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Invasive zebra and quagga mussels (Dreissena spp.) in the Great Lakes of North
America are biomonitors for chemical contaminants, but are also exposed to
microplastics (<5 mm). Little research has examined in situ microplastic ingestion
by dreissenid mussels, or the relationship between microplastics and chemical
contaminants. We measured microplastics and chemical contaminants in mussel tissue
from Milwaukee Harbor (Lake Michigan, United States) harvested from reference
locations and sites influenced by wastewater effluent and urban river discharge. Mussels
were deployed in cages in the summer of 2018, retrieved after 30 and 60 days, sorted
by size class, and analyzed for microplastics and body burdens of three classes of
contaminants: alkylphenols, polyaromatic hydrocarbons, and petroleum biomarkers.
Microplastics in mussels were higher in the largest mussels at the wastewater-adjacent
site after 30 days deployment. However, there was no distinction among sites for
microplastics in smaller mussels, and no differences among sites after 60 days of
deployment. Microplastics and chemical contaminants in mussels were not correlated.
Microplastics have a diversity of intrinsic and extrinsic factors which influence their
ingestion, retention, and egestion by mussels, and which vary relative to chemicals.
While dreissenid mussels may not serve as plastic pollution biomonitors like they can for
chemical contaminants, microplastics in dreissenid mussels are widespread, variable,
and have unknown effects on physiology, mussel-mediated ecosystem processes, and
lake food webs. These data will inform our understanding of the spatial distribution of
microplastics in urban freshwaters, the role of dreissenid mussels in plastic budgets,
and models for the fate of plastic pollution.
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INTRODUCTION

Bivalves such as clams, oysters, and mussels, are commonly used
to measure chemical contaminants in the environment as they
are sessile, considered relatively tolerant to toxic compounds, and
abundant in aquatic ecosystems globally (Sericano et al., 1995;
Farrington et al., 2016). The National Oceanic and Atmospheric
Administration (NOAA) established the National Status and
Trends Mussel Watch Program in the mid-1980s to monitor
chemicals in US waters, as well as the health of aquaculture
bivalves (Farrington et al., 2016). In 1992, invasive zebra and
quagga mussels (Dreissena sp.) were added as biomonitors
for chemical contaminants of emerging concern (Jaruga et al.,
2017) as part of the Great Lakes Mussel Watch Program
(North America).

The Mussel Watch Program assesses mussel tissue for
basic metrics (e.g., moisture, lipid content), as well as
concentration of contaminants of emerging concern including
alkylphenols, polycyclic aromatic hydrocarbons (PAHs), and
petroleum biomarkers. Alkylphenol ethoxylates are synthetic
compounds often used to make surfactants (e.g., detergents),
and can biotransform into toxic, estrogenic, and lipophilic
compounds (Ahel et al, 1994), including 4-non-ylphenol (4-
NP) and 4-octylphenol (4-OP), found in wastewater treatment
plant (WWTP) effluent and biosolids (Hale et al, 2000; La
Guardia et al,, 2001). PAHs are a wide category of materials,
designated as “parent” (i.e., no alkyl side chains) or alkylated
forms, with 16 types listed as contaminants of concern by
the United States Environmental Protection Agency. Finally,
petroleum biomarkers (i.e., hopanoids, steranes, and triaromatic
steroids; TAS) are assessed in mussel tissue to investigate the
source and fate of petroleum hydrocarbons in the environment
given their resistance to degradation (Wang and Stout, 2010).
These classes of contaminants may co-occur with plastic
contamination in aquatic organisms, but this has not yet been
examined in mussel tissues for freshwater bivalves.

Microplastics (i.e., particles <5 mm) are a contaminant
of emerging concern in ecosystems worldwide (Bucci et al,
2020). Once ingested, biological effects of microplastics include
behavioral and physiological responses such as changes to
filtration dynamics, impairment of reproductive health, and
expression of stress hormones (Rochman, 2015; Foley et al,
2018; Zhang et al., 2020). Alternatively, some microplastics
may pass through organisms with limited interaction (Foley
et al,, 2018). Plastic pollution can leach embedded chemicals
and adsorb hydrophobic compounds from aquatic ecosystems
(Teuten etal.,, 2009). For example, given the high surface area and
hydrophobic character of some microplastics, PAHs may adsorb
to microplastics in the environment, then desorb following
ingestion (i.e., the “Trojan Horse” effect) (Krause et al., 2020;
Zhang et al., 2020; Sun et al., 2021). Mostly studied in marine
ecosystems, the sources, movement, and impacts of microplastics
in freshwaters continues to emerge (Windsor et al., 2019a; Bucci
et al., 2020; Hoellein and Rochman, 2021).

Research on the abundance and physiological effects of
microplastic consumption by marine bivalves is rapidly
developing. Results show that microplastics are ubiquitous in

bivalves at a global scale, but are highly variable among species,
individuals, locations, and time periods (Phuong et al., 2018;
Covernton et al, 2019; Li et al, 2019; Zhang et al, 2020).
Laboratory-based assessments of microplastics filtration by
bivalves also reveal high variation in patterns of ingestion
relative to rejection (i.e., pseudofeces production) according
to taxon, particle size, and particle shape (Li et al, 2019;
Ward et al., 2019b). Thus, while microplastics ingestion by
bivalves is variable, bivalves are widely exposed to microplastics,
and the long-term consequences on physiology, population
dynamics, and ecosystem processes are not yet well known
(Zhang et al., 2020).

The relationship between microplastics and bivalves is
most often studied in aquaculture and fishery species such
as Mpytilus edulis (blue mussels) and Crassostrea virginica
(eastern oysters) (Brate et al, 2018; Li et al,, 2019; Ward
et al., 2019a), while bivalves in freshwaters are less commonly
studied (Berglund et al., 2019; Pastorino et al., 2021). Bivalves
in freshwater ecosystems can dominate invertebrate biomass,
with major impacts on ecosystem processes including water
filtration and nutrient cycling (Vaughn and Hoellein, 2018), so
examining their interaction with microplastics merits attention
(Wardlaw and Prosser, 2020). For example, Dreissena sp. are
widespread invasive species which change food webs, water
clarity, biogeochemistry, and invertebrate biomass (Karatayev
et al, 2002; Li et al., 2021). Microplastic concentrations in
the Great Lakes are similar to or higher than levels in oceans
(Eriksen et al., 2013), and dreissenids ingest microplastics in the
laboratory (Magni et al., 2018; Pedersen et al., 2020). No studies
have examined spatial and temporal patterns of microplastics in
dreissenids in the Great Lakes.

The goal of this study was to measure microplastics in
dreissenid mussels at sites that vary in potential sources of
microplastics in the Milwaukee River and near shore Lake
Michigan in Milwaukee, WI, United States. Given their role
as “sentinels” of chemical pollution in NOAAs Great Lakes
Mussel Watch Program, an important inference from this
study was to consider if dreissenid mussels were valuable for
monitoring microplastics in the Great Lakes. We aimed to
compare abundance of microplastics with chemical contaminants
in dreissenid mussels. We predicted microplastics would be
found in mussels at all sites, with higher abundance in the largest
mussels and in the water column near potential microplastic
sources. We expected more microplastics in mussels after 60 days
deployment (August) compared to 30 days (July). In addition, we
predicted chemical contaminants would be positively correlated
with microplastics in mussel tissue. These data are needed to
predict exposures to both classes of contaminants and to inform
models for the fate and impacts of pollution in the Great Lakes.

MATERIALS AND METHODS

Study sites were distributed throughout Milwaukee Harbor, W1,
United States. From June 11-13, 2018, researchers collected
“reference” (ref) mussels from four sites in Lake Michigan:
sites Ref-0, Ref-1, Ref-4, and Ref-5 (Figure 1 and Table 1).
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FIGURE 1 | The study sites are locations in (A) the United States of America, (B) State of Wisconsin, and (C) city of Milwaukee. Sites 0-5 are Great Lakes Mussel
Watch reference locations. Site 6 is at the confluence of the Milwaukee and Kinnickinnic Rivers. Site 17 is at the outfall of the Jones Island Water Reclamation (i.e.,
wastewater treatment) Plant. The square at the confluence of the Milwaukee and Kinnickinnic Rivers is the sampling site for fish in McNeish et al. (2018).

TABLE 1 | Mussel collection locations and 2018 sampling dates.

Mussel collection date

Site Latitude Longitude Landmark Site type June July August
Ref-1 43.00795 —87.88913 Port Milwaukee Reference 11-dun N/A N/A

Ref-0 43.0353 —87.893967 McKinley Park Reference 12-dun 11-Jdul 14-Aug
Ref-4 43.04316 —87.88790 Veterans Park Reference 12-dun 11-Jdul 14-Aug
Ref-5 43.060133 —87.863983 Lake Park Reference 13-dun 11-Jdul 14-Aug
River-6 43.02471 —87.89759 River Confluence Urban river N/A 9-Jul 13-Aug
WWTP-17 43.023467 —87.89425 Jones Isl. WRP Wastewater N/A 10-Jul 13-Aug

Isl, island; WRP, Water Reclamation Plant; WWTR A Wastewater Treatment Plant.

Reference site selection was based on past measurements of
mussel contaminant load, and site numbers were assigned during
a separate, long-term monitoring program (Kimbrough et al,
2018). Ref-0, Ref-1, and Ref-4 are each within the harbor
breakwalls (Figure 1) and support mussels with measurable
levels of a broad suite of legacy and emerging chemicals. Ref-
5 is outside the harbor breakwalls (Figure 1), where mussels
have lower chemical contaminants compared to the other sites
(Kimbrough et al., 2018).

Divers collected mussel druses from Ref-0, Ref-1, Ref-4, and
Ref-5 using stainless steel scrapers. Mussels were brought onto a
boat, placed into coolers with aerated lake water, and returned to
shore. Approximately 4 L of mussels were collected (goal: 2-3,000
individuals) for measuring chemicals and microplastics in tissues.
In June, additional mussels were collected from reference sites

for deployment at two experimental sites: the confluence of
the Milwaukee River branches (River-6) and the outfall of the
Jones Island Water Reclamation Facility (hereafter, wastewater
treatment plant; WWTP-17; Figure 1). The experimental sites
are near potential contamination sources for microplastics
and chemical contaminants (McCormick et al., 2016). Mussels
deployed at River-6 originated from Ref-4, and mussels deployed
at WWTP-17 were from Ref-5 (Table 1). At each of the two
experimental sites, mussels were relocated in four, galvanized
steel mesh minnow torpedo traps (i.e., cages; https://Frabrill.com,
MD) (Kazour and Amara, 2020), closed with plastic zip ties, and
anchored to the sea wall using metal chains. The water depth at
River-6 was 7.6 m, and the cages were deployed at a depth of 7 m.
At WWTP-17, the WWTP outflow pipe was situated 3-4 m below
the water surface and the lake depth was 10 m. The mussels were
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deployed at 6.5 m depth, approximately 3 m below the outfall and
3 m from the sea wall. Mussel collection occurred at Ref-1 in June,
but it was not visited in July or August.

Mussels deployed in June 2018 were collected in July and
August 2018 at five sites: Ref-0, Ref-4, Ref-5, River-6, and
WWTP-17 (Figure 1 and Table 1). On each date, two cages were
removed from each site. Mussels were immediately placed into
coolers (Model 35, Yeti, Inc., Austin, TX, United States) with
aerated lake water and returned to shore to be frozen, stored,
and processed. The transport time from collection to shore was
0.5-1 h. Onshore, half of the mussels (enough to fill a ~3.75 L
zip-top polypropylene bag), were immediately placed in coolers
with CO; ice for later microplastics processing. The remainder
of the mussels were sorted and preserved for analysis of chemical
contaminants. Mussels were alive during transit from collection
sites to the laboratory. This Mussel Watch Program protocol was
observed so that data were collected identically to past years.
To account for any microplastic depuration during transit we
collected three samples of cooler water using pre-cleaned 500 ml
bottles (high density polyethylene, Fisher Scientific, Pittsburgh,
PA, United States). Pre-cleaning consisted of acid-washing and
thorough rinsing with deionized (DI) water that was filtered
(0.363 mm mesh in the laboratory) (Miller et al., 2017; McNeish
et al., 2018). The “cooler water” samples were refrigerated until
processing of microplastics in the laboratory.

Surface water was collected at each site on each date for later
processing for microplastics. Water was collected directly in 1 L
bottles (N = 3 bottles per site, high density polyethylene, Fisher
Scientific, Pittsburgh, PA, United States) that were pre-cleaned as
described above. In the field, bottles were uncapped, rinsed three
times with lake water, and filled while completely submerged to
avoid atmospheric contamination with microplastics. Samples
were placed in a cooler with ice packs and returned to the
laboratory for later processing.

Mussel Processing for Microplastics and
Tissue Mass

Frozen mussels from each site and date (N = 14) required
separation of individuals. We cut the byssal threads from the
frozen druse with a razor blade while working on an enamel
laboratory pan. Mussels, razors, and pans were cleaned with
filtered DI water between samples. We removed organic matter
(e.g., shell fragments, algae) from each mussel shell, and discarded
mussels with broken or open shells. We measured the length
of each intact mussel shell to the nearest 0.1 mm with digital
calipers (Fisher Scientific), and immediately placed each into a
covered foil container by size class: >25.0 mm, 20.1-25.0 mm,
15.1-20.0 mm, 10.1-15.0 mm, and 5.0-10.0 mm (Supplementary
Table 1). Classes were delineated based on the size range
collected. Mussels were out of the freezer <1 h at a time. Sorted
mussels were frozen (—20 C) until processing.

We selected 20 individuals from each size class per date and
site for analysis of microplastics. If a size class contained <20
mussels, all were processed. This occurred only once: the 5.0-
10.0 mm mussels from July at River-6 (N = 7). We removed the
soft tissue with a razor blade and placed it into a 400 mL beaker.

The razor, beaker, and enamel pan were cleaned and rinsed
with filtered DI water before and after processing each mussel.
We set up 22-24 beakers per round of digestion, where each
beaker contained soft tissue from one mussel, and 2-4 beakers
were controls. Control beakers received the same procedures and
reagents as the mussels but contained no mussel tissue. The only
protocol edit was for the smallest mussels (5.0-10.0 mm). Due to
low mass, we selected five individuals, gently broke the shells to
facilitate digestion, and placed all five together (tissue + broken
shells) in a beaker. All remaining steps in the digestion protocol
was the same as other mussel size classes.

We used wet peroxide oxidation to digest mussel tissue, which
removes organic matter without affecting most microplastics
(Lusher et al., 2017; Munno et al., 2018). We added 20 mL of
30% H,0; and 20 mL of an iron sulfate catalyst (0.05 M Fe(II))
to each beaker, covered the beaker with foil, and allowed the
solution to digest for at least 18 h at room temperature (20°C).
We considered the digestion complete when a yellow color in
the solution was observed and no visible tissue pieces remained.
Next, we added 20 mL 30% of H,O, to ensure full digestion
and so that all samples contained a uniform amount of peroxide.
If visible tissue remnants were noted after 18 h (i.e., the largest
mussels), beakers were placed on a shaker table (50 rotations/min
for 18 h) to facilitate digestion of tissue. Solutions from each
beaker were vacuum filtered (0.45 pm pore size gridded filters;
Whatman mixed cellulose nitrate, GE Healthcare, Germany).
Each filter was placed into an aluminum dish, covered with foil,
and dried at 30°C in a drying oven for four to 24 h for later
quantification of microplastics.

Water Sample Processing

We had two types of water samples to process for microplastics:
surface water and “cooler water” (i.e., water from coolers
after transit from collection site to lab). Surface water samples
were filtered directly onto gridded filters, with no digestion or
sieving (McNeish et al., 2018). Controls consisted of DI water
placed in the same sample bottles (high density polyethylene,
Fisher Scientific, Pittsburgh, PA, United States) and processed
in identical fashion as the lake water samples. All filters were
covered and dried as described above. Cooler water samples were
turbid and required additional processing. First, the sample was
transferred to a clean glass beaker, covered with foil, and placed
in a drying oven at 50°C for at least 7 days for evaporation. Each
beaker was subjected to peroxide oxidation, and the samples were
filtered, dried, and stored as described for mussel tissue above.
Controls consisted of empty glass beakers which we processed
simultaneously with the cooler water samples.

Counting and Characterizing

Microplastics

Microplastics on all filters were visually identified with a
dissecting microscope (25-30x%; 0.1-5 mm) (Model ASZ30L3,
Bausch & Lomb, United States). We reported shape (fragment,
fiber, and sphere) and color. Each sample was assessed by two
researchers. If counts did not agree, a third assessment was
completed and the two most similar values used. Colors were
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recorded either as a single color, or those particles which were
clear and a single color (i.e., clear + blue) were reported as
the color (e.g., blue) and particles >2 colors were considered
“multi-colored.”

We selected a sub-sample of suspected microplastic particles
for polymer identification that spanned the study sites, mussel
size classes, water samples, and laboratory controls. Only samples
from July, which had the highest number of microplastics,
were selected for polymer identification. We did not include
the smallest mussels (5-10 mm) as very few microplastics were
found. Each of the remaining four mussel size classes from
each site contained 20 filters (N = 80 filters per site for July).
To generate our subsample, we chose five filters from each
mussel size class at each site using a random number generator
(N = 20 filters total per site). All microplastics were removed
from each filter for chemical analysis. If the filter did not
contain microplastics, we randomly selected another filter from
the group. We then randomly selected three control filters for
each site for polymer identification. Surface water samples had
three filters in July, so all microplastics were selected. Finally,
we randomly selected “cooler water” samples from July for
polymer analysis. We selected one filter per site (N = 5), along
with three additional, randomly selected filters. Color was not a
factor in selection, as we randomly selected filters, and removed
all particles from each. We found 1,314 total particles (across
all sample types and after lab contamination correction), with
successful polymer identification for 213 particles (16.2%): 13.3%
of particles in mussels (N = 121), 20.6% of particles from mussel
controls (N = 59), 43.8% of lake water particles (N = 21), 100%
of lake water control particles (N = 4), and 12.7% of cooler water
particles (N = 8).

The protocol for preparation of microplastics for WFT-IR
identification was adapted from Barrows et al. (2018). We first
covered a glass microscope slide in aluminum foil, and carefully
cleaned the foil using filtered DI water. Under the dissecting
microscope, we moved a single microplastic particle from the
filter to the slide using forceps. We used a probe to draw a circle
around the particle by gently indenting the foil. The particle was
covered by a glass coverslip and taped at the edges. The slides
were sent to MicroVision Laboratories, Inc. (Chelmsford, MA,
United States) for analysis. Particle identification was completed
using a Bruker LUMOS FT-IR in reflectance mode. The LUMOS
spectral acquisition range (wavenumber) was 4,000 to 600 cm™!,
conducts 32 scans at a spectral resolution of 4 cm ™! with a VCSEL
laser (wavelength = 850 nm) (Barrows et al., 2018). Spectrum
results were compared to a Bruker reference library and known
standards with a target match between environmental samples
and standards at 60-80%. Any deviation occurred in reflection
mode, where peak matching was also assessed by judgment of
experienced analysts and optical microscopy (to confirm natural
versus synthetic cellulose; H. Knowles, personal communication).

Minimizing and Accounting for

Contamination
Throughout the analysis we instituted efforts to minimize
microplastic contamination. Lab benches were cleaned at

least one time per day with filtered DI water. Instruments
that encountered mussel tissue were rinsed with filtered DI
water before and after use. All researchers wore yellow
polypropylene-coated fabric smocks (Kleenguard A70, Fisher
Scientific, Pittsburgh, PA, United States) throughout processing
to standardize and detect potential contamination from clothing
as yellow microplastics were not previously detected from the
Milwaukee River (McNeish et al., 2018). Samples, filtration
devices, and microscopes were covered as much as possible.
Fibers were the only type of contamination found. We detected
no yellow fibers or fragments in controls, suggesting that the used
smocks were effective. We corrected particle counts using the
control appropriate for each sample type: mussel tissue, surface
water, and cooler water. We subtracted fibers detected in the
control sample from any fibers detected in the environmental
samples in that batch, using fiber color in the process (Grbia
et al,, 2020). Color matching worked in many cases, but was not
always possible, as the contaminant color did not always match
the sample color. In that case, we categorized the contaminant
fiber as “color” or “clear” for subtraction. The mean fiber
correction value was 2.5 fibers/filter for mussels. For surface
water samples, the value was 0.8 fibers/filter, and for cooler water
it was 0.4 fibers/filter. We rounded up controls to the nearest
integer when subtracting to maintain conservative estimates
(McNeish et al., 2018).

Mussel Mass and Condition Index

We generated length-mass conversions using the “excess”
mussels (Supplementary Table 1). For each site and date,
we selected three mussels from each of the five size classes
(N =15 mussels). The shell was measured for length and the soft
tissue removed and placed into individual pre-weighed and pre-
ashed aluminum weighing pans (Fisherbrand, Pittsburgh, PA,
United States). We measured mussel wet weight then dried the
pans at 50°C for >3 days. Pans were placed in a desiccator for
1 h, and dry mass was recorded (accounting for pan mass). We
covered pans with foil and placed them in a muffle furnace (650-
126 Isotemp, Fisher Scientific, Waltham, MA, United States)
at 550°C for 3 h, stored them in a desiccator overnight, and
then ash weight was recorded to calculate tissue ash-free dry
mass (AFDM). We generated linear and exponential length-
mass regressions. We used the regression with the best R? value
to estimate mass for all mussels digested for microplastics at
each site and date. We calculated mussel condition index as dry
mass/length (Mann, 1978).

Chemical Contaminants in Mussels

Mussel tissue chemistry data was generated according to Mussel
Watch Program protocols. Analytes included tissue metrics
(moisture, lipid content), as well as two alkylphenol stable
biotransformation products [4-non-ylphenol (4-NP) and 4-
octylphenol (4-OP)], PAHs (16 parent, 65 alkylated), and 10
petroleum biomarkers. These compounds were included here as
they are chemicals of interest for the Mussel Watch program
and may co-occur with microplastics in mussel tissues in urban
environments. The mussels sorted for chemical contaminant
analyses were double-bagged separately in ~3.75 L zip-top
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polypropylene bag, stored on ice, and shipped by overnight
courier within 2 days of collection. For alkylphenols, mussel
tissues were analyzed by SGS AXYS Analytical Services Ltd.
(Sidney, BC, Canada) (Klosterhaus et al., 2013), and for PAHs
and petroleum biomarkers by TDI-Brooks International, Inc.
(College Station, TX, United States) (Kimbrough et al., 2007).
Contaminants from mussels were measured for each study site
and date except Ref-0, Ref-5, and WWTP-17 in August.

Data Analysis

We first considered patterns in microplastic abundance and
mussel condition index among size classes and sites for each
month (June, July, and August). We expressed microplastic
abundance in four ways: No./individual, No./g wet weight,
No./g dry mass, and No./g AFDM, as each offers a different
perspective into contaminant concentration and comparisons
to literature values. We used Kruskal-Wallis (K-W) tests for
comparisons, as the datasets were a mixture of normal and
non-normal Gaussian distributions, and non-parametric analysis
allows for conservative assessments of patterns (McNeish et al.,
2018; Phuong et al., 2018). Next, we compared microplastic
abundance across the three sampling times, for each size class
at each site using a K-W test. Significant K-W tests were
followed by the Conover-Inman test for multiple comparisons.
We conducted the temporal comparisons separate from the
spatial comparison because the sampling was not balanced over
time (Ref-1 was only assessed in June, and River-6 and WWTP-
17 were only assessed in July and August). We compared the
surface and cooler water samples across sites and dates using a
K-W test. A simple linear regression was used to compare the
surface water and cooler water microplastic concentrations. We
used simple linear regression to compare the mean microplastic
abundance (as No./individual and No./g dry mass) relative to
chemical concentrations (alkylphenols: ng/g wet weight, PAHs
and petroleum biomarkers: ng/g dry mass) by site and date.
We used the Shapiro-Wilk test to assess assumption of normal
distribution of residuals prior to conducting regression.

RESULTS

Microplastics in Mussels: Comparison

Among Sites and Size Classes

We first compared microplastics in mussels among sites and
size classes. In June, mussels were harvested from Ref-0, Ref-1,
Ref-4, and Ref-5. When expressed as No./individual, mussels
from Ref-5 had fewer microplastics than Ref-1 and Ref-0
(K-W test, p = 0.009; Figure 2A). There was no difference
among sites in June when microplastic was quantified as
No./g wet weight, dry mass, or AFDM (Figure 3A and
Supplementary Figures 1A, 2A). In July, microplastics in
mussels was significantly higher at WWTP-17 for every
metric of microplastic abundance (K-W test, <0.001;
Figures 2B, 3B and Supplementary Figures 1B, 2B). In
August, there were no significant differences in microplastic

abundance among sites (Figures 2C, 3C and Supplementary
Figures 1C, 2C).

Differences in microplastics in mussels across size classes
varied according to how microplastics were measured: as
No./individual or No./mass. In June, microplastic concentration
expressed by mussel mass (No./g wet weight, No./g DM,
and No./gAFDM) was significantly different among sizes, with
highest values in the 10-15 mm mussels (K-W test, p = 0.002,
0.001, and 0.001, respectively; Figure 3A and Supplementary
Figures 1A, 2A). In contrast, there was no difference among
size classes in June when microplastics were expressed as
No./individual (K-W test, p = 0.127; Figure 2A). In July, the
highest number of particles relative to mussel mass was also
in the 10-15 mm mussels (K-W test, p < 0.001; Figure 3B
and Supplementary Figures 1B, 2B). When microplastics were
expressed as No./individual in July, the highest values were in the
10-15 mm mussels (Figure 2B). In August, the only significant
difference among mussel size classes occurred when expressed
as No./individual, which was lowest in the smaller mussels and
highest in mussels >20 mm (K-W test, p < 0.001; Figure 2C).

Mussel Condition Index

Mussel condition index was significantly different among sites
and size classes each month (K-W test p < 0.001; Figure 4).
Across every site and each month, the condition index increased
with mussel size. Site Ref-5 always had a lower condition index
than the other sites (Figure 4). The highest values for condition
index were at Ref-1, Ref-0, and Ref-4.

Microplastics in Mussels: Comparison

Among Dates

We compared microplastic in mussels over time by examining
the patterns for each size class and site individually
(Supplementary Figures 3, 4 and Supplementary Tables 2, 3).
No mussels were collected at River-6 or WWTP-17 in June,
thus only July and August were compared for those sites. As
No./individual, microplastics showed highly variable temporal
patterns by site and size class (Supplementary Figure 3
and Supplementary Table 2). For the smallest mussels (5-
10 mm), each site showed a different temporal pattern, but
overall microplastic abundance in this size class was low
(Supplementary Figure 3E). For the other size classes, we found
no temporal differences at Ref-5 or River-6, but significant
differences among dates for Ref-0, Ref-4, and WWTP-17
(Supplementary Figures 3A-D and Supplementary Table 2).
The temporal patterns were inconsistent between (and in
some cases, within) these three sites. For example, at Ref-0,
microplastics were highest in August for the >25 mm mussels,
but highest in June for 15.1-20 mm mussels (Supplementary
Figures 3A,C). This pattern was repeated when microplastics
were quantified as No./g wet weight (Supplementary Figure 4
and Supplementary Table 3). Finally, condition index showed
significant differences among dates for almost all size classes and
sites, and temporal patterns were highly variable (Supplementary
Figure 5 and Supplementary Table 4).
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FIGURE 2 | Mean (+SE) microplastic abundance (No./individual) in dreissenid mussels from Milwaukee Harbor in (A) June, (B) July, and (C) August 2018.
Kruskal-Wallis (K-W) test results are shown in each panel, where degrees of freedom (df) for size class = 4 in all panels, and df for site = 3 in panel (A) and df = 4 in
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Microplastics in Surface Water and
Cooler Water

We compared microplastic concentrations in surface and in
cooler water. For the surface water, we found a significant
difference among sites and dates (K-W test, p = 0.029), where
several measurements were zero, while Ref-5 in June and Ref-
4 and Ref-5 in August were the highest (Figure 5A). Patterns
for cooler water concentrations were different among sites
(K-W test, p = 0.001) where Ref-4 in August and Ref-5 in
July had the highest concentrations (Figure 5B). The range of

microplastic concentrations in surface water and cooler water
was similar (Figure 5), but there was no relationship between the
measurements (log + 1 transformation; R* = 0.002, p = 0.882;
Supplementary Figure 6).

Microplastic Characteristics: Shapes,
Color, Material Type

We categorized all microplastic particles by shape to compare
among sites and size classes. For mussels, fibers were most
abundant (<70%), followed by fragments, whereas spheres were
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rare (Supplementary Figure 7). We found only fibers in the
smallest mussels at all sites (Supplementary Figure 7). The
control samples were almost entirely fibers (98%; Supplementary
Figure 7). Surface and cooler water samples showed similar
patterns, where fibers dominated the assemblage. For surface
water, we found fragments only at River-6 (urban river) in
August (Supplementary Figure 8A). For cooler water, we found
fragments in August at Ref-0, Ref-4, and Ref-5, and in July at
Ref-5 (Supplementary Figure 8B).

We compared microplastic color among sites, mussels, and
water samples. The most common colors for mussels were
clear (34%), blue (28%), black (14%), gray (12%), and red
(8%; Supplementary Figure 9). Ref-1 and Ref-0 had more

blue particles than other sites, while WWTP-17 had less blue
and more clear than other sites. The control samples had a
greater abundance of clear than environmental samples (52%;
Supplementary Figure 9). In contrast, surface water had few
clear particles, and was dominated by blue, red, black, and
gray (Supplementary Figure 10A). Colors in cooler water more
closely matched patterns in mussels than the surface water,
with more clear items than the surface water (Supplementary
Figure 10B).

We analyzed a subset of microplastic particles to determine
chemical composition. Detected material types included natural
(i.e., wool, cotton, cellulose-based), semi-synthetic (i.e., cotton-
processed, cellulose-processed, and rayon), and synthetic (ie.,

Frontiers in Marine Science | www.frontiersin.org

8 June 2021 | Volume 8 | Article 690401


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Hoellein et al.

Microplastics, Chemicals, and Freshwater Mussels

11

}'a

b}i{

15.1-20.0 20.1-25.0
Size Class (mm)
FIGURE 4 | Mean (&SE) condition index (dry mass/length) for in dreissenid mussels from Milwaukee Harbor in (A) June, (B) July, and (C) August 2018. K-W test

results are shown in each panel, where df for size class = 4 in all panels, and df for site = 3 in panel (A) and df = 4 in panels (B,C). In each panel, means with the
same lowercase letter are not significantly different among sizes using post hoc comparisons (p < 0.05). Overlapping vertical lines next to the site legend are not

0.005
A June
0.004 Site KW = 98.46, p<0.001
’ Size KW = 215.56, p<0.001
0003 {1 |£Z4 Ref-1
[_] Ref-0
[ Ref-4
0.002 - | Ref-5
d
0.001 + d E
0.000 HH.H"T Hﬂ”
o B July
€ 004 | Site KW =6388, p<0.001
2 ™ Size KW = 326.62, p<0.001
x
[}
° ./ Ref-5
00034 &
= Il River-6
2 C_1wWwTP-17
S 0.002 - [ Ref-4
S [ 1Ref-0
2 0.001 - .
g e
= 1% i
0.000 ]ﬂﬂlﬂ T f
C August
Site KW = 60.85, p<0.001
0.004 4 Size KW =337.2, p<0.001
0.003 - l Ref-5
' [C_—] WWTP-17
Bl River-6
0.002 - [ Ref-4
[ ] Ref-0
d
0.001 A e
5.0-10.0 10.1-15.0
significantly different after post hoc comparisons (p < 0.05). Ref, reference; WWTP, wastewater treatment plant.

>25.0

polyester, nylon, and acrylonitrile) (Figure 6). In mussels, there
was no pattern in material type among size classes or sites as
each was a mixture of natural (range = 59-100%), semi-synthetic
(range = 19-50%), and synthetic (range = 22-60%) (Figure 6).
Surface water also showed a mixture of material types. River-6
and WWTP-17 were the only sites in which we detected synthetic
materials in surface water, and each had the greatest number
of material types (Figure 7A). Water from coolers showed less
variation in material types than surface water. All materials found
in cooler water were of natural origin except at Ref-5, in which
we found processed cotton and cellulose (i.e., semi-synthetic
materials; Figure 7B).

Microplastics in Mussels: Comparison to

Chemical Contaminants

We found few significant relationships between microplastics
and chemicals in mussels. No relationships were noted
between microplastics and alkylphenols (N = 2), petroleum
biomarkers (N = 10), or with mussel moisture or lipid content
(Supplementary Table 5). For PAHs (N = 81 compounds),
when comparing microplastic abundance as No./individual
with chemical concentrations, we found a positive relationship
to C2, C3, and C4 decalin (Supplementary Table 5). When
comparing microplastic in mussels as No./g wet weight with
chemical concentrations, we found negative relationships
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showed no significant difference among sites (Figure 2C).
Overall, high variation among mussels precludes any assessment
of how location drives microplastics found in dreissenid mussels
in Milwaukee Harbor.

In addition to variation among sites, we predicted more
microplastics in larger mussels. Once again, evidence to support
our prediction was mixed. As expected, microplastic abundance
(No./individual) in the smallest mussels was lower than all

to  1-Methylnaphthalene,  2,6-Dimethylnaphthalene  and other size classes in June, July, and August. In contrast,
1-Methylfluorene, and no other significant relationships when microplastics were considered as No./mass, the highest
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low in the largest mussels (>25 mm). This was because the mean
number of microplastics per mussel was relatively consistent
(~3 particles per individual) across the largest classes (15-25,
20-25, and 25 + mm), even as mass was higher in the larger
mussels. However, it is unclear if this potential mean maximum of
about 3 per individual relates to microplastics in the environment
or the mussels’ retention capacity. More studies on dreissenid
mussels’ interaction with microplastics is needed (Pedersen et al.,
2020), including filtration, retention, rejection, and egestion
(Ward et al., 2019b).

Our third prediction regarding microplastics in mussels was
an increase from July to August at River-6 and WWTP-17 due
to prolonged exposure to putative microplastic sources. The
results did not support this prediction. The temporal patterns
for microplastic abundance varied among each of the sites and
mussel size classes. For example, at WWTP-17, microplastic in
mussels was higher in July relative to August, while at the River-
6, there was no difference between dates. The lack of microplastic
accumulation in mussels over time could be attributed to changes
in surface water concentrations (i.e., exposures; see below). In
addition, dreissenids show seasonality in growth, reproduction,
and feeding (i.e., filtration, rejection, and egestion), which
vary across age classes and may affect microplastics in tissues
(Karatayev et al., 2002; Pastorino et al., 2021).

Mussel condition index (i.e., length/mass) is a gross
assessment of mussel health (Mann, 1978). Mussels near potential
microplastic sources and environmental stressors (e.g., urban
rivers and treated wastewater; River-6 and WWTP-17) could be
expected to have lower condition index relative to the other sites,
but our results showed mixed patterns across sites. The condition
index of mussels at Ref-0 and Ref-4 were higher than River-6
and WWTP-17 in July. In August, mussel condition at River-6
improved, but mussel condition remained low at WWTP-17. Ref-
5 consistently had the lowest condition index. We attribute the
poor condition of mussels at WWTP-17 to wastewater. However,

Ref-5 was the only site outside the breakwalls of Milwaukee
Harbor, where lower condition may index be related to habitat
conditions (i.e., currents) or food availability. Thus, condition
index and microplastics were unrelated and were likely driven by
different factors.

Overall, we found microplastic abundance in dreissenids
was highly variable and without a clear link to sources or
a consistent trend among sites, a pattern which is consistent
with research on other bivalves. Phuong et al. (2018) assessed
microplastics in blue mussels (M. edulis) and Pacific oysters
(C. gigas) in France, including aquaculture and wild individuals,
different locations, and two seasons. The authors found no
significant differences in microplastics in mussel and oyster
tissue across the variables examined. Microplastics in mussels
(Mytillus spp.) were significantly different among individuals
collected across the entire Atlantic coast of Norway (Brate
et al., 2018). However, sites near the urban center of Oslo
as well as remote locations in the northern coast had the
highest contamination. In contrast, Li et al. (2016) showed
more microplastics in wild (relative to aquaculture) mussels
near urban centers across a vast region of China’s Pacific coast.
Pastorino et al. (2021) found higher microplastics in zebra
mussels (D. polymorpha) adjacent to a WWTP relative to more
remote locations, in Lake Iseo, Italy. While it may be logical
to predict that location and proximity to a point source is a
primary driver of microplastics in bivalves, it has not been
consistently documented because microplastics are widespread,
and filtration and excretion rates, as well as bivalve size, all
influence accumulation of microplastics in tissues.

Microplastics in Water Samples
Microplastics in surface water did not support our predictions
about the spatial distribution of sources. Microplastic
concentrations in surface water were highest at two reference
sites (Ref-4 and Ref-5), while River-6 and WWTP-17, our
expected polluted sites, were low. The high spatial variation
in our surface samples could be attributed to methodology or
in situ variability. Our lake water collection was a “snapshot” of a
relatively small volume. An improved resolution of microplastics
could be generated by using combined approaches and habitats
(i.e., bottles, nets, sediment, water column, and wastewater) with
more frequency. In addition, we suggest sampling at mussel
deployment depth to better capture potential exposures. One
consistent finding from microplastic studies is that in situ
concentrations are highly variable within sites, among sites, and
over time (Baldwin et al., 2016; McNeish et al., 2018; Lenaker
etal., 2019). Despite variability in our results, the range of values
detected were consistent with recent studies in the area. Using
the same methods, microplastic concentration in the Milwaukee
River in summer 2016 was 30 particles/L (McNeish et al., 2018),
the Kinnickinnic River in summer 2017 was 6 particles/L, and
Underwood Creek (a nearby urban stream) had 9.6 particles/L
(McNeish, Unpublished data).

We examined microplastic concentrations in the water from
the coolers used to transport mussels from the study sites
to shore to address concerns of microplastic depuration. We

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 690401


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Hoellein et al.

Microplastics, Chemicals, and Freshwater Mussels

measured microplastic concentration in the cooler water of 0-
11.3 particles/L, slightly higher than in the surface water (0-
4.5 particles/L), which may indicate limited depuration. We
conducted a few calculations to deduce the potential effect on
microplastics recorded from mussels. The coolers contained a
range of live individuals, from a minimum of 394 (Ref-5, June)
to a maximum of 2,752 (Ref-5, August; Supplementary Table 1).
The coolers’ interior volume was 27 L. Assuming the coolers
contained 25 L of water plus 2 L of mussels, and if all mussels
released at least 1 microplastic particle in transit, the cooler water
would contain a minimum of 394 particles in 25 L (15 particles/L)
in the cooler with the smallest number of mussels, or a maximum
of 2,752 particles in 25 L (110 particles/L) in the cooler with the
highest number of mussels. Our results were below the minimum
(0-11.3 particles/L), suggesting any depuration during transport
had a minimal impact on mussel data.

Microplastics in Mussels: Comparison to

Chemical Contaminants

We predicted that microplastics in mussels would be positively
related to chemicals extracted from mussels but found little
supporting evidence. Two mechanisms might support a
correlation: (1) microplastics and contaminants are high at some
sites relative to others, and mussels are enriched in both due
to their location and feeding, and/or (2) chemicals adsorbed to
microplastics are ingested together. Plastic surfaces can attract
hydrophobic contaminants, and if ingested, chemicals could
be released from microplastics inside the organism (Rochman,
2013; Sun et al., 2021). For almost all chemicals, we found no
positive correlation to support a mechanistic connection.

The only exceptions to the overall trend were positive
relationships between microplastics and a few PAH’s: decalin
(C2, C3, and C4 decahydronaphthalene), methylnaphthalene
(I-methylnaphthalene and 2,6-dimethylnaphthalene) and 1-
methylfluorene. Decalin is a common solvent for fuel additives
and plastics processing (Aguado et al, 2006; The Market
Publishers, 2013; Sultan and Jabrail, 2019). Methylnaphthalene is
used in products such as moth repellent and high-performance
polyester, while 1-Methylfluorene is a derivative of fluorene,
which is derived from crude oil. Given the long industrial heritage
of the region, it is not surprising to find these compounds
as pollutants in Milwaukee (along with other chemical
contaminants found across sites; Supplementary Table 5;
E. Johnson, personal obs.). The positive relationship between
these particular contaminants and microplastics may indicate
co-accumulation of contaminants and microplastics for a few
types of chemicals. However, we caution against extrapolation as
most contaminants showed no relationship with microplastics.
Further insight into contaminant-microplastic interactions
requires experimental studies for individual compounds and a
range of environmental conditions (Sun et al., 2021).

Microplastic Characteristics: Shape,
Color, Material Type

Consistent with previous work in the region, microplastics in
this study were largely fibers, colored blue, clear, red, black, and

gray, from a mixture of natural, semi-synthetic, and synthetic
compounds. Fibers are the dominant shape type found in Great
Lakes tributaries and fish (Baldwin et al., 2016; McNeish et al.,
2018; Lenaker et al., 2019). The color distribution in our project
was similar to past studies, including the uncommon colors (e.g.,
purple and yellow; Barrows et al., 2018; McNeish et al., 2018),
which are useful to track lab contamination (e.g., yellow lab
smocks). Natural materials comprised about half of the particles
detected, similar to recent work in Lake Ontario (Grbiz et al.,
2020). By publishing details on microplastic characteristics and
comparing to regional datasets, these data help show broad trends
and predict microplastics’ potential sources and impacts.

Microplastics in Dreissenids Compared

to Other Bivalves and Local Fish Taxa

The range of microplastics we found within dreissenid mussels
was similar to published values for other bivalves (reviewed by
Lietal, 2019; Zhang et al., 2020). Mean (£SE) across mussels in
this study was 0.6 (1.3) No./individual, identical to blue mussels
in France (Mytilus edulis) (Phuong et al., 2018) and US Pacific
oysters (C. gigas) (Rochman et al., 2015), but lower than Mytilus
edulis in China and the United Kingdom (1.1-7.6 No./individual
(Li et al,, 2016, 2018; Scott et al., 2019). Our value was slightly
higher than a recently published value for microplastics in zebra
mussels of 0.23 (£0.43 SD) No./individual at a WWTP-adjacent
site in Lake Iseo, Italy (Pastorino et al., 2021). Microplastics
in this study, as No./g wet weight (mean £ SE = 8.4 £ 23.0),
were similar to Venerupis philippinarum in Canada (9.0 No./g;
Davidson and Dudas, 2016), and Scapharca subcrenata in China
(10.5 No./g; Li et al, 2015). A literature review by Li et al.
(2019) concluded that microplastics are pervasive across taxa,
with high variability among species, sites, and seasons. The
authors noted the most studied bivalves were fisheries taxa,
which are often consumed whole and raw, with important
implications for human consumption. Non-seafood bivalve taxa
are less commonly studied, but merit attention for microplastics
as they are critical for ecosystem processes across aquatic habitats
such as salt marshes (Geukensia demissa; ribbed mussels), rivers
(Unionidae), and lakes (Dreissena sp.) (Galimany et al., 2013;
Vaughn and Hoellein, 2018; Pastorino et al., 2021).

Recent research on microplastics in freshwater biota suggests
trophic level may be one factor driving abundance in organisms
(Krause et al., 2020), but few studies have compared microplastics
across trophic levels that include freshwater invertebrates.
Windsor et al. (2019b) found microplastics were ubiquitous
in riverine macroinvertebrates (i.e., mayflies and caddisflies),
but highly variable and unrelated to functional feeding group.
In contrast, McNeish et al. (2018) showed microplastics in
freshwater fish were significantly higher abundance in predators
relative to detritivores.

To examine trends by trophic level, we compared microplastic
in mussels from site River-6 in 2018 to microplastics in fish
collected at an adjacent site in summer 2016. Data were mined
from McNeish et al. (2018), which collected fish from the
confluence of the Kinnickinnic and Milwaukee Rivers (Figure 1).
Three species were examined: Neogobius melanostomus (round
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goby; zoobenthivore, N = 9), Catostomus commersonii (white
sucker; detritivore, N = 16) and Pimephales promelas (fathead
minnow; omnivore, N = 10). Fish digestive tracts were processed
for microplastics using the same protocol as for mussels in this
study. Median microplastics in gobies (17.0 No./individual) were
significantly higher than the minnow (2.0 No./individual), sucker
(3.0 No./individual), and mussels (2.0 No./individual) (K-W-
test p < 0.001; Figure 8). The median value for filter feeding
dreissenids, which are herbivores (Garton et al., 2005), was
about 8.5 times lower than gobies, which are mussel predators
with pharyngeal jaws evolved to crush dreissenid shells (Brush
et al., 2012). We note data were collected in separate studies,
but we cautiously infer that trophic transfer of microplastics
from mussels to gobies may be one factor affecting microplastic
abundance among organisms. More studies of microplastic in
food webs are needed (e.g., in situ and feeding trials).

Dreissenid Mussels May Not Be

“Sentinels” of Microplastic Pollution

Understanding the dynamics of microplastic uptake, rejection,
and retention by bivalves is a topic of major interest from
the public, policy makers, and scientists (Zhang et al., 2020).
To date, assessments for dreissenids are rare and focus on
laboratory feeding. Pedersen et al. (2020) exposed quagga mussels
to high density polyethylene beads (10-45 pm) and found no
selective rejection, filtration rates that were positively related
to water column concentration, and 95% retention after 24 h
of depuration. Magni et al. (2018) fed polystyrene beads (1
and 10 pm; dose = 5(10°)-2(10°) particles/L) to zebra mussels
and tracked accumulation of beads in the gut and hemolymph,
with little stress response. Research on dreissenid filtration
of microplastics is at an early stage and will benefit from
examination of mussel interactions with microplastics types
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FIGURE 8 | Median (center line), 25th and 75th percentile (box edges), and
data outliers beyond 25 and 75 percentiles (dots) for microplastic
concentration in Neogobius melanostomus (round goby; zoobenthivore,

N =9), Pimephales promelas (fathead minnow; omnivore, N = 10),
Catostomus commersonii (white sucker; detritivore, N = 16), and Dreissena
sp. (mussels; filter feeders, N = 82, site River-6). The K-W are indicated,
where degrees of freedom =3, and lowercase letters are not significantly
different among taxa via post hoc comparison (p < 0.05).

found in situ (e.g., fibers, fragments) and at environmental
concentrations (Pastorino et al., 2021).

The literature on microplastic filtration dynamics by
bivalves is rapidly emerging for marine species. Ward
et al. (2019b) examined microplastic filtration of by eastern
oysters and blue mussels, and showed preferential rejection of
polystyrene microspheres (median diameter = 0.019-1 mm),
but little preferential rejection of nylon microfibers (median
length = 0.075-1.075 mm). The authors measured the residence
time of fibers >0.5 mm in blue mussels at over 3 h. Our results,
while collected in situ and on different species, are consistent
with those data. Microplastic fibers in mussel tissues were the
most common shape, and we found little circumstantial evidence
for fiber depuration during the 0.5-1-h transport from the field
to the lab. Woods et al. (2018) exposed blue mussels to high fiber
concentrations (30,000 per L) and showed 9% ingestion with 91%
rejection as pseudofeces. While these concentrations were 10,000
times higher than microplastics at our sites, the data suggest
pre-ingestion sorting and rejection of fibers by dreissenids
could occur in situ. The relationship between microfibers and
dreissenid filtration has not been studied and will be key for
measuring microplastic dynamics in Great Lakes food webs.

Given their role as “sentinels” of chemical pollution in
NOAAs Mussel Watch Program, an important inference from
this study was to consider if dreissenid mussels were valuable
for monitoring microplastics in the Great Lakes. Our initial
conclusion is that these mussels do not serve as indicators of
microplastic pollution, because variation in microplastics among
individuals, size classes, and time periods was higher or equal to
the variation among sites. An important caveat to this conclusion
is that we did not conduct extensive assessments of microplastics
among the various habitats at each site (e.g., surface, water
column, and benthic zone), and our sites were in close proximity
compared to the size of the Great Lakes. Further, microplastic
dynamics during feeding, excretion, and among life stages of
dreissenids are lacking, especially with the shapes (fibers) and
concentrations typical in the environment.

Recent assessments of microplastic in marine bivalves
provide conflicting conclusions as to their use as sentinels of
environmental pollution. Ward et al. (2019b) stated firmly that
bivalves are not appropriate in this role, given the body of
research on bivalve feeding dynamics (i.e., selective filtration
and ingestion), and feeding experiments with microplastics on
two well-studied marine species. Li et al. (2019) expressed a
different position. These authors acknowledged the effect of
filtration and the vast scale of variation in microplastics found
among taxa and locations, yet suggested that improvements in
methodological uniformity, studies of physiology and behavior
relative to microplastic processing by mussels, and enhanced
collaboration are still outstanding requirements for completing
a comprehensive assessment (Li et al., 2019).

CONCLUSION

Dreissenid mussels are ecosystem engineers of considerable
abundance and ecological importance in the Great Lakes and
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other freshwater ecosystems (Li et al., 2021). Quantifying their
interactions with microplastics is critical for understanding the
dynamics of plastic pollution. Dreissenids may not serve as
bioindicators of microplastic pollution in the urban littoral
habitats of the Great Lakes. However, there is much to learn
about factors which drive abundance of microplastics and
contaminants in freshwater bivalves and their predators. More
studies are needed to examine intrinsic (e.g., filtration, egestion,
age, reproductive status) and extrinsic factors (e.g., temperature,
exposure, food quality, season) that control mussel-microplastic
interactions. We suggest studies are needed that span sites with a
wider gradient of water quality, longer time series, across different
habitats, and paired field studies and laboratory analyses to
quantify chemical interactions and physiological impacts. A suite
of approaches and large collaborations will generate the best data
on dreissenid mussels’ interaction with plastic pollution.
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