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Abstract: Coastal areas are known to receive significant anthropogenic inputs, mainly deriving from
metropolitan areas, industries, and activities related to tourism. Among these inputs, some trace
elements are listed as priority pollutants in the European Water Framework Directive, due to their
ability to bioaccumulate in organisms. Many studies have been conducted on heavy metals (HMs)
accumulation and on their possible effects on different edible marine species. While the most studied
sessile organisms are bivalves, in the current review, we focus our attention on other sessile taxa
(sponges, cnidarians, bryozoans, polychaetes, cirripeds, and tunicates), proposed as bioindicators in
coastal shallow waters. Although their potential as bioindicator tools has been repeatedly highlighted
in the literature, these organisms are still poorly investigated and considered for monitoring. In
this context, we analyze the available literature about this topic, in order to summarize the current
knowledge and identify possible applications of these organisms in a bioremediation scenario.

Keywords: zoobenthos; sentinel species; suspension feeders; water pollutants; bioaccumulation;
heavy metals

1. Introduction

Marine coastal areas are among the most exploited and vulnerable ecosystems, con-
stantly subjected to multiple anthropogenic pressures [1,2], due to the intensification of
metropolitan areas, tourism, and industrial and agricultural activities [3,4]. These human-
induced perturbations cause in many cases the release of various contaminants, which can
be transported in coastal waters through different pathways, as atmospheric depositions,
rivers, industrial discharges, maritime traffic, or submarine groundwaters [3], representing
important hazards for the ecosystem’s health [1]. These contaminants principally include
chemicals (e.g., heavy metals, polycyclic aromatic hydrocarbons (PAHs), pesticides, etc.)
and fecal contaminants (e.g., Escherichia coli, total coliforms, and enterococci) [3]. Therefore,
understanding the fate and distribution of contaminants in the sea and their origins is cru-
cial to assess the ecological and chemical status of water and organisms and to implement
management plans [2,5].

Heavy metals (HMs) are a problematic issue for marine ecosystems, ensuring that
some of these elements and their derived compounds are listed in the European Water
Framework Directive (WFD 2000/60/EC) as priority pollutants. Heavy metals are nat-
urally occurring elements that can be found throughout the earth’s crust. Nevertheless,
anthropogenic activities (e.g., mining and smelting operations, industrial production and
use, metal corrosion, atmospheric deposition, soil erosion of metal ions and leaching of
heavy metals, and sediment resuspension) are primarily responsible for the environmental
contamination and human exposure to these contaminants [6].
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To date, a clear definition of the term “heavy metals” is not yet available. The term has
been widely used in chemistry but no authority such as the International Union of Pure and
Applied Chemistry (IUPAC) has ever defined it [7]. Even if its use is strongly discouraged,
the term is increasingly used in the scientific literature especially in articles pertaining
to multidisciplinary environmental issues [8]. On a chemical basis, the group of HMs
includes all the transition elements (bloc d of the periodic table), the rare earth elements
(the series of lanthanides and the series of actinides, including La and Ac themselves), and
all the elements presenting the typical characteristics of metals (bloc p), together with some
metalloids (Ge, As, and Te) and some nonmetals (Se) [7,9].

Some HMs (e.g., Fe, Cu, Co, Mn, and Zn) are essential elements for organisms, playing
key roles in the functioning of enzyme systems. However, high concentrations induce
detrimental effects in organisms and in the environment. Other metals (e.g., Al, As, Ba, Bi,
Cd, Pb, Hg, Ni, Pt, and Ag) have no specific biological functions and are considered as
nonessential metals [10].

In the marine environment, heavy metals can be found in various chemo-physical
forms (metal ions, hydrated ions, charged metal complexes, uncharged inorganic com-
plexes, and organometallic complexes), each of them presenting different bioavailability,
toxicity, bioaccumulation, mobility, and biodegradation rates [11]. All aquatic organisms
can introduce and/or accumulate HMs in their tissues, taking them up from water or
food, and the concentration of these elements can vary between taxonomic levels, from
phyla down to species of the same genus [12]. Many studies have been carried out on the
bioaccumulation and the effects of the different elements on marine organisms, but mainly
on edible species (as bivalves, cephalopods, decapod crustaceans, and fish) e.g., [13,14].
However, other sessile organisms, e.g., polychaetes, tunicates, sponges, and barnacles,
can be considered as suitable bioindicators for their physical and physiological charac-
teristics [15,16], and they have been recommended by many authors, e.g., [17–22], by the
WFD and by the Marine Strategy Framework Directive (MSFD) [23]. Moreover, these
organisms can represent an excellent functional tool since they do not only show detectable
concentrations of trace elements [18,24] but the presence of these chemicals in their tissues
can also stimulate different physiological responses [25]. Therefore, they can be considered
as useful biomonitors of HMs contamination, providing important information on the
ecological and chemical status of an area.

The main aim of this systematic review is a spatiotemporal analysis of the literature on
the bioaccumulation of HMs at global scale on six sessile marine taxa (Porifera, Cnidaria,
Bryozoa, Polychaeta, Cirripedia, and Tunicata), considered as nonconventional biomonitors
for chemicals pollution. The current work will provide a schematic summary of the current
knowledge on the relationship between the selected taxa and HMs. It will identify possible
applications of these organisms as bioremediation tools in contaminated environments,
also accordingly to the European MSFD within the achievement of the Good Environmental
Status (GES) (MSFD 2008/56/EC).

2. Materials and Methods

The present compilation is the result of an extensive bibliographic research on Else-
vier’s Scopus database (www.scopus.com), entering different keywords, “heavy metal”
AND “taxa” and “heavy metal” AND “common name of the organism” (Figure 1), in the
option “Article title, Abstract, Keywords,” in all years until the cut-off date of 20 June
2020. The literature considered in this work includes journal articles and grey literature,
as congress proceedings. Systematic reviews are not included by choice. All documents
found with the aforementioned queries have been screened by reading titles and abstracts,
excluding those not matching our criteria (Figure 1), and only the ones eligible for this
study have been considered for the analysis. Duplicates, e.g., same documents found using
different keywords, were counted as one. Since the Mediterranean province showed the
highest number of documents on the topic, we conducted an additional manual research
on the references reported in the found articles, in order to include possible documents on
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the area that could have been missed with the online search (Figure 1). A flow chart of the
searching strategy and the eligibility process is given as Figure 1.
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Studies from the web-based and manual researches have been analyzed based on the
taxa considered (Porifera, Cnidaria, Bryozoa, Polychaeta, Cirripedia, Tunicata), temporal
distribution, marine realm of the sampling site(s), habitat (sea, estuarine), analyzed body
part (cells and tissues, entire specimen, microbiome, skeleton), science field (biomonitoring,
microbiology, physiology), HM(s), work setup (field, laboratory). Moreover, HMs consid-
ered in the documents have been divided in two categories, essential (Co, Cr, Cu, Fe, Mn,
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Mo, Ni, Se, V, and Zn) and nonessential (Ag, Al, As, Bi, Cd, Ce, Cs, Eu, Ga, Hf, Hg, La, Lu,
Nb, Pb, Sb, Sc, Sn, Te, Th, Ti, U, Y, and Zr) elements following [26–28].

Documents related to the Mediterranean Sea province have been analyzed on the
basis of the considered taxa (Porifera, Cnidaria, Polychaeta, Cirripedia, and Tunicata),
temporal distribution, ecoregion of the sampling site(s), sampling depth(s), HM(s), con-
sidered order(s) per taxa. In all the analyses, every document could be included in one or
more categories.

The analysis reported in Figure 2B was carried out following the bioregionalization
of coastal and shelf areas proposed by Spalding et al. [29]. While, for the creation of the
map of documents distribution in the Mediterranean Sea, geographic coordinates were
used. In studies showing only a map of the sampling point(s), geographic coordinates
were estimated from it. In the absence of a map, coordinates of the sampling point(s) were
estimated using the information across the text, if available. When the given coordinates
ended up in land, they were adjusted to the nearest coastal points.
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A list of works divided per taxa with all document’s details (publication year, authors,
title, DOI/Reference, source, first author affiliation country, realm of the sampling site,
habitat, basic physicochemical parameters of water, taxa, application field, analyzed body
part, data validation, HM(s), and work setup) is reported in the Supplementary Material as
Table S1. The Supplementary Material also included a detailed list of documents (taxa, au-
thors, publication year, marine ecoregion of the sampling site(s), latitude, longitude, depth,
application field, order of the analyzed species, analyzed species, HM(s), concentration,
and unit) on the Mediterranean Sea province as Table S2. In the case of HMs, concentrations
were not reported along the text, they were estimated from graphs. Concentration units, if
different, were standardized to make concentrations comparable between documents.

3. Results
3.1. Literature Analysis at Global Scale

A total of 919 documents (Figure 1), including duplicates, have been screened and
analyzed by reading the title and abstract, using the aforementioned keywords. Those not
following our eligibility criteria were removed (643), leading to 276 documents, spread
among the six considered taxa (Figure 1). After excluding duplicates, the final number of
analyzed works was 218 (Figure 1; Table S1).

Considering all the literature found, most of the works have been published from
researches with an affiliation in the United Kingdom (22), Australia (21), India (19), the
United States (18), and Italy (15) (Figure 2A). While in many eastern and northern European
countries and various Asian and most of the African countries, only a few studies have
been published (Figure 2A). Australia and the United Kingdom were the only two, out of
44 countries, where all six taxa were studied (Table S1). Regarding the sampling area, most
of the studies were carried out with organisms collected in the Temperate Northern Atlantic
(32.0%) and the Western (18.7%) and Central (15.1%) Indo-Pacific marine realms (Figure 2B).
Inside the Temperate Northern Atlantic realm, the Mediterranean Sea province showed
the highest number of documents (34). All the other studies are scattered among the other
marine realms, with only one work in the Temperate Southern Africa and a total absence
of studies in the Tropical Eastern Pacific and the Arctic (Figure 2B). Up to the 12.8% of the
total documents have not been taken into account for the creation of Figure 2B in as much
as 12 works did not give any information about the sampling site(s), 12 considered marine
organisms breed in aquarium, and 5 regarded organisms collected on hydrothermal vents
located in areas not included in the division proposed by Spalding et al. [29] (Table S1).
Most of the studies included species collected in the marine environment (92.8%), and only
an 8.0% focused on estuarine organisms (Table S1).

The heatmap presented as Figure 3A showed that the first document, found using
the query “heavy metal” AND “ascidian,” was published before 1970 (1956, see Table
S1 for citation). After this publication, for all taxa except Bryozoans, for which the first
publication is registered in the decade 1991–2000 (1992, see Table S1 for citation), no works
could be found until 1971–1980 (Figure 3A). In general, there is an upward trend in the
number of documents through time, for almost all the taxa, while for Cirripedia, it is
possible to identify a peak in 1991–2000 and a decrease in documents in the following
decades (Figure 3A). The taxa of Cnidaria shows the highest number of works in almost all
the decades, with the 37.0% of the publications, resulting the most studied group for HMs,
followed by Porifera (18.5%), a group presenting a great increase in documents starting
from 2001 (Figure 3A).
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From the literature collection, it was evident that most of the documents analyzed both
essential and nonessential elements (72.0%), in particular Cd (146), Cu (172), Pb (110), and
Zn (142), while the 19.1% analyzed only essential elements and the 8.9% only nonessential
ones (Table S1).

Organisms belonging to the six considered taxa have been mainly collected for biomon-
itoring analysis (Figure 4A), aiming to measure HMs concentrations in organisms and
tissues. In particular, a significant proportion of documents in each taxon, for their analysis,
processed the entire specimen, followed by the skeleton, especially in the Cnidaria group
(Figure 4B). In fact, among the 43 documents on skeletal analysis, 36 examined the one
of cnidarians (Table S1). Figure 4A showed also a total absence of physiological studies
on Bryozoa, while only 2 have been conducted on Cirripedia (see Table S1 for citations).
The remaining documents are spread among the other four taxa (Figure 4A). Works on
microbiology represent a small component (15 documents) of the total, most of them (7) on
Porifera (Figure 4A). A comparable situation can be observed for studies on cells and tissues
and the microbiome, which have not been taken into account very frequently (Figure 4B).

The 59.1% of documents processed samples after their collection on the field (Figure 5A),
especially for Cirripedia and Cnidaria (Figure 5B), while the 36.0% conducted laboratory
experiments (Figure 5A). Among all taxa, organisms mainly belonging to the Cnidaria
group have been used for this aim (Figure 5B). Only a small percentage (4.9%) of docu-
ments regarded studies in which collected organisms have been processed immediately to
analyze a possible bioaccumulation of HMs and they have been bred to conduct laboratory
experiments on the possible physiological effects of elements (Figure 5A). Apart from
Cirripedia and Cnidaria, all the other taxa showed studies conducted with this work set up
(Figure 5B).
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3.2. Literature Analysis Focused on the Mediterranean Sea Province

The literature analysis on documents found within the Elsevier’s Scopus database led
to the record of 34 works on organisms collected in the Mediterranean Sea province. The
manual research carried out on the references reported in these works led to the addition
of seven documents. The total 41 documents (Figure 1) regarded 5 of the 6 considered taxa:
Porifera (24), Cnidaria (3), Polychaeta (4), Cirripedia (2), and Tunicata (8) (Table S2).

Among all documents, only one work regarding Porifera was published before 1991
(1990, see reference in Table S1) (Figure 3B). The temporal distribution of documents
showed how Porifera were considered in every 5-year period, with a peak in 2006–2010
(Figure 3B). Polychaeta were included in a constant number of works from 2001 to 2005,
while for Tunicata, there is an increment of documents during time (Figure 3B). On the
other hand, the low number of works on Cnidaria and Cirripedia is scattered through the
different 5-year periods, from 2001 to 2005 till today (Figure 3B).

Inside the basin, most of the studies collected organisms in the Western Mediterranean
ecoregion (22), mainly along the French and Spanish coasts (Figure 6; Table S2), followed
by the Adriatic Sea (7), the Ionian Sea (6), the Levantine Sea (4), and the Aegean Sea (2)
(Table S2). Figure 6 shows that most of the Porifera have been collected in the Western
Mediterranean, while almost all studies on Tunicata and all on Cirripedia are referred
to organisms collected in the Levantine and the Aegean Sea. Two-third of documents,
moreover, gave information on the sampling depth (Figure 7). Most of the organisms were
collected between 0 and 5 m depth, while Porifera is the only taxon collected at all the
considered depth ranges (Figure 7).
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Most of the documents studied the role of organisms as bioindicators (28) especially
of Cu (28), Pb (23), and Cd (20) contamination. Fourteen works explored the main effects
of Cd (10) and Cu (9) on the collected species (Table S2), while one paper highlighted the
tolerance of the microbiota extracted from polychaetes to Cd, Cu, and Zn (see Table S1
for citation).

Since Porifera resulted to be the most studied taxa, we considered this group for
further considerations. Species studied belong to 11 orders of sponges (Table S2), and
Dictyoceratida is undoubtedly the one to which most of works on biomonitoring are related.
These organisms showed Cd concentrations ranging between 0.2 and 1.60 mg·kg-1 d.w.,
Cu between 22 and 300 mg·kg-1 d.w., and Pb between 0.1 and 90 mg·kg-1 d.w. (Table S2).
Dictyoceratida has not been investigated for possible effects given by the presence of trace
elements, but orders as Poecilosclerida and Scopalinida were considered more suitable for
physiological studies and mainly on Cd and Cu (Table S2).

4. Discussion

At present, the sessile taxa considered in this study (Porifera, Cnidaria, Bryozoa,
Polychaeta, Cirripedia, and Tunicata) are still little used as biomonitors compared with
other groups, despite the fact that their potential application has been highlighted repeat-
edly during time [12,23], with an increasing annual trend in the last years. For example,
searching on Scopus database using the keywords “heavy metal” AND “bivalve” or “heavy
metal” AND “fish,” without conducting the screening, 1148 and 6800 documents were
obtained, respectively, more than all the works screened in our research, conducted using
many keywords. In fact, the vast majority of the studies on the topic referred to organisms
representing food resources for human consumption, which do not have to exceed specific
levels, established by Community legislation or other relevant standards [23,30]. Another
factor to take into account is that the considered taxa are not of the same economic impor-
tance as bivalves or fish, even though the economic role covered by some of them (e.g.,
sponges) is more and more often highlighted by the scientific community [31]. Nonetheless,
looking at the physical and physiological characteristics a bioindicator should present (see
Butler et al. [15] and Haug et al. [16]), these groups fit in many of the listed features. In fact:
(i) with the exception of some cnidarians and polychaetes, they are exclusively sessile; (ii)
most of them are active filter-feeders; (iii) they present a global distribution, therefore they
can be collected and used for this purpose all around the globe, even at the Poles; (iv) these
taxa comprehend modular organisms [32], therefore the collection of small portions does
not affect their survival and they can rapidly regenerate; (v) some of them present also a
gregarious behavior [33–37], allowing to sample just a part of a population and to observe
possible changes on long-term monitoring.

From our review, it is clear that, at a global scale, studies are not equally distributed
among marine regions [29], with most studies focused the Mediterranean Sea province [29],
probably due to its nature of being a semienclosed basin [38], and thus more subjected
to anthropogenic stress and pollution [39], as the one caused by HMs (see Table 1 from
Danovaro [40], for quantities released annually, and Table 1 from Tovar-Sánchez et al. [41],
for the concentration in the Mediterranean water). The basin, moreover, is subjected to
the European legislation (e.g., MSFD 2008/56/EC), which suggests biological indicators
(e.g., sponges and cnidarians) as potential tools to monitor the environmental status of
coastal areas. Therefore, researchers could be more addressed to use unconventional
organisms in their biomonitoring studies. However, also in the Mediterranean basin,
there is a bias in the studies distribution, since research activities mainly focused on the
Western Mediterranean ecoregion (22) [29], while the others are interested only by a low
number of studies. This condition should be explained with the affiliation of the researchers
studying the topic, which are mostly present in countries facing the Western Mediterranean
ecoregion. Moreover, most of studies are limited to the most accessible shallow waters,
mainly investigated by scuba diving.
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Another strong bias highlighted by the present work is the difference in the number
of documents per taxon, most of them concerning Cnidaria (37%) and Porifera (18.5%).
Considered cnidarians are especially from tropical areas (Table S1), in which studies
principally investigated the concentrations of HMs particularly in the hard skeleton of
many scleractinian corals. Their skeleton is, in fact, characterized by the presence of growth
bands, used in the determination of coral’s age [42,43], and as a proxy of ocean responses
to environmental factors, as temperature and salinity [44,45], and also contaminants, such
as heavy metals [46,47], hydrocarbons [48], and pesticides [49]. This peculiarity makes the
coral skeleton an important biomonitoring tool for marine pollution, allowing to analyze
and detect possible variations in the concentrations of HMs over different time periods.
However, together with scleractinians, other groups of cnidarians, e.g., octocorals and
stylasterids, showed the presence of growth bands in their skeletons [50,51], making these
taxa additional organisms suitable for biomonitoring studies.

Regarding the other well-studied group, Porifera have been mainly collected in the
Temperate Northern Atlantic realm [29]. Especially interesting are the few studies analyz-
ing the role of their associated bacteria [52–58]. Many sponges, in fact, are characterized
by the presence of complex communities of microorganisms composing the associated
microbiota, being named “bacteriosponges” or “high microbial abundance sponges” [59].
Since the microbiota can contribute up to 40% of sponge biomass and cover a fundamen-
tal role in their secondary metabolism [60,61], it has been suggested that it can actively
participate in the bioaccumulation process. Many bacteria isolated from sponges, e.g.,
Fasciospongia cavernosa, have been found to be resistant to different antibiotics and pollu-
tants, including Persistent Organic Pollutants (POPs) and various heavy metals, as Cu, Pb,
Co, Cd, Zn, Ni, and Hg together with their organic compounds [55]. Different researches
showed how also the bacteria associated with polychaetes and ascidians can be important
in the sequestration of HMs from water [62–67]; therefore, increasing study of the effective
role of the microbiota is necessary to fully understand the dynamics of the process. Besides,
we want to stress the importance of works on the possible negative physiological effects
of HMs in organisms (e.g., apoptosis of sponge tissues, bleaching in corals, decreasing
of sperm density in polychaetes, etc.) [68–70], but also the “positive” consequences that
HMs can trigger, e.g., in the moon jellyfish Aurelia spp., which polyps were observed to
increase their asexual reproduction if exposed to Ag and Hg [4,71]. However, what we
call a “positive” response can have severe environmental consequences. Referring to the
example of Aurelia spp., an increase in the asexual reproduction can be followed by increase
in polyp strobilation and ephyra release and, thus, intense jellyfish blooms [72], with multi-
ple ecological and socio-economic consequences on human health, marine trophic chains,
fishery, and aquaculture [73,74]. Moreover, an increase in this kind of studies will help to
identify different physiological traits known as “biomarkers.” Biomarkers are biological
responses of suitable sentinel species to pollutants, which can act as early-warning tools
able to detect pollutant-induced stress syndromes in organisms before the occurrence of
severe habitat and communities’ alterations [75].

From our review emerged clearly that the most studied HMs have been Cd, Cu, Pb,
and Zn, both due to their natural toxicity (Cd and Pb) (WFD 2000/60/EC) and both for be-
ing used by organisms as micronutrients (Cu and Zn). In fact, essential elements can be con-
sidered HMs since they can become toxic, for an organism, above specific thresholds [28],
as it was observed, e.g., in Aurelia aurita polyps [71] or in the sponge Crambe crambe [76].
Many groups of invertebrates are known to synthetize metallothioneins or metallothionein-
like proteins, including the taxa considered in this review [77–80], except for Cnidaria
and Bryozoa, for which there is still no information available [81–83]. Metallothioneins
are cysteine-rich metal-binding proteins, which can sequester metals, being involved in
metal resistance and in the detoxification processes [82]. If the detoxification mechanism
is not overwhelmed, organisms can increase body metal concentrations without showing
toxic effects or signs of suffering. However, if in the environment metal concentrations are
elevated, the mechanism overwhelms and metals can bind to sensitive intracellular targets,
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inducing toxicity [84]. Therefore, to understand the thresholds not to be overcome, for both
essential and nonessential elements, results fundamental to set general concentration limits
focused on organism wellness, since by now, the actual low limits for HMs concern only
edible species (Directive 2002/32/EC) and many are referred to human health [30].

Another important issue emerging from our bibliographic analysis was the lack of a
standardization of presented data. First of all, almost half of the studies (generally written
in the last century) did not show any information about the quality assurance (Certified
Reference Material (CRM), recovery of standard addition, etc.) and, even though the
54% presented quality information, they were provided in an unclear way (no table of
data and explanation of the reference material) or inappropriate material has been used
(Table S1). In addition, only about the 15% analyzed the physicochemical parameters
of water (e.g., pH, conductivity, alkalinity, organic matter, etc.) (Table S1), factors which
could influence the speciation of HMs in the marine environment [85] and, thus, modify
their bioavailability [11]. Different concentration orders and units are also given, making
difficult the data management and the intercomparison among studies. Most of documents
expressed data in dry weight (d.w.) while some others expressed results in wet weight
(w.w.). If data presented in w.w. do not also provide the water concentration in samples,
they are not comparable with those expressed in d.w. These issues arouse the attention of
the scientific community since the 1970s [86], and the suggestion for the creation of “quality
assurance” protocols for data comparison was given repeatedly in past decades [75,87].
Examples are the MED POL Mediterranean Sea Biomonitoring Programme [88] and the
Pollution Effect Network (PEN) [75]. However, these activities did not pursue until today,
while the intercomparison problem persists.

5. Conclusions and Future Perspectives

The results of our review showed a growing interest by the scientific community in
the identification of sessile taxa as nonconventional bioindicators of HMs. The increasing
interest is mainly linked to the higher awareness of researchers to metals contamination in
the marine environment and to the international legislations, which are more and more
focused on the role of these taxa as fundamental monitors of environmental pollution. Dif-
ferent studies suggested that some sessile organisms can be used also in the bioremediation
processes, thanks to their characteristics and the part played by the associated microbiota
(bacteria and fungi). This is particularly true for sponges, cnidarians, polychaetes, bivalves,
and tunicates [60,64,89–91]. The application of vagile organisms as bioremediation and
biomonitoring tools (as fish, cephalopods, or decapods crustaceans) results instead more
difficult, since they are not sessile and cannot detect the actual values of a single location. In
addition, even if the present work focused only on marine species, some of the considered
taxa (Porifera, Cnidaria, and Bryozoa) also includes freshwater species. Therefore, these
organisms can be applied as useful tools also near inland farms, industries, and plantations,
as it is already done for freshwater bivalves [92].

Nonetheless, researchers should also focus their attention in identifying model organ-
isms, which proved to be more suitable as bioindicators or bioremediation tools compared
to other species of the same taxa.

These research activities cannot exclude the consultations of specialized taxonomists,
since (1) species belonging to the same genus can bioaccumulate different concentration of
HMs [12] or can present different responses if subjected to the same metal (see Figure 1 from
Viarengo et al. [75] for the different physiological responses of Mytilus galloprovincialis);
(2) some species considered by the literature revised for this study (e.g., Geodia cynodium,
Spongia (Spongia) lamella, and S. (S.) officinalis) (see Tables S1 and S2 for citations) are
included in the Annex II of the SPA/BIO Protocol of Barcelona Convention and, therefore,
subjected to protection, due to their status of “threatened” species [93].

Our work highlighted many research gaps, but two aspects need special attention.
As future perspectives, we recommend increasing sampling and collection efforts and
widening the geographic and bathymetric distributions of the studies not only in the
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Mediterranean Sea but also in the other marine realms, provinces and ecoregions, es-
pecially in the less investigated ones, integrating the results with the studies currently
available. Moreover, data standardization is still a big issue in the field, therefore, we
suggest facing the problem again, reopening old programs (e.g., MED POL and PEN) or
crating new ones with new possible protocols to standardize methods, validation, analysis,
and data presentation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/2/580/s1, Table S1: List of works divided per taxa with all document’s details, Table S2: List of
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