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ARTICLE INFO ABSTRACT

Keywords: Worldwide, microplastic pollution has numerous negative implications for marine biota, exacerbating the effects
Biogeography of other forms of global anthropogenic disturbance. Mounting evidence shows that microplastics (MPs) not only
Electrophysiology cause physical damage through their ingestion, but also act as vectors for hazardous compounds by leaching
E;?ff:mﬁc variation absorbed and adsorbed chemicals. Research on the effects of plastic pollution has, however, largely assumed that
Osphradium species respond uniformly, while ignoring intraspecific diversity (i.e., variation within a single species). We

investigated the effects of plastic leachates derived from factory-fresh (virgin) and beached microplastics on the
behavioural responses of two genetic lineages of the Mediterranean mussel Mytilus galloprovincialis. Through
laboratory behavioural experiments, we found that during exposure to leachates from beached microplastics
(beached MPLs), Atlantic specimens moved significantly less than Mediterranean individuals in terms of both (i)
proportion of individuals responding through movement and (ii) net and gross distances crawled. In contrast, no
significant intraspecific differences were observed in the behaviour of either adults or recruits when exposed to
MPLs from virgin microplastics (virgin MPLs). Additionally, the reception of cues from three amino acids (L-
cysteine, proline and L-leucine) at increasing concentrations (107° M to 103 M in charcoal-filtered seawater)
was tested by electrophysiological analysis using mussels exposed to beached MPLs or control seawater. We
found significant intraspecific differences in response to 10~3 M L-cysteine (regardless of treatment) and 10™* M
L-cysteine (in mussels exposed to beached MPLs) and to 103 M proline (in mussels exposed to beached MPLs)
and 107> M L-leucine. Our study suggests that intraspecific variation in a marine mussel may prompt different
responses to plastic pollution, potentially triggered by local adaptation and physiological variability between
lineages. Our work highlights the importance of assessing the effects of intraspecific variation, especially in
environmental sentinel species as this level of diversity could modulate responses to plastic pollution.

Plastic pellets

1. Introduction 2020; Azevedo-Santos et al., 2021).
Plastic litter is generally defined according to size as micro- (<5 mm)
Ecosystems across the planet are critically and increasingly disrupted or macroplastics (Barnes et al., 2009; Arthur et al., 2009). Microplastics
by plastic pollution. Along with other global issues such as climate (MPs) represent the most abundant fraction of plastic in the oceans and
change, this new threat poses multiple risks to the functioning of natural constitute a well-known threat to all trophic levels through ingestion
ecosystems and the services they provide to society (Pawar, 2016; (Thushari and Senevirathna, 2020). Acting as carriers for contaminants,
Hendry et al., 2017; Heidbreder et al., 2019; Thushari and Senevirathna, MPs also expose organisms to various hazardous compounds (Teuten
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et al., 2009; Lithner et al., 2011; Gunaalan et al., 2020). These can have
direct effects by aggravating the physical damage of plastic ingestion
(Wright et al., 2013), or indirect effects by releasing both absorbed and
adsorbed pollutants that are respectively bounded to the polymer matrix
of a plastic item and to its surface (Cormier et al., 2021; see also Delaeter
et al., 2022 for a review).

Plastic manufacture involves the use of functional additives (i.e.,
substances that modify polymer features and impart specific properties
to the final product) including flame retardants (e.g., polybrominated
diphenyl), plasticizers (e.g., bisphenol A and phthalates; used to impart
flexibility), stabilisers (e.g., phenols and arylamines; to prevent UV and
heat degradation), metals (e.g., aluminium, chromium, cobalt and
nickel), vulcanisers and antimicrobials (Hermabessiere et al., 2017;
Hahladakis et al., 2018; Gunaalan et al., 2020; Schiavo et al., 2020;
Capolupo et al., 2020). In addition, while exposed to the natural envi-
ronment, MPs can adsorb other contaminants such as persistent organic
pollutants (POPs; e.g., pesticides and dioxins), poly-chlorinated bi-
phenyls (PCBs) and polycyclic aromatic hydrocarbons (PAH; Fries and
Zarfl, 2012; Rodrigues et al., 2019; Yeo et al., 2020; Thushari and
Senevirathna, 2020). The release of both absorbed and adsorbed com-
pounds by plastics exposes habitats and organisms to complex toxic
mixtures (Thushari and Senevirathna, 2020; Lynch et al., 2022).

The responses of different species to leachates from plastics have
been emphasized in several studies. Among the most targeted species are
bivalves (Gandara e Silva et al., 2016; Ke et al., 2019; Capolupo et al.,
2021; Seuront et al., 2021), which are often regarded as sentinel species
because of their filter feeding behaviour, wide distribution and sensi-
tivity to chemical stressors (Phillips, 1990; Fabbri et al., 2014; Amiard
and Amiard-Triquet, 2015). Most studies have, however, assumed that
species respond to plastic pollution as ecologically and physiologically
homogenous entities, potentially underestimating and overgeneralising
the effects of plastic pollution. Indeed, it is now well established that
genotypic and phenotypic variation within a species can have important
ecological implications for processes such as primary productivity
(Crutsinger et al., 2006; Zhu et al., 2000), nutrient cycling (Lecerf and
Chauvet, 2008), species coexistence (Siefert, 2012; Spasojevic and
Suding, 2012) and ecosystem resilience and resistance (Hughes and
Stachowicz, 2004; Reusch et al., 2005; Des Roches et al., 2018; Raffard
et al., 2018). Importantly, there is compelling evidence of how intra-
specific variation can have even greater implications for ecosystem
function and services than differences among species; see e.g., Cardinale
et al. (2012), Raffard et al. (2018), Nicastro et al. (2020) and Cozzolino
et al. (2022).

The Mediterranean mussel Mytilus galloprovincialis (Lamarck, 1819)
is a key marine ecosystem engineer (Jones et al., 1994; 1997). It is
widely distributed in temperate areas of the northern and southern
hemispheres (De Moor and Bruton, 1988; Lynch et al., 2020; Ramo-
s-Oliveira et al., 2021) with genetically different entities identified in
both hemispheres (Daguin and Borsa, 2000; Zardi et al., 2007). In
southern Europe, M. galloprovincialis is genetically subdivided into two
distinct lineages, one Atlantic (ATL) and one Mediterranean (MED),
distributed along either side of the Almeria-Oran Front (Quesada et al.,
1995; 1988; Sanjuan et al., 1994), a widely recognised marine barrier to
gene flow between populations of several marine species (Galarza et al.,
2009; Schunter et al., 2011; Marie et al., 2016; Gonzalez-Castellano
et al., 2020). Despite showing clear genome-wide separation and high
heterogeneous genetic differentiation (Gosset and Bierne, 2013; Fraisse
et al., 2016), the Atlantic and the Mediterranean groups can hybridize
along the Algerian coast where local introgression of parental back-
grounds is observed and populations of mixed ancestry live in sympatry
(Gosset and Bierne, 2013; El Ayari et al., 2019).

The distinct clades are adapted to local environmental conditions
such as the higher salinity, and temperature (Santinelli et al., 2010) as
well as the lower nutrient availability (Krom et al., 1991) of the Medi-
terranean Sea compared to the Atlantic Ocean. Similarly, the two line-
ages may have adapted to different levels of anthropogenic pollution,
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evolving tolerance to local contaminants as suggested by Whitehead
et al. (2012). Because of the high residence time of its water (Lacombe
et al., 1981), the intensive shipping and industrial activity within its
basin and its densely populated coastline, the Mediterranean Sea har-
bours some of the highest concentrations of floating plastics in the world
(Lebreton et al., 2012; Eriksen et al., 2014; Cozar et al., 2015; Sharma
et al., 2021; Tsiaras et al., 2021). We hypothesised that the different
physical characteristics of water from the Mediterranean Sea and
Atlantic Ocean, combined with the resulting differential adaptation of
the two lineages, could affect, directly or indirectly, mussel behavioural
responses to anthropogenic stressors. Using laboratory behavioural ex-
periments, we assessed whether the two genetic lineages of Mytilus
galloprovincialis respond differently to exposure to microplastic leach-
ates (MPLs).

Mytilus galloprovincialis is a highly gregarious species that forms
extensive beds that perform key ecosystem functions and services (Puri
et al., 2021). Mussel beds provide nursery, refuge and feeding areas that
enhance local biodiversity (Commito et al., 2005; Borthagaray and
Carranza, 2007; Gestoso et al., 2013; Arribas et al., 2014; Lathlean and
McQuaid, 2017; Lefcheck et al., 2019) and ensure food provision
(Wijsman et al., 2019), water filtration (Newell, 2004; van Leeuwen
etal., 2010; Montes et al., 2012) and provide coastal protection (Folkard
and Gascoigne, 2009; Borsje et al., 2011; Ysebaert et al., 2019). Despite
their crucial role as biogenic habitats, the mechanisms behind the ability
of mussels to find each other or aggregate have been largely overlooked.
Most likely, these processes are underlain by chemical sensitivity,
namely the ability to detect and respond to chemical stimuli.

In bivalves, chemoreception is thought to be mediated by the
osphradium (Rato et al., 2023), a patch of nearly unpigmented sensory
cells (List, 1902; Clasing, 1923) located on the gill axis or immediately
adjacent to it, ventral to the visceral ganglion and innervated by the
branchial nerve (Haszprunar and Haszprunar, 1987; 1988). The
osphradium of bivalves has been associated with multiple functions
including photoreception, regulation of behaviour and reproduction as
well as spawning synchronization and the detection of chemical cues
(Aiello and Guideri, 1964; Kraemer, 1981; Haszprunar and Haszprunar,
1987; Beninger et al., 1995). Such a chemosensory organ is, however,
also directly exposed to chemical pollutants present in seawater. Pre-
vious studies have shown pollutant-induced disruption of olfaction in
fish and crustaceans (see Olsén (2011) for a review) as well as chemo-
reception in molluscs (Rozsa and Salanki, 1990; Kamardin et al., 2015),
resulting in physiological and behavioural alteration. Similarly, expo-
sure to MPLs may trigger behavioural changes in mussels as a conse-
quence of altered chemoreception as recently illustrated in Mytilus edulis
(Uguen et al., 2022). We hypothesised that the osphradium might be
involved in responses of mussels to microplastic leachates, and that its
sensitivity would differ between Mytilus galloprovincialis lineages,
potentially triggering differential behavioural responses. The negative
electrical potential that can be recorded at the surface of the osphradium
is thought to be the sum of generator potentials in the olfactory receptor
neurons as a response to a given stimulus (Scott and Scott-Johnson
2002), such as an odorant. Many aquatic species including fish (Hara,
2006), amphibians (Heerema et al., 2018), crustaceans (Fuzessery and
Childress, 1975) and molluscs (Wedemeyer and Schild, 1995; Rato et al.,
2023) for example, have shown strong sensitivity to amino acids. We
adapted an electrophysiological technique developed for oysters by Rato
et al. (2023) to measure the peak amplitude responses (V) to three
L-amino acids (i.e., L-cysteine, L-leucine, and proline) of mussels
exposed to beached MPLs and control seawater.

2. Material and methods
2.1. Sampling and treatments

Mussels belonging to Atlantic (ATL) and Mediterranean (MED) lin-
eages of Mytilus galloprovincialis were collected at two sites (ca. 25 km



L. Cozzolino et al.

apart) for each lineage. At each site, two size classes, adults (5-6 cm in
shell length) and recruits (0.4-0.6 mm in shell length), were collected.

Individuals of the MED lineage were collected from a floating in-
strument buoy in the Gulf of Pozzuoli (Naples; 40°4829.5" N,
14°08'35.5" E) and from a rocky intertidal reef in Castel Volturno
(Caserta; 41°02'08.1" N, 13°55'02.5”E; Fig. 1A). Individuals of the ATL
lineage were collected from rocky intertidal shores in Vilamoura
(37°04'14.4" N, —8°06'58.5" W) and in Farol Island (36°5839.7" N,
—7°51'58.3" W; Fig. 1A).

Prior to the laboratory experiments, mussels were cleaned of
epifauna and acclimatised for 14 days under controlled laboratory
conditions. Populations from each site were housed separately in glass
aquaria filled with aerated seawater under standardized conditions of
salinity (S = 36 PSU) and temperature (T = 17 °C). For each experiment,
three treatments were set up with mussels placed in either control
seawater, or seawater treated with either factory-fresh (virgin) or
beached microplastics. Control seawater consisted of the seawater used
for acclimatisation. Virgin MPLs seawater was prepared from commer-
cially available virgin high density polyethylene pellets (white colour, 3
+ 0.5 mm longest dimension measured on a sample of 50 particles;
Materialix, Jaslo, Poland). Beached MPLs seawater was prepared using
low density polyethylene pellets (mostly black in colour, 3.8 + 0.5 mm
longest dimension measured for a sample of 50 particles) collected along
the shore of Northern France (50°38'27.92”N, 1°34'47.68”E). This site is
over 1500 km from the sampling locations for both ATL and MED
specimens, minimizing the risk of collecting specimens adapted to the
test pollutants. The identification of the additive content of both virgin
and beached pellets was carried out using a CDS Pyroprobe 6150 py-
rolyzer (CDS Analytical) in conjunction with a GC-HRMS instrument
(GC Trace 1310-MS Orbitrap Q Exactive, Thermo Fisher Scientific).
Thermal desorption was performed (350 °C) to remove the potential
additives from the samples. The samples were then separated using a
Restek Rxi-5-MS capillary column (30 m length, 0.25 mm inner diam-
eter, 0.25 pm film thickness) with a cross-linked poly 5% diphenyl-95%
dimethyl siloxane stationary phase (slip ratio: 1:5). The acquisition was
conducted on full-scan (FS) mode (m/z = 30.00000-600.00000) and the
resulting chromatograms were analysed using Xcalibur and TraceFinder
software for the identification of organic plastic additives among a se-
lection of 57 additives (i.e., plasticizers, flame retardant, antioxidants
and UVs stabilizers; see full list in Table 1). Identification of the
respective additives was based on their retention times, m/z values, and
specific ions, which were compared with the chromatograms obtained
from standard solutions of each additive. Note, however, that because
beached pellets were opportunistically collected in situ, their initial
additive content is likely to differ from the additive content of virgin
pellets, and as such the difference in additive content between beached
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and virgin pellets cannot be used as a way to identify the additives
desorbed from the pellets polymeric matrix during the weathering
process. Instead, the difference in their additive content is used hereafter
as a proxy of the relative diversity of the chemical compounds likely to
be present in the leachate seawater used in the experiments described
below. Chemical assessment of heavy metals associated with the same
pellets used here has been conducted in a separate study (Zardi et al., in
revision) using X-ray Diffraction (XRD) analysis. Heavy metal compo-
sition is expressed as a proportion of the overall pellet mass. This
approach was chosen as the quantification of the absolute concentration
of heavy metals would have necessitated the use of pure chemical
standards for each metal, hence a priori knowledge of their nature. To
prepare the leachate solution, either virgin or beached pellets were
mixed with control seawater at a concentration of 20 ml of plastic pellets
per litre of water (equivalent, after counting to 405 + 40 MPs per L) and
aerated for 24 h before being use for the behavioural traits experiment
(Seuront, 2018; Luo et al., 2019). Despite being relatively high, the MPs
concentration (express as number of MPs per mL of water) used here is
locally realistic as shown for the same sampling area in Northern France
(Seuront, 2018).

2.2. Genetic analysis

To confirm the genetic identity of the populations sampled, total
genomic DNA was extracted from a piece of mantle edge from a sub-
sample of 10 individuals per population following a standard proteinase
K and ammonium acetate extraction method adapted from Sambrook
et al. (1989). A 350 — bp fragment of the gene cytochrome oxidase
subunit III was PCR amplified and sequenced using the primers FOR1
(5-TATGTACCAGGTCCAAGTCCGTG-3) and REV1 (5-TGCTCTTCTT
GAATATAA GCGTA-3; Zouros et al., 1994). COIII sequences were
aligned and revised manually before being used to construct an unrooted
Neighbour-Joining tree with MEGA software v6 (Fig. 1B; Tamura et al.,
2013).

2.3. Behavioural traits experiment

Adult mussels (n = 10) were placed in 26 cm diameter glass arenas
with smooth surfaces (n = 4 arenas per site and per treatment) under
static conditions to avoid passive movement of mussels by water cur-
rents (Commito et al., 2014, 2016; Seuront et al., 2021). Each arena was
filled with 2 L of either control, virgin or beached leachate solution.
Given the smaller size of recruits, smaller arenas (10.5 cm in diameter),
filled with 80 ml of either control, virgin or beached leachate solution
were used. Mussels were positioned 3.5 cm (adults) or 1 cm (recruits)
equidistant from each other in concentric circles with the anterior

B

Fig. 1. (A) Sampling locations of Mytilus galloprovincialis of the Atlantic (blue) and Mediterranean lineages (red). The black bar indicates the position of the Almeria-
Oran Front. (B) Unrooted Neighbour-Joining tree of mtDNA COIII sequences from the two lineages in analysis. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Table 1
List of the 57 additives screened by our GC-HRMS analysis. The additives found on virgin (V) and beached (B) polyethylene pellets are indicated by the respective
letters.
Function N° Molecules Abbreviation CAS Presence
Plasticizers 1 Dimethyl phthalate DMP 131-11-3 v
2 Diethyl phthalate DEP 84-66-2 v
3 Di-allyl phthalate DAIP 131-17-9 v
4 Diisobutyl phthalate DIBP 84-69-5 V-B
5 Di-n-butyl phthalate DBP 84-74-2 v
6 Tributyl Acetyl Citrate ATBC 77-90-7 v
7 Di-n-hexyl phthalate DHP 84-75-3 -
8 Benzyl butyl phthalate BBP 85-68-7 v
9 Bis-2-Ethylhexyl Adipate DEHA 103-23-1 V-B
10 Diisoheptyl phthalate DIHP 71888-89-6 v
11 Tri(2-ethylhexyl) phosphate TEHPA 78-42-2 -
12 Dicylcohexyl phthalate DCHP 84-61-7 -
13 Bis(2-Ethylhexyl) phthalate DEHP 117-81-7 v
14 Diisononyl hexahydrophthalate DINCH 166412-78-8 v
15 Di-n-octyl phthalate DIOP 117-84-0 -
16 Diisononyl phthalate DINP 68515-48-0 v
17 Di-nonyl phthalate DNP 84-76-4 -
18 Diisodecyl phthalate DIDP 68515-49-1 v
Flames retardants 19 Triethyl Phosphate TEP 78-40-0 -
20 Tripropyl Phosphate TPP 115-86-6 -
21 Tributyl Phosphate TBP 126-73-8 v
22 2,4,6-Tribromophenol 2,4,6,TBP 118-79-6 -
23 Tris(2-Chloroethyl)Phosphate TCEP 115-96-8 v
24 Tris(2-Chloroisopropyl)Phosphate TCPP 13674-84-5 v
25 2,4,4'-Tribromodiphenyl ether BDE-28 41318-75-6 -
26 Tris(1,3-Dichloro-2-Propyl)Phosphate TDCPP 13674-87-8 v
27 Triphenyl Phosphate TPhP 513-08-6 -
28 2,2',4,4-Tetrabromodiphenyl ether BDE-47 5436-43-1 -
29 Tricresyl Phosphate TCP 1330-78-5 -
30 Tricresyl Phosphate - isomer TCrP 78-30-8 -
31 2,2',4,4 6-Pentabromodiphenyl ether BDE-100 60348-60-9 -
32 Tri-o-tolyl phosphate TToP 78-30-8 -
33 2,2',4,4',5-Pentabromodiphenyl ether BDE-99 189084-64-8 -
34 2,2,4,4',5,5'-Hexabromodiphenyl ether BDE-153 68631-49-2 v
35 2,2',4,4',5,6'-Hexabromodiphenyl ether BDE-154 207122-15-4 v
36 2,2',3,4,4,5',6-Heptabromodiphenyl ether BDE-183 207122-16-5 v
37 1,2-Bis (2,4,6 Tribromophenoxy) ethane BTBPE 37853-59-1 -
Antioxydants 38 6,6"-di-tert-butyl-2,2"-thiodi-p-cresol Irganox® 1081 90-66-4 A
39 Butylated hydroxytoluene BHT 128-37-0
40 pentaerythritol tetrakis (3-(3,5-di-t-butyl-4-hydroxyphenyl)propionate Irganox® 1010 6683-19-8 -
41 3,5-di-tert-butyl-4-hydroxyhydrocinnamic acid, octadecyl ester Irganox® 1076 2082-79-3 -
42 6,6"-ditert-butyl-4,4"-thiodin-m-cresol Lowinox® TBM-6 96-69-5 -
UV stabiliser 43 2,2-dihydroxy-4,4-dimethoxybenzophenone Uvinul® 3049 131-54-4 -
44 2-t-Butyl-6(5-chloro-2H-benzotriazol-2-y1)-4-methylphenol UV-326 3896-11-5- -
45 2-(2H-Benzotriazol-2-yl)-4,6-di-tert-pentylphenol UV-328 25973-55-1 -
46 2,4-Di-tert-butyl-6-(5-chloro-2H-benzotriazol-2-yl)phenol uv-327 3864-99-1 -
47 2-hydroxy-4-octyloxybenzophenone Uvinul 3008 1843-05-6 -
Antioxidants - plasticizers 48 4-Tert-Octylphenol 4-t-OP 140-66-9 -
— stabilizers 49 Nonylphenol NPs 84852-15-3 V-B
50 4-nonylphenol 4-NP 104-40-5 -
51 Nonylphenol Monoethoxylate NP1EO 27986-36-3 v
52 Bisphenol F BPF 620-92-8 v
53 4-Nonylphenol Monoethoxylate 4-NP1EO 104-35-8 -
54 Bisphenol A BPA 80-05-7 \'
55 Bisphenol B BPB 77-40-7 -
56 Nonylphenol diethoxylate NP2EO N/A -
57 Bisphenol S BPS 80-09-1 v

narrow end facing the centre of the plate. The distance between adult
and recruit mussels was calculated over the area of their respective
arenas, ensuring equal spacing between the individuals under analysis.
Due to variations in the experimental settings (i.e., arena size, distance
between individuals and volume of the treatment water) adult mussels
and recruits were analysed separately, rather than being compared with
one another.

Mussel behaviour was recorded every minute for 2 h using a GoPro
camera (GoPro HEROS8 Black, GoPro Inc., San Mateo, California, USA)
positioned 50 cm above the experimental arenas. The behavioural traits
of mussels in each arena were subsequently classified based on: (i) in-
dividual motility (total net and gross distances crawled), (ii) proportion
of motile individuals in each arena (%) and (iii) aggregation (i.e.,

number of aggregates (defined as a minimum of 2 individuals in physical
contact with each other) and number of individuals in each aggregate;
Nicastro et al., 2007, Commito et al., 2016; Seuront et al., 2021). Motile
individuals remaining isolated were recorded as “solitary”. No mortality
was observed and individuals performing no active movements despite
being alive were recorded as “immobilized”.

2.4. Osphradium chemosensory response experiment

To test whether the response to increasing concentrations of odor-
ants differed between the two lineages, mussels (n = 3 per population)
were kept in control seawater or in beached MPL seawater for 24 h and
then their chemosensory activity was recorded. Treatment with virgin
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MP leachates was not included in the osphradium chemosensory
response experiment because such treatment revealed no significant
intraspecific effect on the behavioural responses of mussels. As odorants,
the focus was on amino acids as these have been shown to be a powerful
tool in triggering differential responses in many aquatic species
(Fuzessery and Childress, 1975; Hara, 2006; Rato et al., 2023). Pre-
liminary tests conducted on the osphradium response of adult Mytilus
galloprovincialis revealed that the amino acids L-cysteine, L-leucine and
proline, elicit strong and consistent responses in both Mediterranean and
Atlantic individuals. Therefore, they were chosen as stimuli in the
follow-up experiments. The chemosensory activity of the osphradium
was recorded through Electro-osphradiogram analysis (EosG) during
exposure to amino acids diluted in charcoal-filtered sea water at
different concentrations (i.e., from 10~> M to 1073 M), with the stimulus
administered in variable orders.

2.4.1. Stimulus preparation

Odorant solutions were created by directly dissolving each amino
acid in charcoal-filtered natural seawater at concentrations ranging
between 10> M and 10~3 M. Increasing odorant concentrations were
used to assess the threshold of mussel osphradium responses. The
stimulus solutions were prepared immediately before Electro-
osphradiogram recording. Once prepared, odorant solutions were kept
in glassware previously rinsed with charcoal-filtered sea water (Hub-
bard and Velez, 2020) as this was used as a negative control.

2.4.2. Sample preparation and electro-osphradiogram analysis (EosG)

As an extension of the electro-olfactogram (EOG) recording system
used in vertebrates (Scott and Scott-Johnson, 2002), the
electro-osphradiogram (EOsG) is a D.C. field potential recorded from
just above the surface of the osphradium (Rato et al., 2023). It is thought
to be a summation of the generator potentials of those sensory neurones
responding to a given stimulus; the larger the amplitude, the more cells
are responding and/or with larger generator potentials.

Live mussels were carefully opened by cutting the posterior adductor
muscle and subsequently moved on one valve without damaging the
mantle. Mussels were analysed individually in the EosG experimental
chamber where they were continuously irrigated with charcoal-filtered
sea water (10 ml min~') while the osphradium was identified using a
stereo microscope (Olympus SZ40) placed over the chamber. The
voltage signal was recorded through EosG electrodes made from boro-
silicate glass micropipettes filled with 3 M NaCl in 4% agar and con-
nected to an amplifier via Ag/AgCl pellets in 3 M KCI. The recording
electrode was placed close to the osphradium, under the seawater/
odorant stream, at the position that gave the largest response to 10> M
L-cysteine. The reference electrode was placed nearby in contact with
the mantle (not the osphradium) of the individual analysed (Haszprunar
and Haszprunar, 1987; Rato et al., 2023) and the mussel was connected
to earth with an Ag/AgCl pellet. The voltage signal was amplified x
5000 (Neurolog NL 100 head-stage and NL 109 bridge amplifier from
Digitimer Ltd., Welwyn Garden City, UK) with the low-pass filter set at
30 Hz (NL 125 filter). The signal was then digitised (Digidata 1440 A,
Molecular Devices, Sunnyvale, California, USA) and recorded on a PC
running Axoscope TM software (version 12.1, Molecular Devices). The
solution containing the stimulus was introduced via a three-way sole-
noid valve for a period of 6 s. Stimulus order varied among mussels and
at least 1 min clearance with charcoal-filtered sea water was allowed
between each stimulus. The EosG was set up to allow switching between
control sea water and stimulus solution without interrupting the flow
over the osphradium. The peak amplitude of each response was
measured (Volts) and saved for statistical analysis.

2.5. Statistical analysis

Adults and recruits were analysed separately. Differences in mussel
aggregate size and number, crawling distances (both net and gross) and
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percentage of motile individuals were compared between Atlantic and
Mediterranean lineages under control seawater and microplastic
leachate seawater (beached and virgin) using 3-way ANOVA with
“treatment” (Control, Beached, Virgin) and “lineage” (Atlantic and
Mediterranean) as fixed factors and “population” (Pozzuoli, Castel
Volturno, Vilamoura and Farol) as a random factor nested in lineage.
When the data did not conform to the parametric assumptions of
normality (Shapiro test) or homoscedasticity (Levene test), they were
log-transformed or analysed using non-parametric tests (Wilcoxon, if
two groups, or Kruskal-Wallis, when more than two groups).

Prior to statistical analysis, data on the chemosensory activity of the
osphradium were blank subtracted and divided by 5000 to correct for
the experimental signal amplification to obtain the crude value of the
response.

Intraspecific differences in response to each stimulus and concen-
tration were tested between mussels kept in control sea water and
beached MPL sea water using two-way ANOVA with “treatment”
(Control and Beached) and “lineage” (Atlantic and Mediterranean) as
fixed factors and “population” (Pozzuoli, Castel Volturno, Vilamoura
and Farol) as a random factor nested into lineage. Tukey’s post-hoc test
was applied to determine statistical differences between populations of
the same lineage when the interaction was significant. When the data
did not conform to the parametric assumptions of normality (Shapiro
test) or homoscedasticity (Levene test), the analysis was reduced to one-
way ANOVA and the intraspecific effect on mussel response was ana-
lysed for Treatment (Control vs Beached) separately. When even one-
way ANOVA could not apply, the analysis was carried out using non-
parametric tests (Wilcoxon, if two groups, or Kruskal-Wallis, when
more than two groups). Data analyses and visualization were conducted
using RStudio 2022.07.0 (R Core Team, 2021).

3. Results
3.1. Genetic analysis

DNA sequences and the genetic tree showed that all the samples from
the Mediterranean Sea and the Atlantic Ocean conformed to the allele
frequencies previously described for the Mediterranean and Atlantic
lineages of Mytilus galloprovincialis (El Ayari et al., 2019).

3.2. Additive and heavy metal assessment

Virgin polyethylene pellets were composed of 26 additives including
13 plasticizers, 6 antioxidants, 4 phosphorylated and 3 brominated
flame retardants (Table 1; Fig. 2A-B). In contrast, beached pellets con-
tained only 3 additives, including two plasticizers (DIBP, and DEHA)
and one antioxidant (Nonylphenol).

X-ray Diffraction (XRD) assessment of heavy metals associated with
pellets revealed high levels of heavy metals (including Pb, Cd, As, Br and
Sn) in beached MP pellets (Zardi et al., in revision).

3.3. Behavioural experiment

3.3.1. Percentage of motile individuals

In beached MPLs, adults and recruits belonging to the Mediterranean
lineage were significantly more active than Atlantic individuals
(Table 1-2SM; Pyecruits = 0.002 Wilcoxon Rank Sum Test; Fig. 3A and D).
No significant differences in percentage of motile individuals were
observed between lineages in control sea water or virgin MPLs for either
adults or recruits (Table 1-2SM and 3-4SM).

Additionally, within each lineage, significant differences among
treatments were detected for adults (Table 2SM). Specifically, between
the Beached and Control treatments and between Beached and Virgin.
Significant differences among treatments were also observed for Atlantic
recruits (Table 5-6SM) between the Beached and Control treatments and
between Beached and Virgin.
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3.3.2. Crawling distance

In beached MPLs, MED adults crawled significantly greater net and
gross distances than ATL individuals (Table 8SM; Fig. 3B-C). Similarly,
MED recruits crawled significantly greater net and gross distances than
ATL individuals (Tables 11-13SM; Fig. 3E-F). No significant intraspe-
cific differences in crawled distance were found in control sea water or
virgin MPLs for either adults (Tables 9-10SM) or recruits
(Tables 12-14SM).

Additionally, within each lineage, significant differences among
treatments were detected for recruits for both the net (Table 12SM) and
the gross distance (Table 14SM), specifically, for the Atlantic, between
Beached and Control treatment and between Beached and Virgin.

3.3.3. Aggregation behaviour

Regardless of treatment, the number of aggregates of adult mussels
did not differ significantly between lineages (Table 27SM; Fig. 4A). Yet,
during exposure to beached MPLs, the average number of adults per
aggregate was significantly higher in MED clumps (Tables 29-30SM,
Fig. 4B). For recruits, however, the number of clumps in beached MPLs
was significantly higher for MED than ATL (Tables 31-32SM; Fig. 4C),
despite there being no significant difference in the average number of
individuals comprising clumps (Tables 33-34SM; Fig. 4D).

Additionally, within each lineage, significant differences among
treatments were detected for the number of aggregates formed by re-
cruits (Table 32SM). Specifically, for the Atlantic, between Beached and
Control treatment and between Beached and Virgin.
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3.4. Osphradium experiment

The amplitude of the Electro-Osphradiogram (EOsG) responses var-
ied fundamentally according to the type of stimulus and its concentra-
tion (Fig. 5).

At a concentration of 10~ M, responses to L-cysteine differed
significantly between lineages and between Mediterranean populations
(Tables 35-36SM, Fig. 6A), regardless of treatment (Control seawater or
Beached MPLs). Specifically, MED mussels harvested from Pozzuoli
showed the highest response. Responses to L-leucine did not differ
(Tables 41-42-43SM; Fig. 6B) between lineages or populations, while
significant intraspecific differences were observed in response to proline
(Tables 48-49SM; Fig. 6C) but only in the beached MPLs treatment.

At a concentration of 10* M, intraspecific differences in response to
L-cysteine were only observed in mussels exposed to beached MPLs
(Tables 37-38-39SM). No significant differences in lineage responses to
L-leucine or proline were found, regardless of the treatment. However,
an effect of the nested factor “population” was found as the two Medi-
terranean populations responded differently (Tables 44-45SM for
Leucine and Tables 50-51SM for Proline respectively).

At the lowest concentration of 10~> M, significant differences be-
tween lineages and between Mediterranean populations were found in
response to L-leucine alone (Tables 46-47SM). Specifically, Mediterra-
nean mussels from Pozzuoli showed the highest mean amplitude
response.

4. Discussion

We show that microplastic leachates (MPLs) affect the behaviour of
Mytilus galloprovincialis and that mussel responses may vary within the
different genetic lineages of the species. Our findings consistently
demonstrated a significant decrease in the proportion of motile in-
dividuals (both adults and recruits), the distances they crawled (both net
and gross), and the number of aggregates they formed in beached MPLs
compared to virgin MPLs or control seawater. Importantly, mussel re-
sponses to beached MPLs consistently differed between Atlantic and
Mediterranean lineages of Mytilus galloprovincialis. We found adults and
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recruits of the Mediterranean lineage to be significantly more active and
crawl significantly longer net and gross distances than those of the
Atlantic lineage. Remarkably, only 2% of Atlantic lineage mussels
actively moved during exposure to beached MPLs, the remaining 98%
remained immobile despite being alive. In contrast, 35% of MED adults
responded to beached MPLs.

The implications of our findings extend from the immediate effects of
MPLs on mussels to the broader consequences at the ecosystem level for
the numerous functions and services that mussels provide. In coastal
habitats, mussels have a major role as ecosystem engineers (e.g.,
Suchanek, 1985). They modify their environment primarily through
their aggregations (mussel beds), acting as autogenic and allogenic
bioengineers that increase habitat complexity and modify the sur-
rounding physical and chemical environment (e.g., Bertness, 1984;
Borthagaray and Carranza, 2007; Nicastro et al., 2012). We showed that
MPLs reduce the ability of Atlantic mussels to move, a prerequisite for
the formation of mussel aggregations, the maintenance of their spatial
organization, their capacity to withstand disturbances over shorter
temporal scales, and their ability to reorganise aggregations following
mortality events that increase the availability of space (Nicastro et al.,
2008; de Paoli et al., 2017). By associating closely with others to form a
bed, mussels benefit from a number of advantages including reduced
risk of predation and amelioration of environmental conditions, which
in turn increases mussel resistance to abiotic stressors. Notably, mussel
aggregations benefit not only the mussels themselves, but are key to
ecosystem functioning. Apart from being a primary food commodity,
mussel beds provide habitat for many fish and invertebrates, act as
nurseries for higher-trophic level taxa and ensure water clearance and
nutrient turnover (Costanza et al., 1997; Raffaelli and Hawkins, 1999;
Borthagaray and Carranza, 2007; Puri et al., 2021), as well as playing a
key role in shoreline stabilization (Ysebaert et al., 2019) and the capture
of ‘blue carbon’ (Macreadie et al., 2019).

Previous studies have reported effects of MP leachates on mussel
behavioural responses similar to those observed in our study, but, in
those studies, only virgin polypropylene pellets were used (Seuront
etal., 2021; Uguen et al., 2022). Here, virgin MPLs showed a lower effect
on mussel behaviour than beached MPLs. Specifically, they only affected

MEDITERRANEAN LINEAGE
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 E——
2s

103 M L-leucine

10-3 M proline

ATLANTIC LINEAGE

10~ M L-cysteine

103 M L-leucine

103 M proline

T T T

Fig. 5. Typical “EOsG” responses recorded from a mussel of the Mediterranean lineage (upper three traces) and Atlantic lineage (lower three traces) in response to 1
pM L-cysteine, 1 pM L-leucine and 1 pM proline. Mediterranean mussels typically gave larger amplitude responses than Atlantic mussels.



L. Cozzolino et al.

A Treatment B

Beached MPL Control sea water

Treatment
| Beached MPL

Environmental Pollution 340 (2024) 122779

C Treatment

Control sea water Beached MPL Control sea water

] Atlantic ] [

Mediterranean

Mediterranean Atlantic

1 Atlantic ] [

L-Cystein 1073 M ~Leuci -3 Proline 1073 M
0.00000 Y 0.000001 L-Leucine 10 L I 0.00000{
-
-0.00005 o I -0.00005: ! I a,ooooJ ! I | -
-0.00010 ‘ -0.00010; ‘[ -0.00010 ]
s I
o -0.00015 -0.00015: -0.00015/ §
v
5 L-Cystein 10™* M L-Leucine 10™* M Proline 107 M
% 0.00000 0.000001 0.00000
8 I ! 5 T . - 2 ! F s T ! T
% -0.00005 -0.00005 I -0.00005 I
1
& -0.00010{ -0.00010 -0.00010
£
©
% 0.00015 -0.00015 -0.00015
[
a N -5
L-Cystein 10™° M L-Leucine 107° M Proline 10™° M
0.00000 — T - 0.000004 0.00000
| ol I g | PBhapahal k
-0.00005 -0.00005 ’ -0.00005, MR ‘[ N
-0.00010 -0.00010 -0.00010
-0.00015 -0.00015/ -0.00015
PZ cv VM FA Pz % VM FA PZ v VM FA
Population Population Population

Fig. 6. Peak amplitude response of Mediterranean and Atlantic adults of M. galloprovincialis (n = 3; SD is provided) kept in control sea water and beached MPL sea
water for 24 h prior analysis. Different shades of the same colour represent the different replicates. The mussels were tested using three stimuli (A) L-cysteine, (B) L-
leucine and (C) proline at three increasing concentrations 1075 M, 10~* M and 10~2 M). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

the responses of adult individuals (in terms of distances crawled and
number of aggregates formed) and did not trigger intraspecific responses
in mussel behaviour. Indeed, intraspecific differences in behaviour were
only observed when using beached MPLs. Virgin and beached micro-
plastic pellets often carry and release different chemicals (Fries and
Zarfl, 2012; Capolupo et al., 2021; Gunaalan et al., 2020). Virgin MPs
are a well-known source of primary leachates (e.g., plastic additives),
whereas beached MPs can act as a source of both primary and secondary
leachates (e.g., POPs, PCBs, DDT, heavy metals; Holmes et al., 2012;
Delaeter et al., 2022). Several studies comparing the effects of virgin and
beached MPLs have emphasized the higher toxicity of the latter (see e
Silva et al., 2016; Seuront, 2018; Pannetier et al., 2019; Wang et al.,
2020), though exceptions exist (Nobre et al., 2015). Our findings sup-
port the stronger effects of beached MPLs on key behavioural traits of
M. galloprovincialis compared to virgin pellets. Other studies have
emphasized the effects of leachates obtained from plastic/rubber poly-
mers in reducing larval motility and survival and affect cellular and
developmental parameters in M. galloprovincialis to varying degrees,
depending on polymer type (Capolupo et al., 2020; 2021).

In general, to ensure a comprehensive understanding of the effects of
MPLs on organisms, it is important to identify the plastic polymers and
leachates screened. In the present work, virgin and beached pellets
drastically differed in their additive load, the former and the latter
containing respectively 26 and 3 additives. The leaching of contami-
nants from both the matrix and the surface of plastics depends on
environmental factors and weathering forces, as well as intrinsic factors
such as polymer features including texture (Brydson, 1999) and mo-
lecular binding (Paluselli et al., 2018; Tang, 2021; see also Delaeter
et al., 2022 for a review). Such effects are exacerbated by the fact that
MPs exhibit a high surface area to volume ratio that enhances
sorption-desorption dynamics on their surface (Agboola and Benson,
2021). Hence, it is likely that beached microplastics have fewer addi-
tives than virgin ones as a result of their long-term residence in the
natural environment. Virgin pellets were characterized by a range of
phthalate plasticizers—in particular Diisodecyl phthalate, DIDP—that
are widely acknowledged as endocrine disruptors even at low concen-
tration, and induce numerous effects on aquatic organisms, including

their behaviour; see Oehlmann et al. (2009) for a review of the effects of
phthalates on aquatic organisms. Despite leaching considerably fewer
additives than virgin pellets, the beached microplastics also carried
heavy metals. X-ray diffraction (XRD) analysis performed in an earlier
study (Zardi et al., in review) on the same batch of pellets used here,
showed high contamination by Pb, Cd, As, Ti, Cu, Fe and Si. Many of
these have previously been classified as priority pollutants by the U.S.
Environmental Protection Agency because of their high toxicity and
their capacity for persistence, bioaccumulation and biomagnification
within natural ecosystems (Bryan and Langston, 1992; Luoma and
Rainbow, 2008; Li et al., 2015a,b). Iron, copper and lead, for example,
have been shown to have severe effects on fish olfaction at structural,
biochemical and physiological levels even at concentrations far below
lethal values (Baatrup, 1991; Olsén, 2011). In aquatic molluscs, heavy
metals have been found to change the electrical processes in the
osphradial receptor cells (Rozsa and Salanki, 1990). These findings
strongly support the role of the osphradium in the response to heavy
metal exposure and in turn, corroborate our initial hypothesis involving
the osphradium in the mechanisms behind responses to MPLs. Impor-
tantly, the concentrations of metals on the surface of plastic particles
become higher than concentrations in the water column and these
metals are highly bioavailable, posing even greater ecological threats
(Holmes, 2013).

To our knowledge this is the first investigation into the effects of
MPLs on the chemosensory activity of mussels. As expected, we found
the peak amplitude response of mussels to be dependent upon stimulus
concentration. Hence, in response to stimuli of fixed duration (i.e., 6 s)
and increasing concentration (107> to 107> M), the peak amplitude
response increased until reaching plateau values and subsequently
exhibited a decay slope. Our analysis highlighted high inter-individual
variability in the amplitude of response, potentially linked to inter-
individual sensitivity, as suggested for the oyster Magallena gigas
(Boullot et al., 2021). We found significant between-lineage differences
in response to L-cysteine (10’4 M) and proline (10’3 M) in mussels
pre-exposed to beached MPLs. This differential sensitivity in the
osphradium of the two lineages may be at least partially responsible for
the intraspecific differences observed in the behavioural responses.
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Intraspecific differences were also found in response to L-cysteine (10~>
M) and L-leucine (107> M) regardless of mussel treatment (control sea
water or beached MPLs). The different control responses of the two
lineages suggest potential differences in their physiology that could be
related to genotypic or phenotypic factors as well as individual sensi-
tivity or specific adaptation to local contaminants. Such differential
adaptation could also explain the different behaviours observed be-
tween lineages. Specifically, Mediterranean mussels appeared to be
more adapted to leached contaminants to the extent that they did not
exhibit such strong behavioural effects as shown by Atlantic mussels.
Reinforcing this interpretation are numerous studies carried out near
our study sites in the Gulf of Pozzuoli and in Castel Volturno that
highlight the high levels of contamination by metals (e.g., Cu, Fe, Hg, As,
Cd, Pb), PAHs and PCBs in the areas surrounding the sampling sites (see
Arienzo et al., 2017; Trifuoggi et al., 2017; Romano et al., 2018; De Rosa
et al., 2022). Whether the history of mussel exposure to chemicals in the
water affects their response to experimental treatments is only a hy-
pothesis. The mussels sampled in Pozzuoli, for example, differed from
the others in their exposure to chemicals due to differences in attach-
ment substratum and immersion time, as well as differences in
geographical location. Despite the behavioural analysis failing to show
significant inter-population differences, the analysis of the osphradium
often showed stronger responses in mussels from Pozzuoli. These in-
dividuals may have had life-long exposure to heavy metals due to their
attachment to a metallic buoy possibly coated with antifouling com-
pounds. In order to overcome the potential effects of such environmental
factors, future research should be carried out using specimens cultivated
under laboratory conditions.

5. Conclusions

While current belief generally suggests a low global risk posed by
microplastic pollution to aquatic ecosystems, growing data on hazards
and exposure indicate that risk is possible in specific locations. This is
particularly true where sensitive organisms inhabit regions where
plastics, particularly microplastics, accumulate. Considering that the
abundance (mass and count) of microplastics is likely to keep increasing
in the coming years due to the breakdown of existing and new debris,
this risk is expected to rise. It is clear that we have a significant journey
ahead before we can confidently claim to comprehend the long-term
consequences of ongoing and future plastic contamination in the
environment.

We are of the opinion that our results are novel and contribute
essential insights to the continuous and worldwide research efforts that
strive to furnish the information necessary for mitigating or reducing
any potential harm in the future. Here we demonstrate for the first time
the effect of intraspecific variation on the behavioural and chemo-
sensory responses of a marine mussel during exposure to a complex
mixture of contaminants leached from microplastic pellets. Our research
revealed distinct intraspecific behavioural and chemosensory responses
to leachates from beached microplastics. Such differences can be
potentially attributed to local adaptation and physiological variability
between lineages. Taken together, our results suggest that not all pop-
ulations of the same species respond equally to a given stimulus and
underline the mechanisms by which intraspecific variation can modu-
late the responses to microplastic leachates. We further emphasise the
ecological relevance of intraspecific diversity and indicate the need for a
critical re-evaluation of strategies for the management of plastic
contamination in natural ecosystems.

CRediT authorship contribution statement

Lorenzo Cozzolino: Conceptualization, Investigation, Data cura-
tion, Formal analysis, Visualization, Writing — original draft, Writing —
review & editing. Katy R. Nicastro: Conceptualization, Formal analysis,
Resources, Writing — review & editing, Funding acquisition, Project

10

Environmental Pollution 340 (2024) 122779

administration, Supervision. Peter C. Hubbard: Investigation, Formal
analysis, Resources, Writing — review & editing, Funding acquisition.
Laurent Seuront: Formal analysis, Writing — review & editing. Chris-
topher D. McQuaid: Writing — review & editing, Supervision. Gerardo
I. Zardi: Conceptualization, Investigation, Formal analysis, Resources,
Writing — review & editing, Funding acquisition, Supervision.

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.

Data availability

Data will be made available on request.

Acknowledgements

This research was financially supported by both the European
Maritime and Fisheries Fund (FEAMP) and France Filiere Péche through
the research project SOLACE (« Resilience of the mussel Mytilus edulis to
anthropogenic and climatic stressors »), by the Fundagao para a Ciéncia
e a Tecnologia (FCT, MEC, Portugal, grant number: UIDB/04326,/2020
and PhD grant with reference 2020.06671.BD), the National Research
Foundation of South Africa (grant number: 64801), by a Pierre Hubert
Curien PESSOA grant 2022-2023 and by FCT - Foundation for Science
and Technology through projects UIDP/04326,/2020, EXPL/BIA-ECO/
1126/2021 and LA/P/0101/2020. Gerardo 1. Zardi is a laureate of the
WINNINGNormandy Program supported by the Normandy Region. This
project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Sktodowska-Curie
grant agreement No 101034329. The authors are grateful to Joao Reis
(Marine Station of Ramalhete) for technical support in mussels main-
tenance, to Arturo Facente (technical diving operator) for his support
during samples collection, and to Fleurine Akoueson and Guillaume
Duflos for conducting the additives identification, which has been
partially financially supported by the European Union (ERDF), the
French Government, the Région Hauts-de-France and IFREMER, in the
framework of the project CPER IDEAL 2021-2027. The authors are also
grateful to John A. Commito and the other anonymous reviewers for
their valuable contribution to the revision of this manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2023.122779.

References

Agboola, 0.D., Benson, N.U., 2021. Physisorption and chemisorption mechanisms
influencing micro (nano) plastics-organic chemical contaminants interactions: a
review. Front. Environ. Sci. 9, 167.

Aiello, E., Guideri, G., 1964. Nervous control of ciliary activity. Science 146 (3652),
1692-1693.

Amiard, J.C., Amiard-Triquet, C., 2015. Quality standard setting and environmental
monitoring. In: Aquatic Ecotoxicology. Academic Press, pp. 51-76.

Arienzo, M., Donadio, C., Mangoni, O., Bolinesi, F., Stanislao, C., Trifuoggi, M., et al.,
2017. Characterization and source apportionment of polycyclic aromatic
hydrocarbons (pahs) in the sediments of gulf of Pozzuoli (Campania, Italy). Mar.
Pollut. Bull. 124 (1), 480-487.

Arribas, L.P., Donnarumma, L., Palomo, M.G., Scrosati, R.A., 2014. Intertidal mussels as
ecosystem engineers: their associated invertebrate biodiversity under contrasting
wave exposures. Mar. Biodivers. 44 (2), 203-211.

Arthur, C., Baker, J., Bamford, H., 2009. In: Proceedings of the International Research
Workshop on the Occurrence, Effects, and Fate of Microplastic Marine Debris.
September 9-11, 2008.

Azevedo-Santos, V.M., Brito, M.F., Manoel, P.S., Perroca, J.F., Rodrigues-Filho, J.L.,
Paschoal, L.R., et al., 2021. Plastic pollution: a focus on freshwater biodiversity.
Ambio 50 (7), 1313-1324.


https://doi.org/10.1016/j.envpol.2023.122779
https://doi.org/10.1016/j.envpol.2023.122779
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref1
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref1
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref1
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref2
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref2
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref3
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref3
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref4
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref4
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref4
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref4
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref5
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref5
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref5
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref6
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref6
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref6
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref7
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref7
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref7

L. Cozzolino et al.

Baatrup, E., 1991. Structural and functional effects of heavy metals on the nervous
system, including sense organs, of fish. Comparative Biochemistry and Physiology
Part C. Comparative Pharmacology 100 (1-2), 253-257.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments. Phil. Trans. Biol. Sci. 364
(1526), 1985-1998.

Beninger, P.G., Donval, A., Le Pennec, M., 1995. The osphradium in Placopecten
magellanicus and Pecten maximus (Bivalvia, Pectinidae): Histology, ultrastructure,
and implications for spawning synchronisation. Marine Biology 123 (1), 121-129.

Bertness, M.D., 1984. Ribbed mussels and Spartina alterniflora production in a New
England salt marsh. Ecology 65 (6), 1794-1807.

Borsje, B.W., van Wesenbeeck, B.K., Dekker, F., Paalvast, P., Bouma, T.J., van
Katwijk, M.M., de Vries, M.B., 2011. How ecological engineering can serve in coastal
protection. Ecol. Eng. 37 (2), 113-122.

Borthagaray, A.L., Carranza, A., 2007. Mussels as ecosystem engineers: their contribution
to species richness in a rocky littoral community. Acta Oecol. 31 (3), 243-250.

Boullot, F., Fabioux, C., Hégaret, H., Boudry, P., Soudant, P., Benoit, E., 2021.
Electrophysiological evaluation of pacific oyster (Crassostrea gigas) sensitivity to
saxitoxin and tetrodotoxin. Mar. Drugs 19 (7), 380.

Bryan, G.W., Langston, W.J., 1992. Bioavailability, accumulation and effects of heavy
metals in sediments with special reference to United Kingdom estuaries: a review.
Environ. Pollut. 76 (2), 89-131.

Brydson, J.A., 1999. Plastics Materials. Elsevier.

Capolupo, M., Gunaalan, K., Booth, A.M., Sgrensen, L., Valbonesi, P., Fabbri, E., 2021.
The sub-lethal impact of plastic and tire rubber leachates on the Mediterranean
mussel Mytilus galloprovincialis. Environ. Pollut. 283, 117081.

Capolupo, M., Sgrensen, L., Jayasena, K.D.R., Booth, A.M., Fabbri, E., 2020. Chemical
composition and ecotoxicity of plastic and car tire rubber leachates to aquatic
organisms. Water Res. 169, 115270.

Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P.,
Naeem, S., 2012. Biodiversity loss and its impact on humanity. Nature 486 (7401),
59-67.

Clasing, T., 1923. Beitrag zur Kenntnis des Nervensystems und der Sinnesorgane der
Mytiliden. Jena Z. Naturw. 59, 261-310.

Commito, J.A., Celano, E.A., Celico, H.J., Como, S., Johnson, C.P., 2005. Mussels matter:
postlarval dispersal dynamics altered by a spatially complex ecosystem engineer.

J. Exp. Mar. Biol. Ecol. 316 (2), 133-147.

Commito, J.A., Commito, A.E., Platt, R.V., Grupe, B.M., Piniak, W.E.D., Gownaris, N.J.,
et al., 2014. Recruitment facilitation and spatial pattern formation in soft-bottom
mussel beds. Ecosphere 5 (12), 1-26.

Commito, J.A., Gownaris, N.J., Bates, D.E., Coleman, S.E., Beal, Brian F., 2016.
Separation anxiety: mussels self-organize into similar power-law clusters regardless
of predation threat cues. Mar. Ecol. Prog. Ser. 547, 107-119.

Cormier, B., Gambardella, C., Tato, T., Perdriat, Q., Costa, E., Veclin, C., et al., 2021.
Chemicals sorbed to environmental microplastics are toxic to early life stages of
aquatic organisms. Ecotoxicol. Environ. Saf. 208, 111665.

Costanza, R., d’Arge, R., De Groot, R., Farber, S., Grasso, M., Hannon, B., Van Den
Belt, M., 1997. The value of the world’s ecosystem services and natural capital.
Nature 387 (6630), 253-260.

Cézar, A., Sanz-Martin, M., Marti, E., Gonzélez-Gordillo, J.I., Ubeda, B., Gélvez, J.A.,
et al., 2015. Plastic accumulation in the Mediterranean Sea. PLoS One 10 (4),
e0121762.

Cozzolino, L., Nicastro, K.R., Seuront, L., McQuaid, C.D., Zardi, G.I., 2022. The relative
effects of interspecific and intraspecific diversity on microplastic trapping in coastal
biogenic habitats. Sci. Total Environ. 848, 157771.

Crutsinger, G.M., Collins, M.D., Fordyce, J.A., Gompert, Z., Nice, C.C., Sanders, N.J.,
2006. Plant genotypic diversity predicts community structure and governs an
ecosystem process. Science 313 (5789), 966-968.

Daguin, C., Borsa, P., 2000. Genetic relationships of Mytilus galloprovincialis Lamarck
populations worldwide: evidence from nuclear-DNA markers. Geological Society,
London, Special Publications 177 (1), 389-397.

De Moor, 1.J., Bruton, M.N., 1988. Atlas of alien and translocated indigenous aquatic
animals in southern Africa. South African National Scientific Programmes Report
144 (Pretoria, South Africa).

de Paoli, H., van der Heide, T., van den Berg, A., Silliman, B.R., Herman, P.M., van de
Koppel, J., 2017. Behavioral self-organization underlies the resilience of a coastal
ecosystem. Proc. Natl. Acad. Sci. USA 114 (30), 8035-8040.

De Rosa, E., Montuori, P., Sarnacchiaro, P., Di Duca, F., Cristina Giovinetti, M., Paola
Provvisiero, D., et al., 2022. Spatiotemporal estimation of heavy metals pollution in
the Mediterranean Sea from Volturno River, southern Italy: distribution, risk
assessment and loads. Chem. Ecol. 1-29.

Delaeter, C., Spilmont, N., Bouchet, V.M., Seuront, L., 2022. Plastic Leachates: Bridging
the Gap between a Conspicuous Pollution and its Pernicious Effects on Marine Life.
Science of The Total Environment, 154091.

Des Roches, S., Post, D.M., Turley, N.E., Bailey, J.K., Hendry, A.P., Kinnison, M.T., et al.,
2018. The ecological importance of intraspecific variation. Nature ecology &
evolution 2 (1), 57-64.

e Silva, P.P.G., Nobre, C.R., Resaffe, P., Pereira, C.D.S., Gusmao, F., 2016. Leachate from
microplastics impairs larval development in brown mussels. Water Res. 106,
364-370.

El Ayari, T., Trigui El Menif, N., Hamer, B., Cahill, A.E., Bierne, N., 2019. The hidden side
of a major marine biogeographic boundary: a wide mosaic hybrid zone at the
Atlantic-Mediterranean divide reveals the complex interaction between natural and
genetic barriers in mussels. Heredity 122 (6), 770-784. https://doi.org/10.1038/
541437-018-0174-y.

11

Environmental Pollution 340 (2024) 122779

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., et al.,
2014. Plastic pollution in the world’s oceans: more than 5 trillion plastic pieces
weighing over 250,000 tons afloat at sea. PLoS One 9 (12), e111913.

Fabbri, R., Montagna, M., Balbi, T., Raffo, E., Palumbo, F., Canesi, L., 2014. Adaptation
of the bivalve embryotoxicity assay for the high throughput screening of emerging
contaminants in Mytilus galloprovincialis. Mar. Environ. Res. 99, 1-8.

Folkard, A.M., Gascoigne, J.C., 2009. Hydrodynamics of discontinuous mussel beds:
laboratory flume simulations. J. Sea Res. 62 (4), 250-257.

Fraisse, C., Belkhir, K., Welch, J.J., Bierne, N., 2016. Local interspecies introgression is
the main cause of extreme levels of intraspecific differentiation in mussels. Mol. Ecol.
25 (1), 269-286. https://doi.org/10.1111/mec.13299.

Fries, E., Zarfl, C., 2012. Sorption of polycyclic aromatic hydrocarbons (PAHs) to low and
high density polyethylene (PE). Environ. Sci. Pollut. Control Ser. 19 (4), 1296-1304.

Fuzessery, Z.M., Childress, J.J., 1975. Comparative chemosensitivity to amino acids and
their role in the feeding activity of bathypelagic and littoral crustaceans. Biol. Bull.
149 (3), 522-538.

Galarza, J.A., Turner, G.F., Macpherson, E., Rico, C., 2009. Patterns of genetic
differentiation between two co-occurring demersal species: the red mullet (Mullus
barbatus) and the striped red mullet (Mullus surmuletus). Canadian Journal of
Fisheries and Aquatic Science 66 (9), 1478-1490.

Gandara e Silva, P.P., Nobre, C.R., Resaffe, P., Pereira, C.D.S., Gusm ao, F., 2016.
Leachate from microplastics impairs larval development in brown mussels. Water
Res. 106.

Gestoso, ., Arenas, F., Rubal, M., Veiga, P., Pena, M., Olabarria, C., 2013. Shifts from
native to non-indigenous mussels: enhanced habitat complexity and its effects on
faunal assemblages. Mar. Environ. Res. 90, 85-95.

Gonzalez-Castellano, 1., Gonzalez-Lopez, J., Gonzélez-Tizon, A.M., Martinez-Lage, A.,
2020. Genetic diversity and population structure of the rockpool shrimp Palaemon
elegans based on microsatellites: evidence for a cryptic species and differentiation
across the Atlantic-Mediterranean transition. Sci. Rep. 10 (1), 1-11.

Gosset, C.C., Bierne, N., 2013. Differential introgression from a sister species explains
high FST outlier loci within a mussel species. J. Evol. Biol. 26 (1), 14-26.

Gunaalan, K., Fabbri, E., Capolupo, M., 2020. The hidden threat of plastic leachates: a
critical review on their impacts on aquatic organisms. Water Res. 184, 116170.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E., Purnell, P., 2018. An overview of
chemical additives present in plastics: migration, release, fate and environmental
impact during their use, disposal and recycling. J. Hazard Mater. 344, 179-199.

Hara, T.J., 2006. Feeding behaviour in some teleosts is triggered by single amino acids
primarily through olfaction. J. Fish. Biol. 68 (3), 810-825.

Haszprunar, G., 1988. On the origin and evolution of major gastropod groups, with
special reference to the Streptoneura. J. Molluscan Stud. 54 (4), 367-441.

Haszprunar, G., Haszprunar, G., 1987. The fine morphology of the osphradial sense
organs of the Mollusca. III. Placophora and Bivalvia. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 315 (1169), 37-61.

Heerema, J.L., Helbing, C.C., Pyle, G.G., 2018. Use of electro-olfactography to measure
olfactory acuity in the North American bullfrog (Lithobates (Rana) catesbeiana)
tadpole. Ecotoxicology and environmental safety 147, 643-647.

Heidbreder, L.M., Bablok, 1., Drews, S., Menzel, C., 2019. Tackling the plastic problem: a
review on perceptions, behaviors, and interventions. Sci. Total Environ. 668,
1077-1093.

Hendry, A.P., Gotanda, K.M., Svensson, E.I., 2017. Human Influences on Evolution, and
the Ecological and Societal Consequences.

Hermabessiere, L., Dehaut, A., Paul-Pont, 1., Lacroix, C., Jezequel, R., Soudant, P.,
Duflos, G., 2017. Occurrence and effects of plastic additives on marine environments
and organisms: a review. Chemosphere 182, 781-793.

Holmes, L.A., 2013. Interactions of Trace Metals with Plastic Production Pellets in the
Marine Environment.

Holmes, L.A., Turner, A., Thompson, R.C., 2012. Adsorption of trace metals to plastic
resin pellets in the marine environment. Environ. Pollut. 160, 42-48.

Hubbard, P., Velez, Z., 2020. Extracellular multi-unit recording from the olfactory nerve
of teleosts. JOVE (164), e60962.

Hughes, A.R., Stachowicz, J.J., 2004. Genetic diversity enhances the resistance of a
seagrass ecosystem to disturbance. Proc. Natl. Acad. Sci. USA 101 (24), 8998-9002.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. In:
Ecosystem Management. Springer, New York, NY, pp. 130-147.

Jones, C.G., Lawton, J.H., Shachak, M., 1997. Positive and negative effects of organisms
as physical ecosystem engineers. Ecology 78 (7), 1946-1957.

Kamardin, N.N., Lyubimtsev, V.A., Kornienko, E.L., Udalova, G.P., Kholodkevich, S.V.,
Apostolov, S.A., 2015. Osphradial chemosensory organ as a probable trigger of the
cardiac system adaptive reaction to the effect of heavy metals in aquatic molluscs.
J. Evol. Biochem. Physiol. 51, 48-57.

Ke, A.Y., Chen, J., Zhu, J., Wang, Y.H., Hu, Y., Fan, Z.L., et al., 2019. Impacts of leachates
from single-use polyethylene plastic bags on the early development of clam Meretrix
meretrix (Bivalvia: veneridae). Mar. Pollut. Bull. 142, 54-57.

Kraemer, L.R., 1981. The osphradial complex of two freshwater bivalves: histological
evaluation and functional context. Malacologia 20, 205-216.

Krom, M.D., Kress, N., Brenner, S., Gordon, L.I., 1991. Phosphorus limitation of primary
productivity in the eastern Mediterranean Sea. Limnol. Oceanogr. 36 (3), 424-432.

Lacombe, H., Gascard, J.C., Gonella, J., Bethoux, J.P., 1981. Response of the
Mediterranean to the water and energy fluxes across its surface, on seasonal and
interannual scales. Oceanol. Acta 4 (2), 247-255.

Lathlean, J.A., McQuaid, C.D., 2017. Biogeographic variability in the value of mussel
beds as ecosystem engineers on South African rocky shores. Ecosystems 20 (3),
568-582.

Lebreton, L.M., Greer, S.D., Borrero, J.C., 2012. Numerical modelling of floating debris in
the world’s oceans. Mar. Pollut. Bull. 64 (3), 653-661.


http://refhub.elsevier.com/S0269-7491(23)01781-5/sref8
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref8
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref8
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref9
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref9
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref9
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref10
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref10
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref10
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref11
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref11
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref12
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref12
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref12
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref13
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref13
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref14
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref14
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref14
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref15
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref15
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref15
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref16
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref17
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref17
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref17
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref18
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref18
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref18
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref19
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref19
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref19
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref20
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref20
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref21
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref21
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref21
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref22
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref22
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref22
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref23
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref23
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref23
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref24
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref24
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref24
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref25
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref25
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref25
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref26
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref26
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref26
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref27
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref27
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref27
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref28
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref28
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref28
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref29
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref29
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref29
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref30
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref30
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref30
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref31
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref31
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref31
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref32
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref32
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref32
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref32
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref33
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref33
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref33
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref34
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref34
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref34
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref35
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref35
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref35
https://doi.org/10.1038/s41437-018-0174-y
https://doi.org/10.1038/s41437-018-0174-y
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref37
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref37
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref37
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref38
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref38
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref38
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref39
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref39
https://doi.org/10.1111/mec.13299
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref41
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref41
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref42
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref42
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref42
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref43
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref43
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref43
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref43
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref44
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref44
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref44
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref45
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref45
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref45
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref46
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref46
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref46
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref46
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref47
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref47
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref48
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref48
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref49
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref49
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref49
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref50
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref50
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref51
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref51
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref52
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref52
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref52
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref53
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref53
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref53
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref54
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref54
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref54
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref55
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref55
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref56
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref56
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref56
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref57
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref57
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref58
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref58
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref59
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref59
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref60
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref60
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref61
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref61
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref62
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref62
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref63
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref63
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref63
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref63
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref64
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref64
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref64
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref65
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref65
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref66
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref66
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref67
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref67
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref67
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref68
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref68
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref68
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref69
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref69

L. Cozzolino et al.

Lecerf, A., Chauvet, E., 2008. Intraspecific variability in leaf traits strongly affects alder
leaf decomposition in a stream. Basic Appl. Ecol. 9 (5), 598-605.

Lefcheck, J.S., Hughes, B.B., Johnson, A.J., Pfirrmann, B.W., Rasher, D.B., Smyth, A.R.,
et al., 2019. Are coastal habitats important nurseries? A meta-analysis. Conservation
Letters 12 (4), e12645.

Li, C., Song, C., Yin, Y., Sun, M., Tao, P., Shao, M., 2015a. Spatial distribution and risk
assessment of heavy metals in sediments of Shuangtaizi estuary, China. Mar. Pollut.
Bull. 98 (1-2), 358-364.

Li, Y., Duan, Z., Liu, G., Kalla, P., Scheidt, D., Cai, Y., 2015b. Evaluation of the possible
sources and controlling factors of toxic metals/metalloids in the Florida Everglades
and their potential risk of exposure. Environmental Science & Technology 49 (16),
9714-9723.

List, T., 1902. Die Mytiliden. Friedlander.

Lithner, D., Larsson, A., Dave, G., 2011. Environmental and health hazard ranking and
assessment of plastic polymers based on chemical composition. Sci. Total Environ.
409 (18), 3309-3324.

Luo, H., Xiang, Y., He, D., Li, Y., Zhao, Y., Wang, S., Pan, X., 2019. Leaching behavior of
fluorescent additives from microplastics and the toxicity of leachate to Chlorella
vulgaris. Sci. Total Environ. 678, 1-9.

Luoma, S.N., Rainbow, P.S., 2008. Metal Contamination in Aquatic Environments:
Science and Lateral Management. Cambridge university press.

Lynch, J.M., Knauer, K., Shaw, K.R., 2022. Plastic Additives in the Ocean. Plastics and
the Ocean: Origin, Characterization, Fate, and Impacts, pp. 43-76.

Lynch, S.A., Coghlan, A., Leary, B., Morgan, E., Culloty, S.C., 2020. Northward
establishment of Mediterranean mussel Mytilus galloprovincialis limited by
changing climate. Biol. Invasions 22 (9), 2725-2736.

Macreadie, P.I., Anton, A., Raven, J.A., Beaumont, N., Connolly, R.M., Friess, D.A., et al.,
2019. The future of Blue Carbon science. Nat. Commun. 10 (1), 1-13.

Marie, A.D., Lejeusne, C., Karapatsiou, E., Cuesta, J.A., Drake, P., Macpherson, E., et al.,
2016. Implications for management and conservation of the population genetic
structure of the wedge clam Donax trunculus across two biogeographic boundaries.
Sci. Rep. 6 (1), 1-10.

Montes, M.O., Hanna, S.K., Lenihan, H.S., Keller, A.A., 2012. Uptake, accumulation, and
biotransformation of metal oxide nanoparticles by a marine suspension-feeder.

J. Hazard Mater. 225, 139-145.

Newell, R.I., 2004. Ecosystem influences of natural and cultivated populations of
suspension-feeding bivalve molluscs: a review. J. Shellfish Res. 23 (1), 51-62.
Nicastro, K.R., McQuaid, C.D., Dievart, A., Zardi, G.I., 2020. Intraspecific diversity in an
ecological engineer functionally trumps interspecific diversity in shaping community

structure. Sci. Total Environ. 743, 140723.

Nicastro, K.R., Zardi, G.I., McQuaid, C.D., 2007. Behavioural response of invasive
Mytilus galloprovincialis and indigenous Perna perna mussels exposed to risk of
predation. Mar. Ecol. Prog. Ser. 336, 169-175.

Nicastro, K.R., Zardi, G.I., McQuaid, C.D., 2008. Movement behaviour and mortality in
invasive and indigenous mussels: resilience and resistance strategies at different
spatial scales. Mar. Ecol. Prog. Ser. 372, 119-126.

Nicastro, K.R., Zardi, G.I., McQuaid, C.D., Pearson, G.A., Serrao, E.A., 2012. Love thy
neighbour: group properties of gaping behaviour in mussel. aggregations. 7 (10),
e47382.

Nobre, C.R., Santana, M.F.M., Maluf, A., Cortez, F.S., Cesar, A., Pereira, C.D.S., Turra, A.,
2015. Assessment of microplastic toxicity to embryonic development of the sea
urchin Lytechinus variegatus (Echinodermata: echinoidea). Mar. Pollut. Bull. 92
(1-2), 99-104.

Oehlmann, J., Schulte-Oehlmann, U., Kloas, W., Jagnytsch, O., Lutz, L., Kusk, K.O.,
Tyler, C.R., 2009. A critical analysis of the biological impacts of plasticizers on
wildlife. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364 (1526), 2047-2062.

Olsén, K.H., 2011. Effects of pollutants on olfactory mediated behaviors in fish and
crustaceans. Chemical communication in crustaceans 507-529.

Paluselli, A., Fauvelle, V., Galgani, F., Sempere, R., 2018. Phthalate release from plastic
fragments and degradation in seawater. Environmental science & technology 53 (1),
166-175.

Pannetier, P., Cachot, J., Clérandeau, C., Faure, F., Van Arkel, K., de Alencastro, L.F.,
et al., 2019. Toxicity assessment of pollutants sorbed on environmental sample
microplastics collected on beaches: Part I-adverse effects on fish cell line. Environ.
Pollut. 248, 1088-1097.

Pawar, P.R., 2016. Anthropogenic threats to coastal and marine biodiversity: a review.
Int J Mod Biol Res 4, 35-45.

Phillips, D.J., 1990. Use macroalgae and invertebrates as monitors of metal level and
coastal water. In: The Marine Environment. CRC Press, pp. 81-97. Heavy Metals.

Puri, V., Juan, M., Catarina, R.O., Leandro, S., Rubal, M., 2021. Public perception of
ecosystem services provided by the Mediterranean mussel Mytilus galloprovincialis
related to anthropogenic activities. PeerJ 9, €11975.

Quesada, H., Beynon, C.M., Skibinski, D.O., 1995. A mitochondrial DNA discontinuity in
the mussel Mytilus galloprovincialis Lmk: pleistocene vicariance biogeography and
secondary intergradation. Mol. Biol. Evol. 12 (3), 521-524.

Quesada, H., Zapata, C., Alvarez, G., 1988. A Multilocus Allozyme Discontinuity in the
Mussel Mytilus galloprovincialis: the Interaction of Ecological and Life-History
Factors. Carril.

Raffaelli, D., Hawkins, S., 1999. Intertidal Ecology. Chapman & Hall, London.

Raffard, A., Santoul, F., Cucherousset, J., Blanchet, S., 2018. The community and
ecosystem consequences of intraspecific diversity: a meta-analysis. bioRxiv 1-46.
https://doi.org/10.1101/328112.

12

Environmental Pollution 340 (2024) 122779

Ramos-Oliveira, C., Sampaio, L., Rubal, M., Veiga, P., 2021. Spatial-temporal variability
of Mytilus galloprovincialis Lamarck 1819 populations and their accumulated
sediment in northern Portugal. PeerJ 9, e11499.

Rato, A., Joaquim, S., Matias, D., Hubbard, P.C., 2023. What do oysters smell?
Electrophysiological evidence that the bivalve osphradium is a chemosensory organ
in the oyster, Magallana gigas. J. Comp. Physiol. 1-11.

Reusch, T.B., Ehlers, A., Himmerli, A., Worm, B., 2005. Ecosystem recovery after
climatic extremes enhanced by genotypic diversity. Proc. Natl. Acad. Sci. USA 102
(8), 2826-2831.

Rodrigues, J.P., Duarte, A.C., Santos-Echeandia, J., Rocha-Santos, T., 2019. Significance
of interactions between microplastics and POPs in the marine environment: a critical
overview. TrAC, Trends Anal. Chem. 111, 252-260.

Romano, E., Bergamin, L., Magno, M.C., Pierfranceschi, G., Ausili, A., 2018. Temporal
changes of metal and trace element contamination in marine sediments due to a steel
plant: the case study of Bagnoli (Naples, Italy). Appl. Geochem. 88, 85-94.

Rozsa, S.-K., Salanki, J., 1990. Heavy metals regulate physiological and behavioral
events by modulating ion channels in neuronal membranes of molluscs. Environ.
Monit. Assess. 14, 363-375.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: a Laboratory Manual
(No. Ed. 2. Cold spring harbor laboratory press.

Sanjuan, A., Zapata, C., Alvarez, G., 1994. Mytilus galloprovincialis and M. edulis on the
coasts of the iberian peninsula. Mar. Ecol. Prog. Ser. 131-146.

Santinelli, C., Nannicini, L., Seritti, A., 2010. DOC dynamics in the meso and
bathypelagic layers of the Mediterranean Sea. Deep Sea Res. Part II Top. Stud.
Oceanogr. 57 (16), 1446-1459.

Schiavo, S., Oliviero, M., Chiavarini, S., Manzo, S., 2020. Adverse effects of oxo-
degradable plastic leachates in freshwater environment. Environ. Sci. Pollut. Control
Ser. 27 (8), 8586-8595.

Schunter, C., Carreras-Carbonell, J., Macpherson, E., Tintoré, J., Vidal-Vijande, E.,
Pascual, A., et al., 2011. Matching genetics with oceanography: directional gene flow
in a Mediterranean fish species. Mol. Ecol. 20 (24), 5167-5181.

Scott, J.W., Scott-Johnson, P.E., 2002. The electroolfactogram: a review of its history and
uses. Microsc. Res. Tech. 58 (3), 152-160.

Seuront, L., 2018. Microplastic leachates impair behavioural vigilance and predator
avoidance in a temperate intertidal gastropod. Biol. Lett. 14 (11), 20180453.

Seuront, L., Nicastro, K.R., McQuaid, C.D., Zardi, G.I., 2021. Microplastic leachates
induce species-specific trait strengthening in intertidal mussels. Ecol. Appl. 31 (1),
e02222.

Sharma, S., Sharma, V., Chatterjee, S., 2021. Microplastics in the Mediterranean Sea:
sources, pollution intensity, sea health, and regulatory policies. Front. Mar. Sci. 8,
634934,

Siefert, A., 2012. Incorporating intraspecific variation in tests of trait-based community
assembly. Oecologia 170 (3), 767-775.

Spasojevic, M.J., Suding, K.N., 2012. Inferring community assembly mechanisms from
functional diversity patterns: the importance of multiple assembly processes. J. Ecol.
100 (3), 652-661.

Suchanek, T.H., 1985. Mussels and their role in structuring rocky shore communities.
The Ecology of Rocky Coastes 70-96.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30 (12), 2725-2729.
Tang, K.H.D., 2021. Interactions of microplastics with persistent organic pollutants and
the ecotoxicological effects: a review. Tropical Aquatic and Soil Pollution 1 (1),

24-34.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, 2012.

Teuten, E.L., Saquing, J.M., Knappe, D.R., Barlaz, M.A., Jonsson, S., Bjorn, A, et al.,
2009. Transport and release of chemicals from plastics to the environment and to
wildlife. Phil. Trans. Biol. Sci. 364 (1526), 2027-2045.

Thushari, G.G.N., Senevirathna, J.D.M., 2020. Plastic pollution in the marine
environment. Heliyon 6 (8), e04709.

Trifuoggi, M., Donadio, C., Mangoni, O., Ferrara, L., Bolinesi, F., Nastro, R.A., et al.,
2017. Distribution and enrichment of trace metals in surface marine sediments in the
Gulf of Pozzuoli and off the coast of the brownfield metallurgical site of Ilva of
Bagnoli (Campania, Italy). Mar. Pollut. Bull. 124 (1), 502-511.

Tsiaras, K., Hatzonikolakis, Y., Kalaroni, S., Pollani, A., Triantafyllou, G., 2021. Modeling
the pathways and accumulation patterns of micro-and macro-plastics in the
Mediterranean. Front. Mar. Sci. 1389.

Uguen, M., Nicastro, K.R., Zardi, G.I., Gaudron, S.M., Spilmont, N., Akoueson, F., et al.,
2022. Microplastic leachates disrupt the chemotactic and chemokinetic behaviours
of an ecosystem engineer (Mytilus edulis). Chemosphere 306, 135425. https://doi.
org/10.1016/j.chemosphere.2022.135425.

van Leeuwen, B., Augustijn, D.C., Van Wesenbeeck, B.K., Hulscher, S.J., De Vries, M.B.,
2010. Modeling the influence of a young mussel bed on fine sediment dynamics on
an intertidal flat in the Wadden Sea. Ecol. Eng. 36 (2), 145-153.

Wang, Q., Wangjin, X., Zhang, Y., Wang, N., Wang, Y., Meng, G., Chen, Y., 2020. The
toxicity of virgin and UV-aged PVC microplastics on the growth of freshwater algae
Chlamydomonas reinhardtii. Sci. Total Environ. 749, 141603.

Wedemeyer, H., Schild, D., 1995. Chemosensitivity of the osphradium of the pond snail
Lymnaea stagnalis. J. Exp. Biol. 198 (8), 1743-1754.

Whitehead, A., Pilcher, W., Champlin, D., Nacci, D., 2012. Common mechanism
underlies repeated evolution of extreme pollution tolerance. Proc. Biol. Sci. 279
(1728), 427-433.


http://refhub.elsevier.com/S0269-7491(23)01781-5/sref70
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref70
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref71
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref71
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref71
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref72
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref72
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref72
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref73
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref73
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref73
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref73
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref74
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref75
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref75
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref75
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref76
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref76
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref76
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref77
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref77
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref78
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref78
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref79
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref79
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref79
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref80
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref80
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref81
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref81
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref81
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref81
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref82
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref82
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref82
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref83
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref83
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref84
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref84
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref84
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref85
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref85
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref85
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref86
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref86
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref86
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref87
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref87
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref87
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref88
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref88
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref88
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref88
http://refhub.elsevier.com/S0269-7491(23)01781-5/optnyzyLbKv8T
http://refhub.elsevier.com/S0269-7491(23)01781-5/optnyzyLbKv8T
http://refhub.elsevier.com/S0269-7491(23)01781-5/optnyzyLbKv8T
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref89
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref89
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref90
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref90
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref90
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref91
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref91
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref91
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref91
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref92
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref92
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref93
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref93
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref94
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref94
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref94
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref95
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref95
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref95
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref96
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref96
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref96
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref97
https://doi.org/10.1101/328112
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref99
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref99
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref99
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref100
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref100
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref100
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref101
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref101
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref101
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref102
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref102
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref102
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref103
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref103
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref103
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref104
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref104
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref104
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref105
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref105
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref106
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref106
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref107
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref107
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref107
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref108
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref108
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref108
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref109
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref109
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref109
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref110
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref110
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref111
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref111
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref112
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref112
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref112
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref113
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref113
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref113
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref114
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref114
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref115
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref115
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref115
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref116
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref116
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref117
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref117
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref118
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref118
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref118
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref119
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref119
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref120
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref120
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref120
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref121
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref121
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref122
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref122
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref122
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref122
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref123
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref123
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref123
https://doi.org/10.1016/j.chemosphere.2022.135425
https://doi.org/10.1016/j.chemosphere.2022.135425
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref125
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref125
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref125
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref126
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref126
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref126
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref127
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref127
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref128
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref128
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref128

L. Cozzolino et al.

Wijsman, J.W.M., Troost, K., Fang, J., Roncarati, A., 2019. Global Production of Marine
Bivalves. Trends and Challenges. Goods and services of marine bivalves, pp. 7-26.

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of
microplastics on marine organisms: a review. Environ. Pollut. 178, 483-492.

Yeo, B.G., Takada, H., Yamashita, R., Okazaki, Y., Uchida, K., Tokai, T., et al., 2020. PCBs
and PBDEs in microplastic particles and zooplankton in open water in the Pacific
Ocean and around the coast of Japan. Mar. Pollut. Bull. 151, 110806.

Ysebaert, T., Walles, B., Haner, J., Hancock, B., 2019. Habitat modification and coastal
protection by ecosystem-engineering reef-building bivalves. In: Goods and Services
of Marine Bivalves. Springer, Cham, pp. 253-273.

13

Environmental Pollution 340 (2024) 122779

Zardi, G.I., McQuaid, C.D., Teske, P.R., Barker, N.P., 2007. Unexpected genetic structure
of mussel populations in South Africa: indigenous Perna perna and invasive Mytilus
galloprovincialis. Mar. Ecol. Prog. Ser. 337, 135-144.

Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen, J., et al., 2000. Genetic diversity and
disease control in rice. Nature 406 (6797), 718-722.

Zouros, E., Oberhauser Ball, A., Saavedra, C., Freeman, K.R., 1994. An unusual type of
mitochondrial DNA inheritance in the blue mussel Mytilus. Proc. Natl. Acad. Sci.
USA 91 (16), 7463-7467.


http://refhub.elsevier.com/S0269-7491(23)01781-5/sref129
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref129
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref130
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref130
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref131
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref131
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref131
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref132
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref132
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref132
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref133
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref133
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref133
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref134
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref134
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref135
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref135
http://refhub.elsevier.com/S0269-7491(23)01781-5/sref135

	Intraspecific genetic lineages of a marine mussel show behavioural divergence when exposed to microplastic leachates
	1 Introduction
	2 Material and methods
	2.1 Sampling and treatments
	2.2 Genetic analysis
	2.3 Behavioural traits experiment
	2.4 Osphradium chemosensory response experiment
	2.4.1 Stimulus preparation
	2.4.2 Sample preparation and electro-osphradiogram analysis (EosG)

	2.5 Statistical analysis

	3 Results
	3.1 Genetic analysis
	3.2 Additive and heavy metal assessment
	3.3 Behavioural experiment
	3.3.1 Percentage of motile individuals
	3.3.2 Crawling distance
	3.3.3 Aggregation behaviour

	3.4 Osphradium experiment

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


