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Abstract Microplastics have been identified as a wide-
spread, persistent environmental pollutant. The investi-
gation of microplastics in marine ecosystems has been
prevalent in the literature; however, much less consid-
eration has been given to this form of pollution in
freshwater ecosystems. Relatively few studies have con-
sidered the uptake of microplastics in freshwater mus-
sels. This study investigated the presence of
microplastics in fluted-shell mussels (Lasmigona
costata) collected from various sites in the Grand River
watershed, Southern Ontario’s largest watershed and
home to one million people. The soft tissue of adult
mussels underwent enzyme digestion, followed by fil-
tration to isolate undigested particles. Particles were
removed and analyzed using Raman spectroscopy to
determine their composition. Ten different polymers
were identified in the sampled mussels, with
polypropylene-co-polyethylene being the most preva-
lent. Microplastic particles were detected in 71% of
mussels with the greatest number of particles observed

in a single mussel being seven. No significant difference
in microplastic particles per mussel was observed
among the different sites sampled. A significant positive
relationship between particles per mussel and size of
upstream catchment was observed, but a relationship
between particles per mussel and percentage of urban
land use was not observed.
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1 Introduction

Plastic debris is considered one of the most abundant and
enduring forms of pollution to date.While plastics provide
an inexpensive versatile material for consumers, the high
demand and production of plastics has led to widespread
contamination of ecosystems in every area of the globe
(Andrady and Neal 2009). An estimated 4.8–15.1 million
tons of plastic debris enter the ocean every year, with
between 1.15 and 2.41 million tons sourced from rivers
(Jambeck et al. 2015; Lebreton et al. 2017). Plastics can be
manufactured in a wide range of sizes and have been
shown to break down into smaller fibers and fragments
when released in the environment; these smaller particles
are then classified as microplastics. The definition of
microplastics varies, but they are generally defined as
plastic particles or fibers < 5 mm in diameter (Thompson
et al. 2004; Browne et al. 2007; Arthur et al. 2009). Plastic
particles < 100 μm have been classified as nanoplastics
(Koelmans et al. 2015).
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Capsule: Microplastics observed in the tissues of freshwater
mussels (Lasmigona costata) in the Grand River watershed. A
greater number of microplastics observed in mussels downstream
of wastewater treatment facilities.
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Microplastics have been shown to be widely dis-
persed in aquatic environments and can be found in
the sediment, as well as the water column and have been
shown to accumulate along coastlines (Derraik 2002;
Browne et al. 2011). Browne et al. (2011) assessed
microplastic contamination in 18 marine sites across
six continents and found that microplastics were more
abundant at sites near populated areas. Further, they
found that a large proportion of microplastics come in
the form of fibers originating from clothing that enter
aquatic ecosystems through the release of municipal
wastewater effluent (Browne et al. 2011). Wastewater
treatment plants have been estimated to contribute 3%
of the total microplastics reaching the environment, with
fibers being the most prevalent microplastic in waste-
water (Vollertsen and Hansen 2017; Burns and Boxall
2018). The potential impacts of microplastics on the
environment are still not well understood.

Microplastics can be as small as plankton and can be
present in both the sediment and water column (Wagner
et al. 2014). This creates the risk of microplastic inges-
tion in a variety of organisms ranging from zooplankton
to fish to large mammals, therefore, posing a potential
risk to a variety of aquatic organisms (Browne et al.
2008; Thompson et al. 2004). Laboratory testing has
revealed the ecotoxicological consequences of
microplastic ingestion in biota such as oxidative stress,
endocrine and reproductive disruption, physical and
behavioral changes, and mortality (Browne et al. 2008;
Rochman et al. 2014; Della Torre et al. 2014; Au et al.
2015; Sussarellu et al. 2016). For example, Rochman
et al. (2013) noted fish exposed to polyethylene sorbed
with environmental contaminants to display signs of
hepatic stress. Cellular alterations have also been noted
in marine mussel Mytilus galloprovincialis exposed to
microplastic contaminated with pyrene, including alter-
ation of immune response, neurotoxic effects, and
changes in gene expression (Avio et al. 2015). A review
by de Sá et al. (2018) notes the importance of studying
relevant groups of organisms while also emphasizing
the need for laboratory studies to accurately evaluate the
potential effect of environmentally relevant concentra-
tion of microplastics. Therefore, a focus on field data
regarding underrepresented environments and organ-
isms in current research is critical to understanding the
potential impacts of microplastics.

While many studies have characterized and quanti-
fied the presence of microplastic in marine environ-
ments, much fewer have investigated the presence of

microplastic in freshwater environments (Wagner et al.
2014; de Sá et al. 2018). Only recently has microplastic
been documented in lakes, rivers, and estuaries (Eerkes-
Medrano et al. 2015). Literature suggests that
microplastic concentrations in lakes and rivers are com-
parable or in some cases higher than ocean gyres
(Eriksen et al. 2013; Yonkos et al. 2014; Baldwin
et al. 2016). In the Great Lakes, microplastics have been
reported in benthic and shoreline sediment, tributaries,
and surface waters (Zbyszewski and Corcoran 2011;
Eriksen et al. 2013; Baldwin et al. 2016; Lenaker et al.
2019). In general, fibers and fragments are reported as
the dominant types of microplastic in the Great Lakes
and their tributaries (Baldwin et al. 2016; Dean et al.
2018; Lenaker et al. 2019; Corcoran et al. 2020). An
estimated 9987 tons of plastic enter the Great Lakes
every year (Hoffman and Hittinger 2017), with sources
of microplastic including wastewater effluent, storm
water, and agricultural runoff, namely, urban areas are
noted to be high contributors (Lenaker et al. 2019; Grbić
et al. 2020). Lusher et al. (2017a) noted that of 120
microplastic studies reviewed, only 23 studies consid-
ered freshwater ecosystems. Further still, of the
microplastic studies reviewed, only 25 studies consid-
ered the phyla Mollusca. Of the 25 studies investigating
microplastics in mollusk species, only a single study
considered a freshwater mollusk species. This highlights
the general lack of microplastic research that has been
conducted in freshwater ecosystems, as well the lack of
attention to freshwater mollusk species.

Mussels have been found to be ideal ecological indica-
tors as they are relatively widespread sessile feeders that
have been shown to be sensitive to physical and chemical
alterations in aquatic ecosystems (Grabarkiewicz and
Davis 2008). Incidences of microplastic accumulation
has beenwidely reported inmarine bivalves, with numbers
of microplastic ingested by mussels thought to be corre-
lated with the abundance of microplastic in their surround-
ing environment (Qu et al. 2018). Marine mussels have
been shown to take in microplastics from the surrounding
environment and accumulate microplastics in their gills
and/or gut (Browne et al. 2008; Von Moos et al. 2012).
Further, translocation of microplastics from the digestive
tract to the circulatory system has also been noted to occur
in marine mussels (Browne et al. 2008).

Wastewater treatment facilities have been shown to
be a source of microplastics to the environment. Munic-
ipal wastewater in Canada is the largest source of efflu-
ent by volume, with the majority of this effluent being
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discharged into freshwater systems (ECCC 2014).
Freshwater mussels living downstream of urban areas
and wastewater inputs have been noted to have reduced
physical condition and life span (Gillis 2012). Little
research has been done to determine whether
microplastics may contribute to this decline in freshwa-
ter mussel populations downstream of urban areas. As
freshwater mussel species are one of the North
Americas’ most imperiled group of organisms
(Williams et al. 1993), there is a need to study whether
freshwater mussels, especially in watersheds that con-
tain urban centers, may be ingesting microplastics. In
order to characterize the risk of microplastics to fresh-
water mussels, the potential exposure needs to be quan-
tified. For this reason, this study investigated the pres-
ence of microplastics in freshwater mussels across a
large watershed that contains multiple urban centers.

2 Methods

2.1 Study Sites and Organism

The watershed of the Grand River is the largest water-
sheds and one of the most populated watersheds in
Southern Ontario (Fig. 1). Fluted-shell mussel
(Lasmigona costata) is a freshwater mussel species found
throughout the Mississippi watershed and Great Lakes
basin, existing in moderate abundances throughout the
Grand River watershed, therefore making it the ideal
mussel species for this study (Grabarkiewicz and Davis
2008). The watershed contains 30 wastewater treatment
facilities that service > 1,000,000 inhabitants (GRCA
2018). For this study, adult L. costata were sampled
upstream and downstream of amajor urban center (Kitch-
ener/Waterloo) along the Grand River (Fig. 2; Table 1).
Mussels were collected under a license to collect fish for
scientific purposes granted by the Ontario Ministry of
Natural Resources and Forestry (License No. 1089928).
Characteristics of the upstream catchment for each site
and the wastewater treatment facilities in the watershed
are presented in Tables S1 and S2, respectively.

This study was seen as an initial investigative assess-
ment of microplastics in mussels in a large watershed in
southern Ontario. A relatively low number of mussels
were collected for this study in order to limit the impact
on freshwater mussel populations. Three adult
L. costata were collected from the streambeds of six
sites in the Grand River watershed (sites A to F) and a

reference site (site Z) outside of the Grand River water-
shed in the Maitland River (total of 21 mussels) (Fig. 2).
The Maitland River reference site is north-west of the
Grand River watershed and empties into Lake Huron,
while the Grand River empties into Lake Erie. It was
chosen as a reference site due to its low urban and
infrastructure land use in the upstream catchment rela-
tive to the Grand River watershed sites (Table 1); how-
ever, no prior microplastic research has been conducted
in the Maitland River. Selection of the specific location
within the rivers from which the mussels were collected
was based on previous surveys of the rivers and knowl-
edge of the location of suitable habitat for this species of
freshwater mussels (Gillis 2012). To preserve the spec-
imen and ensure that potential plastics ingested by the
mussels were to be retained, mussels were immediately
frozen and stored at − 20 °C before being analyzed for
microplastics using digestion methods similar to those
outlined by Catarino et al. (2017).

2.2 Soft Tissue Digestion

Frozen mussels were thawed for 15 min at room temper-
ature and rinsed with deionized water prior to separating
the soft tissue from the shell. Dissections were performed
in glass dishes. The adductormuscles of the organismwere
cut using a stainless-steel scalpel in order to separate the
valves of the mussel and remove the soft tissue. The fresh
weight of the soft tissue and length of shell were recorded
(Table 2). Subsequently, the soft tissue of the organism
was placed in a 125-mL glass Erlenmeyer flask with a
magnetic stir bar and 50 mL of 20% v/v protease enzyme
from Bacillus licheniformis (Sigma-Aldrich, Oakville, On-
tario, Canada). This enzyme digestion was selected based
on the efficacy and rate of digestion along limiting any
degradation of microplastics (Catarino et al. 2017). The
flask was covered with aluminum foil to prevent airborne
contamination, and the soft tissuewas left to digest on a stir
plate for 16 h at 37 °C with a stir rate of ~ 100 rpm.
Following digestion, the digestate was transferred to
150-mL glass storage bottles and combined with 20 mL
of deionized water that was used to rinse the Erlenmeyer
flask. The storage bottles were then capped with Teflon
lids and stored at 4 °C until filtration could occur.

2.3 Filtering and Sorting

A novel approach was taken for the filtering and sorting
of digestedmussel tissue. The digestate was sequentially
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filtered through three filtering screens made of Nitex®
(250 μm, 100 μm, and 50 μm) to capture any undigest-
ed particles. Filters were visually inspected under a
stereomicroscope with a magnification range of × 7 to
× 45 in combination with NightSea® (Lexington, Mas-
sachusetts, USA) stereomicroscope florescence adap-
tors in royal blue (emission of 500-nm longpass) and
ultraviolet (emission of 415-nm longpass) florescent
lighting paired with yellow and ultraviolet protective
objective filters. Suspected particles or those observed
to fluoresce were removed from the Nitex® filters using
a wet 12-gauge needle and placed on a piece of silicon
wafer protected within a 12-mm glass petri dish. To
better combat sample losses from static and air flow,
as well for greater transfer precision, a bead of deionized
water was set on the silicon wafer. Moving forward,
“particles” refers to a generalized term for suspected
microplastic items, with shapes characterized as “frag-
ments” lacking regular shape including semi-rounded,
angular, and broken edges and “fibers” defined with a
thread-like elongated structure.

2.4 Particle Identification

In order to determine whether isolated particles were
microplastics, material identification was done using a

Renishaw inVia Ramen Microscope coupled with
WiRE 5.1™ software (Renishaw plc, Wotton-under-
Edge, Gloucestershire, UK) (Imhof et al. 2012; Song
et al. 2015). Of the particles collected from each
mussel, 60% of the total particles present on the sili-
con wafer were subsampled for identification using
Raman spectroscopy. Particles were identified at ob-
jective magnifications of × 50, × 200, and × 500 using
a red laser (785 nm) in static mode with 3-s exposures
× 10 accumulations at power ranging from 0.01 to 1%.
Spectral measurement acquisitions were baseline
subtracted, and spectra were compared to Renishaw’s
organic, polymer, and inorganic spectral databases to
determine the material compositions of each particle.
Triplicate spectral measurements were conducted at
different locations on each particle to provide greater
certainty in identification. Objects were reported as a
positive match if triplicates reproduced polymer match
and with triplicate quality matches to library averaged
greater than 10%. Images of identified particles were
also taken on the attached microscope camera for
reference to size, shape, and color of each particle
(Fig. 2). Images were processed using ImageJ2
(Rueden et al. 2017) to obtain accurate measurements
of particle size in conjunction with the microscope
scale bar for reference.

Fig. 1 Map displaying Grand River watershed in Southern Ontario (shaded in red). Map created using the Ontario Ministry of Natural
Resources and Forestry’s Ontario Flow Assessment Tool (OMNRF 2019)

Water Air Soil Pollut (2020) 231: 405405 Page 4 of 14



2.5 Accounting for Contamination

Measures were taken to prevent contamination of sam-
ples with microplastics throughout the processing of
samples. All equipment was rinsed with deionized water
prior to use. A 100% cotton lab coat and nitrile gloves
were worn while handling of all samples. All procedures
took place in either laminar flow or fume hoods with
surfaces cleaned with 70% ethanol and Kimwipes™.
Additionally, a blank sample composed of deionized
water and protease enzyme was set up prior to mussel
dissection and run once for every three mussel samples
to document procedural and airborne contamination
(total of six blank samples). Overall, 7 of the total 24
particles analyzed from the blank samples (29%) were
identified as polymers.

2.6 Statistical Analyses

All statistical testing was carried out in the statistical
software R (R Core Team 2019) using a significance
level of α = 0.05. The abundances of microplastics
among sites were analyzed using a Shapiro-Wilk test
for normality and a Bartlett test for homogeneity of
variances. Due to lack of variance among the
microplastic samples between sites, a non-parametric
Kruskal-Wallis was used to identify differences among
the sites was conducted. Following this, post hoc
Tukey HSD test was used to conduct a pair-wise
comparison. A linear regression was conducted to
determine whether a significant relationship was pres-
ent between the number or size of microplastics in the
mussels and the land use in the upstream catchment of

Fig. 2 Map displaying the mussel collection sites (red) in relation
to wastewater treatment plants (WWTP) (blue) along the Grand
River. Inset map in top left corner shows the reference site (site Z)

in relation to the other collection sites in the Grand River water-
shed. Inset map in bottom left shows the location of site E, site D,
and the Preston wastewater treatment plant relative to each other
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each site, the total area of the catchment upstream of
each site, the mass of soft tissue in the mussels, the
length of the mussels, distance from the nearest waste-
water treatment plant outfall, and the level of treatment
of the wastewater facility.

3 Results and Discussion

In general, there were a low number of microplastics
detected in mussels collected from the sites in the Grand
River watershed (Tables 2 and S3). The highest reported

Table 1 List of land characteristics of the catchment upstream of mussel collection sites

Site Collection coordinates Land cover type Area (Sq. Km.) Percent

Z 43.771813, − 81.309166 Agriculture and undifferentiated rural land use 527.5 85.6%

Swamp 38.1 6.2%

Community/infrastructure 21.8 3.5%

Deciduous treed 18.6 3.0%

A 43.585414, − 80.481880 Agriculture and undifferentiated rural land use 1767.4 77.5%

Swamp 240.4 10.5%

Community/infrastructure 104.4 4.6%

Deciduous treed 45.4 2.0%

Marsh 32.0 1.4%

B 43.494690, − 80.470197 Agriculture and undifferentiated rural land use 853.5 73.6%

Swamp 167.4 14.4%

Community/infrastructure 47.0 4.1%

Marsh 26.3 2.3%

Deciduous treed 12.5 1.1%

C 43.403904, − 80.433665 Agriculture and undifferentiated rural land use 1877.9 75.1%

Swamp 260.5 10.4%

Community/infrastructure 173.6 7.0%

Deciduous treed 56.9 2.3%

Marsh 35.2 1.4%

D 43.385427, − 80.363628 Agriculture and undifferentiated rural land use 1889.6 73.2%

Swamp 263.6 10.2%

Community/infrastructure 231.9 9.0%

Deciduous treed 60.5 2.3%

Marsh 35.6 1.4%

E 43.391060, − 80.370458 Agriculture and undifferentiated rural land use 454.4 58.1%

Swamp 138.1 17.7%

Community/infrastructure 102.3 13.1%

Deciduous treed 22.1 2.8%

Coniferous treed 13.3 1.7%

Marsh 11.7 1.5%

Hedge rows 10.6 1.4%

F 43.278046, − 80.345272 Agriculture and undifferentiated rural land use 2433.7 68.0%

Swamp 437.8 12.2%

Community/infrastructure 383.0 10.7%

Deciduous treed 98.8 2.8%

Marsh 50.2 1.4%

Data extracted from the Ontario Ministry of Natural Resources and Forestry’s Ontario Flow Assessment Tool (OMNRF 2019) with data
sourced through Ontario Geo Hub powered by Land Information Ontario
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microplastic abundance was seven particles in an indi-
vidual mussel, and no microplastics were detected in 6
of the 21 (28.5%) mussels analyzed. Relative to the total
particles analyzed in each mussel, the percentage of
particles that were microplastic in each mussel ranged
from 0 to 21%, with the mean being 5% (Table 2).
Although low in abundance, microplastics were detect-
ed in at least one mussel at every site. A comparison to
other biota within the watershed cannot be made, as to
date, no other studies have investigated the presence of
microplastics in biota from the Grand River watershed.
However, the presence of microplastics in the Grand
River watershed has been confirmed by Dean et al.
(2018), who reported that sediment collected from the
Grand River inlet to Lake Erie contained 42microplastic
particles/kg, all of which were identified as fragments.
Dean et al. (2018) also identified plastic producing
companies in the region, eight of which were located
in the Grand River watershed (Fig. 1). Sediment sam-
ples are useful in terms of documenting the presence of
microplastics, but as sediment accumulates contamina-
tion over time, they cannot be directly related to the
portion of microplastics that is bioavailable. Therefore,
integrating studies of ingestion in biota, such as the
current study, provides important insight into the avail-
ability of microplastics to aquatic organisms. There is a
high risk ofmicroplastic contamination from a variety of
sources when processing samples; even though mea-
sures were taken to prevent contamination, five of six
procedural blanks contained contamination totaling sev-
en particles. However, the only polymer type identified
in the blanks that was also identified in mussel sample
was polypropylene (Table 2).

From the particles identified as polymers, ten types of
polymer material were detected with polypropylene-co-
ethylene and polypropylene as the dominant types of
polymer (Table S3). This coincides with the most pro-
duced types of resin polymer in North America being
polyethylene followed by polypropylene, used in both
industrial and domestic applications (Andrady and Neal
2009; American Chemistry Council 2019). A study by
Zbyszewski and Corcoran (2011) observed similar
types of polymers from a sub-sample of forty-five par-
ticles collected from Lake Huron beaches, where 32, 12,
and 1 consisted of polyethylene, polypropylene, and
polyethylene terephthalate, respectively. Further, these
polymer types have been reported as the main types of
microplastic pollution in marine ecosystems, as their
low-density allows them to be easily transported in

flowing waters and their resistance to degradation al-
lows them to persist in the environment (Erni-Cassola
et al. 2019). Nylon (polyamide) is another polymer that
has been typically found in both wild and farmedmarine
mussels (Birnstiel et al. 2019). The presence of nylon in
marine ecosystems is thought to be due to the large
volumes of nylon netting used in commercial fishing
equipment (Lusher et al. 2017b). The absence of nylon
in mussels collected from the Grand River likely due to
significantly lower fishing pressures. Other particles
collected from the mussels that were not identified as
polymers included inorganic elements consistent with
rock such as silicate and calcite groups. When identify-
ing particles found in the mussels, some spectra
reflected relatively low-quality matches to the library
database. Other studies have reported that environmen-
tal conditions may degrade and/or coat plastics in bio-
film (Käppler et al. 2015). In turn, this lowers the spectra
quality match of the object in question to the library
which reports the spectra of a pure standard. Because
triplicate measures were taken in addition to subtraction
of background noise, there is some certainty that items
identified as polymers were indeed microplastics.

All the particles identified as polymers from mussels
were categorized as fragments with only a single object
identified as a polymer-based fiber. Other definitive
shapes such as spherical beads, pellets, and films were
not readily observed. With half of the selected sites
being located downstream of wastewater treatment fa-
cilities that serve a population > 100,000 (Table S2), it
was hypothesized that microfibers from textiles may
compose the greatest proportion of microplastics detect-
ed in mussels. Although fibers were collected from
mussels, none were identified as polymers that typically
come from washing machines, such as polyesters, poly-
acrylics, and polyamides (Almroth et al. 2018) (Table 2;
Table S3). Studies have reported fibers as the most
frequently detected type of microplastic in freshwater
watersheds, especially in urban watersheds (Baldwin
et al. 2016; Luo et al. 2019; Grbić et al. 2020). McNeish
et al. (2018) sampled fish from three watersheds of Lake
Michigan, and microfibers composed the majority of
microplastics found. While fibers were noted in
samples from the present study, anthropogenic fibers
such as dyed cellulose fibers were not considered as
microplastic due to lack of polymer composition
matches with Raman spectroscopy. A study by Woods
et al. (2018) considered the uptake, ingestion, and eges-
tion of microplastic fibers by bluemussels exposed at 30
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microplastic fibers per mL, noting 71% ofmicrofibers to
promptly be rejected as pseudofeces, 9% ingested, and
< 1% excreted in feces. Although Woods et al. (2018)
did not consider other types of fragments, the degree to
which fibers were rejected bymussels in their study may
offer some explanation as to why the mussels in this
study were found to contain few microfibers. Color did
not appear to vary much between particles being de-
scribed as white, off-white, or opaque as noted in Fig. 3
and Table S4; the majority were described as opaque.
With regard to sizes of microplastics found, the mussels
contained particles ranging in size from 21 to 298 μm
with the average particle size being 114 μm (SD =
63 μm). The size of the opening of the inhalant aperture
of an adult-fluted shell mussel is larger than 5 mm and
therefore is not going to limit the uptake of
microplastics. These mussels typically consume fine
particulate matter, bacteria, detritus, and algal cells ap-
proximately 2.8–45 μm in size, with a preference for the
smaller size range (Beck and Neves 2003). A study
conducted by Kolandhasamy et al. (2018) found that

blue mussels can ingest microplastics ranging in size
from 50 μm to 5 mm, with the smaller size range of 50–
205 μm being observed in the greatest proportion in
these marine mussels. Qu et al. (2018) found that the
majority of microplastics observed in the tissues of blue
mussels from the coast of China ranged in size from
0.25 μm to 1 mm. The size of particles observed in
L. costata from this study (21–298 μm) corresponds
with the size of those observed in studies with marine
bivalves. Upon investigation, a small number of parti-
cles less than the 50-μm filter size were observed, likely
due to particles aggregating in the digestion and filtra-
tion processes.

In terms of variation in the number of microplastics
per mussel among the sites, a significant difference was
not detected among the sites (p = 0.206). It is important
to note that the lack of a significant difference among the
sites may be attributed to limitations of the study design
in terms of the trade-off between the relatively low
numbers of replicate mussels collected at each site and
minimizing the removal of reproductively mature adult

Fig. 3 Image of microplastics at × 200 magnification identified in Lasmigona costata collected from Grand River sites: a site E, b site F, c
site C, and d site A
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mussels from the populations in the river. While this
study did not identify a relationship between the
location of sites and the presence of microplastic in the
mussels, other studies suggest that the location of study
sites can influence the abundance of microplastic within
biota. A study conducted by Luo et al. (2019) examined
the pathways of origin and transport of microplastics into
water bodies (city creeks, rivers, estuary, and coastal
waters) outside the highly urbanized and industrialized
area of Shanghai. From water samples, they observed
that microplastic abundance varied across different spa-
tial scales; for example, smaller water bodies appeared
more impacted by microplastic pollution than estuaries,
with freshwater sites holding a greater amount of
microplastics than coastal water bodies. Additionally, it
was observed that microplastic abundance in water along
rivers increased from upstream to downstream, with
locations downstream of urban centers containing the
greatest amount. This pattern is also reflected in a study
conducted by Berglund et al. (2019), who collected 64
duck mussels (Anodonta anatina) from a rural upstream
area and a downstream area with influence from a large
municipality and two wastewater treatment facilities in
the Höje River in Sweden. It was observed that 62.5% of
mussels from the site downstream contained
microplastic particles compared with only 37.5% of
mussels sampled upstream. The greatest number of
microplastic particles were detected in mussels from site
C (mean = 4) and site F (mean = 4) in this study
(Table 2). This corresponds with the previously observed
trend of microplastic density increasing downstream
along rivers, with the exception of the site E (mean =
1.7) (Fig. 2; Table 2). Site E was downstream of the site
C; however, mussels from this site contained lower
numbers of microplastic particles (Fig. 2; Table 2).

A linear regression did not identify a significant
re la t ionsh ip (p > 0.5) be tween communi ty /
infrastructure (urban) land use in the upstream catch-
ment of a site and the microplastic particles collected in
mussels (Table 1). Proximity to the nearest wastewater
treatment plant outfall, level of treatment of the waste-
water facility, or population served by the nearest waste-
water treatment plant did not have a significant relation-
ship (p > 0.5) with the number or size of microplastic
particles observed in mussels. In contrast, the linear
regression conducted to investigate the size of the up-
stream catchment of the collection sites to the total
number of microplastics collected in mussel tissue iden-
tified a statistically significant relationship (p < 0.05).

This observed relationship parallels the positive rela-
tionship between microplastic particle concentration in
water and downstream movement observed in other
studies (Luo et al. 2019). The drainage area increases
with downstream movement, consequently, the area
where plastics can be washed into surface increases with
downstream movement. It is important to consider im-
poundments in the upstream catchments, as impound-
ments have been found to serve as a sink for
microplastics. Sediment within impoundments has been
found to contain a significantly greater quantity of
microplastics than sediments upstream and downstream
of the catchments (Watkins et al. 2019). In this study, all
of the impoundments were upstream of the major urban
centers. If urban centers are the major contributor to
microplastic contamination, as discussed above, this
would mean that the modification that impoundments
would make to microplastic exposure in this study
would be limited. The catchment size may explain the
relatively low number of microplastic particles in mus-
sels from the site D despite the catchment having a
relatively high proportion of community/infrastructure
(urban) land use (13.1%; 102.3 square km) among the
sampling sites (Tables 1 and S1). A significant relation-
ship between microplastic particles in mussels and the
percent of community/infrastructure (urban) land use
was not observed in this study. However, mussels from
the site furthest downstream (site F) had the greatest
mean microplastic number (mean = 4) and the greatest
quantity of community/infrastructure (urban) land use in
the upstream catchment (383.0 square km) of the sites
(Tables 1 and 2). Baldwin et al. (2016) surveyed
microplastics in the water of 29 tributaries of the Great
Lakes. They observed that the concentration of frag-
ments, films, foams, and beads was positively
correlated with the percentage of watershed that was
urban. Yonkos et al. (2014) also observed this positive
relationship between microplastic concentration in wa-
ter and population density and proportion of urban/
suburban development in the upstream catchment of
sampling sites. A number of studies have observed a
positive relationship between coastal urban develop-
ment and microplastic pollution in marine systems
(Tanaka and Takada 2016; Bollmann et al. 2019). Su
et al. (2018) also noted urbanization as a potential influ-
ence of microplastics found in the Asian clam (Corbic-
ula fluminea). In addition to urban land cover, factors
such as river morphology, water flow, substrate, and
organic matter have been proposed to influence
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microplastic distribution and retention in sediment (Nel
et al. 2018; Corcoran et al. 2020), and these factors
could influence uptake of microplastics in freshwater
mussels. Studies have suggested that mussels could be
used to monitor microplastic contamination of aquatic
ecosystems (Qu et al. 2018; Su et al. 2018). However, it
is not advisable to use mussels alone as a proxy for
measuring the level of microplastic pollution, as envi-
ronmental concentration may not always be reflected in
biota (EPA US 2000; Lusher et al. 2017c). Findings
from this study suggest that the number of microplastics
in freshwater mussels could be related to the proportion
of urban land use in the catchment upstream of mussel
populations, as has been observed in other bivalves.
However, more detailed sampling to document the en-
vironmental exposure of microplastics to L. costata such
as levels sediment and water should be conducted.

The linear regression between the shell length and
microplastics abundance in the mussels did not reveal a
statistically significant relationship (p = 0.09) nor did
the linear regression between soft tissue mass and
microplastics per site (p > 0.5). Overall, the abundances
of microplastics in mussels ranged from 0 to 0.16
microplastic particles per gram wet weight and 0–7
microplastic particles per individual; this is comparably
lower than what has been reported in other studies. In
general, there was not a discernible relationship between
the size or mass of mussels in regard to number of
microplastics found. This could be a product of the
relatively low number of microplastics observed in mus-
sels in this study. Few studies report on microplastic
abundance in relation to the length or mass of mussels.
Qu et al. (2018) reported that field-collected marine
mussels Mytilus edulis and Perna viridis contained
1.52 to 5.36 microplastic particles per gram wet
weight and 0.77 to 8.22 microplastic particles per
individual. Su et al. (2018) observed that Asian clams
(Corbicula fluminea) contained 0.3–4.9 microplastics
per gram and 0.4–5.0 microplastics per individual. A
recent study by Catarino et al. (2018) reported a poten-
tial size-dependent relationship between microplastic
abundance and the soft tissue wet weight in the marine
mussel species Mytilus spp. and Modiolus modiolus
from an urban estuary in Edinburgh, UK. Catarino
et al. (2018) note that normalization of data to mass of
tissue may be necessary to more accurately compare
between studies.

Unionid mussels, such as L. costata, have been esti-
mated to filter up to 1 L/h/individual (Vaughn et al.

2008). This makes it clear why freshwater mussels are
susceptible to taking in microplastics from overlying
water. However, while suspension feeding provides a
pathway for uptake of microplastics from surrounding
water, freshwater mussels possess the ability to select
the particles they will ingest into their digestive tract
(Rosa et al. 2018). Material enters the mussel through
the inhalant aperture that is outlined with papillae that
act as a course filter (Haag 2012). Particles that enter the
inhalant aperture and are captured by the gill are moved
to the labial palps by ciliary action. The final sorting of
edible and nonedible particles is conducted by the labial
palps (Haag 2012). Material not taken into the digestive
tract is bound in mucus to create pseudofeces, which is
released in the mantle cavity to be periodically expelled
through the inhalant aperture (Thorp and Rogers 2011).
This ability to select the particles that are ingested may
explain the overall low number of microplastics found
in the mussel tissue.Ward et al. (2019) demonstrated the
ability of bivalves to selectively ingest and egest
microplastic particles in a laboratory setting using two
marine species, blue mussel (Mytilus edulis) and eastern
oyster (Crassostrea virginica). It was found that both
species excreted microspheres as pseudofeces with in-
creasing size (> 1000 μm), likely attributed to the or-
ganism’s ability to discriminate between size and shape
for particle selection. It is also important to recognize
that only microplastics approximately ≥ 50 μm were
quantified in the tissues of mussels in this study. This
may have also contributed to the relatively low number
of microplastic particles observed in this study, as others
have noted microplastics in bivalves < 10 μm in size
(Browne et al. 2008; Van Cauwenberghe and Janssen
2014; Li et al. 2018). Another potential variable is the
residence time of microplastic in the organism. Studies
have found residence time can range from hours to more
than 40 days in mussels (Woods et al. 2018; Browne
et al. 2008). Residence time can also vary with location
in a mussel as Woods et al. (2018) reported retention
time of microplastic fibers to be longer in the gut of
mussels than the gill.

4 Conclusions

A variety of studies have used mussels as ecological
indicators of microplastic pollution, with most studies
being conducted in marine ecosystems. While a small
number of samples were collected, this study is the first
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to find evidence of the freshwater unionid mussel
L. costata ingesting microplastic in a natural setting.
With the ever-growing presence of plastics in the envi-
ronment, it is increasingly important that watersheds and
their biota are monitored for the presence of
microplastics. Since exposure has been confirmed in
this study, it is important that future studies be conduct-
ed to determine the threshold at which microplastics can
have an adverse effect on the health of different life
stages of freshwater mussels.
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