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ARTICLE INFO ABSTRACT

Keywords: Plastic pollution is a widespread issue in marine ecosystems worldwide, and at the basin level, the Mediterranean
Mediterranean sea represents one of the main hotspots for plastic debris. Here, we present MPs pollution levels in the bivalve Donax
Microplastics trunculus, commonly known as wedge clam, considering both young and adult individuals, as well as sediment
(S:iillinnslent and water matrices across a national scale, covering the Tyrrhenian, Ionian, and Adriatic coasts of Italy. The aim
Water is to provide an overview of MPs pollution in coastal ecosystems and assess whether wedge clams can act as an
Sentinel early warning sentinel for sandy habitats. Results highlighted that the Adriatic and Ionian coasts exhibited higher

MPs levels than the Tyrrhenian coast across all matrices, with MPs pollution predominantly consisting of blue
acrylic fibers. D. trunculus proved to be an excellent sentinel for MPs pollution in sediment. The findings also
revealed that young individuals had more MPs than adults, highlighting potentially severe harm to the growth of
marine organisms. As a commercially valuable species, this study underscores the urgent need to further
investigate this issue, especially given its critical implications for both marine ecosystem health and human well-

being.

1. Introduction

Plastic pollution is one of the most pressing challenges of our time
(Rochman and Hoellein, 2020; Yu and Singh, 2023) since global marine
systems are estimated to contain 82-358 trillion plastic particles
weighing 1.1-4.9 million tons (Eriksen et al., 2023). Low recycling rates
and improper disposal practices have led to the widespread accumula-
tion of plastic waste entering marine environments (Kibria et al., 2023).
Once introduced, plastics persist in these ecosystems, floating on the sea
surface, in the water column, or accumulating on the seafloor and along
shorelines, impacting regions globally, from polar areas to the equator
(Eriksen et al., 2023; Suaria and Aliani, 2014). At a regional level, the
Mediterranean Sea, being a semi-enclosed basin with a high population
density, is one of the world’s most polluted areas (Cincinelli et al.,
2019). Referred to as the "Mediterranean plastic soup’ (Suaria et al.,

* This paper has been recommended for acceptance by Zeng.

2016), it has been suggested as the sixth major garbage patch, poten-
tially containing up to 10 % of the global plastic mass (Zambianchi et al.,
2017). In terms of size classes, microplastics (1 pm < MPs < 5 mm)
(Frias and Nash, 2019), originating from both primary (intentionally
produced in small sizes) and secondary (resulting from the fragmenta-
tion of larger plastics) sources, are among the most prevalent and have
garnered significant global attention (Hu et al., 2022). Compared to
larger sizes, MPs are considered particularly hazardous, as many or-
ganisms can ingest particles of this dimension, whether in the form of
fibers, fragments, or films (Nardi et al., 2024). Additionally, due to their
hydrophobic nature, rough surfaces, and high surface-to-volume ratio,
MPs can adsorb contaminants (namely metals, POPs, PAHs, pharma-
ceuticals, pesticides, and additives) and microorganisms (pathogens,
alien species) from the environment (Hu et al., 2022), acting as "Trojan
horses" that may increase toxicity (Bhagat et al., 2021; Cesarini et al.,
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2022). Human health is also imperiled since MPs in the environment can
enter the human body through the food chain, e.g. through the ingestion
of contaminated seafood, livestock and agricultural products (Hu et al.,
2022).

The rising concern about the spread of this contaminant and the
linked toxicity has led to the development of monitoring studies using
marine species, including commonly used early warning sentinels
(Savoca et al., 2024). Bivalve mollusks have been proposed as sentinels
for monitoring MPs pollution in marine environments (OSPAR, 2011).
As sedentary filter feeders, bivalves actively adsorb pollutants from their
environment, including those suspended in the water column or settling
on the seafloor (Porter et al., 2023). This property makes them highly
responsive to indicators of environmental pollution (Livingstone et al.,
2000). In addition to their ecological importance in marine food webs,
they hold substantial socio-economic value as bivalves are widely
farmed and consumed as seafood worldwide (Olivieri et al., 2022). An
additional property that makes them suitable as an early warning system
is representing abiotic matrices, namely water and sediment (Porter
et al., 2023). In the literature, there is a wide range of studies examining
the accumulation of MPs in the biota, water, and sediment analyzed
separately (Martellini et al., 2018; Olivieri et al., 2022). In contrast, a
few studies have investigated the bioaccumulation of MPs across both
biotic and abiotic matrices in an integrated manner worldwide, and even
fewer studies have focused on the Mediterranean Sea. In this regard,
Kazour et al. (2019), using the sentinel bivalve Spondylus spinosus, and
Fagiano et al. (2023), employing Mytilus galloprovincialis and Arca noae,
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conducted sampling on the eastern and western Mediterranean coasts,
respectively, observing distinct concentrations of MPs across their
matrices, although no correlation was found between the sentinel spe-
cies and the surrounding environment.

Given the gap in the existing literature on this topic, it is fundamental
to identify species that can serve as reliable sentinels, effectively
reflecting MPs pollution in the surrounding environment (Savoca et al.,
2024). The present study aims to investigate MPs pollution along the
Italian coastline, using the bivalve Donax trunculus (Linnaeus, 1758),
commonly known as wedge clams, with sediment and water matrices.
Indeed, it could be hypothesized that this species, which inhabits the
first meters from the shore and beneath the sand, could represent the
pollution present in both matrices. To further refine the analysis,
D. trunculus individuals were classified into two size categories (young
and adult) to evaluate potential differences in MPs levels between these
groups.

2. Material and methods
2.1. Study area

Samples of intertidal water, sediment and wedge clams were
collected from 11 sampling sites along the Mediterranean coast,
including Tyrrhenian, Ionian and Adriatic sides (Fig. 1). Sampling ac-
tivities were carried out once per site between March to September
2022, according to the geographical distance and weather conditions.
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Fig. 1. Map of the sampling sites along the Italian coast. Liv (Livorno) and Gro (Grosseto) are included in the N. Tyr (North Tyrrhenian side), Pas (Passoscuro) and
Spe (Sperlonga) in the C. Tyr (Central Tyrrhenian side), Bat (Battipaglia), Alc (Alcamo), Pla (Platamona), and Tor (Torregrande) in the S. Tyr (South Tyrrhenian side),
Pis (Pisticci) and Sib (Sibari) in the Ion (Ionian side), and Les (Lesina) in the Adr (Adriatic side). Black squares indicate the nearest ports to sampled sites, blue lines
represent main basins, and yellow dots mark landfills. White-to-red gradient dots show sampled stations, with color intensity reflecting site urbanization by using

QGIS 3.16.8 software.
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The sampling sites were selected from both urban and rural areas, rep-
resenting diverse sources of pollution, including riverine discharges,
industrial effluents, different types of ports, and their designation as
high-tourism locations (Table 1). Detailed information on the popula-
tion density, types of ports, blue flag presence and tourism intensity is
provided in Table 1.

2.2. Sample collection and biological parameters

Samples from the three different matrices, D. trunculus, sediment and
water, were collected along the same transects, in the coastal zone at an
approximate depth of 1-1.20 m.

The bivalve D. trunculus was selected for this study due to its repre-
sentativeness and widespread distribution along Mediterranean and
Atlantic sandy coasts (Bayed, 1990). As an edible bivalve, it also rep-
resents an important resource in various countries along these coast-
lines. D. trunculus specimens were obtained using a hand dredge along a
transect of c.a. 10 m. At each site, 30 individuals of D. trunculus were
collected and categorized based on shell length into two groups: 15
adults (shell length > 1.5 cm) and 15 young individuals (shell length <
1.5 cm) (Manca Zeichen et al., 2002). The samples were wrapped in
aluminum foil and kept refrigerated during transport to the laboratory,
where the samples were stored at —20 °C until the subsequent analysis.
The soft tissues were extracted from the shells, and six pools, each
consisting of five individuals, were prepared for each sampling site,
according to Narmatha Sathish et al. (2020) and Ben-Haddad et al.
(2022). The wet weight of each pool was then measured.

Sediment samples were collected in triplicate using a grab sampler
along the same transect where the wedge clam samples were collected
(Prata et al., 2019). The sediment samples were placed in aluminum
containers for transport to the laboratory.

For water samples, three replicates of 5 L each were collected
manually at each site along the same transect of D. trunculus and sedi-
ment, considering the water column, precisely from 15 cm below the
surface, and were preserved in glass bottles (Narmatha Sathish et al.,
2020). Both water and sediment samples were stored at +4 °C until the
following analysis.

Table 1
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2.3. Experimental procedures

The D. trunculus tissue samples were digested following the protocol
of Corami et al. (2020) and Suebpala et al. (2018) and adapted according
to the requirements of the analyzed matrix. Briefly, the pools of wedge
clams’ tissues were treated with HyO5 (30 % w/v, 3 times the tissue
volume) in an incubator at 37 °C for 48 h. Thereafter, if fragments of
tissues were still visible by naked eye, the samples were kept at c.a. 24 °C
(room temperature) until a clear solution was obtained (for a maximum
of two further days). Daily monitoring was performed to mix the solu-
tions until the complete digestion of tissues. Sediment samples were
digested following the protocols of Coppock et al. (2017) and adapted
based on the samples treated in the present study. Samples were heated
at 40 °C until completely dried. After that, 100 g d.w. of sediment for
each replicate was placed in 200 ml ZnCl, hypersaline solution (density
1.8 g em ™), stirred for 15 min using a magnetic stirrer, and decanted
overnight to separate the plastics from the matrix due to a different
density gradient. After the overnight separation, the supernatant was
digested with HyO2 30 % for 24 h. The following steps were repeated
until the sample appeared free from sediment and organic matter,
allowing for filtration. Samples of water were analyzed by the method of
Masura et al. (2015), with the addition of 30 % H505 solution to digest
the biological material in a ratio of 1:5. The solution was then kept at
room temperature for a period of 72 h until the reaction stopped.

Filtration of all analyzed matrices was performed using a vacuum
pump and 0.7 pm mesh glass microfiber filters (Whatman GF/F 47 mm),
ensuring that all particles, including the smallest ones within the MPs
range (> 1 pm), if present, were considered across the matrices. The
filters were stored in sterile glass petri dishes and screened with a ste-
reoscope for MPs detection. Suspected MPs were marked on the filter,
counted and classified according to shape (i.e., beads, fibers or frag-
ments) and colors (i.e., red, green, blue, white, transparent, yellow or
black). The colour of MPs was assigned according to commonly used
color categories following Lusher et al. (2020). Suspected MPs were
categorized into five size classes, defined based on the smallest and
largest MPs identified in our samples: 0.1-0.5, 0.5-1, 1-1.5, 1.5-2, > 2
mm. The first two size classes (< 1 mm) fall under small MPs and were
selected accordingly to Ben-Haddad et al. (2022) and Narmatha Sathish
et al. (2020), while the last three, typically grouped as large MPs (1-5
mm), were further subdivided here for more detailed categorization. For

Information on the location of sampling sites (latitude and longitude), population size, types of harbors present at the sampling localities, the presence of Blue Flag
certification, and the intensity of tourism activities. *Population information is available in: https://demo.istat.it/; **Ports information is available at: https://earth.
google.com/web/; ***Tourism information is available at https://www.istat.it/tag/turismo/.

Sites Abbreviation Latitude Longitude Population* Nearest ports** Beach Blue Flag Tourism***

Livorno Liv 43.91791 10.203868 325978 Livorno Port (41 km) no very high
Industrial, touristic, fishing

Grosseto Gro 42.69263 10.995728 216 290 Marina di Grosseto Port (2.5 km) yes very high
Touristic

Passoscuro Pas 41.89554 12.16051 4173 Fiumicino Port (14 km) no very high
Commercial, Industrial, touristic, fishing

Sperlonga Spe 41.25987 13.427813 3041 Sperlonga Port (1 km) yes very high
Touristic

Battipaglia Bat 40.57129 14.889908 49 635 Salerno Port (16 km) no high
Commercial, touristic, fishing

Sibari Sib 39.81282 16.494332 4549 Corigliano Calabro Port (9.56 km) yes very high
Touristic

Platamona Pla 40.81907 8.468655 23 Porto Torres Port (7.95 km) yes moderate
Commercial, Industrial, touristic, fishing

Torregrande Tor 39.90603 8.516522 388 Oristano Port (5.67 km) yes moderate
Industrial, touristic

Pisticci Pis 40.29603 16.782003 16 911 Metaponto Port (5.34 km) yes very high
Touristic

Lesina Les 41.90267 15.445955 6231 Capojale Port (18.71 km) no high
Fishing

Alcamo Alc 38.025088 12.914047 44 655 Castellamare del Golfo Port (2.99 km) no high

Commercial, fishing, touristic
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fibers, the maximum length was considered, while for fragments and
films, the largest dimension of the MPs was used to categorize them into
the five described size classes. After stereoscopic identification, we
randomly selected and analyzed 20 % of the total MPs (Malloggi et al.,
2024; Olivieri et al., 2022). The selection included all the study sites and
the three investigated matrices, ensuring a homogeneous representation
of suspected MPs from all resulting samples.

The subsamples were chemically characterized using Raman spec-
troscopy with a Renishaw In-Via micro-Raman spectrometer, and the
suspected MPs were directly analyzed by positioning the filters under
the Raman apparatus.

Raman spectra were processed with Spectragryph software (Menges,
2023) and OpenSpecy (Cowger et al.,, 2021), refining baselines,
smoothing with Savitzky-Golay filtering, and verifying library matches
above 70 %. To reduce the risk of external contamination, a quality
assurance/quality control (QA/QC) protocol was implemented (Cesarini
et al., 2023; Gallitelli et al., 2020). Detailed information on Raman
spectroscopy technique and QA/QC procedures employed is provided in
the supplementary material.
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2.4. Data analysis

The Shapiro-Wilk test was performed to assess the normality of the
datasets. Kruskal-Wallis analysis was conducted to evaluate how the
number of MPs varies across sampling sites in all matrices and among
the different groupings of sites belonging to the Tyrrhenian, Ionian, and
Adriatic sides. Differences among the sampled sites and between the
Tyrrhenian, Ionian, and Adriatic sides were assessed using Dunn’s post-
hoc test. Additionally, MPs data from D. trunculus, sediment, and water
were classified into three pollution levels (low, medium, high). The high
level concentration was obtained from the site most polluted, and the
lowest was set to 0 (considered indicative of no contamination). To
define the three classes, the high level was divided into three equal
ranges (Figs. 2 and 3). To assess the distribution of MPs in wedge clams
in relation to their environment, and specifically between the sediment
and water matrices, a regression correlation analysis was performed.
The Mann-Whitney U test was conducted to assess significant differences
in MPs levels between young and adult clams. Additionally, a linear
regression analysis was performed to examine the relationship between
MPs abundance in clams (items/g and items/ind) and the mean tissue
weight (g) in D. trunculus individuals. A significance level of p < 0.05

Abundance
(Items/q)
o 0-246
O 246492
O 492738

Abundance
(Items/kg)

o 0-273
O 273-546
QO 546-820

Abundance
(Items/L)

0 0-4.73
O 4.73-946

Oo946-142

Fig. 2. Distribution of microplastics in Donax trunculus, sediment and water matrices in the sampling sites. Differences between conditions are marked with
lowercase letters (p < 0.05). The size of the dots indicates the level of contamination, classified into three overall levels in the three matrices.
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Fig. 3. Abundance of microplastics in Donax trunculus, sediment and water matrices in the North Tyrrhenian (N.Tyr), Central Tyrrhenian (C.Tyr), South Tyrrhenian
(S.Tyr), Ionian (Ion), Adriatic (Adr) sides. Abundance of microplastics in Donax trunculus is expressed in items/ind and items/g, in sediment in items/kg and in water
as items/L. The degree of contamination in the three matrices was classified as low (L), medium (M), and high (H). Dotted lines in bold and normal font represent the

data’s median and quartiles, respectively.

was applied to all statistical tests performed in the analysis. Statistical
analyses were performed using GraphPad 8.0.1 and Past 4.03.

3. Results

3.1. Microplastics pollution along the Mediterranean coast

Pollution by MPs was detected in all 11 sampled sites, and across all
the analyzed matrices (Fig. 2). In general, the mean abundance of MPs in
D. trunculus was 4.66 + 1.3 items/g (corresponding to 4660 + 1300
items/kg) and 2.67 + 0.64 items/ind, with values ranging from 0.64 to
13.2 items/g (corresponding to 640-13200 items/kg) and 0.47 to 2.77
items/ind. In sediment, the mean MPs abundance was 470.91 + 240.22
items/kg, ranging from 160 to 820 items/kg. Regarding the water ma-
trix, the mean MPs concentration was 8.42 + 3.24 items/L, with a range
of 4.40-14.20 items/L.

The abundance of MPs in clams correlated significantly with MPs
pollution in intertidal sediment (R%®=0.52, p < 0.001), but not with MPs
pollution in water (p > 0.05). The distribution and concentration of MPs
across different size classes of clams in this study are presented as mean
+ SD in Table 18, both in terms of items/g and items/ind. Results from
the Mann-Whitney U test indicate that the levels of MPs in D. trunculus
individuals differed significantly between the two size classes, with a
higher quantity of items observed in young compared to adult wedge
clams. This difference is present both when considering items/g (U = 28,
Z = 10, p = 0.035) and items/ind (U = 23.5, Z = 2.4, p = 0.016).
Additionally, a slight negative correlation (R? = 0.12, p = 0.019, F =
5.88) was found between the weight of clams (g) and the number of MPs
detected (items/g) (Fig. 1A_S), whereas the correlation was also nega-
tive but not significant when considering items/ind (Fig. 1B_S).

Considering the Tyrrhenian, Ionian, and Adriatic coasts (Fig. 3), as
regards MPs in wedge clam tissue, N.Tyr and C. Tyr side (with a mean of

0.98 + 0.77 items/ind, 2.32 + 1.09 items/g and 1.42 + 0.47 items/ind,
3.65 + 1.94 items/g respectively) exhibited lower MPs levels compared
to the S.Tyr (1.90 + 1.41 items/ind, 5.03 + 3.15 items/g), Ion (2.58 +
0.82items/ind, 6.59 + 5.93 items/g) with the highest value found in the
Adr (3.05 + 0.59 items/ind, 7.72 + 3.54 items/g). Regarding sediments,
the sampling sites in the N.Tyr had the lowest mean MPs concentration
of 150 + 57.61 items/kg than C.Tyr (380 + 40 items/kg), S.Tyr (356 +
290 items/kg), Ion (640 + 178.88 items/kg) and Adr (508 + 180 items/
kg) (Fig. 3). Lastly, for water samples, Adr had the highest mean MPs
concentration with 11.4 £+ 1.03 items/L while the lowest value was
recorded in S.Tyr (8.1 + 5.01 items/L).

A more detailed analysis for each sampled site reveals that for the
D. trunculus matrix, Les, Tor, and Alc sites were significantly more
contaminated than Liv, Pas and Bat (p < 0.05). For the sediment matrix,
Liv and Gro were significantly less polluted compared to Spe, Bat, Alc,
and Pis (p < 0.05). Regarding the water matrix, Pas and Bat were the
least contaminated sites, while Spe and Alc were the most contaminated
(p < 0.05).

3.2. Qualitative characterization of microplastics pollution

In all three matrices (D. trunculus tissue, sediment and water), fibers
were the predominant form of MPs detected (81.8 %, 73.5 %, 89.9 %
respectively), followed by fragments (11.2 %, 22.9 %, 8.8 %) and films
(7.0 %, 3.7 %, 1.3 %) (Fig. 4A). In detail, fibers prevalence in D. trunculus
tissues ranged from a minimum of 41 % in Adr to a maximum of 100 %
in N.Tyr, in sediment matrix the percentage of fibers ranged from a
minimum of 63 % in S.Tyr, while reached the maximum of 100 % in S.
Tyr, and in water from 83 % in C.Tyr and Adr to 97 % in S.Tyr. Films
observed in the tissues of wedge clams ranged from 0 % in N.Tyr to 14 %
in Adr, in sediment from 0 % in N.Tyr to 13 % in C.Tyr, and in water
from 0 % in N.Tyr and S.Tyr to 3 % in C.Tyr and Adr. Fragments were
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Fig. 4. A. Percentage of microplastics shape found in Donax trunculus, sediment, water in the North Tyrrhenian (N.Tyr), Central Tyrrhenian (C.Tyr), South Tyr-
rhenian (S.Tyr), Ionian (Ion), Adriatic (Adr) sides and considering all the sampling sites collectively, B. Percentage of microplastics colour found in Donax trunculus,
sediment and water in the North Tyrrhenian (N.Tyr), Central Tyrrhenian (C.Tyr), South Tyrrhenian (S.Tyr), Ionian (Ion), Adriatic (Adr) sides and considering all the

sampling sites collectively.

detected in D. trunculus tissues from 0 % in N.Tyr to 45 % in Adr, in
sediment from 0 % in N.Tyr to 37 % in S.Tyr, and in water from 3 % to
14 % in C.Tyr and Adr.

The most common MPs colors considering all the three matrices,
were blue (55.4 %, 48.6 %, and 54.3 % in D. trunculus, sediment, and
water, respectively) and black (18.6 %, 24.3 %, and 18.9 % in
D. trunculus, sediment, and water, respectively), followed by red, gray,
transparent, green, and yellow in lower percentages (Fig. 4B). In
D. trunculus, blue was ranging from 4 % in Adr to 70 % in N.Tyr, from 47
% in N.Tyr to 57 % in Ion in sediment, and from 23 % in Ion to 81 % in N.
Tyr in the water matrix. Black was the second most frequent color,
ranging from 14 % to 22 % in D. trunculus, from 0 % in S.Tyr to 30 % in
Adr in sediment, and from 9 % in N.Tyr to 29 % in C.Tyr in water. Other
colors were observed at lower percentages.

The range of MPs > 2 mm were the most frequent particles detected
in sediment and water matrices (46 %) (Fig. 5A). The 0.1-0.5 mm and
0.5-1 mm size range were predominantly found in D. trunculus at 14 %
and 28 %, respectively. The 1-1.5 mm size range was primarily detected
in sediment (32 %). Despite the observed trend of smaller MPs size
ranges in wedge clams compared to abiotic matrices, the results were
not significantly different. Regarding both the sampling sites and
matrices, fibers > 2 mm were the most identified, followed by the other
size classes, which did not exhibit any clear or statistically significant
trend.

The polymers identified by Raman measurements were grouped into
nine macro-categories (Fig. 5B), seven synthetics: namely acrylic, PA
(polyamide), PPP (polyphenylenes), PO (polyolefins), PB (poly-
butylene), PUR (polyurethane), PET (polyethylene terephthalate), and
two cellulosics, namely cotton and regenerated cellulose (e.g. rayon,
viscose). Acrilyc was the most abundant polymer, representing 71.79 %,

72.73 %, and 68 % of the polymers found in wedge clams, sediment, and
water, respectively (Fig. 4B).

4. Discussion

Marine compartments have frequently been studied as separate en-
vironments in plastic pollution research (Muhammad Ubaid et al.,
2021). Consequently, there is limited knowledge about the MPs distri-
bution across physically and biologically interconnected compartments
(Fagiano et al., 2023). This study adopts a comprehensive approach to
concurrently assess the abundance and composition of MPs across
multiple matrices along an extensive stretch of the Italian coastline
within the Mediterranean context, employing comparable measurement
approaches between the studied matrices of D. trunculus tissues, sedi-
ment and water samples.

4.1. Microplastics pollution along the Italian coasts

Considering both biotic and abiotic matrices, the Adriatic Sea
exhibited higher levels of MPs (7.72 + 3.54 items/g), with mean values
classified as high pollution, while the Tyrrhenian coast showed reduced
pollution levels (2.32 + 1.09 items/g, 3.65 + 1.94 items/g, 5.03 + 3.15
items/g in N.Tyr, C.Tyr, S.Tyr respectively), ranging from low to me-
dium pollution. This is evident in Fig. 2, where MPs levels are reported
for each sampling area, and in Fig. 3, where they are grouped according
to the three coastal sectors of Tyrrhenian (N. Tyr, C. Tyr, S. Tyr), lonian
(Ion), and Adriatic (Adr) sides.

Studies on MPs in D. trunculus and other bivalves from the same re-
gions along the Mediterranean coasts have reported generally similar or
lower values than those found in this study when considering both
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Fig. 5. A. Percentage of microplastics sizes found in Donax trunculus, sediment, water in the North Tyrrhenian (N.Tyr), Central Tyrrhenian (C.Tyr), South Tyrrhenian
(S.Tyr), Ionian (Ion), Adriatic (Adr) sides and considering all the sampling sites collectively, B. Percentage of microplastics polymer type in Donax trunculus,
sediment, water in the North Tyrrhenian (N.Tyr), Central Tyrrhenian (C.Tyr), South Tyrrhenian (S.Tyr), Ionian (Ion), Adriatic (Adr) sides and considering all the

sampling sites collectively.

items/ind and items/g as units of measurement (Gomiero et al., 2019;
Kazour et al., 2019; Malloggi et al., 2024; Olivieri et al., 2022). This
confirms the trend of lower MPs levels in the Tyrrhenian compared to
the Adriatic side over time. Overall, the range of MPs detected in wedge
clams in this study aligns with global concentrations reported for bi-
valves. The worldwide mean MPs levels in bivalves range from 0.04 to
20.0 items/g (Ding et al., 2022), with Indian Ocean countries showing
the highest mean levels (above 11 + 8.2 items/g), while mean values
reported in other countries are at least half of these. However, it must be
considered that clams generally tend to accumulate higher MPs levels
than mussels, oysters, and scallops (Ding et al., 2022), highlighting the
need for caution when comparing MPs levels in bivalves with different
lifestyles (e.g., rocky mussels vs. sandy clams).

Likewise, sediment samples exhibited values consistent with those
reported in the literature from the same regions, reinforcing the concept
of a distribution pattern of MPs along the Mediterranean coast even in
abiotic matrices. In this context Blaskovi¢ et al. (2018) and Cannas et al.
(2017) reported ranges of 62-466 items/kg for the Tyrrhenian side
(Tuscany), conversely more than double the MPs concentration for the
Adriatic coast, precisely in Venice Lagoon (700 items/kg) and in the
Ravenna Riviera (1512 + 187 items/kg) (Martellini et al., 2018).
Similarly, the range of MPs detected in sediment in this study aligns with
literature data for the Mediterranean, where reported values do not
exceed 2000 items/kg. On a global scale, however, the highest MPs
concentrations in sediment have been recorded in Asia, reaching up to
9187.5 items/kg (Tran Nguyen et al., 2020).

Regarding water samples, the obtained results are not easily com-
parable with those reported in the literature, as many studies investi-
gating MPs in water, whether focusing exclusively on this matrix or

including species from offshore areas, have conducted sampling at
significantly greater distances from the coastline. These studies have
employed specific sampling techniques, such as manta trawls, and pre-
sented MPs pollution data using different units of measurement, notably
MPs/km?. On the other hand, Narmatha Sathish et al. (2020) that,
similarly to this study extended their samplings including the bivalve
Donax cuneatus, sediment and water, applied an analogous sampling
method for seawater describing a mean of 30.98 + 7.87 items/L in water
samples in the Gulf of Mannar (India). This step facilitated direct com-
parisons in MPs pollution across the three investigated matrices.

Land-based sources (e.g. high tourism activity, presence of dis-
charges into the sea, ports) are identified as the primary sources of MPs
pollution both in the Tyrrhenian and Adriatic coasts (Malloggi et al.,
2024; Martellini et al., 2018; Olivieri et al., 2022). In addition,
Ombrone, Albegna, Osa, and Tevere rivers (on the Tyrrhenian side) and
Adige and Po rivers (on the Adriatic side) further exacerbate MPs
pollution in these regions (Cannas et al., 2017). In general, MPs pollu-
tion across different coasts appears to be partially influenced by the
interaction of multiple factors originating from inland areas as reported
in Table 1.

Although our samples were collected in coastal zones, disparities in
pollution levels, lower on the Tyrrhenian coast compared to higher
levels on the Ionian and Adriatic coasts, seem to be influenced by factors
extending beyond the coastal zone, such as hydrodynamic processes,
including currents, upwelling and downwelling, gyres, and fronts, which
could promote plastic accumulation in enclosed areas like the Adriatic
Sea (Kazour et al., 2019). Notably, the Eastern Mediterranean is recog-
nized as a region with significant MPs pollution levels (Cozar et al.,
2015). Differences between the two parts of the Mediterranean Sea can
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be explained by the different circulation patterns: while western cur-
rents facilitate dispersion, eastern currents act as attractors, accumu-
lating plastic debris (Mansui et al., 2015) with the progressive formation
of smaller plastics within coastal zones, that persist in the water column
or settle into the sediment (Kazour et al., 2019). Suaria and Aliani
(2014) observed a similar trend in their studies on floating macro-litter
in the Mediterranean Sea, reporting high plastic densities in the Adriatic
Sea and along the Northwestern African coast. According to UNEP/MAP
(2012), these regions also feature some of the highest coastal population
densities in the entire Mediterranean basin. In addition, MPs pollution in
the Southern Tyrrhenian, Ionian, and Adriatic seas is partly attributed to
anticyclonic eddies, which create retention zones for plastic debris
(Howell et al., 2012). It should be remarked that MPs concentrations
could be also influenced by other factors, such as sampling season,
proximity to the coast, variability in measurement units, bivalve species
analyzed and methodology (sampling methods, MPs analysis protocols
applied in different matrices), thus the comparison of results across
different studies require caution and need standardization (Malloggi
et al., 2024). In this context, in the digestion step, wedge clams are often
processed in pooled samples (as in this study) to facilitate sample
handling and recovery. While this approach may reduce analytical
precision, it is widely employed due to the small size of wedge clams
relative to other bivalves (e.g. mussels and oysters). Another aspect is
that reagent choice is a key variable for standardizing digestion pro-
tocols. The most commonly used, 30 % H30,, 10 % KOH, and 15 %
H20,, are typically applied between 40 and 60 °C (Prata et al., 2019).
Despite evidence of potential polymer alterations at these reagents
(Karami et al., 2017), temperature plays a more critical role. Below
40 °C, MPs show no significant damage (or minimal ones) to MPs’
integrity, although some residual organic matter may persist in the
samples (Karami et al., 2017). Thus, these protocols remain effective and
reliable when applied under mild thermal conditions (T < 40 °C).

4.2. Qualitative characterization of microplastics pollution

Blue, black and red fibers were the most common colors of MPs found
in all the detected matrices and sampled sites followed by fragments and
films (Fig. 4). This trend is ubiquitous not only in the Mediterranean
context but worldwide in different organisms (bivalves, fishes, poly-
chaetes) and matrices (Olivieri et al., 2022; Suaria, 2024). Considering
the small dimensions of wedge clams, fiber shapes are easier to ingest
and expel from the digestive tract, instead of other tridimensional MPs
(i.e. films and fragments) (Taylor et al., 2016; Woods et al., 2018). The
limited clam body sizes also explain the predominance of smaller fibers
observed within the clam tissues (0.5-1 mm, 1-1.5 mm), whereas fibers
>2 mm were most common in water and sediment. Similar size ranges,
namely 1-1.5 mm, have been reported for wedge clams in Morocco
(Ben-Haddad et al., 2022), on the Latium and Tuscany coasts (Malloggi
et al., 2024; Olivieri et al., 2022), and by Exposito et al. (2022) in Spain.
Regarding water samples, analogous MPs dimensions to those observed
in the present study were reported by Suaria (2024) with 1.79 + 1.82
mm in length and 22.6 + 18.4 pm in diameter, in sampling activities
across the Western Mediterranean Sea.

Acrylic resins occurred with the highest frequencies in D. trunculus
and surrounding environments (sediment and water), confirming the
wedge clam’s value as a sentinel of environmental MPs pollution
(Fig. 5). PO and PS are the other materials that followed in prevalence
across the matrices. All these polymers were already detected in the
Mediterranean Sea with high frequencies in marine organisms and
abiotic matrices (Exposito et al., 2022; Fagiano et al., 2023; Rios-Fuster
et al., 2022). Synthetic polymers are mainly used in clothing and
garment applications, home and office furnishings, transportation, and
various other industrial sectors (Suaria, 2024). In addition these poly-
mers are often combined with additives that enhance their resistance
and durability over time (Olivieri et al., 2022). Although the origin of
these synthetic fibers is difficult to determine, laundering and
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atmospheric deposition are identified as the main sources (Carr, 2017;
Napper et al., 2023), and are favored by the spread of anthropogenic
activities (industries presence, surrounding WWTPs) and debris (i.e.
torn fishing nets and broken ropes used in coastal areas) (Napper and
Thompson, 2016) (Table 1). Furthermore, their ubiquitous presence in
clams, sediment and water samples suggests that, despite the polymers
having different densities (but still higher than seawater), they are
continuously resuspended by the water circulation along the coast,
before they permanently sink on the seafloor (which lastly explains the
higher quantity of MPs in biota and sediment compared to water). This
concept was already explained by Paluselli et al. (2024) for greater
seawater depth samplings, where MPs fibers could be advected and
resuspended by Mediterranean deep or intermediate currents.

In our samples, regenerated cellulosic and cotton fibers were also
observed at varying concentrations across the matrices. Recent litera-
ture has also reported an increasing detection of natural fibers in
seawater (Suaria et al., 2020), sediment (Sanchez-Vidal et al., 2018),
and biotic samples (Taylor et al., 2016) on a global scale. A possible
explanation is that natural textiles like wool and cotton shed and release
more fibers than synthetic polymers during laundering (De Falco et al.,
2019). Moreover, cellulosic fibers are often treated with additives (re-
tardants and dyes), contributing to their persistence and role as potential
vectors for hazardous substances in the environment (Suaria et al.,
2020). However, further research on the degradation rate and effects on
the biota of textile fibers is necessary, since their prevalence, fate, and
ecological impacts are still understudied. It is also important to consider
that the 20 % subsampling strategy used for polymer characterization,
although generally regarded as a reasonable percentage in such studies
(Ben-Haddad et al., 2022), may have introduced a bias both in the re-
ported percentages and in the potential presence of additional polymers
that were not investigated due to their exclusion from the subsample
selection.

4.3. Donax trunculus as early warning system for microplastic pollution
in sandy habitats

MPs in wedge clams correlated positively with sediments but not
with water, revealing that MPs concentration in biota was one order of
magnitude higher than in sediment and two orders higher than in
seawater. This highlights its effectiveness as a sentinel for monitoring
MPs pollution in coastal sandy seabeds. Wedge clams not only reflected
the quantitative levels of MPs pollution in the surrounding environments
but also provided insight into its qualitative composition. The most
abundant fibers, identified as blue, black, and red in color and acrylic
polymer, were found both in the sediment and water samples and within
the bivalve tissues. This demonstrates that D. trunculus did not exhibit
selective filtering of specific plastic types, but instead represented the
broader MPs pollution present in sediment and water. D. trunculus has
been previously used as a sentinel for plastic levels in both natural en-
vironments and indoor experiments (Ben-Haddad et al., 2022; Exposito
et al., 2022; Malloggi et al., 2024; Olivieri et al., 2022), and has proven
to be a useful early warning system also for other contaminants (Botelho
et al., 2018; Lamine et al., 2023; Secco et al., 2024), reinforcing the
hypothesis that this species could serve as an effective sentinel for
monitoring emerging contaminants in the marine environment.

4.4. Microplastics accumulation in different size classes of Donax
trunculus

A negative correlation was observed between the mean tissue weight
(g) and the number of MPs (items/g) in D. trunculus, indicating an
allometric relationship between body size and MPs concentration. This
pattern is likely due to the larger surface-area-to-volume ratio in smaller
individuals (Narmatha Sathish et al., 2020). Allometric variation is
well-documented in influencing metal concentrations relative to body
size (Saavedra et al., 2004), and in this study, we identified a similar
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relationship between MPs concentration and clams body size. In addi-
tion, young individuals accumulated significantly more MPs than adults
(Table S1). This result aligns with Narmatha Sathish et al. (2020), who
observed higher MPs accumulation in young D. cuneatus individuals on
the Tuticorin coast (India). This pattern may be attributed to the
increased filtration rate observed in smaller bivalves compared to larger
ones (Winter, 1973), which likely leads to higher MPs uptake in
small-sized clams and lower uptake in large-sized clams. These results
suggest that smaller individuals are particularly at risk from MPs
pollution. Further studies, including indoor experiments, are necessary
to better understand the potential risks posed to young individuals by
MPs ingestion and its long-term effects on their health and development.

5. Conclusion

The present study focused on MPs pollution on the Mediterranean
coasts considering a multi-matrix approach including bivalve
D. trunculus, sediment and water samples. The study revealed a consis-
tent trend of MPs pollution across all three matrices at the sampled sites
in the Mediterranean, with higher MPs levels observed along the Adri-
atic, Ionian, and Southern Tyrrhenian coasts compared to the Northern
and Central Tyrrhenian coasts. According to other studies, this gradient
can be attributed to coastal factors, as well as the influence of currents
and marine circulation.

While this study aimed to provide a comprehensive snapshot of MPs
pollution along the Italian coastline to highlight potential spatial trends
in distribution, future studies with repeated samplings across time
would be valuable to explore temporal variability.

D. trunculus proved to be an effective early-warning sentinel for
sediment MPs pollution in the surrounding environment. Although the
species, due to its small size, can ingest MPs up to certain sizes
(excluding the larger plastic debris), it could serve as a valuable sentinel
organism for monitoring MPs and other emerging contaminants. Indeed,
both from a quantitative (MPs abundance) and qualitative (shape, color,
size, and polymer type) perspective, it provided key insights into the
pollution of the surrounding environment.

Studies on D. trunculus and other bivalves inhabiting sandy envi-
ronments worldwide should be expanded, as these species play a key
ecological role, acting as a link between primary producers and higher
levels of food chains. This study also underscores the potential risk of
this emerging contaminant, as young individuals accumulated higher
quantities of MPs, potentially leading to subcellular physiological harm.
Lastly, we highlight the critical importance of these studies, not only for
aquatic ecosystems but also for human health, as many of the species
investigated are also used for human consumption.

CRediT authorship contribution statement

Silvia Secco: Writing — original draft, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Giulia Cesarini:
Writing — review & editing, Methodology, Formal analysis. Luca Gal-
litelli: Writing — review & editing, Methodology, Formal analysis.
Giuseppe Suaria: Writing — review & editing, Methodology. Andrea
Paluselli: Writing — review & editing, Methodology. Michael Di
Gioacchino: Writing — review & editing, Formal analysis. Armida
Sodo: Writing — review & editing, Supervision, Resources, Funding
acquisition. Massimiliano Scalici: Writing — review & editing, Visual-
ization, Supervision, Resources, Funding acquisition, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Environmental Pollution 375 (2025) 126318
Acknowledgements

This research was supported by the Grant of Excellence Departments
(“Departments of Excellence 2023-277, “Dipartimenti d’Eccellenza
2023-27"), MUR-Italy (Italian Minister of University and Research). We
extend our gratitude to the ISPRA CN-Lab (Rome), particularly to
Tommaso Valente for his contribution to developing a suitable digestion
protocol for the bivalves analyzed in this study. G.S. and A.P.
acknowledge financial support received under the National Recovery
and Resilience Plan (NRRP), Mission 4, Component 2, Investment 1.1,
Call for tender No. 104 published on February 2, 2022 by the Italian
Ministry of University and Research (MUR), funded by the European
Union - NextGenerationEU — Project MICROBEEF “MICROplastic effects
on marine BEnthic Ecosystems Functioning” (Grant Agreement No.
2022X4WLEK - CUP B53D23012390006).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2025.126318.

Data availability
Data will be made available on request.

References

Bayed, A., 1990. Reproduction de Donax trunculus sur la cote Atlantique marocaine.
Cah. Biol. Mar. 31, 159-169.

Ben-Haddad, M., Abelouah, M.R., Hajji, S., De-la-Torre, G.E., Oualid, H.A., Rangel-
Buitrago, N., Ait Alla, A., 2022. The wedge clam Donax trunculus L., 1758 as a
bioindicator of microplastic pollution. Mar. Pollut. Bull. 178. https://doi.org/
10.1016/j.marpolbul.2022.113607.

Bhagat, J., Nishimura, N., Shimada, Y., 2021. Toxicological interactions of microplastics/
nanoplastics and environmental contaminants: current knowledge and future
perspectives. J. Hazard. Mater. 405, 123913. https://doi.org/10.1016/j.
jhazmat.2020.123913.

Blaskovi¢, A., Guerranti, C., Fastelli, P., Anselmi, S., Renzi, M., 2018. Plastic levels in
sediments closed to Cecina river estuary (Tuscany, Italy). Mar. Pollut. Bull. 135,
105-109. https://doi.org/10.1016/j.marpolbul.2018.07.021.

Botelho, M.J., Vale, C., Joaquim, S., Costa, S.T., Soares, F., Roque, C., Matias, D., 2018.
Combined effect of temperature and nutritional regime on the elimination of the
lipophilic toxin okadaic acid in the naturally contaminated wedge shell Donax
trunculus. Chemosphere 190, 166-173. https://doi.org/10.1016/j.
chemosphere.2017.09.100.

Cannas, S., Fastelli, P., Guerranti, C., Renzi, M., 2017. Plastic litter in sediments from the
coasts of south Tuscany (Tyrrhenian Sea). Mar. Pollut. Bull. 119, 372-375. https://
doi.org/10.1016/j.marpolbul.2017.04.008.

Carr, S.A., 2017. Sources and dispersive modes of micro-fibers in the environment.
Integrated Environ. Assess. Manag. 13, 466-469. https://doi.org/10.1002/
ieam.1916.

Cesarini, G., Corami, F., Rosso, B., Scalici, M., 2023. Microplastics, additives, and
plasticizers in freshwater bivalves: preliminary research of biomonitoring. Water.
https://doi.org/10.3390/w15142647.

Cesarini, G., Secco, S., Battisti, C., Questino, B., Marcello, L., Scalici, M., 2022. Temporal
changes of plastic litter and associated encrusting biota: evidence from central Italy
(Mediterranean Sea). Mar. Pollut. Bull. 181, 113890. https://doi.org/10.1016/j.
marpolbul.2022.113890.

Cincinelli, A., Martellini, T., Guerranti, C., Scopetani, C., Chelazzi, D., Giarrizzo, T.,
2019. A potpourri of microplastics in the sea surface and water column of the
Mediterranean Sea. TrAC, Trends Anal. Chem. 110, 321-326. https://doi.org/
10.1016/j.trac.2018.10.026.

Coppock, R.L., Cole, M., Lindeque, P.K., Queirds, A.M., Galloway, T.S., 2017. A small-
scale, portable method for extracting microplastics from marine sediments. Environ.
Pollut. 230, 829-837. https://doi.org/10.1016/j.envpol.2017.07.017.

Corami, F., Rosso, B., Roman, M., Picone, M., Gambaro, A., Barbante, C., 2020. Evidence
of small microplastics (<100 pm) ingestion by Pacific oysters (Crassostrea gigas): a
novel method of extraction, purification, and analysis using micro-FTIR. Mar. Pollut.
Bull. 160, 111606. https://doi.org/10.1016/j.marpolbul.2020.111606.

Cowger, W., Steinmetz, Z., Gray, A., Munno, K., Lynch, J., Hapich, H., Primpke, S., De
Frond, H., Rochman, C., Herodotou, O., 2021. Microplastic spectral classification
needs an open source community: open specy to the rescue! Anal. Chem. 93,
7543-7548. https://doi.org/10.1021/acs.analchem.1c00123.

Cézar, A., Sanz-Martin, M., Marti, E., Gonzélez-Gordillo, J.I., Ubeda, B., Gélvez, JA,
Irigoien, X., Duarte, C.M., 2015. Plastic accumulation in the Mediterranean Sea.
PLoS One. https://doi.org/10.1371/journal.pone.0121762.


https://doi.org/10.1016/j.envpol.2025.126318
https://doi.org/10.1016/j.envpol.2025.126318
http://refhub.elsevier.com/S0269-7491(25)00691-8/opt2KIO2oDeS9
http://refhub.elsevier.com/S0269-7491(25)00691-8/opt2KIO2oDeS9
https://doi.org/10.1016/j.marpolbul.2022.113607
https://doi.org/10.1016/j.marpolbul.2022.113607
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1016/j.marpolbul.2018.07.021
https://doi.org/10.1016/j.chemosphere.2017.09.100
https://doi.org/10.1016/j.chemosphere.2017.09.100
https://doi.org/10.1016/j.marpolbul.2017.04.008
https://doi.org/10.1016/j.marpolbul.2017.04.008
https://doi.org/10.1002/ieam.1916
https://doi.org/10.1002/ieam.1916
https://doi.org/10.3390/w15142647
https://doi.org/10.1016/j.marpolbul.2022.113890
https://doi.org/10.1016/j.marpolbul.2022.113890
https://doi.org/10.1016/j.trac.2018.10.026
https://doi.org/10.1016/j.trac.2018.10.026
https://doi.org/10.1016/j.envpol.2017.07.017
https://doi.org/10.1016/j.marpolbul.2020.111606
https://doi.org/10.1021/acs.analchem.1c00123
https://doi.org/10.1371/journal.pone.0121762

S. Secco et al.

De Falco, F., Di Pace, E., Cocca, M., Avella, M., 2019. The contribution of washing
processes of synthetic clothes to microplastic pollution. Sci. Rep. 9, 1-11. https://
doi.org/10.1038/541598-019-43023-x.

Ding, J., Sun, C., Li, J., Shi, H., Xu, X., Ju, P., Jiang, F., Li, F., 2022. Microplastics in
global bivalve mollusks: a call for protocol standardization. J. Hazard. Mater. 438,
129490. https://doi.org/10.1016/j.jhazmat.2022.129490.

Eriksen, M., Cowger, W., Erdle, L.M., Coffin, S., Villarrubia-Gémez, P., Moore, C.J.,
Carpenter, E.J., Day, R.H., Thiel, M., Wilcox, C., 2023. A growing plastic smog, now
estimated to be over 170 trillion plastic particles afloat in the world’s
oceans—urgent solutions required. PLoS One 18, 1-12. https://doi.org/10.1371/
journal.pone.0281596.

Expésito, N., Rovira, J., Sierra, J., Gimenez, G., Domingo, J.L., Schuhmacher, M., 2022.
Levels of microplastics and their characteristics in molluscs from North-West
Mediterranean Sea: human intake. Mar. Pollut. Bull. 181. https://doi.org/10.1016/j.
marpolbul.2022.113843.

Fagiano, V., Compa, M., Alomar, C., Rios-Fuster, B., Moratd, M., Capd, X., Deudero, S.,
2023. Breaking the paradigm: marine sediments hold two-fold microplastics than sea
surface waters and are dominated by fibers. Sci. Total Environ. 858. https://doi.org/
10.1016/j.scitotenv.2022.159722.

Frias, J.P.G.L., Nash, R., 2019. Microplastics: finding a consensus on the definition. Mar.
Pollut. Bull. 138, 145-147. https://doi.org/10.1016/j.marpolbul.2018.11.022.

Gallitelli, L., Cesarini, G., Cera, A., Sighicelli, M., Lecce, F., Menegoni, P., Scalici, M.,
2020. Transport and deposition of microplastics and mesoplastics along the river
course: a case study of a small river in central Italy. Hydrology. https://doi.org/
10.3390/hydrology7040090.

Gomiero, A, Strafella, P., @ysad, K.B., Fabi, G., 2019. First occurrence and composition
assessment of microplastics in native mussels collected from coastal and offshore
areas of the northern and central Adriatic Sea. Environ. Sci. Pollut. Res. 26,
24407-24416. https://doi.org/10.1007/511356-019-05693-y.

Howell, E.A., Bograd, S.J., Morishige, C., Seki, M.P., Polovina, J.J., 2012. On North
Pacific circulation and associated marine debris concentration. Mar. Pollut. Bull. 65,
16-22. https://doi.org/10.1016/j.marpolbul.2011.04.034.

Hu, L., Zhao, Y., Xu, H., 2022. Trojan horse in the intestine: a review on the biotoxicity of
microplastics combined environmental contaminants. J. Hazard. Mater. 439,
129652. https://doi.org/10.1016/j.jhazmat.2022.129652.

Karami, A., Golieskardi, A., Choo, C.K., Romano, N., Ho, Y. Bin, Salamatinia, B., 2017.
A high-performance protocol for extraction of microplastics in fish. Sci. Total
Environ. 578, 485-494. https://doi.org/10.1016/j.scitotenv.2016.10.213.

Kazour, M., Jemaa, S., Issa, C., Khalaf, G., Amara, R., 2019. Microplastics pollution along
the Lebanese Coast (Eastern Mediterranean Basin): occurrence in surface water,
sediments and biota samples. Sci. Total Environ. 696, 133933. https://doi.org/
10.1016/j.scitotenv.2019.133933.

Kibria, M.G., Masuk, N.I., Safayet, R., Nguyen, H.Q., Mourshed, M., 2023. Plastic waste:
challenges and opportunities to Mitigate pollution and effective management. Int. J.
Environ. Res. https://doi.org/10.1007/s41742-023-00507-z Springer International
Publishing.

Lamine, 1., Elazzaoui, A., Ben-Haddad, M., Agnaou, M., Moukrim, A., Ait Alla, A., 2023.
Integrated biomarker responses and metal contamination survey in the wedge clam
Donax trunculus from the Atlantic coast of Morocco. Environ. Sci. Pollut. Res. 30,
38465-38479. https://doi.org/10.1007/511356-022-24943-0.

Livingstone, D.R., Chipman, J.K., Lowe, D.M., Minier, C., Mitchelmore, C.L., Moore, M.
N., Peters, L.D., Pipe, R.K., 2000. Development of biomarkers to detect the effects of
organic pollution on aquatic invertebrates: recent molecular, genotoxic, cellular and
immunological studies on the common mussel (Mytilus edulis L.) and other mytilids.
Int. J. Environ. Pollut. 13, 56-91. https://doi.org/10.1504/ijep.2000.002311.

Lusher, A.L., Brite, L.L.N., Munno, K., Hurley, R.R., Welden, N.A., 2020. Is it or isn’t it:
the importance of visual classification in microplastic characterization. Appl.
Spectrosc. 74, 1139-1153. https://doi.org/10.1177,/0003702820930733.

Malloggi, C., Nalbone, L., Bartalena, S., Guidi, M., Corradini, C., Foti, A., Gucciardi, P.G.,
Giarratana, F., Susini, F., Armani, A., 2024. The occurrence of microplastics in Donax
trunculus (Mollusca: bivalvia) collected along the Tuscany coast (Mediterranean
Sea). Animals 14, 1-21. https://doi.org/10.3390/ani14040618.

Manca Zeichen, M., Agnesi, S., Mariani, A., Maccaroni, A., Ardizzone, G.D., 2002.
Biology and population dynamics of Donax trunculus L. (Bivalvia: Donacidae) in the
South Adriatic coast (Italy). Estuar. Coast Shelf Sci. 54, 971-982. https://doi.org/
10.1006/ecss.2001.0868.

Mansui, J., Molcard, A., Ourmiéres, Y., 2015. Modelling the transport and accumulation
of floating marine debris in the Mediterranean basin. Mar. Pollut. Bull. 91, 249-257.
https://doi.org/10.1016/j.marpolbul.2014.11.037.

Martellini, T., Guerranti, C., Scopetani, C., Ugolini, A., Chelazzi, D., Cincinelli, A., 2018.
A snapshot of microplastics in the coastal areas of the Mediterranean Sea. TrAC,
Trends Anal. Chem. 109, 173-179. https://doi.org/10.1016/j.trac.2018.09.028.

Masura, J., Baker, J., Foster, G., Arthur, C., 2015. Laboratory methods for the analysis of
microplastics in the marine environment. NOAA Mar. Debris Progr. Natl. 1-31.

Muhammad Ubaid, A., Lin, S., Yousaf, B., Abbas, Q., Munir, M.A.M., Ali, Muhammad
Uzair, Rasihd, A., Zheng, C., Kuang, X., Wong, M.H., 2021. Environmental emission,
fate and transformation of microplastics in biotic and abiotic compartments: global
status, recent advances and future perspectives. Sci. Total Environ. 791, 148422.
https://doi.org/10.1016/j.scitotenv.2021.148422.

Napper, LE., Parker-Jurd, F.N.F., Wright, S.L., Thompson, R.C., 2023. Examining the
release of synthetic microfibres to the environment via two major pathways:
atmospheric deposition and treated wastewater effluent. Sci. Total Environ. 857,
159317. https://doi.org/10.1016/j.scitotenv.2022.159317.

Napper, LE., Thompson, R.C., 2016. Release of synthetic microplastic plastic fibres from
domestic washing machines: Effects of fabric type and washing conditions. Mar.
Pollut. Bull. 112, 39-45. https://doi.org/10.1016/j.marpolbul.2016.09.025.

10

Environmental Pollution 375 (2025) 126318

Nardi, A., Pittura, L., d’Errico, G., Cesaroni, D., Mongera, F., Gorbi, S., Benedetti, M.,
Regoli, F., 2024. Cellular effects of microplastics are influenced by their dimension:
mechanistic relationships and integrated criteria for particles definition. Environ.
Pollut. 344, 123327. https://doi.org/10.1016/j.envpol.2024.123327.

Narmatha Sathish, M., Inmaculate Jeyasanta, K., Patterson, J., 2020. Monitoring of
microplastics in the clam Donax cuneatus and its habitat in Tuticorin coast of Gulf of
Mannar (GoM), India. Environ. Pollut. 266, 115219. https://doi.org/10.1016/j.
envpol.2020.115219.

Olivieri, Z., Cesarini, G., Orsini, M., De Santis, S., Scalici, M., 2022. Uptake of
microplastics in the wedge clam Donax trunculus: first evidence from the
Mediterranean Sea. Water (Switzerland) 14. https://doi.org/10.3390/w14244095.

OSPAR, 2011. Identification of ecological monitoring parameters to assess good
environmental status of marine waters. An inventory in all OSPAR Contracting
Parties that implement the MSFD. Biodivers. Ser. 554, 50.

Paluselli, A., Suaria, G., Vitale, G., Borghini, M., Aliani, S., 2024. Mediterranean
intermediate and deep waters as reservoirs and carriers of small microfibers. Rapp.
Comm. int. Mer Médit. 43, 161. https://ciesm.org/Congresses/Palermo/CIESM_
Congress_Volume_43_UTD_HQ.pdf.

Porter, A., Godbold, J.A., Lewis, C.N., Savage, G., Solan, M., Galloway, T.S., 2023.
Microplastic burden in marine benthic invertebrates depends on species traits and
feeding ecology within biogeographical provinces. Nat. Commun. 14. https://doi.
org/10.1038/541467-023-43788-w.

Prata, J.C., da Costa, J.P., Duarte, A.C., Rocha-Santos, T., 2019. Methods for sampling
and detection of microplastics in water and sediment: a critical review. TrAC, Trends
Anal. Chem. 110, 150-159. https://doi.org/10.1016/j.trac.2018.10.029.

Rios-Fuster, B., Alomar, C., Paniagua Gonzalez, G., Garcinuno Martinez, R.M., Soliz
Rojas, D.L., Fernandez Hernando, P., Deudero, S., 2022. Assessing microplastic
ingestion and occurrence of bisphenols and phthalates in bivalves, fish and
holothurians from a mediterranean marine protected area. Environ. Res. 214.
https://doi.org/10.1016/j.envres.2022.114034.

Rochman, C.M., Hoellein, T., 2020. The global odyssey of plastic pollution. Science 368,
1184-1185. https://doi.org/10.1126/science.abc4428.

Saavedra, Y., Gonzalez, A., Fernandez, P., Blanco, J., 2004. The effect of size on trace
metal levels in raft cultivated mussels (Mytilus galloprovincialis). Sci. Total Environ.
318, 115-124. https://doi.org/10.1016/50048-9697(03)00402-9.

Sanchez-Vidal, A., Thompson, R.C., Canals, M., De Haan, W.P., 2018. The imprint of
microfibres in Southern European deep seas. PLoS One 13, 1-12. https://doi.org/
10.1371/journal.pone.0207033.

Savoca, M.S., Abreo, N.A., Arias, A.H., Baes, L., Baini, M., Bergami, E., Brander, S.,
Canals, M., Choy, C.A., Corsi, 1., De Witte, B., Domit, C., Dudas, S., Duncan, E.M.,
Fernandez, C.E., Fossi, M.C., Garcés-Ordonez, O., Godley, B.J., Gonzalez-Paredes, D.,
Carman, V.G., Hamilton, B.M., Hardesty, B.D., Hong, S.H., Kahane-Rapport, S.,
Kashiwabara, L.M., Lacerda, M.B., Luna-Jorquera, G., Manno, C., Nelms, S.E.,
Panti, C., Pérez-Venegas, D.J., Pham, C.K., Provencher, J.F., Purca, S., Rashid, H.,
Rodriguez, Y., Sparks, C., Sun, C.J., Thiel, M., Tsangaris, C., Santos, R.G., 2024.
Monitoring plastic pollution using bioindicators: a global review and
recommendations for marine environments. Environ. Sci. Adv. https://doi.org/
10.1039/d4va00174e.

Secco, S., Cunha, M., Libralato, G., Trifuoggi, M., Giarra, A., Soares, A.M.V.M.,

Freitas, R., Scalici, M., 2024. Evaluating the impact of gadolinium contamination on
the marine bivalve Donax trunculus : implications for environmental health. Environ.
Toxicol. Pharmacol. 112, 104580. https://doi.org/10.1016/j.etap.2024.104580.

Suaria, G., 2024. The occurrence of natural and synthetic fibers in the marine
environment. Microfibre Pollut. from Text 245-262. https://doi.org/10.1201/
9781003331995-14.

Suaria, G., Achtypi, A., Perold, V., Lee, J.R., Pierucci, A., Bornman, T.G., Aliani, S.,
Ryan, P.G., 2020. Microfibers in oceanic surface waters: a global characterization.
Sci. Adv. 6, 1-8. https://doi.org/10.1126/sciadv.aay8493.

Suaria, G., Aliani, S., 2014. Floating debris in the Mediterranean Sea. Mar. Pollut. Bull.
86, 494-504. https://doi.org/10.1016/j.marpolbul.2014.06.025.

Suaria, G., Avio, C.G., Mineo, A., Lattin, G.L., Magaldi, M.G., Belmonte, G., Moore, C.J.,
Regoli, F., Aliani, S., 2016. The mediterranean plastic soup: synthetic polymers in
Mediterranean surface waters. Sci. Rep. 6. https://doi.org/10.1038/srep37551.

Suebpala, W., Yeemin, T., Sutthacheep, M., Sangiamdee, D., Phaoduang, S.,
Sangsawang, L., Rangseethampanya, P., Wongnutpranont, A., 2018. Comparing the
abundance of microplastics in the wedge shell, Donax semigranosus from Ta Kuan and
Leam Mea Phim beaches, Rayong Province. Ramkhamhaeng Int. J. Sci. Technol. 1,
25-32.

Taylor, M.L., Gwinnett, C., Robinson, L.F., Woodall, L.C., 2016. Plastic microfibre
ingestion by deep-sea organisms. Sci. Rep. 6, 33997. https://doi.org/10.1038/
srep33997.

Tran Nguyen, Q.A., Nguyen, H.N.Y., Strady, E., Nguyen, Q.T., Trinh-Dang, M., Vo, V.M.,
2020. Characteristics of microplastics in shoreline sediments from a tropical and
urbanized beach (Da Nang, Vietnam). Mar. Pollut. Bull. 161, 111768. https://doi.
org/10.1016/j.marpolbul.2020.111768.

UNEP/MAP, 2012. State of the Marine and Coastal Mediterranean. UNEP/MAP —
Barcelona Conv, p. 96.

Winter, J.E., 1973. The filtration rate of Mytilus edulis and its dependence on algal
concentration, measured by a continuous automatic recording apparatus. Mar. Biol.
22, 317-328. https://doi.org/10.1007/BF00391388.

Woods, M.N., Stack, M.E., Fields, D.M., Shaw, S.D., Matrai, P.A., 2018. Microplastic fiber
uptake, ingestion, and egestion rates in the blue mussel (Mytilus edulis). Mar. Pollut.
Bull. 137, 638-645. https://doi.org/10.1016/j.marpolbul.2018.10.061.


https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1016/j.jhazmat.2022.129490
https://doi.org/10.1371/journal.pone.0281596
https://doi.org/10.1371/journal.pone.0281596
https://doi.org/10.1016/j.marpolbul.2022.113843
https://doi.org/10.1016/j.marpolbul.2022.113843
https://doi.org/10.1016/j.scitotenv.2022.159722
https://doi.org/10.1016/j.scitotenv.2022.159722
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.3390/hydrology7040090
https://doi.org/10.3390/hydrology7040090
https://doi.org/10.1007/s11356-019-05693-y
https://doi.org/10.1016/j.marpolbul.2011.04.034
https://doi.org/10.1016/j.jhazmat.2022.129652
https://doi.org/10.1016/j.scitotenv.2016.10.213
https://doi.org/10.1016/j.scitotenv.2019.133933
https://doi.org/10.1016/j.scitotenv.2019.133933
https://doi.org/10.1007/s41742-023-00507-z
https://doi.org/10.1007/s11356-022-24943-0
https://doi.org/10.1504/ijep.2000.002311
https://doi.org/10.1177/0003702820930733
https://doi.org/10.3390/ani14040618
https://doi.org/10.1006/ecss.2001.0868
https://doi.org/10.1006/ecss.2001.0868
https://doi.org/10.1016/j.marpolbul.2014.11.037
https://doi.org/10.1016/j.trac.2018.09.028
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref33
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref33
https://doi.org/10.1016/j.scitotenv.2021.148422
https://doi.org/10.1016/j.scitotenv.2022.159317
https://doi.org/10.1016/j.marpolbul.2016.09.025
https://doi.org/10.1016/j.envpol.2024.123327
https://doi.org/10.1016/j.envpol.2020.115219
https://doi.org/10.1016/j.envpol.2020.115219
https://doi.org/10.3390/w14244095
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref39
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref39
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref39
https://ciesm.org/Congresses/Palermo/CIESM_Congress_Volume_43_UTD_HQ.pdf
https://ciesm.org/Congresses/Palermo/CIESM_Congress_Volume_43_UTD_HQ.pdf
https://doi.org/10.1038/s41467-023-43788-w
https://doi.org/10.1038/s41467-023-43788-w
https://doi.org/10.1016/j.trac.2018.10.029
https://doi.org/10.1016/j.envres.2022.114034
https://doi.org/10.1126/science.abc4428
https://doi.org/10.1016/S0048-9697(03)00402-9
https://doi.org/10.1371/journal.pone.0207033
https://doi.org/10.1371/journal.pone.0207033
https://doi.org/10.1039/d4va00174e
https://doi.org/10.1039/d4va00174e
https://doi.org/10.1016/j.etap.2024.104580
https://doi.org/10.1201/9781003331995-14
https://doi.org/10.1201/9781003331995-14
https://doi.org/10.1126/sciadv.aay8493
https://doi.org/10.1016/j.marpolbul.2014.06.025
https://doi.org/10.1038/srep37551
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref53
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref53
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref53
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref53
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref53
https://doi.org/10.1038/srep33997
https://doi.org/10.1038/srep33997
https://doi.org/10.1016/j.marpolbul.2020.111768
https://doi.org/10.1016/j.marpolbul.2020.111768
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref56
http://refhub.elsevier.com/S0269-7491(25)00691-8/sref56
https://doi.org/10.1007/BF00391388
https://doi.org/10.1016/j.marpolbul.2018.10.061

S. Secco et al. Environmental Pollution 375 (2025) 126318

Yu, R.S,, Singh, S., 2023. Microplastic pollution: threats and impacts on global marine Zambianchi, E., Trani, M., Falco, P., 2017. Lagrangian transport of marine litter in the
ecosystems. Sustain. Times 15. https://doi.org/10.3390/5u151713252. Mediterranean Sea. Front. Environ. Sci. https://doi.org/10.3389/fenvs.2017.00005.
Menges, F., 2023. Spectragryph—Optical Spectroscopy Software. 2022. Version 1. 15.

11


https://doi.org/10.3390/su151713252
https://doi.org/10.3389/fenvs.2017.00005

	Multi-matrix approach to microplastic pollution in the bivalve Donax trunculus, sediment and water along the Mediterranean  ...
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Sample collection and biological parameters
	2.3 Experimental procedures
	2.4 Data analysis

	3 Results
	3.1 Microplastics pollution along the Mediterranean coast
	3.2 Qualitative characterization of microplastics pollution

	4 Discussion
	4.1 Microplastics pollution along the Italian coasts
	4.2 Qualitative characterization of microplastics pollution
	4.3 Donax trunculus as early warning system for microplastic pollution in sandy habitats
	4.4 Microplastics accumulation in different size classes of Donax trunculus

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


