Northern Adriatic Sea Industrial pollution 6.62
Tremiti Islands (Italy) Southern Adriatic Sea Maritime traffic and urban pollution 5.31
Augusta Bay (Eastern Sicily, Italy) Tyrrhenian Sea Industrial pollution 5.00
Marano Lagoon (Udine, Italy) Northern Adriatic Sea Industrial pollution 4.85
Portoscuso (South Sardinia, Italy) Tyrrhenian Sea Industrial pollution 3.58
Bosphorus Canal (Turkey) Marmara Sea Maritime traffic and urban pollution 2.94
Oran coast (Western Algeria) West Mediterranean Mining activities 2.27
S.Benedetto-Pescara coast (Italy) Central Adriatic Sea Maritime traffic and urban pollution 1.93
Po Delta (Italy) Northern Adriatic Sea Industrial and urban pollution 1.70
Ancona harbour (Italy) Central Adriatic Sea Maritime traffic and urban pollution 1.20

Note: Data are expressed in ug/g (dry weight).
Abbreviation: Hg: Mercury.
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mercury can be remobilized and become bioavailable to
organisms. Seasonal variations in mercury concentrations
in mussels were also observed and attributed to the
influence of water temperature, salinity, and primary
productivity.>*®

Another very similar case is the site of the Gulf of
Augusta in Sicily (Italy), where the presence of a large
industrial complex has caused significant anthropogenic
contamination in the soil, groundwater, and marine
ecosystem.”*® Here, the Priolo petrochemical district,
one of the largest in Europe, has been identified as a
hotspot for mercury contamination. A chloro-alkali
plant operating in the area released significant amounts
of mercury into the environment, leading to elevated
levels in sediments and marine organisms. Studies have
shown that mercury from the contaminated sediments is
bioavailable to various marine species, including mussels
M. galloprovincialis, at levels that exceed limits considered
safe for human consumption.*’ In addition, mercury levels
were elevated — up to approximately 5 pg/g (dry weight)
- both in wild mussels and in a population translocated
within the investigated area, confirming the current
persistence of anthropic contamination and reinforcing,
once again, the utility of mussels as bioindicators.** Long-
term monitoring studies in Augusta Bay, including the
use of sentinel organisms such as fishes and mussels, have
revealed a decline in mercury levels in sediments and biota
following the closure of the chlor-alkali plant. However,
the persistence of mercury in the environment, coupled
with its bioaccumulation potential, continues to pose a
threat to marine ecosystems and human health.*

On the other hand, the influence of natural enrichments,
such as volcanic activity in the Gulf of Naples (Campania,
Italy) or the presence of minerals such as HgS in the
Mount Amiata area (Tuscany, Italy), adds to the baseline
contamination from industrial activities, urban runoff, and
maritime traffic in the most densely populated areas. This
results in the phenomena of the increased bioavailability of
mercury, which can be found in mussels at severe levels of
up to about 10 - 20 ug/g (dry weight) in organisms’ tissues
(Table 2).

3.3. Trace element pollution due to historical mining
activities in the southwestern Mediterranean

The Southwestern Mediterranean coast has a long history
of polymetallic mineral mining, which has led to the severe
release of various trace elements into the environment
over time.” Spain, Morocco, Algeria, and Tunisia possess
a variety of mineral deposits of volcanic origin, primarily
oxides, sulfides, and other sulfur salts. Mining activity
along the southeastern coast of Spain has been exploited
since ancient times and encompasses over 120 abandoned

mines along approximately 300 km of the Mediterranean
coast.”! Enormous quantities of lead and zinc sulfides
in Cartagena (Sierra Almagrera), precious metals (gold
and silver in Rodalquilar, Las Herrerias), and mercury-
antimony (Valle del Azogue) have been extracted, and
some mines are still active. Despite this enormous volume
of mining waste, no geochemical mapping of toxic element
anomalies has been carried out, and monitoring studies on
element distribution are generally limited to areas where
pollution has reached extremely high levels.

The most critical case is that of Portman Bay (Spain),
a heavily polluted area due to decades of mining waste
disposal, which serves as a unique case study for
understanding the potential impacts of deep-sea mining.
The bay’s contaminated sediments, rich in elements
such as iron, zinc, arsenic, and lead, pose a significant
environmental risk, particularly when resuspended. Mestre
et al® conducted a transplant experiment using caged
mussels, M. galloprovincialis, during the summer of 2014.
Biomarkers and trace element accumulation were analyzed
in mussel tissues, and the results were integrated with
sediment chemistry and toxicity bioassays. An increased
bioavailability for several elements was observed, although
these were differently distributed in the various tissues
of analyzed mussels. Silver was found to be elevated, up
to approximately 2 pg/g (dry weight), in the gills, as was
nickel, with values up to 0.6 pug/g (dry weight), antimony
with concentrations up to about 1 pug/g (dry weight), and
zinc showing levels exceeding 200 pg/g (dry weight). On
the contrary, lead values were elevated in digestive tissues,
reaching a concentration of about 5 ug/g (dry weight).
Overall, these results confirm widespread contamination
of the study area, primarily linked to the resuspension of
sediments and fine particulate matter.”

This pollution source is further influenced by the
interaction of cyclonic and anticyclonic currents through
the Strait of Gibraltar and north of Corsica. These
currents converge in the Algerian marine basin and
meet in the Alboran Sea, where increased bioavailability
and bioaccumulation phenomena have been observed
in marine species, including mussels.”® The Spanish
Institute of Oceanography has conducted a long-term
monitoring program using wild mussels to assess trace
element pollution along the Spanish Mediterranean
coast.” Researchers observed significant variations in trace
element concentrations across different regions, with some
areas showing elevated levels of arsenic, cadmium, copper,
mercury, lead, and zinc due to anthropogenic activities,
mining, industrial discharges, and urban runoff. Table 3
summarizes the historical range of bioaccumulation
recorded in mussels from the Spanish Mediterranean
coast over 20 years (from 1993 to 2013), as proposed by
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Table 3. Historical range (1993 - 2013) of trace element
levels in the tissues of Mytilus galloprovincialis from the
Spanish Mediterranean coast

Element Spanish Mediterranean coast historical range (1993
-2013)

Min Max Median Mean+SD
As 1.76 112 14.9 16.8+£13.9
Cd 0.045 3.41 0.51 0.59+0.42
Cu 0.29 16.6 5.86 5.3£3.0
Hg 0.002 0.847 0.12 0.15£0.13
Pb 0.115 271 2.24 5.1+17.2
Zn 13.7 584 119 146x107

Note: Data refer to the minimum (Min), maximum (Max), median,
and mean (+ standard deviation [SD]) concentrations expressed in
ug/g (dry weight), according to Mestre et al.>*

Abbreviations: As: Arsenic; Cd: Cadmium; Cu: Copper; Hg: Silver; Pb:
Lead; Zn: Zinc.

Santos-Echeandia et al.>* Although the overall averages of
the analyzed elements did not differ significantly from the
known normal ranges of variation (Table 1), some of them
reached very high and alarming concentrations in mussels
from areas most affected by mining contamination, such
as arsenic, which has shown maximum levels exceeding
100 pg/g (dry weight), lead with levels reaching almost
300 ug/g (dry weight), and zinc, with peaks of almost
600 pg/g (dry weight), ranking among the highest levels
ever recorded in the Mediterranean.

Investigating the temporal trend of bioaccumulation
levels in M. galloprovincialis, the authors observed a
generalized decreasing trend for most of the analyzed
elements, likely due to the implementation of stricter
environmental regulations. However, some variations were
observed across different regions and for specific metals,
with zinc levels tending to remain elevated in mussels
sampled from the Strait of Gibraltar-Alboran Sea region,
probably due to the influence of Atlantic waters enriched
with zinc from the Gulf of Cadiz.”

The Mediterranean coast of North Africa is also
characterized by historical mining sites, both abandoned
and active, which are responsible for widespread pollution,
mainly due to leaching and accidental spills. The coasts of
Morocco and Algeria have been exploited for the extraction
of metals since the time of the Phoenicians, who primarily
supplied themselves with copper. In particular, the area of
Oran (Algeria) and its surroundings have long been at the
center of mining for iron, lead, zinc, copper, manganese, as
well as phosphates, clays, and sand.”" Although systematic
literature on the state of contamination along the North
African coasts is not available, some authors have
conducted studies of bioaccumulation in populations of

natural or transplanted mussels in coastal areas of Morocco
and Algeria.****

Mehouel and Fowler™ reviewed the literature on the
bioaccumulation levels of several trace elements, including
arsenic, cadmium, mercury, and lead, in different aquatic
species like mussels sampled from the coasts of Morocco,
Algeria, and Tunisia. Researchers noted that while most
of the seafood samples collected from the Algerian coast
were found to be within acceptable limits for human
consumption, some studies reported elevated levels of
certain elements, particularly in specific regions with higher
levels of pollution. Bioaccumulation can significantly vary
depending on factors such as species, location, and season.
On the other hand, the highest levels of bioaccumulation
in the tissues of M. galloprovincialis were observed in the
Oran region (Algeria), which, as previously mentioned,
is characterized by the presence of mineral deposits and
intense anthropic activity. In particular, concentrations
of cadmium >6 ug/g (dry weight), mercury at about
2.3 ug/g (dry weight), and lead approaching approximately
10 pg/g (dry weight) were reported, indicating increased
bioavailability with values one or two orders of magnitude
greater than the levels in mussels from neighboring areas
or reference populations (Table 1).2+**

3.4. Cases of increased bioavailability in mussels
due to widespread pollution

Often, the phenomena of increased bioavailability of trace
elements in bioindicator organisms, such as mussels, are not
directly attributable to specific natural or anthropogenic
sources, as discussed in the previous sections. Instead, they
reflect widespread pollution resulting from the coexistence
of industrial activities, urban development, and maritime
traffic.

For example, this seems to be the case observed in
the Gulf of Trieste (Italy). Here, the concentrations of
chromium in the tissues of mussels M. galloprovincialis
were higher than those in organisms from other locations
in the Adriatic Sea, reaching values of approximately
11 pg/g (dry weight) during 2015.% Chromium levels in
mussels varied depending on the sampling time, with the
highest concentration found in January, in accordance
with the general seasonal trends known for most elements,
as discussed in Section 2.1. In the same area, high levels
of mercury in mussels were also reported, with values
approaching approximately 5 pg/g (dry weight) in the
Marano Lagoon (Gulf of Trieste) (Table 2), confirming that
this area is subjected to anthropic impact.*

Another similar example is the Gulf of Taranto (Ionian
Sea, Italy), a significant mussel farming area that has
experienced environmental impacts due to industrial and
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urban development. The Mar Piccolo and Mar Grande
basins (Gulf of Taranto, Italy) have particularly faced
pollution issues. Despite this, mussel farming remains a
vital economic activity in the region.” An investigation
using mussel populations was carried out over a 2-year
period (1999 - 2000) to understand trace element
bioaccumulation and potential health risks. The CI was
used to identify the reproductive cycles of the organisms.
As expected, trace element concentrations were highest
in late winter to early spring, coinciding with the end of
the reproductive cycle. Seasonal variations in element
levels were observed, likely influenced by reproductive
activity and environmental factors. In general, the levels
of most of the measured trace elements were similar to
those found along other Italian coasts; however, high
levels of iron (approaching approximately 1000 pg/g [dry
weight]) and lead (exceeding 4 ug/g [dry weight]), were
measured in mussels, reflecting the anthropic pressure in
the investigated area.

The Aegean Sea is another significant part of the
Mediterranean  experiencing widespread pollution.
The development of densely populated areas (Athens,
Thessaloniki, and Iraklion in Greece; Istanbul and Izmir in
Turkey), coupled with industrial and extraction activities,
has led to the substantial release of various contaminants
into the environment. Moreover, intense maritime traffic
connecting the numerous islands in the Aegean Sea largely
contributes to the spread of contamination. Several studies
have recently investigated the bioavailability of various trace
elements in mussel tissues from various locations along the
Turkish Aegean coastline.”®*” The results indicated that the
highest levels of trace element contamination, especially
chromium and lead (exceeding 4 ug/g [dry weight]) and
zinc (approaching about 350 ug/g [dry weight]) in mussel
tissues, were found in Gokova Bay. This contamination
was attributed to local geological factors and the presence
of coal-fired power plants. Edremit Bay exhibited the
highest levels of lead due to nearby mining activities,
while Izmir and other areas showed relatively low levels
of trace element contamination. In addition, a general
increased bioavailability of cadmium, chromium, mercury,
manganese, nickel, and lead was observed in transplanted
mussels in Nemrut Bay (Turkey), suggesting the role of
industrial contamination of the investigated area.””

The Sea of Marmara is also subjected to widespread
pollution. Istanbul, the largest city in Europe by
population, is undoubtedly a source of urban and industrial
contamination, while the Bosphorus Strait is characterized
by intense maritime traffic. A study conducted between
2003 and 2004 highlighted highly variable levels of
cadmium and lead in mussel tissues. For instance, at the

sites subjected to the highest levels of contamination,
cadmium concentrations ranged from approximately
5 ug/g to 10 pg/g (dry weight), and lead concentrations
ranged from approximately 4 ug/g to 8 ug/g (dry weight).
The authors concluded that the concentrations of these
elements in soft tissues exceeded the acceptable levels
for human consumption, and these values are considered
unacceptable by Turkish legal standards.*®

Table 4 summarizes the mean levels (without standard
deviations) of selected trace elements measured in wild
or transplanted mussels along the coasts of Greece,
according to the original investigations.”*' Since 1993,
the bioavailability of chromium, copper, and iron has been
investigated in mussels from a marine area adjacent to a
ferro-nickel smelting plant (North Evoikos Gulf, Greece).
Results showed higher levels of chromium (over 30 ug/g
[dry weight]) and iron (up to about 1500 ug/g [dry weight])
in mussel tissues from the sampling sites near the smelting
plant or the dumping site of the metalliferous slag, while
levels of copper and zinc were very similar to those found
in reference organisms.*

Such high bioavailability persists over time, as
evidenced by a subsequent study conducted in the same
area (Larymna, Evoikos Gulf, Greece) with wild mussels
and a transplanted population.” Specifically, chromium
and iron levels in 2006 showed only a minimal decrease in
wild mussels, suggesting the presence of chronic pollution
in the study area (Table 4). Very similar concentrations were
also measured in organisms transplanted over a period of
6 months, further confirming the ongoing bioavailability
of these elements. Furthermore, nickel also showed very
high levels — about 20 pg/g (dry weight) in wild mussels
and even 50 ug/g (dry weight) in those transplanted for
6 months® - confirming the significant impact of the
industrial activity present in the area.

Finally, Strogyloudi et al.*' investigated the spatial and
temporal variability of cadmium, chromium, copper, iron,
manganese, nickel, and zinc in M. galloprovincialis from
Elefsis bay (Saronikos gulf, Greece) (Table 4). Higher
concentrations of trace elements were recorded in mussels
inhabiting industrial locations (steelworks and shipyards),
suggesting an elevated bioavailability in the investigated
area. The pattern of temporal variation of trace elements
in mussel tissues was similar across stations, regardless of
concentration levels, with higher values during the winter—
spring season and lower values during the summer-
autumn period, confirming the influence of natural and
physiological fluctuations due to the biological cycle of the
organisms.

On the other hand, Elefsis Bay is characterized by
the presence of mineral deposits that could naturally
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contribute to increased baseline levels of bioavailability of
numerous trace elements in living organisms. Moreover,
the historical exploitation of these mineral resources
has undoubtedly contributed to the dispersion of large
quantities of minerals into the environment. For instance,
the site of Laurion, located in southern Attica between
Thoricus and Cape Sounion (Greece), is characterized
by ancient mines. The mines have been exploited since
pre-historic times for copper and galena (lead sulfide).
Numerous excavations were opened over the centuries
to extract silver, iron, lead, and zinc ores, a practice that
continued until the last century.

4, Overview

Among the main focuses, the natural phenomena
mediating the bioavailability of trace elements in mussel
tissues have been examined, as well as the baseline and
seasonal fluctuation ranges of concentrations of numerous
elements, according to the most recent scientific literature.
Furthermore, various case studies have demonstrated the

effectiveness of using mussels as bioindicators to assess
contamination levels in specific areas influenced by
natural or anthropogenic factors that significantly impact
trace element bioavailability. These are schematically
summarized in Figure 3. In the Western Mediterranean
and the Alboran Sea, elevated bioaccumulation of arsenic,
cadmium, mercury, lead, and zinc has been reported in
mussels as a consequence of historical mining activities
and the resuspension of sediments due to cyclonic and
anticyclonic currents and streams, and intense maritime
traffic. High bioavailability of zinc persists in the Alboran
Sea due to the flow of waters naturally enriched in this
element from the Gulf of Cadiz (Section 3.3, Figure 3A).

Moving to the Central Mediterranean, numerous
areas in the Tyrrhenian Sea are characterized by high
mercury bioavailability due to geological anomalies (HgS
deposits in Mount Amiata, central Italy) and volcanic
activity (Vesuvius, Campi Flegrei, and volcanic Aeolian
Islands, southern Italy), with additional anthropogenic
contamination, mainly due to the presence of chloro-alkali

Table 4. Maximum levels of selected trace elements in mussels from Greek coasts, according to the original investigations®-!

Location Period Cd Cr Cu Fe Mn Ni Zn
North Evoikos Gulf 1993 - 32.7 12.6 1557 - - 71.9
Elefsis Bay* 2000 - 2001 4 32 60 1500 50 12 600
Larymna (wild mussels) 2006 - 20.9 - 1082 - 21.1 -
Larymna (transplanted mussels) 2006 - 25 - 898 - 50.3 -

Notes: “Data deduced from Figure 3 reference 61; Data expressed as mean values (standard deviation not reported) in ug/g (dry weight).

s
Mediterranedn

Gulf of
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Medl‘rerranean
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£ Intense maritime traffic ﬁ Industrial area

~—» Main currents and streams £ Intense maritime traffic
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@% Mineral deposits (cinnabar)

~» Salinity gradient

Figure 3. Schematic summary of the main natural and anthropogenic sources of the increased bioavailability of trace elements in Mediterranean mussels
discussed in the present revision: (A) Western Mediterranean (the Iberian Peninsula and North Africa); (B) Central Mediterranean (Italy and the Balkans);
(C) Eastern Mediterranean (Greece and Turkey) (further details in the text).

Abbreviations: As: Arsenic; Ba: Barium; Cd: Cadmium; Cr: Chromium; Fe: Iron; Hg: Mercury; Ni: Nickel; Pb: Lead; Zn: Zinc.
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production plants and other industrial areas (Section
3.2, Figure 3B). The Adriatic and the Ionian Seas are
also affected by areas of anthropogenic contamination,
mostly of industrial origin, which leads to high levels of
bioaccumulation of chromium, iron, and mercury in mussel
tissues (Sections 3.2 and 3.4, Figure 3B). Furthermore, a
natural gradient of arsenic has been observed in mussel
populations from the northern to the central Adriatic Sea,
strongly correlated with salinity variations recorded in this
basin as a consequence of the input of large freshwater
inputs from the Po River mouth (Italy) (Section 3.1,
Figure 3B).

Finally, the Eastern Mediterranean, including the
Aegean Sea, the Marmara Sea, and the Bosphorus Strait, is
an area characterized by widespread contamination caused
by highly urbanized settlements, industrial activities,
ancient miningsites, and, of course, massive shipping traftic
connecting the numerous islands in the area. This has led
to widespread high levels of bioavailability of numerous
elements such as cadmium, chromium, iron, nickel, lead,
and zinc in the tissues of benthic communities, especially
mussels (Section 3.4, Figure 3C).

5. Conclusion

Mussels are among the most versatile marine organisms
for studying the phenomena involved in the variation
of trace elements bioavailability and for monitoring
environmental quality. This review has examined data
from the scientific literature concerning the Mediterranean
region over the past 25 years. Overall, the cited literature
demonstrates the effectiveness of monitoring plans based
on the use of wild or transplanted mussels as bioindicator
organisms, providing important insights that enhance
our understanding of the natural and anthropogenic
phenomena underlying trace elements contamination in
the Mediterranean. Considering the importance of the
area under study, future in-depth reviews could focus on
the bioaccumulation of organic contaminants, such as
aromatic and aliphatic hydrocarbons, persistent organic
pollutants, and other emerging substances.
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