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Abstract 10 

This study aimed to compare the contamination from plastics and non-synthetic particles in the three 11 

freshwater bivalve mollusks Unio elongatulus, (native) and Corbicula fluminea and Dreissena 12 

polymorpha (invasive), collected in Lake Maggiore, the second greatest Italian lake. Organisms 13 

were collected from eight sites located throughout the lake, during three years (2019-2021). The 14 

quali-quantitative characterization of particles has been carried out using a Fourier Transform 15 

Infrared Microscope System (µFT-IR). Results showed that both plastics and non-synthetic particles 16 

released in the water are taken up by bivalves, even though low intake-up to 6 particles/individuals- 17 

were measured for all the three species. Microfibers of both synthetic (polyester, polyamide) and 18 

natural (cellulose) origin represented the particles mostly ingested by bivalves. A significant 19 

decrease of particle loads was observed in 2020 with respect to 2019 and 2021, significantly 20 

different for D. polymorpha and U. elongatulus, suggesting a transient reduction of the particle 21 

release in the lake in this year. Our findings highlight the need to improve the understanding of the 22 

mechanisms of uptake and clearance of these contaminants by filter feeding organisms, and their 23 

adverse consequences in realistic environmental conditions. 24 

 25 

 26 
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1. Introduction 30 

Plastic contamination represents one of the most worrisome environmental issues of the last 31 

decades. The huge demand of plastic-based products in several applications as packaging, building 32 

and constructions, automotive, electronics etc. (Plastics Europe, 2022) results in a voluntary or 33 

accidental release of plastics into the environment, with negative impacts for natural ecosystems 34 

(Barnes et al., 2009). Among aquatic environments, lentic ecosystems are highly susceptible to this 35 

contamination due to the high residence time of water and the release of plastic debris from soil 36 

leaching, road runoff, household waste, wastewater treatment plants or industrial discharges and by 37 

the atmospheric transport (Dusauchi et al., 2021), to the point that plastics have been detected also 38 

in remote lake basins (Free et al., 2014; Negrete Velasco et al., 2020).  39 

Once released in the aquatic environment, it is difficult to predict the adverse outcomes of plastics 40 

to biota, since plastics may have a different fate in relation to chemical-physical characteristics 41 

(floating or sinking) and trigger different negative effects in relation to size, shape, polymer 42 

composition, color and the capability to transport other environmental contaminants (Paul-Pont et 43 

al., 2018).  44 

In general, the adverse consequences of large plastic items and mesoplastics (items in the range 45 

from 1 to <10 mm according to Hartmann et al., 2019) are entanglement, wounds, suffocation, 46 

blockage of digestive tract, starvation and death (Gregory, 2009). Moreover, plastics fragmentation 47 

into smaller pieces - microplastics (MPs) for items in the range from 1µm to < 1mm- and 48 

nanoplastics for items < 1 µm (NPs) (Hartmann et al., 2019) - elicit a huge release in the environment 49 

of plastic particles that can be ingested by a broad range of aquatic taxa (from zooplankton to birds), 50 

can be transferred among different trophic levels and can trigger different adverse consequences 51 

(Nelms et al., 2018). The effects of MPs span from molecular and cellular effects to systemic effects 52 

up to the impairment of feeding, growth, locomotion and reproduction (Franzellitti et al., 2019 and 53 

citations therein). A further concern is also related to the release of harmful chemicals (additives 54 

and plasticizers) from plastics (Franzellitti et al., 2019) and the capability of plastics to host 55 
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microbial communities, the so-called ‘Plastisphere’, potentially increasing the spread of pathogens 56 

(Gregory, 2009; Zettler et al., 2013). 57 

In addition to plastics sensu stricto, recently emerged as potentially harmful the presence in the 58 

environment of natural origin textile fibers (e.g. cotton), regenerated cellulose fibers (e.g. rayon) 59 

and artificial fibers (e.g. viscose), since microfibers represent the dominant form in the aquatic 60 

environment (De Falco et al., 2020). Their adverse effects, still largely understudied, include 61 

physical damages and toxicity related to chemical additives and dyes (Acharia et al., 2021 and 62 

citations therein; Athey and Erdle 2022 and citations therein). Therefore, it is important to assess 63 

the risk related to the presence of these anthropogenic particles by increasing current knowledge 64 

about the levels of these debris in the environment, as well as their bioavailability for biota and the 65 

resulting toxicity. 66 

Except for a few invasive species, freshwater bivalves are experiencing a pronounced global decline 67 

due to their susceptibility to environmental and anthropogenic disturbances, including pollution 68 

(Lopes-Lima et al., 2018). Bivalves are recognized as a useful bioindicator of environmental quality 69 

due to their high filtration rate and accumulation of chemical pollutants (Zieritz et al., 2022). Instead, 70 

the use of bivalves as bioindicators of plastic contamination is currently a matter of debate (e.g., 71 

Zhao et al., 2018; Miller et al., 2019; Ward et al., 2019; Multisanti et al., 2022). Several studies 72 

showed that bivalves can take up and retain small plastic particles in their tissues (Ringwood, 2021; 73 

Martyniuk, 2022). Ingested plastics are able to translocate through the hemolymph (Browne et al., 74 

2008; Magni et al., 2018; Wang et al., 2021) and reach internal tissues as gonads, mantle, foot 75 

(Kolandhasamy et al., 2018) and byssus (Li et al., 2019a). In line with these evidences, Su and 76 

collaborators (2018) measured plastic level in the freshwater bivalve Corbicula fluminea from Taihu 77 

Lake, China, reporting values from 0.3 to 5 particles/individuals. The authors highlighted a positive 78 

correlation between plastics in clams with respect to sediment levels, thus suggesting that the species 79 

can be considered a good bioindicator of plastic contamination. Nevertheless, several studies 80 

showed that bivalves have a species-specific selective uptake mechanism and that ingested plastics 81 
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have a limited retention time, conditions that limit their suitability as biomonitors of the 82 

contamination in aquatic environments (Ward et al., 2019a, b). 83 

Lake Maggiore is a pre-alpine lake of fluvioglacial origin with the largest perimeter among the 84 

Italian lakes. The lake houses 4 native Unionid mussels (Anodonta exulcerata, A. cygnea, A. 85 

anatina, Unio elongatulus) and 3 invasive bivalves (Corbicula fluminea, Dreissena polymorpha, 86 

Sinanodonta woodiana). 87 

Previous studies reported the presence of plastic in surface water of Lake Maggiore up to 100,000 88 

items/km2 (Sighicelli et al., 2018; Binelli et al., 2020), whereas the levels of plastics in biota 89 

inhabiting the lake are limited to a study on perch (Perca fluviatilis; Galafassi et al., 2021). By 90 

contrast, unknown is the level of accumulation of MPs in the lower trophic levels and their 91 

distribution in the different lake compartments.  92 

Therefore, our study aimed to characterize the contamination of Lake Maggiore from anthropogenic 93 

particles using filter feeding organisms, namely the bivalve species U. elongatulus, C. fluminea and 94 

D. polymorpha that for their benthic habit and limited mobility can be used to map the distribution 95 

of such contaminants in the environment. Unio elongatulus (Pfeiffer, 1825) is a generalist native 96 

freshwater mussel species, common in both lotic and lentic habitats of northern Italy (Froufe et al., 97 

2017). Although no IUCN conservation status assessment exists for this species in Italy (Prié and 98 

Puillandre, 2014), it is protected under the Habitats Directive (Annex V) and the Bern Convention 99 

(Annex III). The Asian clam Corbicula fluminea (Müller, 1774) original from Southeast Asia, and 100 

Dreissena polymorpha (Pallas, 1771) native from the Ponto-Caspian region, are extremely versatile 101 

invaders in freshwater habitats worldwide (Ilarri and Sousa, 2012; Sousa et al., 2014; Crespo et al., 102 

2015). In recent decades, these both invasive bivalves colonized lotic and lentic habitats in several 103 

continents, where attained huge densities and wide spatial distribution (Sousa et al., 2008; Strayer, 104 

2009).  105 

Our monitoring considered not only plastics debris, but also artificial particles manufactured from 106 

natural material (mostly fibers of textile origin), since they represent a large portion of 107 
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anthropogenic debris released in aquatic systems, and are able of exerting adverse effects to biota 108 

(Lusher et al., 2013; Remì et al., 2015; Compa et al., 2018; Gago et al., 2018; Acharia et al., 2021; 109 

Athey and Erdle, 2022; Muraro et al., 2022). 110 

Given the know species-specific mechanisms of particle uptake and disposition in bivalves, a first 111 

aim was to evaluate potential differences in contamination level among the three species. Our 112 

hypothesis is that the species might accumulate particles differently, in relation to their ecological 113 

and physiological features. Since Lake Maggiore is characterized by different local anthropogenic 114 

pressures and level of chemical contamination (Guzzella et al., 2018), bivalves were collected in 115 

several sampling sites located throughout the lake, to point out the potential presence of local point-116 

source of particle contamination. Furthermore,      the bivalve sampling was carried out in the three-117 

year period 2019-2021, to evaluate potential fluctuation in the accumulation over time.         118 

 119 

2. Material and Methods  120 

2.1 Sampling 121 

Specimens of the three species were collected in May-June from 2019 to 2021 by scuba divers at 122 

4–6 m of depth at different sampling sites selected according to environmental conditions, 123 

morphometric characteristics, and anthropic impact (Fig. 1). Specimens were washed with lake 124 

water, transported to the laboratory in aluminium sheets in refrigerated bags, and frozen at -20 °C 125 

prior to processing for plastic characterization. An overview of number and size of collected 126 

bivalves is shown in table 1. 127 
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 128 

Fig. 1 Map showing sampling sites 129 

 130 

Table 1. Number of individuals of the three species collected, size, total particles identified and the number of 131 

particles/individuals in 2019, 2020 and 2021.  132 

Year Species 
Individuals  

collected 

Mean size (cm)  

± s.d. 
Total plastics Total natural particles % plastics 

particles/individuals 

± s.d. 

 C. fluminea 7 1.1 ± 0.2 0 5 0 0.71  

2019 D. polymorpha 236 1.3 ± 0.3 7 41 17 0.21 ± 0.16 

 U. elongatulus 45 7.4 ± 3.1 4 17 23 0.74 ± 0.77 

 C. fluminea 67 2.9 ± 1.5 5 3 63 0.17 ± 0.18 

2020 D. polymorpha 288 1.3 ± 0.1 1 2 33 0.02 ± 0.01 

 U. elongatulus 86 5.7 ± 0.6 3 0 100 0.04 ± 0.06 

 C. fluminea 77 2.5 ± 0.5 5 34 13 1.78 ± 2.47 

2021 D. polymorpha 240 1.7 ± 0.2 16 89 18 0.44 ± 0.20 

 U. elongatulus 43 5.8 ± 0.6 9 51 15 1.39 ± 0.62 

 133 

2.2 Extraction of plastics from soft tissues 134 

The separation of plastics from the collected samples was carried out using a sodium chloride (NaCl) 135 

hypersaline solution, which allows the separation of plastics from the organic matter by exploiting 136 

the generated density gradient (Binelli et al., 2020). All individuals were pooled and homogenized, 137 

using a Potter-Elvehjem Tissue Homogenizer in 50 mL of NaCl hypersaline solution (1.2 g/cm3). 138 
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Homogenates were then transferred to 50 mL glass bottles, subsequentially filled with hypersaline 139 

solution. 140 

The glass bottles were left for 3-4 days at 4 °C to allow an optimal separation of plastics from the 141 

organic matter. The supernatants were then filtered using a vacuum pump and 8 μm cellulose nitrate 142 

membrane filters (SartoriusTM 50 mm). The filters were then treated with 15 % hydrogen peroxide 143 

(H2O2) to complete the digestion of the organic residues left, keeping the filters under a laminar 144 

flow hood to avoid the potential contamination of the samples by microfibers.  145 

To monitor the eventual atmospheric contamination by plastics (especially fibers), nitrate cellulose 146 

membrane filters were also processed in parallel to samples during homogenization and filtration 147 

process and debris detected in this filter were subtracted from the final count (Binelli et al., 2020; 148 

Magni et al., 2021, 2022). The particles eventually identified in blanks are provided in table S1. 149 

  150 

2.3 μFT-IR analysis 151 

The digested filters were visually analysed using a stereomicroscope to select the suspected plastic 152 

particles. These particles were transferred to a clean filter in order to carry out a chemical 153 

characterization that confirmed their plastic nature. All particles (natural and synthetic) extracted 154 

by the bivalves were quantified and their size, shape, color and polymer composition were 155 

characterized using a Fourier Transform Infrared Microscope System (μFT-IR; Spotlight 200i 156 

equipped with Spectrum Two, PerkinElmer). Spectra of particles was acquired in attenuated total 157 

reflectance (ATR) mode, compared with library standard spectra and accepted only if matching 158 

factor ≥ 0.70 (Binelli et al., 2020).  159 

 160 

2.4 Statistical analysis 161 

To evaluate statistically significant differences in plastics accumulation, data were statistically 162 

analyzed using GraphPad Prism 8.0.2 software package. One-way analysis of variance (ANOVA) 163 

was applied to verify the presence of statistically significant differences in the extent of particles 164 
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accumulation/individuals, comparing the years of sampling and the different species. The same 165 

analysis was applied to assess the amounts of particles/individuals measured at each site integrating 166 

the three years of sampling, for each species. The significant differences were identified by the 167 

Tukey post-hoc test, considering p ≤ 0.05 as significant cut-off. Due to the fact that only one sample 168 

was available for C. fluminea in 2019, the comparison among years was made excluding 2019 169 

(through T-test), while comparison among sites was not carried out for this species. 170 

 171 

3. Results 172 

A total of 292 particles were analyzed from 1050 individuals sampled in the lake during the three-173 

year period. Among them, 50 debris were identified as plastics, while the remaining were particles 174 

of natural origin (mostly cellulose) (Detailed information in SI).  175 

Comparing the uptake of particles in the three different species, fewer particles were found in D. 176 

polymorpha, with a range from 0 to 0.77 particles/individual, while for the other two species a wider 177 

range was observed: from 0 to 6 particles/individual in C. fluminea and from 0 to 2.2 178 

particles/individual in U. elongatulus (Fig. 2A). Anyway, due to the wide variability in uptake, the 179 

differences between the species were not statistically significant (ANOVA: p = 0.1924 F(2,55) = 180 

1.698). The size distribution of the particles accumulated was also similar, even though particles of 181 

bigger dimensions were found in C. fluminea (up to 10.7 mm) (Fig. 2B). 182 

 183 

Fig. 2. Distribution of the number of particles accumulated (A) and particle size (B) in the three species  184 
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Comparing the extent of accumulation in the different sites during the three years of monitoring, no 185 

significant difference was observed for D. polymorpha (ANOVA: p = 0.8663 F(7,14) = 0.432) and 186 

for U. elongatulus (ANOVA: p = 0.9647 F(7,14) = 0.2476) (Fig. 3)  187 

 188 

Fig. 3. Particles identified in the three bivalve species collected in the different sites of Lake Maggiore. Data 189 
are expressed as mean + s.d. of particles/individuals collected in 2019, 2020 and 2021. 190 
 191 

Taking in consideration the trend of uptake over the three years for the three species, the amounts 192 

of particles measured in 2019 was 0.71 particles/individual in C. fluminea, which was collected only 193 

at Villa Taranto (Table S2). In D. polymorpha the amount ranged from 0.06 to 0.55 194 

particles/individual, while in U. elongatulus the range was from 0.2 to 2 particles/individual (Table 195 

S2). The particle uptake decreased clearly in 2020. Indeed, the number of particles measured in C. 196 

fluminea ranged from 0 to 0.5 particles/individual, in D. polymorpha from 0 to 0.03 197 

particles/individual, while in U. elongatulus from 0 to 0.13 particles/individual. In 2021 the 198 

accumulation raised to values similar to those measured in 2019, ranging in C. fluminea from 0 to 199 

6 particles/individual, in D. polymorpha from 0.07 to 0.77 particles/individual and in U. elongatulus 200 

from 0.4 to 2.2 particles/individual (Table S2).  201 
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The temporal trend in the uptake is shown in Figure 4. A significant difference in the extent of 202 

particle accumulation/individual among different years was observed in D. polymorpha (ANOVA: 203 

p = 0.0002 F2,19  = 14.37) and in U. elongatulus (ANOVA: p = 0.00102  F2,19  = 13.67). A similar 204 

temporal profile of uptake was observed also in C. fluminea, albeit not statistically significant (T 205 

test: p = 1.681 df 6.066). 206 

 207 

 208 

Fig. 4. Particles identified in the three bivalve species collected in the Lake Maggiore in 2019, 2020 and 2021. Asterisk 209 
indicates statistically significant differences in particles accumulation among different years in each species p≤ 0.05 210 
(ANOVA followed by Tuckey post-hoc test; for C. fluminea only 2020 and 221 were compared).  211 
  212 

The percentage of plastic particles with respect to natural ones was quite similar in the three species 213 

in 2019 and 2021, whereas the percentage of plastics was higher and more variable among species 214 

in 2020 (Table 1). 215 

Regarding the qualitative characterization of the observed plastics (Fig. 5), the size was defined 216 

according to the classification recommended by Hartmann et al. (2019): macroplastics (≥ 1 cm), 217 

mesoplastics (from 1 mm to 10 mm), MPs (from 1 µm to 1 mm) and NPs (< 1 µm). In all the three 218 

years, the largest fraction corresponded to microplastics, ranging from 67 to 78 %, while the 219 

remnants were mesoplastics. As for the shape, in 2019 and 2021 most of the plastics observed were 220 
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made of fibers, accounting for 100 % and 97 % in the two years, respectively, whereas 67 % was 221 

represented by fragments and 33 % by fibers in 2020. The polymer composition of the plastics found 222 

was in line with the shape, in fact in 2019 and 2021 the most abundant polymers were polyester 223 

(PEST), presented a percentage of 67 and 70 % in the two years, respectively, and polyacrylate 224 

(PAK) with a percentage of 25 and 20 % in the two years, respectively. Furthermore, polyamide 225 

(PA) was identified in 8 % in 2019, while in 2021 the 3 % of plastics was made up of PA, 226 

polypropylene (PP) and polystyrene (PS). In 2020, the percentage of PEST reached 56 %, PA and 227 

PP accounted for 11 % and only in this year were identified plastics made of polyethylene (PE), 228 

accounting for 22 % of the total. The color also showed similarities between 2019 and 2020, where 229 

black and transparent were the predominant colors, followed by blue and red (Fig. 5). Conversely, 230 

the most found color in 2020 was orange (33 %), followed by red and transparent (22 %) and to a 231 

lesser extent black and purple (11 %). 232 

      233 

Fig. 5. Size, shape, polymer composition and color of plastics identified in the three species in 2019, 2020 and 2021. 234 

The percentage is shown together with the number of items considered, showed in brackets. 235 

 236 

4. Discussion 237 
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The objective of this study was to improve the current knowledge regarding the contamination by 238 

plastics and non-synthetic particles in the biota of lentic environments. Bivalves were chosen as 239 

sentinel species, given their ecological role within freshwater ecosystems, as well as their global 240 

vulnerability to anthropogenic and environmental pressures (Zieritz et al., 2022).  241 

Our first aim was to evaluate potential species-specific differences in particle accumulation. Despite 242 

the extremely wide variability range in number and size of ingested particles, D. polymorpha 243 

appears to accumulate fewer particles and of smaller size compared to the other two species. Filter-244 

feeding bivalves are selective feeders, and a given species will only filter and remove particulate 245 

matter of an appropriate size which is dependent on the size of the species and on the structure of 246 

its filtration apparatus. Therefore, differences in size (5-22 mm for D. polymorpha, 5-35 mm for C. 247 

fluminea, 42-81 mm for U. elongatulus) can justify the observed differences in accumulation. The 248 

variability in the accumulation capacity can be also justified by the different filtration rates: up to 4 249 

L/ind/h in C. fluminea, up to 8 L/ind/h in U. elongatulus (Riccardi personal communication) and up 250 

to 0.5 L/ind/h in D. polymorpha (Binelli et al., 2014). Also, different habitat preferences can be 251 

expected to influence the uptake: while D. polymorpha use byssal threads to attach to hard 252 

substrates, C. fluminea and U. elongatulus live buried in sediments, and therefore, besides particles 253 

filtered from the water column, these species can ingest also particles resuspended from sediments. 254 

Corbicula further differs from Unio in its tendency to be more sunken in the sediment and in its 255 

pedal feeding capability (Hakenkamp and Palmer, 1999). 256 

Overall, our results showed a low level of plastic contamination for all the three species regardless 257 

of the sampling site. The combined data of the three years for all species did not show significant 258 

differences in the levels of particle accumulation for the 8 sampling sites. This result suggests that 259 

organisms living close to more urbanized sites were not subjected to higher particle contamination.  260 

This result seems to confirm the plastic load measured in the surface waters of the lake in previous 261 

studies, which ranged from 39,000 plastics km-2 to 100,036 plastics km-2, corresponding to 0.039 262 

plastics/m2-0.1 plastics/m2, respectively (Sighicelli et al., 2018; Binelli et al., 2020). Our recent data 263 
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on the surface waters of the Lake Maggiore measured in 2022 reported about 0.4 particles/m3 (data 264 

non shown) therefore, based on the filtration rates reported above, U. elongatulus would assume a 265 

mean of 0.08 particles per day, C. fluminea 0.04 particles per day and D. polymorpha 0.005 particles 266 

per day. The occurrence of particles in mussels from the Lake Maggiore measured in the present 267 

study is in line with what has been reported by similar studies carried out in other lakes worldwide. 268 

A monitoring using the freshwater mussel Lasmigona costata collected in the Grand River 269 

Watershed, Canada, reported up to 7 MPs/individual (Wardlaw and Prosser, 2020). A very low 270 

number of MPs has been reported in Unio pictorum sampled downstream of a sewage treatment 271 

plant (Domogalla-Urbansky et al., 2019). In another monitoring study carried out on Lake Iseo, 272 

Northern Italy, D. polymorpha was used as bioindicator species and the items/individual ranged 273 

from 0.07 to 0.23 (Pastorino et al., 2021). The same species was also used in a monitoring of plastic 274 

contamination in some Danish Lakes and a very low accumulation (0.067 particles/10 individuals) 275 

has been reported (Kallenbach et al., 2022). Up to 1 MP/individual has been measured in the soft 276 

tissue of D. polymorpha from Turkish lakes (Gedik and Atasaral, 2022). A similarly low level of 277 

particle uptake (0.6 ± 1.3 s.e. particles/individuals) has been reported for this species after 60 days 278 

translocation in the Milwakee River, USA (Hoellein et al., 2021). It should be noted that, although 279 

the analytical procedure through μFT-IR analysis is one of the most sensitive methods for the 280 

characterization of such contamination, it does not allow to characterize the particles below 10 μm 281 

of size, thus providing a possible underestimation of the actual load of smallest particles inside the 282 

organisms. 283 

Unlike chemical pollutants, the analysis of particle content in mussel soft tissues provides only a 284 

snapshot of items that are passing through the organism, and not of the material actually retained 285 

and accumulated over time. Indeed, despite the high filtration rate and efficiency to capture 286 

suspended particles of these organisms (Ringwood et al., 2021), anthropogenic particles seem to 287 

have a very low residence time in bivalves (hours to days), since these organisms are able to activate 288 

mechanisms of excretion and ejection through faeces and pseudofaeces (Ward et al., 2019a). In 289 
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particular, bivalves are able to make a selection based on the chemical and physical features of the 290 

particles (i.e., shape, dimension, surface charge), being able to distinguish between high quality 291 

material, which will be internalized and poor debris, that will undergo rapid ejection through 292 

pseudofaeces (Ward et al., 2019b; Magni et al., 2020). Therefore, this might entail an 293 

underestimation of the effective environmental load of anthropogenic debris in the water system 294 

that are bioavailable and can interact with biota. However, the description of these processes has 295 

been carried out only on a limited number of species, mainly marine (Rosa et al., 2018 and citations 296 

therein). It is therefore fundamental to obtain more information to clarify species-specific 297 

mechanisms of uptake-distribution and extrusion/excretion of particles in bivalves, focusing 298 

especially on microfibers, which represent the majority of anthropogenic particles identified in 299 

aquatic organisms.  300 

Despite the low levels detected in organisms, our results showed that bivalves can suffer the possible 301 

adverse effects of plastics and non-synthetic particles. This could interfere with the ecological 302 

functions provided by bivalves such as nutrient cycles, bioturbation and water filtering (Green et 303 

al., 2016; Christoforou et al., 2020; Pedersen et al., 2020). On the other hand, plastic incorporation 304 

into biodeposits generated by bivalves might modify the environmental fate and partitioning of 305 

particles in the aquatic environment (Van Colen et al., 2021). This might affect the integrity of 306 

freshwater ecosystems and the ecosystem services provided by bivalves. In this perspective, future 307 

investigations focusing on the potential impact of anthropogenic particles on the bivalve ecological 308 

functions are warranted, to achieve a broader evaluation of the environmental risk related to the 309 

presence of these contaminants in the aquatic ecosystems. 310 

A further aim of our study was to evaluate if the extent of particle accumulation could change on a 311 

multi-year basis. The temporal trend of the particle levels in all the three species showed a clear 312 

decrease of particle loads of about ten-fold in 2020 with respect to 2019 and 2021. The sampling of 313 

organisms in 2020 took place immediately after a very strict lockdown imposed in Italy to contain 314 

the spread of SARS-CoV-2 pandemic. From March 2020 until May 2020, most of the population 315 
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has been banned from traveling, ferry trips across the lake have been reduced and recreational 316 

boating has been forbidden. Industrial anthropogenic activities have also undergone a reduction. 317 

These limitations have reduced the anthropic load on Lake Maggiore which is located in a highly 318 

anthropized and touristic area. A recent study showed an increase of anthropogenic pressure on the 319 

lake during weekend and summer season, likely related to tourism and recreational activities 320 

(Vavassori et al., 2022). Since a positive correlation between MP contamination and population 321 

density has been documented (Yonkos et al., 2014; Eerkes_Medrano et al., 2015; Lebreton et al., 322 

2017), we can assume that the abatement of the load of particles to the lake was caused by the 323 

anthropopause due to the lockdown. In fact, tourist presences decreased during 2020 by 53-57% in 324 

the Italian basin and by 59% in the Swiss basin (Istituto di Ricerche Economiche – Osservatorio del 325 

Turismo 2020; Osservatorio delò Turismo Verbano Cusio Ossola 2020; Bregonzo, 2020; Cavedo, 326 

2021). However, the effects of the lockdown were transient and short-lived as particle levels in 2021 327 

recovered to values similar to 2019. Anthropogenic particles can reach the lentic environments 328 

through riverine transport, urban and agricultural runoff, wastewaters, and atmospheric deposition 329 

(Dusaucy et al., 2021). Therefore, since the lake has a large catchment area (6,599 km2) and several 330 

tributaries, it must be considered that other factors such as the fluctuations of the meteorological 331 

and hydrological conditions may have influenced the levels of contamination. Indeed, heavy annual 332 

fluctuations in the levels of plastics have been detected in the lake in previous years: 39,000 333 

plastics/km2 in 2016 (Sighicelli et al., 2018) against 100,036 plastics/km2 in 2018 (Binelli et al., 334 

2020). To confirm the impact of the SARS-CoV-2 pandemic restrictions on the levels of MP 335 

contamination, data on their water concentrations would be needed, and, possibly, in a long-term 336 

time interval to verify if 2020 levels represented actually an anomaly or whether such kind of 337 

fluctuations can occur under normal conditions.  338 

Finally, the qualitative characterization of the particles highlighted that most of the plastics taken 339 

up by the organisms are MPs of secondary origin, linked to the fragmentation of woven clothes 340 

because most of them are made up of fibers of textile origin, both made of synthetic polymers such 341 
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as PEST, PA and PAK. The input of anthropogenic fibers into aquatic systems is currently huge and 342 

mainly linked to wastewater treatment plants and household wastes (Gavigan et al., 2020). The 343 

evidence concerning the uptake of microfibers in aquatic organisms showed that it is necessary to 344 

increase current knowledge on the ecotoxicity of this specific MP shape, which is currently 345 

understudied with respect to pellets and fragments.  346 

The different fingerprint of plastic contamination corroborates the hypothesis that SARS-CoV-2 347 

pandemic may have influenced the plastic contamination of the lake, as already indicated by the 348 

evidence of a recent monitoring study carried out on some watercourses of Milan (Northern Italy, 349 

Binelli et al., 2022). In particular, PE fragments were detected only in 2019, while PAK fibers were 350 

identified in 2019 and 2021, but not in 2020. On the contrary, PP was detected only starting from 351 

2020. This polymer is one of the main constituents of face masks, since PP-based microfibers are 352 

non-allergenic and hydrophobic (Czigány and Ronkay, 2020; Rathinamoorthy and Balasaraswathi, 353 

2022). The massive use during the pandemic and thereafter throughout 2021 likely contributed to 354 

the introduction of PP microfibers into the lake. Indeed, if unproperly disposed, such litters can 355 

persist in the environment, potentially fragmenting into MPs thus representing a source of plastic 356 

contamination for aquatic ecosystems (Allison et al., 2020). 357 

The plastics that are most detected through the analysis of surface water and sediments in lakes are 358 

fibers and fragments of  PS and PP (Dusaucy et al., 2021). At the surface water level, these types of 359 

low-density polymers tend to remain floating and available for pelagic organisms, while the biota 360 

residing in the benthic compartment has greater availability of particles with higher density (Paul-361 

Pont et al., 2018). Moreover, once in the environment, anthropic particles undergo a series of 362 

environmental modifications such as weathering and (bio)fouling, that influence the fate and 363 

bioavailability of plastics (Galloway et al., 2017). Finally, physical chemical properties of particles 364 

emerged as a key factor that influence the uptake/release by bivalves (Ward et al., 2019 a; b). For 365 

instance, PEST fibers were more prone to be accumulated by C. fluminea with respect to other 366 

microfibers under laboratory conditions (Li ei al., 2019b).  367 
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As final remark, we can point out that the choice of the environmental matrix to be monitored for 368 

plastic contamination is based on the information to be obtained, since while water and sediments 369 

allow the evaluation of the water system pollution, the identification and characterization of plastics 370 

present in the organisms instead allows to highlight the different bioavailability of these physical 371 

contaminants and the possibility of their transport along the food web. 372 

 373 

5. Conclusions  374 

Our study provided first comparison in the contamination levels by plastics and non-synthetic 375 

particles in native and invasive species of bivalve mollusks. Results pointed out that particles 376 

released in the water ecosystems can be taken up by bivalves and might impacts on the ecological 377 

functions provided by these organisms. Microfibers represent the anthropogenic particles mostly 378 

ingested by bivalves and more studies are warranted to increase knowledge on their toxicity on 379 

aquatic organisms. The load of particles measured in bivalve soft tissues seems in line with the 380 

levels observed in other studies and indicates the absence of point-source release of particles in the 381 

lake. The transient reduction in the amount of particles detected in all species in 2020 might be 382 

related to the restrictions to counteract the spread of SARS-CoV-2 pandemic that may have reduced 383 

temporarily the release of anthropogenic particles in Lake Maggiore, but other environmental 384 

factors might be responsible of such decline. On the contrary, the widespread use of medical mask 385 

and their improper dispersion can generate a long-term impact on the quantity/quality of particles 386 

load to aquatic environments. Our study underlines the need to increase the current knowledge on 387 

the presence of anthropogenic particles in freshwater ecosystems, as well as to improve the 388 

understanding of the mechanisms of uptake and clearance of these contaminants by filter-feeding 389 

organisms and their adverse consequences in realistic environmental conditions.   390 
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Çıldır Lake, Almus Dam Lake, and Kartalkaya Dam Lake. Turk. J. Zool., 46, 397-408.  461 

Gregory, M.R., 2009. Environmental implications of plastic debris in marine settings—entanglement, 462 
ingestion, smothering, hangers-on, hitch-hiking and alien invasions. Phil. Trans. R. Soc. B., 364, 2013–463 
2025.  464 

Green, D.S., Boots, B., O’Connor, N.E., Thompson, R., 2017. Microplastics Affect the Ecological 465 
Functioning of an Important Biogenic Habitat. Environ. Sci. Technol. 51, 68-77.  466 

Guzzella, L.M., Novati, S., Casatta, N., Roscioli, C., Valsecchi, L., Binelli, A., Parolini, M., Solca, N., 467 
Bettinetti, R., Manca, M., Mazzoni, M., Piscia, R., Volta, P., Marchetto, A., Lami, A., Marziali, L., 468 
2018. Spatial and temporal trends of target organic and inorganic micropollutants in Lake Maggiore and 469 
Lake Lugano (Italian-Swiss water bodies): contamination in sediments and biota. Hydrobiologia 824, 470 
271-290. 471 

Hakenkamp, C.C., Palmer, M.A., 1999. Introduced bivalves in freshwater ecosystems: the impact of 472 
Corbicula on organic matter dynamics in a sandy stream. Oecologia 119, 445-451. 473 

Hartmann, N.B., Huffer, T., Thompson, R.C., Hasselov, M., Verschoor, A., Daugaard, A.E., Rist, S., 474 
Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, N.P., Lusher, A.L., Wagner, 475 
M., 2019. Are we speaking the same language? Recommendations for a definition and categorization 476 
framework for plastic debris. Environmental Science & Technology, 53: 1039-10. 477 

Hoellein, T., Rovegno, C., Uhrin, A.V., Johnson, E., Herring, C., 2021. Microplastics in Invasive Freshwater 478 
Mussels (Dreissena sp.): Spatiotemporal Variation and Occurrence With Chemical Contaminants. Front. 479 
Mar. Sci. 8, 690401.  480 

Ilarri, M.I., Freitas, F., Costa-Dias, S., Antunes, C., Guilhermino, L., Sousa, R. 2012. Associated 481 
macrozoobenthos with the invasive Asian clam Corbicula fluminea. J. Sea Res. 72, 113–120.  482 

Istituto di Ricerche Economiche - IRE Osservatorio del Turismo - O-Tur. 2020. Turismo alberghiero OTR 483 
Lago Maggiore e Valli. 484 

 http://www.otur.usi.ch/sites/www.otur.usi.ch/files/uploads/otur_info_lmv_2020.pdfKallenbach, 485 
E.M.F., Friberg, N., Lusher, A., Jacobsen, D., Hurley, R.R., 2022. Anthropogenically impacted lake 486 
catchments in Denmark reveal low microplastic pollution. Environ. Sci. Pollut. Res. 29, 47726–47739.  487 

Kolandhasamy, P., Su, L., Li, J., Qu, X., Jabeen, K., Shi, H., 2018. Adherence of micro- plastics to soft tissue 488 
of mussels: a novel way to uptake microplastics beyond inges- tion. Sci. Total Environ. 610–611, 635–489 
640.  490 

Lebreton, L., van der Zwet, J., Damsteeg, JW., Slat, B., Andrady, A., Reisser, J., 2017. River plastic 491 
emissions to the world’s oceans. Nat Commun. 8, 15611.  492 

Li, Q., Sun, C., Wang, Y., Cai, H., Li, L., Li, J., Shi, H., 2019a. Fusion of microplastics into the mussel 493 
byssus. Environ. Pollut. 252, 420-426. 494 

Li, L., Su, L., Cai, H., Rochman, C.H., Li, Q., Kolandhasamy, P., Peng, J., Shi, H. 2019b.The uptake of 495 
microfibers by freshwater Asian clams (Corbicula fluminea) varies based upon physicochemical 496 
properties. Chemosphere 221, 1.7-114. 497 

Jo
urn

al 
Pre-

pro
of

http://www.otur.usi.ch/sites/www.otur.usi.ch/files/uploads/otur_info_lmv_2020.pdf


20 
 

Lopes-Lima, M., Burlakova, L. E., Karatayev, A. Y., Mehler, K., Seddon, M., & Sousa, R. (2018). 498 
Conservation of freshwater bivalves at the global scale: Diversity, threats and research needs. 499 
Hydrobiologia, 810, 1–14. 500 

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the gastrointestinal tract 501 
of pelagic and demersal fish from the English Channel. Mar. Pollut. Bull. 67, 94–99.  502 

Magni, S., Bonasoro, F., Della Torre, C., Parenti, C. C., Maggioni, D., Binelli, A., 2020. Plastics and 503 
biodegradable plastics: ecotoxicity comparison between polyvinylchloride and Mater-Bi® micro-debris in 504 
a freshwater biological model. Sci. Total Environ. 720, 137602. 505 

Magni, S., Gagné, F., André, C., Della Torre, C., Auclair, J., Hanana, H., Parenti, C.C., Bonasoro, F., Binelli, 506 
A., 2018. Evaluation of uptake and chronic toxicity of virgin polystyrene microbeads in freshwater zebra 507 
mussel Dreissena polymorpha (Mollusca: Bivalvia). Sci. Total Environ., 631-632, 778-788. 508 

Magni, S., Della Torre, C., Nigro, L., Binelli, A., 2022. Can COVID-19 pandemic change plastic 509 
contamination? The Case study of seven watercourses in the metropolitan city of Milan (N. Italy). Sci. 510 
Total Environ. 831, 154923.  511 

Magni, S., Nigro, L., Della Torre, C., Binelli, A., 2021. Characterization of plastics and their ecotoxicological 512 
effects in the Lambro River (N. Italy). J. Hazard. Mat. 412, 125204. 513 

Martyniuk V. V., 2022. Accumulation of microplastics in the bivalve mollusc unio tumidus under 514 
experimental and field exposures. Biol. Stud. 16: 33–44  DOI: https://doi.org/10.30970/sbi.1604.694 515 

Miller, E., Klasios, N., Lin, D., Sedlak, M., Sutton, R., Rochman, C. 2019. Microparticles, Microplastics, 516 
and PAHs in Bivalves in San Francisco Bay. SFEI Contribution No. 976. San Francisco Estuary Institute, 517 
Richmond, CA. 518 

Moreschi A.C., Callil C.T., Christo SW., Ferreira Junior A.L., Nardes C., de Faria É., Girard P., 2020. 519 
Filtration, assimilation and elimination of microplastics by freshwater bivalves. Case Studies in Chemical 520 
and Environmental Engineering, 2, 100053. doi:10.1016/j. cscee.2020.100053 521 

Multisanti C.R., Merola C., Perugini M., Alijko V., Faggio C., 2022. Sentinel species selection for monitoring 522 
microplastic pollution: A review on one health approach. Ecological Indicators 145, 109587 523 

Muraro, C., Vaccari, l., Casotti, R., Corsi, I., Palumbo, A., 2022. Occurrence of microfibres in wild specimens 524 
of adult sea urchin Paracentrotus lividus (Lamarck, 1816) from a coastal area of the central Mediterranean 525 
Sea. Mar. Pollut. Bull. 176, 113448.  526 

Negrete Velasco, A.d.J.; Rard, L.; Blois, W.; Lebrun, D.; Lebrun, F.; Pothe, F.; Stoll, S., 2020. Microplastic 527 
and Fibre Contamination in a Remote Mountain Lake in Switzerland. Water 12, 2410.  528 

Nelms, S.E., Galloway, T.S., Godley, B.J., Jarvis, D.S., Lindeque, P.K. 2018. Investigating microplastic 529 
trophic transfer in marine top predators, Environ. Pollut. 238, 999-1007. 530 

Osservatorio del Turismo. Rapporto sull’andamento della stagione turistica anno 2020. Prov. del Verbano 531 
Cusio Ossola. https://www.provincia.verbano-cusio-ossola.it/media/138644/1-532 
flussi_web_datidefinitivi2020.pdf 533 

Pastorino, P., Prearo, M., Anselmi, S., Menconi, V., Bertoli, M., Dondo, A., Pizzul, E., Renzi, M., 2021. Use 534 
of the Zebra Mussel Dreissena polymorpha (Mollusca, Bivalvia) as a Bioindicator of Microplastics 535 
Pollution in Freshwater Ecosystems: A Case Study from Lake Iseo (North Italy). Water, 13, 434.  536 

Paul-Pont, I., Tallec, K., Gonzalez-Fernandez, C., Lambert, C., Vincent, D., Mazurais, D., Zambonino-537 
Infante, J-L., Brotons, G., Lagarde, F., Fabioux, C., Soudant, P., Huvet, A., 2018. Constraints and 538 
Priorities for Conducting Experimental Exposures of Marine Organisms to Microplastics. Front. Mar. Sci. 539 
5, 252. 540 

Pedersen, A.F., Gopalakrishnan, K., Boegehold, A.G., Peraino, N.J., Westrick, J.A., Kashian, D.R., 2020. 541 
    Microplastic ingestion by quagga mussels, Dreissena bugensis, and its effects on physiological processes, 542 
    Environ. Pollut., 260, 113964. 543 
PlasticsEurope, 2021. http://www.plasticseurope.org 544 
Prié V., Puillandre, N., 2014. Molecular phylogeny, taxonomy, and distribution of French Unio species 545 

(Bivalvia, Unionidae). Hydrobiologia 735,95–110.  546 
Rathinamoorthy, R., Balasaraswathi, S.R., 2022. Impact of coronavirus pandemic litters on microfiber 547 

pollution—effect of personal protective equipment and disposable face masks. Int. J. Environ. Sci. 548 
Technol.  549 

Remy, F., Collard, F., Gilbert, B., Compère, P., Eppe, G., Lepoint, G., 2015. When Microplastic Is Not 550 
Plastic: The Ingestion of Artificial Cellulose Fibers by Macrofauna Living in Seagrass 551 
Macrophytodetritus. Environ. Sci. Technol.  49, 11158-11166. 552 

Jo
urn

al 
Pre-

pro
of



21 
 

Ringwood, A.H., 2021. Bivalves as biological sieves: bioreactivity pathways of microplastics and 553 
nanoplastics. Biol. Bull. 241, 185-195. 554 

Rosa, M., Ward, J.E., Shumway, S.E., 2018. Selective Capture and Ingestion of Particles by Suspension-555 
Feeding Bivalve Molluscs: A Review. J. Shell. Res., 37, 727–746. 556 

Sighicelli, M., Pietrelli, L., Lecce, F., Iannilli, V., Falconieri, M., Coscia, L., Di Vito, S., Nuglio, S., Zampetti, 557 
G., 2018. Microplastic pollution in the surface waters of Italian Subalpine Lakes. Environ. Pollut. 236, 558 
645–651.  559 

Sousa, R., Antunes, C., Guilhermino, L., 2008. Ecology of the invasive Asian clam Corbicula fluminea 560 
(Müller, 1774) in aquatic ecosystems: An overview. Ann. Limnol. – Int. J. Limnol. 44, 85– 94. 561 

Sousa, R, Novais, A., Costa, R., Strayer, D. L., 2014. Invasive bivalves in fresh waters: impacts from 562 
individuals to ecosystems and possible control strategies. Hydrobiologia 735, 233–251. 563 

Strayer, D.L., 2009. Twenty years of zebra mussels: lessons from the mollusk that made headlines. Front. 564 
Ecol. Environ. 7,135–141. 565 

Su, L., Cai, H., Kolandhasamy, P., Wu, C., Rochman, M. C., Shi, H., 2018. Using the Asian clam as an 566 
indicator of microplastic pollution in freshwater ecosystems. Environ. Pollut., 234, 347-355. 567 

 Van Colen, C., Moereels, L., Vanhove, B., Vrielinck, H., Moens, T., 2021.  The biological plastic pump: 568 
Evidence from a local case study using blue mussel and infaunal benthic communities, Environ. Pollut. 569 
274, 115825. 570 

Vavassori, A., Oxoli, D., Brovelli, M.A., 2022. Population Space–Time Patterns Analysis and Anthropic 571 
Pressure Assessment on the Insubric Lakes Using User-Generated Geodata. ISPRS Int. J.Geo-Inf. 11,206.  572 

Wang R., Hongli M., Xiaozhi L., Hui Z., Bing L., Jiangyong W., Muhammad J., Jun W. 2021. Microplastics 573 
in Mollusks: Research Progress, Current Contamination Status, Analysis Approaches, and Future 574 
Perspectives . Frontiers in Marine Science, 8, DOI=10.3389/fmars.2021.759919     575 

Ward J.E., Zhao S., Holohan B. A., Mladinich K. M., Griffin T. W., Wozniak J., et al. 2019a. Selective 576 
Ingestion and Egestion of Plastic Particles by the Blue Mussel (Mytilus edulis) and Eastern Oyster 577 
(Crassostrea virginica): Implications for Using Bivalves as Bioindicators of Microplastic Pollution. 578 
Environ. Sci. Technol., 53, 8776–8784. 579 

Ward, J.E., Rosa, M., Shumway, S., 2019b. Capture, ingestion, and egestion of microplastics by suspension-580 
feeding bivalves: a 40-year history. Anthropocene Coasts 2, 39–49.  581 

Wardlaw, C.,  Prosser, R.S., 2020. Investigation of microplastics in freshwater mussels (Lasmigona costata) 582 
from the Grand River watershed in Ontario, Canada. Wat. Air Soil Pollut. 231, 405. 583 

Yonkos, L.T., Friedel, E.A., Perez-Reyes, A.C., Ghosal, S., Arthur C.D., 2014. Microplastics in Four 584 
Estuarine Rivers in the Chesapeake Bay, U.S.A. Environ. Sci. Technol.  48, 14195-14202. 585 

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the "plastisphere": microbial communities on 586 
plastic marine debris. Environ Sci Technol. 2, 7137-7146. 587 

 Zhao, S., Ward J.E., Danley M., Mincer, T.J., 2018 Field-Based Evidence for Microplastic in Marine 588 
Aggregates and Mussels: Implications for Trophic Transfer. Environ. Sci. Technol., 52 (19), pp 11038–589 
11048, DOI: 10.1021/acs.est.8b03467. 590 

Zieritz, A., Sousa, R., Aldridge, D.C., Douda, K., Esteves, E., Ferreira-Rodríguez, N., Mageroy, J.H., Nizzoli, 591 
D., Osterling, M., Reis, J., Riccardi, N., Daill, D., Gumpinger, C. and Vaz, A.S., 2022. A global synthesis 592 
of ecosystem services provided and disrupted by freshwater bivalve molluscs. Biol Rev, 97, 1967-1998.  593 

 594 

 595 

 596 

 597 

Jo
urn

al 
Pre-

pro
of



Highlights 

 

Pollution by plastics and non-synthetic particles in freshwater bivalves  

Microfibers represent the anthropogenic particles mostly ingested by bivalves 

Low accumulation of particles for all the three species regardless the sampling site 

Transient reduction of particles accumulation during lock-down for SARS-covid19  
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