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Abstract: The monitoring of microplastics pollution in freshwater environments trails behind its prac-
tice in marine ecosystems. We evaluated the use of the invasive zebra mussel (Dreissena polymorpha)
as a potential bioindicator of microplastic litter in freshwater lakes. Samples were collected from three
sites (Lovere, Costa Volpino, Castro) at the northern end of Lake Iseo (one of the major subalpine
lakes in north Italy) and compared for water physicochemical parameters, biometrical features of
zebra mussels, and microplastics items/specimens (color, shape, size, and chemical composition). We
hypothesized that since a wastewater treatment plant (WWTP) on the Oglio River discharges into this
area of the lake, the microplastics in D. polymorpha could be measured and compared in samples from
the three sites at different distances from the WWTP. There was no difference in the physicochemical
water parameters and biometric features between the samples from the three sites, whereas there was
a significant difference in items/specimen between the sites in decreasing order (mean± standard de-
viation): Costa Volpino (0.23 ± 0.43) > Lovere (0.07 ± 0.25) > Castro (0.03 ± 0.18). The chi-square test
showed a significant difference in shape, color, and chemical composition frequency in the samples
from the three sites. The chemical composition of the microplastics was polyethylene terephthalate
(45%), nylon (20%), polypropylene (20%), polyamide resin (10%), and polyvinyl chloride (5%). Our
data show that the amount of microplastics the zebra mussel accumulated was greater the closer the
sampling site to the WWTP. Our findings suggest that the zebra mussel may provide a useful tool to
monitor microplastics pollution in lakes.

Keywords: environmental monitoring; freshwater ecosystems; polyethylene terephthalate; nylon;
wastewater treatment plant

1. Introduction

Environment microplastics pollution is ubiquitous in water, soil, and organisms [1].
Microplastics (<5 mm) can be of primary origin when derived from intentionally produced
synthetic materials, such as raw materials for industry or abrasive components in the
chemical or cosmetics industry [2]. Differently, microplastics of secondary origin derive
from plastics of larger dimension (macroplastics) dispersed in the environment and their
subsequent fragmentation by atmospheric agents, mechanical erosion, UV radiation, or
biological degradation [3].

Environmental plastics pollution of marine ecosystems has been documented since
the 1970s [4]. For many years, attention was largely focused on the possible physical effects
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of macroplastics (>5 mm), for example, obstruction of the respiratory or the digestive tract
of aquatic fauna [5], while research into the possible environmental effects of microplastics
is fairly recent by comparison [6]. Surprisingly, even in countries with advanced environ-
mental protection technologies, microplastics concentrations were found to be similar for
freshwater and marine environments [7]. Monitoring the effects of microplastics pollution
differs from macroplastics because of accumulation phenomena by which they can be
more easily transmitted through the trophic chain, both directly and indirectly [8]. Other
negative effects may depend on numerous variables, such as chemical composition and
particle size, characteristics that become relevant for other undesirable properties such as
the absorption potential of other pollutants (i.e., persistent organic contaminants) [9].

Assessment of contaminants in aquatic ecosystems can be carried out with the use of
bioindicator organisms in which biological and biochemical parameters are evaluated over
time (biomonitoring) [10]. Sessile species are particularly useful for environmental moni-
toring [11]. For example, marine bivalve mollusks are sensitive bioindicators of aquatic
ecosystem pollution [12]. In addition, freshwater bivalves can be used in biomonitoring:
They are adequate in size, mostly sessile, long-lived, widely distributed, and available in
large quantities [13]. Owing to their ability to accumulate measurable quantities of pollu-
tants, bivalve mollusks are often chosen as environmental signalers (indicator or sentinel
organisms) [14]. Among the bivalves, the invasive zebra mussel (Dreissena polymorpha),
also present in subalpine lakes in Italy, can be considered as a freshwater biological model
to assess the effect of microplastics [15].

It has always aroused interest among scientists as it maintains neotenic features
(byssus and planktonic larval stage) that ensure its ability to easily penetrate aquatic ecosys-
tems and form colonies that infest water pumps, ducts, canal walls, and bottoms [16]. It can
also alter the ecology of an aquatic system by rapidly establishing large populations that,
due to the increased filtration, can alter the flow of energy through the food chain [17]. This
stationary filter feeder can concentrate contaminants even if present at low concentration
in an environment [18]. As a filter feeder, it pumps large volumes of water, concentrating
many xenobiotics in its tissues, microplastics included [15,19]. These substances can then
be propagated and amplified through the food chain [20].

In Italy, Dreissena polymorpha was introduced in Lake Garda in the early 1970s probably
by adult specimens attached to the hull of a boat from central Europe [21]. The species
is also widely found in nearby Lake Iseo, where it has been reported since 1990, though
it very likely arrived a decade earlier [22]. Lake Iseo is of glacial origin and is fed by
the Oglio River, which enters the lake at the town of Costa Volpino (northern end of the
lake). Located in the area is a wastewater treatment plant (WWTP) that discharges the
treated wastewater (industrial and municipal) into the lake, resulting in chronic sewage
and microplastics pollution [23]. Our hypothesis was that since the water from the WWTP
is discharged into the northern end of the lake, the microplastics in D. polymorpha could
be measured. In this study, we measured and compared the microplastics levels in D.
polymorpha sampled from sites at different distances from the WWTP to determine whether
it can be used as a bioindicator of microplastics pollution in a lake.

2. Materials and Methods
2.1. Study Area

Lake Iseo stretches in a pre-Alpine furrow between the geographical provinces of Berg-
amo and Brescia. Furthermore, known by the name of Sebino, Lake Iseo (60.69 km2 in area,
maximum depth 251 m, average depth 123 m) is a holo-oligomictic lake with a theoretical
turnover time of 4.19 years. Lake Iseo, together with the four other deep subalpine lakes
(Maggiore, Lugano, Como, Garda), holds about 80% of the country’s total freshwater. It is
an important water resource for the densely populated and highly industrialized region of
Lombardy. Besides its importance for the industry, agriculture, and animal breeding, Lake
Iseo is also of particular naturalistic and recreational attraction. Environmental degradation
phenomena are the eutrophication caused by the inflow of excessive nutrients from the
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catchment area [24], the blooms of potentially toxic cyanobacteria [25], climate change [26],
and contamination by organic pollutants and microplastics [23].

For this study, three sampling sites at the northern end of the lake were selected,
where the area is affected by the wastewater discharged from the WWTP located near the
mouth of the Oglio River, the lake’s main tributary (Figure 1): Site 1 (Lovere; 45◦48′31.8′′ N
10◦04′10.9′′ E) on the left shore; site 2 (Costa Volpino; 45◦48′33.4′′ N 10◦05′51.2′′ E) near
the mouth of the Oglio River; site 3 (Castro; 45◦48′07.3′′ N 10◦04′00.0′′ E) on the left shore,
further away from the WWTP (Figure 1). These sites were selected since numerous mussels
are attached to shady surfaces (stones and steel boat ropes) in the marinas and/or along
the quaysides.
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(orange arrow: Flow direction).

2.2. Determination of Physicochemical Parameters of Water

Physicochemical water parameters at each site were measured on 15 July 2020, since
they can affect the filtration efficiency of zebra mussels [27]. Temperature (◦C), oxygen
concentration (mg L−1), pH, and conductivity (mS cm−1) were measured using probes
HI 9147 (oxygen), HI 9125 (pH and temperature), and HI 9033 (conductivity) (Hanna
Instruments Inc., Woonsocket, RI, USA). Three replicates were taken for each parameter.

2.3. Sampling and Biometric Analysis of Dreissena polymorpha

Zebra mussels (n = 60 per site) were also sampled on 15 July 2020 by hand at 1–2 m
depth on stones and boat ropes at the three sites. Only living individuals with no visible
signs of damage were collected. For each mussel, shell length (L), width (W), and height (H)
were measured to the nearest 0.01 mm using digital calipers while avoiding contamination.
The samples were placed in precleaned glass beakers, covered with aluminum foil, and
transported refrigerated (+4 ◦C) to the laboratory within a few hours after collection and
immediately frozen (−20 ◦C) whole (in their shell) until microplastic analysis [28].
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2.4. Microplastic Analysis

Frozen D. polimorpha specimens were sent in dry ice to Bioscience Research Center
(BsRC, Orbetello, Italy) to determine microplastic content. Samples (n = 60 per site) were
pooled and analyzed in replicates (n = 3, 20 animals per pool).

A total amount of about 5 g per sample replicate (n = 20) was added of a digestion
solution of H2O2:H2O (1:2 v/v; final H2O2 of 15%) in opportunely sized glass Becker to
allow the optimal digestion process. Criteria used in this study to the selection of the better
digestion method targeted the general criteria reported by recent literature [29]. The quan-
tity of digestion solution added was in a ratio 1:1 w/v in respect to the sample wet weight.
Glass Becker were digested in an ultrasonic bath for 50 min at 35 ◦C (40 KHtz; ArgoLab, DU
series) and observed to evaluate the occurrence of complete tissue digestion at the end of
the process and otherwise, the digestion was repeated until complete dissolution of tissue
at the end of this step. To ensure that the ultrasound extraction did not damage or fragment
the microplastics before analyses, we performed positive controls (n = 5) adding to the
extraction solution a known number of recognizable microplastic fragments and filaments
previously measured by microscopy. Any of the added microparticles resulted significantly
fragmented (p > 0.05; t-test comparing sizes of added marked microplastics with the size of
recovered ones) by the sonication stage under experimental condition applied in this study.
In the case of presence of residual coriaceous structures (i.e., shells and/or shell fragments),
these undigested solid fragments were collected by micro-tweezers and explored by stere-
omicroscopy to exclude the residual presence of microplastics. Extracts were collected by
vacuum filtration on Anodisc™ (GE Healthcare Ltd., Buckinghamshire, UK) to perform
chemical analyses. The Anodisc™ used in this study was 47 mm of diameter and 0.2 µm of
pore size; if organic digested colloids saturated filter pores, more Anodisc™ filters were
used for the same extract and lectures of each of them were added. Microplastic of interest
in this study were included in the range of size of 10–5000 µm; the minimum size of 10 µm
was chosen as limit of quantification (LOQ) based on the limit of detection of µFT-IR used
for chemical determinations on targeted particles. Anodisc™ size of pore was considered
satisfactory to retain microplastic particles of specific interest (range 10–5000 µm).

Collected samples were analyzed by microscopy associated with Fourier transform
infrared spectroscopy (µFT-IR Nicolet iN 10MX, Thermo Fischer Scientific® Waltham, MA,
USA Thermo Scientific) using a liquid nitrogen cooled MCT-A detector that operates in the
spectral range of 7800–1200 cm−1 by the transmission technique. Spectral matches acquired
on unknown particles were compared with the reference library (OMNIC™ Picta™, Thermo
Fisher Scientific Inc., Milan, Italy) software libraries integrated with libraries collected by
BsRC on reference materials); only spectral matches >90% were considered; Limit of Detection
of the chemical analysis is 10 µm of particle size. High value of threshold back recognition of
spectral matches was imposed to reduce the risk of false positive. For each particle, spectra
were collected at 10 different points to calculate the mean chemical spectrum associated
to the analyzed particle. Matches with libraries were performed on the mean spectrum
collected. The chemical identification of the microparticle was done, firstly, by the expert
operator who evaluated whether the average spectrum obtained from the analysis of
the unknown microparticle could be attributed without any doubts, to the recognition
performed by the software. Particles <90% before being considered as negative were
evaluated case by case by the operator who established, on the basis of the spectral trend
detected, whether the recorded match might be due to a false negative rather than an
actual negative. If a false negative was suspected, the operator took the microparticle and
performed a bland cleaning of the surface of the microparticle with ethyl alcohol or H2O2
and a new spectral acquisition. Alternatively, the operator considered using a different
support base for spectral acquisition operating in transmission mode (i.e., BaF2 instead of
AnodiscTM). At the end of the exposed acquisition process, false negatives were excluded,
and all positive matches resulted >90%. Particles <0.5–10 µm particles were not identified.
An example of µFT-IR analyses performed on tested samples is reported in Figure 2.
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Quality Assurance/Quality Control (QA/QC)

The general quality of the method adopted to determine microplastic used in this study
was optimized and/or checked according to guidelines reported in the recent literature [29,30].
In particular, following quality criteria reported by literature concerning sample treatments
and analyses, lab preparation, clean air conditions, negative/positive controls and polymer
ID, the total accumulated score obtained by this study was 10/10 [30].

Samples treatments were performed under air-controlled conditions to avoid airborne
microplastic pollution using a dedicated clean chamber equipped with HEPA-II filtration
to minimize microplastic pollution. Thoroughly rinsed glassware was used at each stage of
the process and both blanks and spiked samples were analyzed to evaluate the performance
of the whole process. Blanks were performed by using extraction solutions as samples
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(n = 5), because of results obtained on blanks (mean 0.004 ± 0.009 items/L, recovered items
was a white filament of polyethylene terephthalate-PET), data reported in this study were
not corrected by microplastics recorded in blanks because it was negligible. Spiked samples
were extracted to evaluate recovery. Pooled mollusk tissues were added with 0.14 items/g
of marked microplastics (polypropylene-PP 23–60 µm blue and PET 35–100 µm white;
n = 5) to evaluate recoveries (PP = 97.1 ± 7.8%; PET = 94.3 ± 6.4%).

QA&QC activities performed to ensure the general quality of the used method were
optimized just to ensure high performance of recovery within the range of size of specific
interest; particles below 0.2 µm, if present, were lost during the filtration step; nevertheless,
0.2 µm particle size was more than two orders of magnitude lower than µFT-IR LOQ and
this loss was considered unsignificant for the specific purposes of this study.

2.5. Statistical Analysis

The Kolmogorov–Smirnov test was performed to determine whether our dataset was
well-modeled by normal distribution. Since the null hypothesis for normal distribution
could not be rejected, differences in physicochemical parameters, biometric features (L,
W, H) and items/specimens were analyzed using the non-parametric Kruskal–Wallis
test, whereases difference in microplastic size among Costa Volpino and Lovere was
analyzed through Mann–Whitney U test, considering that only 2 items were found in Castro.
Dunn’s post-hoc test was used for multiple comparisons. Differences in microplastic shape,
type, and color between the three sampling sites were tested using the chi-square test.
Statistical significance was set at p-value < 0.05. All analyses were performed using RStudio
version 3.4.3.

3. Results and Discussion

The freshwater zebra mussel (D. polymorpha) has been widely used in laboratory
studies as a model to evaluate the exposure and the effects of microplastics on freshwater
organisms [15,31,32]. However, field studies have never been performed to date. This is
the first study to analyze the size, shape, color, and chemical composition of microplastics
in the invasive freshwater species D. polymorpha from Lake Iseo.

The physicochemical water parameters were within the seasonal range and in line
with the data of the Regional Agency for Environmental Protection [33]: Temperature
ranged from 18.9 (Costa Volpino) to 19.4 ◦C (Lovere), pH from 8.57 (Castro) to 8.74 (Costa
Volpino), conductivity from 215 (Castro) to 238 mS cm−1 (Costa Volpino); dissolved oxygen
ranged from 8.21 to 8.32 mg L−1 (Table 1). There were no statistically significant differences
in these parameters between the three sampling sites (Kruskal–Wallis test; p > 0.05).

Table 1. Physicochemical parameters of water (mean± [SD] standard deviation) at the three sampling
sites.

Site Temperature
(◦ C) pH Conductivity

(µS cm−1)

Dissolved
Oxygen

(mg L−1)

Lovere 19.4 ± 0.12 8.63 ± 0.10 226 ± 2.65 8.32 ± 0.23
Costa Volpino 18.9 ± 0.13 8.74 ± 0.08 238 ± 1.78 8.21 ± 0.35

Castro 19.2 ± 0.09 8.57 ± 0.11 215 ± 1.23 8.27 ± 0.20

Biometric features of D. polymorpha at each site are presented in Table 2.
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Table 2. Mean (±SD) biometric features (length, width, height) of D. polymorpha from the three
sampling sites.

Site Length (mm) Width (mm) Height (mm)

Lovere 13.64 ±1.83 7.41 ± 0.93 6.62 ± 0.88
Costa Volpino 13.89 ± 2.03 7.48 ± 1.23 6.61 ± 0.65

Castro 13.76 ± 1.62 7.42 ± 0.71 6.47 ± 0.57

Average shell length ranged from 13.64 mm (Lovere) to 13.89 mm (Costa Volpino) but
did not differ significantly among the three sampling sites (Kruskal–Wallis test; p > 0.05).
Average shell width ranged from 7.41 mm (Lovere) to 7.48 mm (Costa Volpino) and average
height ranged from 6.47 mm (Castro) to 6.62 mm (Lovere), neither of which significantly
differed among the three sites (Kruskal-Wallis test; p > 0.05).

The filtration rate of D. polymorpha depends largely on water temperature [27]. The
filtration activity of zebra mussels is optimal and does not vary at temperatures between
5 and 20 ◦C [27]. The filtration rate is lower in large D. polymorpha individuals (>22 mm
length) than in smaller mussels because of age-related degeneration [27]. Since the water
temperature and the average shell length of individuals at the three sites were within the
optimal range, it can be assumed that their filtration rate was optimal.

Table 3 presents the mean number of microplastics items per specimen (item/specimen)
grouped by particle shape, color, size, and chemical composition. The mean size of items
did not differ between Costa Volpino and Lovere (Mann–Whitney U test; p > 0.05). In this
study, we found that zebra mussels retained particles >149 µm, though they can also filter
much larger particles (2289.17 µm). Horgan and Mills [20] observed that zebra mussels 9
to 21 mm in length size could clear spherical particles 900 to 1200 µm in diameter.

Table 3. Microplastics measured in Dreissena polymorpha at the three sampling sites reported as total items, items/animal,
and standard deviation (±SD), shape, color, chemical composition, and range (min-max). PET denotes polyethylene
terephthalate; PP, polypropylene; PA, resin polyamide resin; PVC, polyvinyl chloride.

Site Total
Items Items/Animal SD Shape Color Chemical

Composition

Mean
Size
(µm)

SD Min
(µm)

Max
(µm)

Lovere 4 0.07 0.25

fragment blue PET

182.44 46.43 149.61 215.27
fragment blue PET
fragment white PA resin
fragment white PA resin

Costa
Volpino 14 0.23 0.43

fiber blue PET

867.0 1231.6 149.1 2289.17

fiber blue PET
fiber blue PET
fiber blue PET
fiber blue PET
fiber blue PET
fiber red Nylon
fiber red Nylon
fiber red Nylon
fiber red Nylon

fragment blue PP
fragment blue PP
fragment blue PP
fragment blue PP

Castro 2 0.03 0.18
fiber green PET

1735.73 101.85 1163.71 1807.75fiber red PVC

The items/specimen frequency was (mean ± SD): Costa Volpino (0.23 ± 0.71) >
Lovere (0.13 ± 1.41) > Castro (0.03 ± 0.58) (Table 2). There was a statistically significant
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difference in the items/specimen frequency between the sampling sites (Kruskal–Wallis
test; p = 0.001), with a significantly higher concentration in the samples from Costa Volpino
compared to those from Lovere (Dunn’s test; p = 0.011) and Castro (Dunn’s test; p = 0.001).
No significant difference in items/specimens were found between Lovere and Castro
(Dunn’s test; p > 0.05). These findings are shared by Sighicelli et al. [23] who surveyed the
occurrence of microplastics in the surface water of subalpine lakes, including Lake Iseo,
and found the highest number of items (57,000 ± 36,000 particles/km2) in the north end of
Lake Iseo, where the area is affected by sewage effluents from the Oglio River. The data
support our hypothesis that zebra mussels accumulate higher amounts of microplastics
near the wastewaters from the Oglio River and that the effluent from the WWTP contains
microplastics that are subsequently released into the environment.

The retention efficiency of a particle size in zebra mussel was estimated by Lei et al. [19]
by dividing the filtration rate of a given size class by the maximum filtration rate for all size
classes: Retention efficiency was 6% and 29% for microspheres 0.5 and 1.0 µm in diameter,
respectively, and was uniformly high (87–100%) for all larger microspheres. This may
explain why only large items were recorded in the zebra mussels sampled from Lake Iseo.

Fibers (n = 12) were found in samples from the Costa Volpino (n = 10) and the Castro
(n = 2) site, whereas fragments (n = 8) were found in samples from the Costa Volpino
(n = 4) and the Lovere (n = 4) site (Table 2). There were significant differences in the shape
frequencies between the three sites (χ2 = 8.095; chi-square test, p = 0.017). As reported
by previous studies of microplastics pollutions in freshwater environments [34–37], we
noted that fibers were the most abundant microplastic found in the samples from all
three sites, whereas fragments were more commonly found in the samples from the sites
(Costa Volpino and Lovere) with greater anthropogenic impact due to their proximity to
wastewater inflow, as reported elsewhere [37].

The predominant color of the microplastics in our samples were blue (60%), red (25%),
white (10%), and green (5%). The chi-square test showed significant differences in the color
frequencies between the three sites (χ2 = 20.14; p = 0.002). The source of the blue particles
is unclear, but their prevalence has been reported in previous studies [37,38].

The chemical composition of microplastics, in descending order, was: 45% polyethy-
lene terephthalate (PET); 20% nylon; 20% polypropylene (PP), 10% polyamide resin, and 5%
polyvinyl chloride (PVC) (Figure 3a). However, the chemical composition varied between
the sites (Figure 3b): PET was present in all three sites (Lovere: 50%; Costa Volpino: 43%;
Castro: 50%), while the other compounds (nylon, PA resin, PP, PVC) were found only in
certain sites (Figure 3b). The chi-square test showed significant differences in chemical
composition frequency between the three sites (χ2 = 20.48; p = 0.008). The chemical compo-
sition was in line with the findings reported by Sighicelli et al. [23] in which PET and PP
were highest in frequency (45% and 15%, respectively) in water samples collected from the
three main Italian subalpine lakes (Maggiore, Iseo and Garda).

Field studies of microplastics accumulation in zebra mussels are lacking. A study
in quagga mussels (Dreissena bugensis) from Lake Mead and Lake Mohave in the Lake
Mead National Recreation Area (USA) found higher items/specimens (range, 2.7–13.0) [37].
As regards other freshwater bivalve species, Su et al. [38] conducted a survey of mi-
croplastic pollution in Asian clams (Corbicula fluminea) from 21 sites in the Middle-Lower
Yangtze River Basin and found microplastics at a concentration of 0.4–5.0 items/individual.
Recently, Baldwin et al. [37] found a considerably higher microplastics concentration com-
pared to our results (average 51.7 items/organism, range 18–105) in the benthic filter-feeder
C. fluminea collected from the Lake Mead National Recreation Area (USA) probably due to
its close contact with sediment.
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4. Conclusions

Dreissena polymorpha may be considered a potential bioindicator to measure pollution
in aquatic ecosystems. It is able to filter large volumes of water and it has been estimated
that D. polymorpha filters about 1/800 of the epilimnion water volume daily in Lake Iseo [22].
Our findings showed that zebra mussels may provide a valid tool to monitor microplastics
pollution in lakes and that our hypothesis that the zebra mussels from the sampling sites
nearer the WWTP accumulate higher amounts of microplastics was correct. It is impor-
tant to point out that this invasive species poses a serious threat to aquatic biodiversity
conservation; its use as a bioindicator to monitor aquatic ecosystems may be a sustainable
way to manage aquatic ecosystems, reducing the use of native species, most of which are
endangered.
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