Journal of Great Lakes Research 47 (2021) 120-133

Contents lists available at ScienceDirect

Journal of Great Lakes Research I AG I_R
journal homepage: www.elsevier.com/locate/ijglr ‘%

Review

A systematic review of the literature on plastic pollution R

in the Laurentian Great Lakes and its effects on freshwater biota e
Arielle Earn, Kennedy Bucci, Chelsea M. Rochman *

University of Toronto, Department of Ecology and Evolutionary Biology, St. George Campus, Toronto, Ontario, Canada

ARTICLE INFO ABSTRACT

Article history: Plastic pollution is ubiquitous in freshwater systems worldwide, and the Laurentian Great Lakes are no
Received 20 June 2020 exception. We conducted a systematic review to synthesize the current state of the literature on plastic

Accepted 24 October 2020
Available online 1 December 2020
Communicated by Tim B. Johnson

pollution, including macroplastics (>5 mm) and microplastics (<5 mm), in the Great Lakes. Thirty-four
publications were used in our systematic review. We found ubiquitous contamination of microplastics
in surface water, with maximum abundances exceeding those in ocean gyres. There are also high levels
of plastic contamination reported across benthic sediments and shorelines of the Great Lakes. Citizen
science data reveals macroplastic across Great Lakes shorelines, with more than three million pieces of
plastic litter recorded over a span of three years. We completed a second systematic review of plastic pol-
lution and its impact on freshwater ecosystems in general to inform how plastic in the Great Lakes may
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Microplastics impact wildlife. Among studies published in the literature, we found 390 tested effects, 234 (60%) of
Effects which were detected and 156 (40%) of which were not; almost all of the freshwater effects (>98%) were
Microfiber tested on microplastics. Based on a subset of these papers, we found that the shape and size of a particle

likely affects whether an effect is detected, e.g., more effects are detected for smaller particles. Finally, we
identify gaps in scientific knowledge that need to be addressed and discuss how the state of the science
can inform management strategies.
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Introduction tion in freshwater ecosystems. In 2015, Driedger et al. reviewed the

The Laurentian Great Lakes, hereinafter referred to as the Great
Lakes, are a vital resource, containing 84% of the available freshwa-
ter in North America and 21% of the available freshwater on Earth
(Environment and Climate Change Canada [ECCC], 2019). Com-
prised of five lakes, the Great Lakes span an area
of > 200,000 km? and cross the borders of the United States and
Canada. It is estimated that 30% of US and Canadian economies
are linked to the Great Lakes through fisheries, industry, tourism,
and recreation (Great Lakes Commission, 2017). Overall, the Great
Lakes support a population of approximately 30 million people (US
EPA, 2019) and 4,000 species of wildlife (Environment and Climate
Change Canada [ECCC], 2019). Among other anthropogenic stres-
sors, plastic waste has become a major concern in the Great Lakes
as scientists have begun to understand the ubiquity and implica-
tions of plastic pollution in aquatic ecosystems (Burgess et al.,
2017).

For decades, researchers focused on plastic pollution in the
oceans while largely ignoring freshwater environments. This over-
sight is particularly striking given that freshwater lakes and rivers
are often the first receivers of urban and industrial pollution,
including plastic debris (Alimi et al., 2018). Sources of and/or path-
ways for plastic debris to aquatic environments include wastewa-
ter treatment plants, landfill leakage, litter, agricultural runoff,
stormwater runoff, tributaries, and industrial effluent or spills
(Alimi et al., 2018; Raju et al., 2018; Ziajahromi et al., 2016). From
litter alone, due to mismanaged solid waste, an estimated 10,000
tonnes of plastic debris is estimated to enter the Great Lakes annu-
ally (Hoffman and Hittinger, 2017). Today, we know that the plas-
tic entering the Great Lakes from diverse sources has led to
ubiquitous contamination (Ballent et al., 2016; Corcoran et al.,
2015; Dean et al., 2018; Eriksen et al., 2013; Hendrickson et al.,
2018; Mason et al.,, 2016). In recent years, studies focusing on
freshwater ecosystems have reported concentrations of plastic
debris similar to those found in marine ecosystems (Dris et al.,
2015).

Despite the ubiquity of freshwater plastic pollution and associ-
ated chemicals (Anderson et al., 2008; Colborn et al., 1998; Guo
etal, 2016; Ivleva et al., 2017), few studies have explored the risks
of macroplastics (>5mm) and microplastics (<5mm) in freshwater
ecosystems (Blettler et al.,, 2017). In the marine environment,
macroplastics are reported to lead to entanglement, laceration, suf-
focation, and starvation of biota. For microplastics, reported effects
include changes to gene expression, changes to reproductive out-
put, and increased mortality (Alimba and Faggio, 2019). Several
laboratory studies have investigated the effects of microplastics
on freshwater organisms; many of which are standard species used
in toxicity testing. Effects on freshwater organisms include
increased mortality, changes in reproduction, and reduced locomo-
tion (e.g. Cui et al., 2017; De Felice et al., 2019). Still, the risks asso-
ciated with plastics and their associated chemicals within
freshwater ecosystems remain largely unknown. Further work
must be done to better understand the fate and effects of plastic
pollution in freshwater organisms.

The Great Lakes provide an opportune case study to increase
our understanding of the sources, fate, and effects of plastic pollu-
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state of knowledge on plastic pollution in the Great Lakes. In their
study, they highlighted the major knowledge gaps in the field of
plastic pollution within the Great Lakes specifically and described
the need for preservation of these freshwater resources. In this
study, we conducted a systematic review of the literature to syn-
thesize what is known about plastic pollution in the Great Lakes,
and measure how the state of the science has advanced since the
Driedger et al. (2015) review. The objective of this study is to gain
a better understanding of the state of the science regarding plastic
pollution in the Great Lakes, highlight research gaps, and identify
relevant policy options. In addition, we conducted a second sys-
tematic review, expanding our original search to include the liter-
ature on the effects of plastic pollution to freshwater biota in
general, to inform hypotheses about how plastic pollution may
impact wildlife in Great Lakes ecosystems.

Methods
Plastic pollution in the Great Lakes

We searched the literature for research regarding plastic pollu-
tion in the Great Lakes from 1943 (oldest date accessible) to June
25th, 2019 using the keywords “Great Lake and plastic” and “Great
Lake and microplastic” (Web of Science, All Databases). Our search
resulted in papers from a broad range of disciplines, including pol-
icy, toxicology, chemistry, ecology, limnology, agriculture, and
social science. Additional papers that did not appear in the initial
literature search, but were known by the authors to be relevant,
were also included. Only peer-reviewed literature was included.
The title and abstract of each paper were assessed to determine
if the paper was relevant for our systematic review. A paper was
determined to be relevant if it discussed plastic pollution in Great
Lakes watersheds specifically. These papers reported on a range of
topics including: 1) the concentrations of plastics on shorelines, in
water and in sediment of the Great Lakes; 2) the sources, transport,
distribution, and/or the fate of plastics in the Great Lakes; and 3)
the contamination of plastics in local wildlife. See Fig. 1 for a flow
chart describing this process and Electronic Supplementary Mate-
rial (ESM) Table S1 for a list of all studies classified as relevant for
our systematic review.

Concentrations of plastic pollution in the Great Lakes

To determine the concentrations of plastics found in the Great
Lakes, we extracted data from studies that reported concentrations
of plastics in various environmental matrices. Additionally, we col-
lected data from a number of papers that reported the concentra-
tions of plastic pollution in small and large tributaries of the Great
Lakes. We extracted the following information: the lake(s) or tribu-
tary in which the study was performed, the matrix the plastic was
collected from (surface water, sediment, shoreline), the location of
sampling (tributary, nearshore, open water, etc.), the method of
sampling used (manta trawl, sediment grab, trowel, etc.), the mesh
size of the equipment, the number of sites sampled in each study,
the total number of samples collected, the dominant category of
plastic found (including whether or not they counted microfibers),
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Fig. 1. A flow chart showing the methods for our systematic review on plastic pollution in the Great Lakes.

the size of the debris, the method of chemical identification, and
the method of quality assurance/quality control (e.g. sample
blanks). Finally, the mean, median, minimum, and maximum con-
centration of plastic found in each study was recorded (See ESM
Table S2). In some cases, we subtracted the number of microfibers
found in a study from the total concentration reported to facilitate
comparing these concentrations with other studies that excluded
microfibers from their analysis (see ESM Figs. S1 and S2 for this
comparison). The detailed data extracted about sampling and anal-
ysis allowed us to assess whether certain parameters informed the
results and conclusions within each study.

To supplement the data obtained in our systematic review, we
included citizen science data. This dataset, provided by Ocean Con-
servancy, was from community cleanups in the Great Lakes region
as part of the International Coastal Cleanup. Although we recognize
that these data were not collected using systematic or peer-
reviewed methods, it provides a broad overview of the (mostly
macroscopic) plastic debris present along the shorelines of the
Great Lakes.

Effects of plastic on freshwater biota

To better understand the potential impacts of plastic pollution
on wildlife in the Great Lakes region, we conducted a second sys-
tematic review to identify research studying the impacts of plastic
pollution on freshwater organisms in general. For this literature
search, we updated the dataset provided by Bucci et al. (2020)
using the same keywords (“marine debris”, “plastic debris”, and
“microplastic”). Our updated dataset includes studies published
through 7 June 2019. Only papers pertaining to the effects of plas-
tic on freshwater biota were included in our analysis; marine and
terrestrial studies were excluded. For visualization of these meth-
ods see Fig. 1 from Bucci et al. (2020) and ESM Table S3 for a list of
studies that report the effects of plastic pollution in freshwater
ecosystems.

Each additional paper was assessed by reading the title and
abstract to determine its relevance to effects on biota in freshwater
exclusively. Only peer-reviewed primary literature was included.
As in Bucci et al. (2020), the following data were extracted from
each additional study: the taxonomic group, the organism studied,
the characterization of the plastic (polymer type, chemicals
included, shape, colour, size), the effect tested, the level of biolog-
ical organization of the tested effect, the type of study (i.e. field
experiment, laboratory experiment), the experimental design (i.e.
use of controls, dose, length of exposure), and whether or not the
effect was detected (see ESM Table S4). We then classified the data
according to the level of biological organization tested (subatomic,
atom, small molecule, macromolecule, molecular assemblage,
organelle, cell, tissue, organ, organ system, organism, population,
assemblage, or ecosystem), and ordered the effects by ecological
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relevance using an established framework for pollutants (Adams
et al., 1989). We considered a study’s endpoints to be ecologically
relevant when they targeted endpoints to an organism (mortality,
behaviour, growth), a population (change in population growth
rate or shifts in reproductive output), an assemblage (change in
structure or composition), or an ecosystem (change in structure
or function; e.g., changes in nutrient cycling, primary productivity).

To visualize the current state of the knowledge, we plotted the
data on a matrix organized by the level of biological organization
targeted (14 levels) and the size of the debris tested (from 1 nm
to 1 km). In studies that tested multiple levels of biological organi-
zation and/or tested more than one effect, each level and effect was
plotted individually (Bucci et al., 2020; Rochman et al., 2016).
Finally, we used studies that reported dose in particles per unit vol-
ume to explore whether plastic type, size, and shape influence
whether or not an effect was detected, and visualized the results
with dotplots.

Results

From the 88 papers found in our initial literature search, 34
papers were classified as relevant to plastic pollution in the Great
Lakes and thus included in our systematic review. This is a large
increase since the Driedger et al. (2015) review, where only 15
papers on plastic pollution in the Great Lakes were cited (Fig. 2).
Eleven of the 34 studies in our systematic review quantified and
characterized plastic pollution in the Great Lakes and their water-
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Fig. 2. Each solid line represents the cumulative number of publications found for
the two systematic reviews discussed in this paper: The grey line represents all
papers published on plastic pollution in the Great Lakes, and the black line
represents all papers published on the effects of plastic on freshwater biota. Each
dotted line represents the sum of all papers when the last literature review on each
topic was completed.
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sheds. Ten studies characterized the sources, transport, distribu-
tion, and fate of plastics across the Great Lakes. Six reported con-
tamination and effects of microplastics in local wildlife. Finally,
nine studies (including three reviews) reported on a range of topics
that contribute to informing the current state of knowledge on
plastic pollution in the Great Lakes.

Concentrations of plastic pollution in the Great Lakes and their
tributaries

Of the eleven studies that reported concentrations of plastic
pollution in the Great Lakes, four reported concentrations in sur-
face water (Cable et al., 2017; Eriksen et al., 2013; Hendrickson
et al,, 2018; Mason et al., 2016), three on shorelines (Corcoran
et al., 2015; Zbyszewski et al., 2014; Zbyszewski and Corcoran,
2011), three in benthic sediment (Ballent et al., 2016; Dean et al.,
2018; Corcoran et al., 2015) and three in the major Great Lakes
tributaries (Baldwin et al., 2016, Cable et al., 2017, Castaneda
et al., 2014).

Four studies reported microplastic concentrations in the surface
waters of four of the Great Lakes: Lake Superior, Lake Huron, Lake
Michigan, and Lake Erie. Here, we also include concentrations
reported in Lake St. Clair. None of the studies in our systematic
review reported surface water concentrations in Lake Ontario. Sur-
face water concentrations ranged from 0 to 318,241 particles/km?
in Lake Superior (Cable et al., 2017; Eriksen et al., 2013;
Hendrickson et al., 2018), 0 to 885,599 particles/km? in Lake Huron
(Cable et al., 2017; Eriksen et al., 2013), 0 to 100,016 particles/km?
in Lake Michigan (Mason et al., 2016), 0 to 1,243,636 particles/km?
in Lake St. Clair (Cable et al., 2017) and 0 to 1,264,293 particles/
km? in Lake Erie (Cable et al., 2017; Eriksen et al., 2013) (Fig. 3).
The average microplastic concentrations ranked, from highest to
lowest, are Lake St. Clair (355,120 particles/km?), Lake Erie
(161,702 particles/km?), Lake Huron (111,231 particles/km?), Lake
Superior (35,327 particles/km?), and Lake Michigan (17,276 parti-
cles/km?) (Fig. 3A). To assess the variability across studies, we
compared the microplastic concentrations reported in Lake Supe-
rior in three separate studies (Cable et al., 2017, Hendrickson
et al,, 2018, Eriksen et al., 2013; Fig. 3B). The three studies demon-
strated a difference in average microplastic concentrations
of ~ 52,000 particles/km?. Cable et al. (2017) reports an average
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microplastic concentration in Lake Superior of ~ 57,300 and col-
lected 6 samples from 2 sites and counted microfibers in their sam-
ples. Similarly, Hendrickson et al. (2018), which reports an average
concentration of ~ 55,700 particles/km?, collected 15 samples from
12 sites and included microfibers in their final particle count, while
Eriksen et al. (2013) reported an average concentration of ~ 5,400
particles/km?, and collected only 5 samples from 5 sites and did
not include microfibers in their final particle count. The difference
between these three studies tells us that there is high variation
among studies, likely based on sampling sites, sampling methods,
and analytical methods.

Four studies reported plastic concentrations on the shorelines
of Lake Erie, Lake St. Clair, Lake Huron, and Lake Ontario (Ballent
et al, 2016; Corcoran et al., 2015; Zbyszewski et al., 2014;
Zbyszewski and Corcoran, 2011). However, only two studies report
concentrations using the same units (pieces/m?), and from those
studies we extracted data to show the distribution of macroplastics
across the shorelines of Lakes Huron, Erie and St. Clair (Zbyszewski
and Corcoran, 2011; Zbyszewski et al., 2014: Fig. 4A). Concentra-
tions across these three lakes range from 0 to 34 pieces/m?. Lake
Huron had both the most polluted shores as well as the most pris-
tine shores, with concentrations ranging from 0 to 34 pieces/m?;
this may be explained by Lake Huron having very remote regions
in addition to larger population centers on its shorelines
(Zbyszewski and Corcoran, 2011). Lake St. Clair and Lake Erie had
plastic abundances ranging from 0.36 to 3.7 and 0.17 to 8.38
pieces/m?, respectively (Zbyszewski et al., 2014). Corcoran et al.,
2015 reports high abundances of expanded polystyrene and plastic
pellets on the shorelines of Lake Ontario, however their total
counts are reported in mass therefore they are not included in
Fig. 4A. These three studies provide the only data published on
the abundance of macroplastic from any environment of the Great
Lakes. Finally, sediment cores from Lake Ontario shorelines have
high concentrations, ranging from 20 to 470 particles/kg dry sedi-
ment (Ballent et al., 2016; See Fig. 4B).

To better understand the distribution and abundance of
macroplastic pollution on the shorelines of the Great Lakes, we
supplemented the primary literature from our systematic review
with citizen science data from Ocean Conservancy’s International
Coastal Cleanup from 2016 to 2018 (Fig. 5). By isolating the clean-
ups that occurred in districts and counties bordering the Great
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Fig. 5. Abundance of plastic litter collected through citizen science per district (in Canada) or per county (in the United States) which border the Great Lakes from

International Coastal Cleanup data over a three-year period (from 2016 to 2018).

Lakes, we were able to determine the distribution and abundance
of plastic pollution along the shorelines. Over the three-year per-
iod, 3,591,967 pieces of plastic were collected along the shorelines
of all five of the Great Lakes. The great majority of items by count
were single-use plastic items, including: 1,198,461 cigarette butts
(33% of the total litter), 240,457 food wrappers (7%), 189,175 bottle
caps (5%), 102,456 plastic bottles (3%), 103,303 plastic bags (3%),
97,995 straws/stirrers (3%), and 30,747 drink lids (0.9%). Only plas-
tic litter was included in this data extraction and synthesis; see
Table S5 for more information.

Three of the eleven studies from our literature search reported
concentrations of microplastics in benthic sediment from two of
the Great Lakes: Lake Erie (Dean et al., 2018) and Lake Ontario
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(Ballent et al., 2016, Corcoran et al., 2015; Fig. 4B). Concentrations
from these three studies ranged from 0 to 4,270 particles/kg of dry
sediment. In Lake Erie sediment, the concentrations ranged from 0
to 391 particles/kg with a mean abundance of ~ 89 particles/kg. In
Lake Ontario sediment, the concentrations ranged from 40 to 4,270
particles/kg with a mean abundance of ~ 941particles/kg. However,
Lake Ontario shoreline data in Fig. 4B is not included in these
ranges or averages, as those samples are discussed in the shoreline
section above. For Lake Erie, the shoreline samples are included
because they are benthic shoreline samples (rather than beach
cores as is the case for Lake Ontario shoreline samples). On average
Lake Ontario samples had ten times more microplastic particles
than those from Lake Erie. Two of the studies included microfibers
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in their particle counts and sampled microplastic particles down to
63 pm (Ballent et al., 2016; Dean et al., 2018).

Five papers from the literature report abundances of plastic pol-
lution in the surface waters or sediment of Great Lakes tributaries:
the Detroit River (Cable et al., 2017) which flows out of Lake St.
Clair to Lake Erie, the Niagara River (Cable et al., 2017) connecting
Lake Erie to Lake Ontario, the St. Lawrence River (Castaneda et al.,
2014), which flows out of Lake Ontario to the Atlantic Ocean, 29
small tributaries across all five of the Great Lakes (Baldwin et al.,
2016), and a few smaller tributaries of Lake Ontario and Lake Erie
(Ballent et al., 2016; Dean et al., 2018). In the surface water of the
Niagara River and the Detroit River, a range of 0 to 1,993,808 par-
ticles/km? was reported (Cable et al., 2017). In the surface water of
29 Great Lakes tributaries across the Great Lakes, researchers
reported a range of microplastics from 0.05 to 32 particles/m?
(Baldwin et al., 2016). In the sediment of the St. Lawrence river,
researchers reported a range of microplastics from 0 to 398,000
microbeads/m?, with a mean of 13,759 microbeads/m?
(Castaneda et al., 2014). Although this study only quantified
microbeads, they were found to be abundant across all sediment
samples in the St. Lawrence River. Across all Lake Erie sediment
samples, the highest concentrations were found in tributary sedi-
ment samples, ranging from 10 to 462 particles/kg (Dean et al.,
2018). Lake Ontario tributary sediment samples ranged from 40
to 1740 particles/kg (Ballent et al., 2016). We removed an extreme
outlier (27,830 particles/kg) from the Lake Ontario tributary sam-
ples at the recommendation of the authors due to the large algal
component of the sample. This was because they measured sam-
ples based on dry weight, and algae is heavy when wet, but light
when it dries. Therefore, the concentration of plastic was dispro-
portionately high in this one outlier because the dry weight of
the sample was so low. Overall, tributaries of the Great Lakes have
high concentrations of microplastics in their surface waters and
sediment.

Sources of and pathways for plastic pollution to the Great Lakes

Scientists estimate that ~ 10,000 tonnes of plastic waste enter
the Great Lakes annually (Hoffman and Hittinger, 2017). The pri-
mary source of this plastic waste comes from large population cen-
ters, such as Chicago, Toronto, Cleveland, and Detroit (Cable et al.,
2017; Hoffman and Hittinger, 2017). In our systematic review, we
found ten papers that discuss known sources of plastic pollution to
the Great Lakes. Although there are likely many sources (e.g., tire
and road wear particles, microfibers from washing machines, lit-
ter) and pathways (e.g., wastewater, stormwater, agricultural run-
off, industrial spillage), we only discuss the ones highlighted in
papers found during our literature search.

Two papers from our systematic review investigate shipping
and boating as sources of plastic pollution to the Great Lakes. In
1993, scientists used multibeam sonar detection to look at the pat-
tern of anthropogenic debris on the bottom of Lake Ontario (Lewis
et al., 2000). They also took grab samples and found a combination
of anthropogenic particles including plastics, coal, oil, fly ash, and
other chemicals. The researchers determined that the shipping
industry was a source of historic pollution to the Great Lakes
(Lewis et al., 2000). Five years later, Baasel-Tillis and Tucker-
Carver (1998) surveyed boaters from the Great Lakes to better
understand their contribution to plastic pollution; 90% of the boat-
ers self-reported as never having dumped plastic waste (or other
anthropogenic debris) into the lakes. This suggests that, while his-
torical shipping routes have left traces of plastic contamination in
the Great Lakes sediment, modern-day boating may not be a source
of plastic pollution into the Great Lakes.

We found three papers reporting on beach visitation as a source
of plastic litter on Great Lakes beaches. Plastic has been reported to
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accumulate on Great Lakes beaches at rates similar to the accumu-
lation on marine beaches (Vincent and Hoellein, 2017). The authors
report their maximum density of anthropogenic litter, ~1 item/m?,
to be very close to the average of ~ 1.83 items/m? found on marine
beaches (Vincent and Hoellein, 2017). Given that the plastic found
on Great Lakes beaches is primarily food and smoking related,
increasing population sizes and beach visitations have been identi-
fied as a major source of beach pollution (Hoellein et al., 2015;
Vincent et al., 2017; Vincent and Hoellein, 2017). Further research
done on the beaches of Lake Michigan demonstrated lower pollu-
tion in the summer as a result of municipal beach cleaning
throughout the summer, and an increase in plastic litter as clean-
ing was reduced/halted in the autumn and spring (Hoellein et al.,
2015; Vincent et al., 2017; Vincent and Hoellein, 2017).

One paper from the literature investigated wastewater treat-
ment plants (WWTP) as a source of plastic pollution by sampling
downstream of WWTP effluent within the Great Lakes and their
tributaries. Cable et al. (2017) demonstrated that WWTPs are a
direct source of microplastics to the surface waters of the Great
Lakes. By collecting samples downstream of a WWTP in Lake Erie
and the Detroit River (a tributary of the Great Lakes), the authors
demonstrated high contamination (a mean of nearly ~ 500,000 par-
ticles/km?) across all WWTP sites (Cable et al., 2017). The maxi-
mum particle densities of ~ 900,000 particles/km? in Lake Erie
downstream of a WWTP and ~ 2 million particles/km? in the
Detroit River downstream of a WWTP were some of the highest
concentrations found by the researchers (Cable et al., 2017).

Finally, three papers we reviewed suggested that the surface
waters of tributaries can transport plastic directly into the Great
Lakes (Baldwin et al., 2016; Cable et al., 2017; Corcoran et al.,
2015). Plastic pellets were observed floating down the tributaries
towards Lake Ontario, and the pellets in the river were similar in
colour to those collected on the shorelines of Lake Ontario. This
suggests that Humber River and its smaller tributaries (e.g. Mimico
Creek, Etobicoke Creek), which flow through highly industrialized
areas with manufacturers of plastic items located in their water-
sheds, transport microplastics directly into Lake Ontario
(Corcoran et al., 2015). Despite their negative buoyancy, microfi-
bers were found to be the dominant plastic shape in samples from
the 29 tributaries. Baldwin et al. (2016) suggest the particles are
able to remain in the surface water of tributaries due to the rapid
movement of the river, suggesting that tributaries act as an impor-
tant means of transport for microfiber pollution into the Great
Lakes (Baldwin et al., 2016). High abundances of plastics in the sur-
face waters of the Niagara and Detroit Rivers and the river plumes
inside Lake Erie and Lake St. Clair, suggests that these tributaries
may also be sources of plastic pollution into the Great Lakes
(Cable et al., 2017).

The fate of plastic pollution in the Great Lakes

Three papers from the literature discussed the fate of plastic
pollution within the Great Lakes. In the Great Lakes, transport
models and surface-water sampling have shown that the highest
particle densities are found near the largest populations, and thus
the fate of microplastics in the Great Lakes is different than in the
marine environment (Cable et al., 2017; Hoffman and Hittinger,
2017). The highest abundances of plastic pollution are also found
near river plumes and close to the shorelines. This finding was sur-
prising to many scientists who believed that high abundances of
plastic would concentrate in the gyres of the large basins in the
Great Lakes, much like in ocean gyres (Cable et al., 2017;
Hoffman and Hittinger, 2017). In Lake Ontario, plastic particles
were found in offshore sediment down to a depth of 8 cm, indicat-
ing that plastic has been accumulating in the benthic environment
for almost 40 years (Corcoran, 2015). These small broken-up
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particles contaminate resources, including drinking water, which
has been demonstrated in all five of the Great Lakes (Kosuth
et al., 2018).

Contamination in Great Lakes wildlife

We found six studies that reported the contamination of plastic
pollution in wildlife from the Great Lakes region. Ten species of
Great Lakes fishes have been reported to be contaminated with
plastic debris. The most contaminated of these was the invasive
bottom-feeder, the round goby (Neogobius melanostomus), contain-
ing an average of 19 particles/individual (McNeish et al., 2018).
From the 11 fish species analyzed, there was a range in the number
of particles found in various fish stomachs, from 0 particles found
in gizzard shad (Dorosoma cepedianum) to ~ 23 particles found in
the most contaminated round goby (Neogobius melanostomus)
(McNeish et al., 2018). On average, the researchers found a mean
of ~ 12 particles/individual and a median of ~ 11 particles/individ-
ual across the 11 fish species (McNeish et al., 2018). Multiple spe-
cies of native birds have been found to ingest plastic, such as the
mallard duck (Anas platyrhynchos) and the yellow-billed loons
(Gavia adamsii) (Holland et al., 2016). The authors report a range
of 0 to 8 microplastics/individual across these freshwater bird spe-
cies (Holland et al., 2016). Double crested cormorant (Phalacroco-
rax auratus) chicks from Lake Ontario were found to have an
average of ~ 6 plastic particles/individual, which is low considering
cormorants in the Great Lakes region eat highly contaminated
round goby (Brookson et al., 2019). Interestingly, microfibers are
the type of microplastic most likely to be found in the stomachs
of Great Lakes wildlife when compared to other particle shapes
(McNeish et al., 2018; Brookson et al., 2019). This pattern was also
noted by researches who were unable to find contamination of
microbeads within the Dreissena mussels of the St. Lawrence river;
these authors hypothesized that the Dreissena mussels were
unable to ingest particles >35 um (Schessl et al., 2019).

In addition, two of the six studies found shifts in biofilms colo-
nizing plastic substrates compared with other material substrates
(Hoellein et al., 2014; McCormick et al., 2014). Hoellein et al.
(2014) demonstrated a change in metabolism of biofilms on plastic
litter compared to other anthropogenic litter in the Chicago River.
The gross primary productivity of biofilms was significantly higher
on the surfaces of plastic litter compared to the surfaces of alu-
minum and glass litter. The authors also found community respira-
tion to be significantly lower for biofilms on plastic litter compared
to tile substrate (Hoellein et al., 2014). McCormick et al. (2014)
found distinct bacterial assemblages to form on microplastics in
the Chicago River. The bacterial assemblages colonizing microplas-
tics were found to be less diverse with significantly different taxo-
nomic composition compared to bacterial assemblages from the
water column and suspended organic matter. Several pathogens
and ‘plastic decomposing organisms’ were more abundant on
microplastic surfaces (McCormick et al., 2014).

Addressing plastic pollution in the Great Lakes

Nine papers from our literature search outlined issues and sug-
gested strategies to address plastic pollution in the Great Lakes.
Currently, there are more policy and management initiatives in
marine waters compared to freshwater (Eerkes-Medrano et al.,
2015). Nevertheless, the Great Lakes have been and continue to
be important waterbodies for monitoring microplastics
(Anderson et al., 2016). To properly evaluate the problem, we must
be able to understand the trends, abundances, and sources of plas-
tic across the lakes using standardized methods (Twiss, 2016). This
information can then be used to inform policy changes towards
mitigating the plastic pollution issue. In addition to more research,
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we need strong directives from all levels of governance, including
the federal level, to accomplish large-scale changes (Dauvergne,
2018). The Great Lakes Water Quality Agreement (GLWQA), pro-
hibits the dumping of plastic waste from ships. However, we must
address the input of plastic from land-based sources in order to
stop plastic pollution from reaching the Great Lakes (Driedger
etal., 2015). Designating microplastics as chemicals of mutual con-
cern under Annex III of the GLWQA could ensure standardized
quantification and mitigation of microplastics, as a suite of con-
taminants, from both sides of the Great Lakes international border
(Great Lakes Water Quality Agreement, 2012). In 2019, the Cana-
dian federal government announced they would “ban harmful
single-use plastics and hold companies responsible for plastic
waste” (Prime Minister Justin Trudeau, 2019). Public surveys in
the Great Lakes region have shown support for these initiatives,
suggesting that 75% of respondents are in favour of plastic bans
and/or fees (Bartolotta and Hardy, 2018). Additionally, an expert
focus-group concluded that “developing educational outreach on
public signage, designating more designated smoking areas with
proper disposal methods and reward programs such as tax
increases or deposit programs” would help overcome normative
behaviours of littering plastic cigar tips and thus reduce
smoking-related plastic littering in the Great Lakes region (Hardy
and Bartolotta, 2018). In the Great Lakes region, new technology
to track waste through aquatic environments may help to deter-
mine the fate and pathway of plastic litter throughout the lakes
(Sigler, 2014). It remains clear that interdisciplinary action will
be required to solve the complex issue of plastic pollution in the
Great Lakes (Belontz et al., 2018).

Effects of plastic pollution on freshwater biota

We found 55 papers investigating the effects of plastic pollution
in freshwater biota published between November 26th, 2017 and
June 7th, 2019, adding to the 20 papers found by Bucci et al.
(2020), creating a total of 75 papers for data extraction (Fig. 2).
From these studies, we extracted 390 instances where an effect
was tested. Each instance included each plastic type, organism
and/or effect tested, meaning multiple instances come from each
manuscript. Still, testing for an effect using different concentra-
tions of the same size/shape/polymer and/or organism was
counted as a single instance. The vast majority of these tested
effects used microplastics (98.9%) while only four tested with
macroplastics (1.1%). Of the 390 tested effects, 234 (60%) were
detected and 156 (40%) were not. Of the 234 detected effects, 79
(32%) were at suborganismal levels and 165 (68%) were at
ecologically-relevant levels (organism, population, assemblage,
ecosystem). Of the 156 non-detected effects, 34 (16%) were at sub-
organismal levels and 182 (84%) were at ecologically-relevant
levels; see Fig. 6 for a visual representation of these trends, orga-
nized by biological level of organization and size of debris.

Of the 75 studies investigating the effects of plastic pollution in
freshwater biota, 23 reported doses in particles per unit volume,
and thus were used to explore underlying patterns in whether or
not an effect was detected (Fig. 7). From these studies, we
extracted 388 datapoints. Here, extracted data includes all combi-
nations of endpoints and doses used in an experiment (i.e. if one
study investigated effects for 2 endpoints and exposed organisms
with 4 doses, that study would have 8 datapoints). Of the 388 dat-
apoints extracted, 170 (44%) were detected effects and 218 (56%)
were non-detected effects (Fig. 7a). An effect was detected in 58%
of cases testing with fibers (14 of 24 total effects tested with
fibers), 24% of cases using fragments (18 of 75), 45% of cases using
spheres (110 of 246), and 65% of cases in the ‘other’ category (28 of
43), which includes microplastics described as ‘disks’ (Hossain
et al., 2019) and ‘sheets’ (Eckert, 2018) (Fig. 7b). For polymer type,
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an effect was detected in 36% of cases testing with PE (48 of 134),
34% of cases testing with PET (16 of 47), 50% of cases testing with
PHB (1 of 2), 50% of cases testing with PMMA (1 of 2), 58% of cases
testing with PP (7 of 12), and 58% of cases testing with PS (69 of
118) (Fig. 7c). Finally, for particle size, an effect was detected in
65% of cases testing with particles >1 mm (28 of 43), 42% of cases
testing with particles between 0.1 and 0.9 mm (14 of 33), 22% of
cases testing with particles between 0.01 and 0.09 mm (16 of
71), 39% of cases testing with particles between 0.001 and
0.009 mm (70 of 177), 56% of cases testing with particles between
0.0001 and 0.0009 mm (26 of 46), and 89% of cases testing with
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0.00001 and 0.00009 mm (16 of 18) (Fig. 7d). Interestingly, when
we isolate only the studies that tested with spheres, the percent
of effects detected increases consistently from 0% detected in the
largest size class to 88% detected in the smallest size class
(Fig. 8). Finally, it is worth noting that of the 388 tested effects,
92% were conducted without additional chemicals (358 of 388),
while 8% tested with microplastics and an added chemical (B[a]P,
florfenicol, PCB, and WWTP effluent; 30 of 358). An effect was
detected in 42% of cases that tested with ‘virgin’ microplastics
(152 of 358), and 60% of cases that tested with an added chemical
(18 of 30).



A. Earn, K. Bucci and C.M. Rochman

| Not detected . Detected
~ N=129

N=18 N=46 N=44 N=9

100

75

50

25

Percent of effects

WS
&

S

S

Size (mm)
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Discussion

The first review on plastic pollution in the Great Lakes was writ-
ten in 2015 (Driedger et al., 2015). Since that time, there has been
an increase in research published about plastic pollution in the
Great Lakes (Fig. 2). Overall, the topic of plastic pollution is becom-
ing increasingly acknowledged in interdisciplinary studies assess-
ing the sources, contamination, fate, and effects of plastic debris
in the Great Lakes. Still research gaps remain, and further research
is necessary to better understand plastic pollution in the Great
Lakes and to inform policy.

Surface water

The four published reports on plastics in the surface water of
the Great Lakes showed large variation in counts across the differ-
ent lakes and studies. These studies report surface water contami-
nation in four out of five Great Lakes and Lake St. Clair. Since this
review was completed, two studies reporting the concentration
of microplastic pollution in surface waters of Lake Ontario have
been published (Grbic et al., 2020; Mason et al., 2020).

To better understand the variability between studies, we
assessed whether there were any major differences in sampling
protocols and experimental design. All studies sampled surface
water using manta trawls and used similar laboratory methods
for sample processing. One difference among studies is that one
did not include microfibers in its abundances (Eriksen et al.,
2013). We now know that microfibers are the most abundant type
of anthropogenic debris, making up >85% of microplastic counts in
surface water samples around the globe (Carr, 2017; Baldwin et al.,
2016; Hendrickson et al., 2018). However, the average diameter of
a microfiber (28 um) is much smaller than the mesh size of a typ-
ical manta net (333 pm), so manta trawls, such as those used in the
Great Lakes studies, do not provide an accurate count of microfi-
bers present in surface waters. This suggests that the concentration
of microfibers (and therefore microplastics as a whole) is being
seriously underestimated in the Great Lakes. Nevertheless, despite
our initial hypothesis, removing the microfiber count from the
total particle count in the Great Lakes surface water samples did
not noticeably change the trend between studies (See ESM
Fig. S1). The average microplastic concentrations, both with and
without microfibers, are, from highest to lowest: Lake St. Clair,
Lake Erie, Lake Huron, Lake Superior, and Lake Michigan. This
may be because microfibers were already underestimated in these
studies as a result of using manta trawls to collect the samples, or
because of differences in counting and quality assurance
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procedures employed by the different studies, among other poten-
tial reasons (Fig. 3B). Additionally, microfibers are negatively buoy-
ant, meaning the microfiber particles sink once deposited into the
lakes. Therefore, we expect to see a greater abundance of microfi-
bers accumulating in the sediment of the Great Lakes compared to
their surface waters. Our findings follow this trend; on
average ~ 35% of sediment counts were made up of microfibers
and only ~ 6% of surface water counts where made up of microfi-
bers (Figs. S1 and S2). For further discussion of the contamination
and fate of microfibers in the Great Lakes specifically, see the dis-
cussion on fibers in ESM Appendix S1.

In addition to microfibers, other factors that may help explain
the discrepancies between studies within the same lake (Fig. 3B)
include the number of samples taken, the sites they were taken
from, the size of particles counted, and the timing of the study
(e.g. season, time since rain event). For example, Eriksen et al.
(2013) attributed the largest sample found in their study,
~466,000 particles/km?, to the convergence of currents within
the lake and the proximity of the sampling location to large coal
burning plants which release coal and fly ash. Without proper
chemical identification of microdebris (i.e. FTIR or Raman spec-
troscopy) these non-plastic particles could have been mistaken
for plastic, inflating the reported concentrations. Nevertheless,
while this high concentration seemed to be an outlier in the
Eriksen et al. (2013) study, in our review as a whole, the outlier
is dwarfed by concentrations found by Cable et al. (2017) and is
now found in the middle range of abundances found in Lake Erie.
Additionally, Cable et al. (2017) took triplicate samples of surface
water in order to assess within-station variability. Their results
demonstrate that there is low-accuracy in microplastic counts for
single-trawl samples, as weather and wind can cause the precision
to vary up to 3-fold amongst repeated trawls at the same location.
Because of the variation in reported concentrations between stud-
ies, others have suggested that a standardized set of methods is
needed to better quantify microplastic contamination across the
Great Lakes (Twiss, 2016; Dris et al., 2015).

Standardized methods will enable better global comparisons of
microplastic concentrations. Existing data indicate that the mean
surface water concentration across all the Great Lakes (including
Lake St. Clair) is approximately ~ 100,000 particles/km? (Cable
et al., 2017; Eriksen et al., 2013; Hendrickson et al., 2018; Mason
et al., 2016). This average is five times greater than the mean
microplastic abundance found in a remote mountain lake in Mon-
golia (~20,000 particles/km?; Free et al., 2014), and slightly lower
than the mean particle density found in Lake Winnipeg
(~120,000 particles/ km?; Anderson et al., 2017). A better compar-
ison can be made to a set of Swiss lakes (made up of more and less
urbanized lakes) with an overall mean amongst lakes of ~ 90,000
particles/km?; (Faure et al., 2015). However, Mason et al. (2020)
reports an average concentration of 230,000 particles/km? in Lake
Ontario suggesting that the addition of Lake Ontario data would
increase the overall average.

The surface waters of the Great Lakes have much higher plastic
abundances on average than areas of the marine environment
including the North Atlantic (~7,758 particles/ km?; Law et al.,
2010) and the South Pacific (26, 898 particles/ km?; Eriksen
et al.,, 2013) oceans; but have lower average plastic abundances
than the North Pacific central gyre (334,271 particles/ km?;
Moore et al., 2001). However, because of the high variability in
plastic counts from marine and freshwater environments, simply
comparing average abundances can overlook important informa-
tion about the actual concentrations being reported. For example,
the maximum microplastic counts from the Great Lakes (at ~ 1.2
million particles/km?) surpass even the highest concentration of
microplastics from the marine environment which are found in
the North Pacific Gyre (969,777 particles/km?; Moore et al.,
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2001). Overall, plastic is ubiquitous across the Great Lakes and
comparable by count to both marine and other freshwater
environments.

Shorelines

There was less variation in plastic counts across the shoreline
environments of Lake Huron, Lake Erie, and Lake St. Clair. However,
the maximum concentrations from Lake Huron (34 pieces/m?) and
Lake St. Clair (8 pieces/m?) demonstrate the strong influence of
industry on shoreline litter (Fig. 4A). For example, the plastic col-
lected from Sarnia beach on Lake Huron was made up of >90%
industry pellets (Zbyszewski et al., 2014), which can be released
from industrial plants as waste or through accidental spills in tran-
sit. In fact, the samples from beaches on Lake Huron were all rela-
tively high, surpassing average plastic counts on the shorelines of
an Italian lake (Imhof et al., 2018) and rivalling industrial pellet
counts found on marine beaches around the globe (Zbyszewski
and Corcoran, 2011).

There is a lack of primary literature quantifying macroplastics
across the Great Lakes. Three studies reported concentrations of
macroplastics on the shorelines of Lake Huron, Lake Erie, Lake St.
Clair and Lake Ontario (Corcoran et al., 2015; Zbyszewski et al.,
2014; Zbyszewski and Corcoran, 2011). Corcoran et al. (2015)
report overall contamination by weight. This was because
expanded polystyrene littered their sampling sites at Humber Bay
and were so fragile that they could only be included as mass. How-
ever, even when excluding the expanded polystyrene on the shore-
line, they found the shorelines of Lake Ontario to have the second
highest plastic abundance (by count) in the Great Lakes, rivaled
only by Sarnia Beach (Corcoran et al., 2015). There are no studies
that report macroplastic litter across Lake Superior or Lake Michi-
gan. Nevertheless, by using data supplied by Ocean Conservancy,
we were able to construct a map that helps us better understand
the distribution of macroplastic on shorelines around the Great
Lakes (Fig. 5). Trends in macroplastic abundance from citizen-
science data show that there are higher concentrations of pollution
found near city centers. This beach cleanup data, although valuable,
must be interpreted with caution as it does not have the same qual-
ity control as data collected with more rigorous methods. This trend
is likely also driven by larger populations leading to more cleanups
(i.e. more plastic litter accounted for).

Sediment

Lake Ontario sediment samples had significantly higher
microplastics on average than those of Lake Erie (Dean et al,
2018; Fig. 4B). The high concentrations found in Lake Ontario sed-
iment is likely a result of high population density and industrial
activity in the Greater Toronto Region (Ballent et al., 2016). The
lower concentrations in Lake Erie may be a result of both samples
being taken from the northern shoreline, which might have lower
contamination due to wind and water patterns carrying pollutants
to the southern shoreline, as well as lower population density on
the Canadian side of the Lake (Dean et al., 2018). In order to better
assess patterns of deposition and accumulation of plastic pollution
in the Great Lakes, more studies are needed that quantify
microplastics in the sediment of the southern basin of Lake Erie,
as well as the other Great Lakes.

Sources and transport

Understanding the sources of plastic pollution to the Great
Lakes can directly inform mitigation strategies. There are many dif-
ferent potential sources of plastics to the Great Lakes, some of
which were discussed in the studies found during our literature
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search. Still, many potential sources were not included. Sources
of plastic pollution to the Great Lakes include tire- and road- wear
particles, microfibers from textiles, fishing gear, microbeads from
personal care products, littered single-use plastic items, plasticul-
ture used in agriculture, and industrial pellets. These plastics can
enter the lakes via several different pathways, including stormwa-
ter runoff, wastewater effluent, agricultural runoff, fishing prac-
tices, and industrial spillage. Papers found in our review provided
evidence relevant to only some of these sources and pathways,
others are discussed more thoroughly in Grbic et al. (2020).

Tributaries have been identified as a major pathway for
microplastic particles into the Great Lakes (Cable et al.,, 2017;
Baldwin et al., 2016). One study showed that the Humber River
and its tributaries are a transportation route for microplastic pel-
lets into Lake Ontario (Corcoran et al., 2015). Heavier, negatively
buoyant particles, such as polyester microfibers, have been shown
to be transported by the rapid motion of tributaries into the Great
Lakes (Baldwin et al., 2016). Likewise, the Niagara River and the
Detroit River have been identified as pathways for high concentra-
tions of microplastics to travel directly into the Great Lakes (Cable
et al., 2017). Tributaries are clearly an important source of
microplastics into the Great Lakes. As the primary receivers of
much of our urban and industrial plastic pollution, tributaries are
an important source and pathway to understand how plastic ends
up in our lakes and oceans (Alimi et al., 2018).

Several studies in our review showed that proximity to industry
has an impact on the abundance of plastics in samples of surface
water (Fig. 3), shorelines (Fig. 4A), and sediment (Fig. 4B). For
example, Sarnia Beach (located near Chemical Valley, a large indus-
trial area) on Lake Huron was one of the most contaminated sites
in our review, and the sample collected there was composed of
94% industrial pellets (Zbyszewski et al., 2014). In addition, both
Lake Erie and Lake Ontario have long-standing urbanized and
industrial centers on their shorelines. Accordingly, high concentra-
tions of microplastics are found in the sediment of both lakes
(Fig. 4B). Following the trends predicted by the surface water and
beach studies, both Lake Erie and Lake Ontario had the highest sed-
iment abundances found close to their largest population centers,
areas with heavy shipping traffic, and nearshore plastics manufac-
turing industries (Ballent et al., 2016; Dean et al., 2018).

Wastewater treatment plants (WWTPs) are another major route
for microplastics entering freshwater environments (Alimi et al.,
2018). Within the Great Lakes system, microfibers have been
shown to pollute riverine environments downstream of WWTPs
(Raju et al., 2018). One study showed a tenfold increase in the
abundance of microfibers downstream from a WWTP in the Chi-
cago River (McCormick et al., 2014). The same trend was demon-
strated in the Ottawa River where almost three times as many
microfibers were present downstream of a WWTP (Vermaire
et al.,, 2017). In the study by Cable et al. (2017) the samples taken
from WWTP effluent in the Detroit River and Lake Erie were some
of the most contaminated samples across the Great Lakes, includ-
ing the maximum of ~ 2 million particles/km? and an average
of ~ 500,000 particles/km? (Cable et al., 2017). Research suggests
that advanced, final-stage WWTP facilities, which have additional
biological and chemical processing, are able to greatly reduce the
output of microplastics (Ziajahromi et al., 2016). Unfortunately,
even small emissions of microplastics from one WWTP could
become a major source of pollution given the quantity of WWTP
effluent released into the Great Lakes on an annual basis
(Ziajahromi et al., 2016).

Effects of plastic pollution on freshwater biota

Plastics have been dispersing and accumulating in the Great
Lakes for many decades and have been found to contaminate a
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variety of organisms that live in the Great Lakes region. However,
of the thousands of species that inhabit the Great Lakes, only 15
have been investigated for plastic contamination, and only two
studies have tested for effects in Great Lakes wildlife. Due to the
ubiquity of microplastics in the region, Great Lakes wildlife is likely
just as contaminated as marine species. As such, more studies are
required to better understand the patterns of wildlife contamina-
tion and potential effects in the Great Lakes ecosystem. Due to
the lack of specific information regarding effects to Great Lakes
species, in our systematic review, we assessed the weight of evi-
dence regarding the effects of plastic pollution on freshwater biota
in general to better understand effects in the Great Lakes.

Out of the 75 studies used in our systematic review, the major-
ity were conducted in the laboratory (99%) versus in the field (1%),
a trend that holds true when considering all freshwater, marine,
and terrestrial effects studies (Bucci et al., 2020). Because ecologi-
cal interactions are complex, field experiments will be necessary to
gain a more realistic understanding of the ecological threats asso-
ciated with plastic pollution. Moreover, laboratory experiments
must also be conducted with environmentally relevant doses,
types, shapes, and sizes of microplastics (Bucci et al., 2020;
Rochman et al., 2019). Concentrations of microplastics used in lab-
oratory studies are often many orders of magnitude higher than
those observed in the environment (Bucci et al., 2020). Addition-
ally, most studies found in our review (>98%) investigated the
effects of microplastics rather than macroplastics. Based on our
analysis of citizen science data, macroplastics are abundant on
Great Lakes shorelines, indicating a need for more research on
the effects of macroplastics on freshwater organisms.

Two thirds (60%) of the studies detected effects from plastics on
freshwater biota. Effects of microplastics range from mechanical
stress, to changes in reproduction, behaviour, growth, and develop-
ment. Effects also span across nearly all levels of biological organi-
zation, including the ecologically relevant levels of organism,
population, community, and ecosystem. For example, one study
found microfibers can cause a population-level effect in one of
the smaller organisms of freshwater food chains; the waterflea C.
Dubia. C. Dubia suffered reduced reproductive output and a dam-
aged carapace when exposed to microfibers (Ziajahromi et al.,
2017). Another study, the only study that tested effects with
macroplastics, exposed organisms to 28x48mm plastic sheets
and observed changes in the community structure of biofilms that
formed on certain types of plastic substrate (Vosshage et al., 2018).
This study also demonstrated organismal effects on snails (R. balth-
ica) which fed on biofilms that formed on plastic substrates;
growth rates were reduced in snails feeding on all biofilms growing
on plastic substrates compared to the control. Out of the 390 tested
effects, many (40%) were not detected.

Based on our analysis of 20 studies, the likelihood of an effect
being detected is affected by the shape, size, and type of microplas-
tic used in the experiment. In general, an effect was more likely to
be detected when using fibers (compared to fragments or spheres),
either large or nano-sized particles (>1mm or < 0.0009 mm), and
PP and PS (compared to PE and PET; not enough data on PHB
and PMMA). Although fibers caused an effect in 58% of cases, it is
important to note that all datapoints are from the same study.
Spheres and fragments caused an effect in 45% and 24% of
instances, respectively (data from 4 and 19 studies). Other studies
have also shown that fibers and fragments tend to be more harmful
than spheres (e.g. Ziajahromi et al., 2017). In our study, however,
we found that spheres caused an effect in more than half of
instances, and in fact were more likely to cause an effect than
fragments.

While particle shape may contribute to the harmfulness of the
plastic particle, the size of the particle is likely to be even more
important. Here, we found that the smaller the particle is, the more
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likely it is that an effect will be detected. This trend was especially
apparent for spheres, the particle shape for which we had the most
data. The smallest particles (0.00001-0.00009 mm) caused an
effect in 88% of instances, while larger spherical particles were
much less likely to cause an effect (Fig. 8). In fact, in the most com-
monly tested size class (0.001-0.009 mm) only 43% of effects are
detected, and in the next larger size class (0.01-0.09), only 27%
of effects are detected. Size-dependent effects have also been
shown empirically, with the number and severity of effects
increasing for smaller particles (e.g. Lu et al., 2016, Jeong et al.,
2016, Lee et al., 2013). This is likely driven by smaller micro- and
nano-sized plastics translocating through the digestive lining
(Messinetti et al., 2019).

For larger plastics, the uptick in number of effects detected in
the largest size class, >1mm, is due to two studies that investigated
community-level responses to irregularly shaped plastics. Dosing
with PS or PP microplastics was also more likely to cause an effect.
It is likely that PS is more harmful because of the monomers that
make up its chemical structure, which are currently considered
carcinogenic and mutagenic and are suspected endocrine disrup-
tors (Lithner et al., 2011). Because PP is not considered an inher-
ently hazardous polymer type (Lithner et al., 2011), it is not clear
why the likelihood of detecting an effect with PP is as high as it
is. These datapoints originate from the same study, which investi-
gated effects to a bacterial community. Thus, it is possible that the
high likelihood of detecting an effect with PP is actually an effect of
experimental design and the endpoints tested, rather than the type
of plastic used. Finally, exposure to microplastics with sorbed envi-
ronmental contaminants was more likely to cause an effect. Sorbed
chemicals have been shown to enhance the detection of effects in
empirical studies (e.g. Rainieri et al., 2018, Gandara e Silva et al,,
2016, Rochman et al., 2013), suggesting that exposure to the chem-
ical cocktail associated with the plastic is also important.

Directly testing the effects of plastic pollution in freshwater
ecosystems is necessary because researchers have suggested that
micro- and macro- plastic pollution may alter the abiotic charac-
teristics of the environment differently relative to marine environ-
ments, due to the difference in size. For example, plastic can
accumulate in benthic habitats, block light penetration in the
water column, or change sediment characteristics (Eerkes-
Medrano et al., 2015). These issues may be exaggerated in the
Great Lakes where surface water samples can surpass the contam-
ination found in oceanic gyres. Furthermore, the fate of plastic pol-
lution in the Great Lakes differs from marine environments, due to
differences in scale, water circulation, less dilution, differences in
salinity, and the ratio of surface water to shorelines. Instead of
accumulating in far-away oceanic gyres, plastic in the Great Lakes
is expected to accumulate in sediment and shorelines, where it is
more accessible to the human population and terrestrial wildlife
(Hoffman and Hittinger, 2017). As such, more research is needed
that addresses the effects of plastic pollution in freshwater envi-
ronments, including in the Great Lakes.

Research gaps and needs

Since the first review on plastic pollution in the Great Lakes
(Driedger et al., 2015), almost a threefold increase in published
research has ensued (Fig. 2). The 2015 review highlighted the
urgent need for further research, given the enormous gaps in
knowledge that existed in this emerging field. In these last four
years, many of the authors’ questions regarding plastic pollution
in the Great Lakes have been answered. However, there are still
gaps in the knowledge about contamination, sources, transport
and effects. In this section, we have outlined the most urgent
research needs based on the current state of knowledge, informed
by our systematic review.
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Summary of potential policy strategies to mitigate plastic pollution in the Great Lakes region.

Waste reduction

rers, drink lids).

Waste management

Require filters on washing machines.

Clean-up

Education & outreach

Reduce production of single-use plastics (e.g. cigarette butts, food wrappers, bottle caps, plastic bottles, plastic bags, straws, stir-

Provide incentives to recycle (e.g., an extended producer responsibility scheme).
Harmonize waste management systems across municipalities.

Adopt initiatives that improve recycling rates, (e.g. Gold box program).

Provide incentives to increase collection and recycling, (e.g., container deposit scheme).
Create standards for using more post-consumer recycled materials.

Build rain gardens on storm drains or other storm drain technologies.

Set limits for the amounts of plastic pollution in sewers.

Employ innovative trash capture technologies in harbors or at river mouths (e.g. 'Seabins’ and 'Trash Wheel’)
Support community clean-ups led by local leaders.

Fund government clean-ups using existing programs (e.g. Superfund in the USA).

Educate to increase waste literacy and behaviours that produce less waste.

Develop a Formal Education Curriculum that focuses on reduction and mitigation.

To accurately quantify contamination of microplastics in the
Great Lakes, we need to standardize, or at least harmonize, meth-
ods of sampling, counting, and processing micro- and macro- plas-
tic samples. Once methods are agreed upon, we need to
systematically sample the surface waters, sediment, and shorelines
of all five Great Lakes. The harmonized methods should include
microplastic particles of smaller size ranges to include all shapes
and types of microplastic debris, including fibers and tiny frag-
ments and spheres that are likely more harmful to wildlife than
microplastics >100 um. These methods should also include defined
strategies for the minimum number of particles to chemically
identify, to assure that the particles being counted are actually
plastic.

In addition to standardizing the methods used to sample for
plastic pollution, extensive sampling of the Great Lakes region is
needed to better understand the sources and fate of macro- and
micro- plastic pollution. As of this review, studies have identified
large population centers (Cable et al., 2017; Hoffman and
Hittinger, 2017), industrial areas (Zbyszewski and Corcoran,
2011), and wastewater treatment plants (Cable et al., 2017;
McCormick et al., 2014) as sources of plastic pollution to the Great
Lakes Additionally, two studies have suggested that tributaries
flowing through urban areas may be a pathway for microplastics
into the Great Lakes (especially for heavier particles such as fibers
(Baldwin et al., 2016; Cable et al., 2017). Further work is needed to
assess stormwater and agricultural runoff as pathways. With
regards to fate, more work is needed to quantify contamination
of the Great Lakes food webs, which will help with future risk
assessments. In addition, further research on the contamination
of extracted drinking water is warranted to help us begin to under-
stand exposure to humans.

More research into the effects of plastic pollution on Great
Lakes biota is essential to understanding the ecological conse-
quences of plastic pollution in the lakes. At present, there are 75
studies that investigate effects of plastic pollution on freshwater
biota, and only two on Great Lakes wildlife specifically. More
research into the effects of both micro- and macro- plastics on
freshwater biota across all levels of biological organization is
needed. More strategic experiments are required to understand
how plastic shape, type, and size affect organisms in freshwater
ecosystems. Furthermore, it is crucial that future experiments take
into consideration the environmental relevancy and context of the
contaminant; because plastics are diverse contaminants, with
many sources, fates, and effects, scientists should adopt testing
procedures that investigate the most common plastics and how
they naturally behave in the environment. Future experiments
should be conducted with types, shapes, sizes, and concentrations
of microplastics that are actually found in nature. By building on
the methods developed in the marine literature, we must build a
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larger effects literature for freshwater biota, and more specifically
biota from the Great Lakes, to understand the distinct impacts of
plastic pollution on freshwater biodiversity (Rochman, 2018).

Science to inform solutions

Our current understanding of the sources, contamination, and
impacts of plastic pollution in the Great Lakes can begin to inform
policy. Using adaptive management strategies, we can begin to
develop and implement solutions informed by the current state
of knowledge while further research is being carried out to
increase our understanding. Plastic pollution is complex and there
is no silver bullet solution. Instead, implementation of many solu-
tions along the supply chain from production to consumption are
needed. Solutions should include waste reduction, improved waste
management strategies, clean-up and education/outreach to
inform behavioural change. Examples of potential policy strategies
that fall under each of these four categories are summarized in
Table 1.

In 1972 the federal governments of Canada and the United
States signed the Great Lakes Water Quality Agreement to save a
system of lakes that were deemed invaluable. The bilateral agree-
ment was supposed to protect these bodies of water from pollution
and keep them healthy for future generations. The Parties should
consider designating the emerging contaminant suite of microplas-
tics as a chemical suite of mutual concern under Annex III of the
Agreement to ensure proper regulation, quantification, and under-
standing of this persistent pollutant in the Great Lakes. Today, we
understand that the Great Lakes are once again threatened, and we
must act now to combat the ubiquitous problem of plastic
pollution.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by Environment and Climate Change
Canada. A. Earn was supported by a Center for Global Change
Science fellowship and a Natural Sciences and Engineering Council
Undergraduate Student Research Award. The authors wish to thank
Ocean Conservancy for providing citizen-science data about the
Great Lakes Region from the International Coastal Cleanup
database.



A. Earn, K. Bucci and C.M. Rochman
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jglr.2020.11.001.

References

Adams, S.M., Shepard, K.L., Greeley Jr, M.S., Jimenez, B.D., Ryon, M.G., Shugart, LR,
McCarthy, J.F., Hinton, D.E., 1989. The use of bioindicators for assessing the
effects of pollutant stress on fish. Mar. Environ. Res. 28 (1-4), 459-464.

Alimba, C.G., Faggio, C., 2019. Microplastics in the marine environment: current
trends in environmental pollution and mechanisms of toxicological profile.
Environ. Toxicol. Pharmacol. 68, 61-74.

Alimi, O.S., Farner Budarz, J., Hernandez, L.M., Tufenkji, N., 2018. Microplastics and
nanoplastics in aquatic environments: aggregation, deposition, and enhanced
contaminant transport. Environ. Sci. Technol. 52 (4), 1704-1724.

Anderson, H.A., Imm, P., Knobeloch, L., Turyk, M., Mathew, ]., Buelow, C., Persky, V.,
2008. Polybrominated diphenyl ethers (PBDE) in serum: findings from a US
cohort of consumers of sport-caught fish. Chemosphere 73 (2), 187-194.

Anderson, J.C., Park, B,J., Palace, V.P., 2016. Microplastics in aquatic environments:
implications for Canadian ecosystems. Environ. Pollut. 218, 269-280.

Anderson, P.J., Warrack, S., Langen, V., Challis, ].K., Hanson, M.L., Rennie, M.D., 2017.
Microplastic contamination in Lake Winnipeg, Canada. Environ. Pollut. 225,
223-231.

Baldwin, A.K., Corsi, S.R., Mason, S.A., 2016. Plastic debris in 29 great lakes
tributaries: relations to watershed attributes and hydrology. Environ. Sci.
Technol. 50 (19), 10377-10385.

Ballent, A., Corcoran, P.L., Madden, O., Helm, P.A., Longstaffe, F.J., 2016. Sources and
sinks of microplastics in Canadian Lake Ontario nearshore, tributary and beach
sediment. Mar. Pollut. Bull. 110 (1), 383-395. https://doi.org/10.1016/
j.marpolbul.2016.06.037.

Bartolotta, J.F., Hardy, S.D., 2018. Barriers and benefits to desired behaviors for
single use plastic items in northeast Ohio’s Lake Erie basin. Mar. Pollut. Bull. 127
(December), 576-585. https://doi.org/10.1016/j.marpolbul.2017.12.037.

Baasel-Tillis, P., Tucker-Carver, ], 1998. Garbage and sewage disposal from
recreational boats journal. J. Environ. Heath 61 (4), 9.

Belontz, S.L., Corcoran, P.L., Davis, H., Hill, K.A., Jazvac, K., Robertson, K., Wood, K.,
2018. Embracing an interdisciplinary approach to plastics pollution awareness
and action. Ambio 48 (8), 855-866.

Blettler, M.C.M., Ulla, M.A., Rabuffetti, A.P., Garello, N., 2017. Plastic pollution in
freshwater ecosystems: macro-, meso-, and microplastic debris in a floodplain
lake. Environ. Monit. Assess. 189 (11). https://doi.org/10.1007/s10661-017-
6305-8.

Bucci, K., Tulio, M., Rochman, C.M., 2019. What is known and unknown about the
effects of plastic pollution: a meta-analysis and systematic review. Ecol. Appl.
30 (2). https://doi.org/10.1002/eap.v30.210.1002/eap.2044.

Burgess, R.M., Ho, K.T., Health, N., Division, A.E., Island, R., 2017. ETC Perspect. 36
(9), 2259-2265. https://doi.org/10.1002/etc.3867.

Brookson, C.B., De Solla, S.R., Fernie, KJ., Cepeda, M.F.E.,, Chelsea, M., 2019.
Microplastics in the diet of nestling double-crested cormorants 416, 1-40.
https://doi.org/10.1139/cjfas-2018-0388.

Cable, R.N., Beletsky, D., Beletsky, R., Wigginton, K., 2017. Distribution and modeled
transport of plastic pollution in the great lakes, the world’s largest freshwater
resource, 5(July), 1-18. https://doi.org/10.3389/fenvs.2017.00045

Carr, S.A., 2017. Sources and dispersive modes of micro-fibers in the environment:
environmental microfiber sources. Integr. Environ. Assess. Manag. 13 (3), 466-
469.

Colborn, T., Smolen, MJ,, Rolland, R., 1998. Environmental neurotoxic effects: the
search for new protocols in functional teratology. Toxicol. Ind. Health 14 (1-2),
9-23.

Castaneda, R.A,, Avlijas, S., Simard, M.A., Ricciardi, A., 2014. Microplastic pollution in
St. Lawrence river sediments. Can. J. Fish. Aquat. Sci. 71, 1767+.

Corcoran, P.L., 2015. Benthic plastic debris in marine and fresh water environments.
Environ. Sci.: Processes Impacts 17 (8), 1363-1369.

Corcoran, P.L., Norris, T., Ceccanese, T., Walzak, M.J., Helm, P.A., Marvin, C.H., 2015.
Hidden plastics of Lake Ontario, Canada and their potential preservation in the
sediment record. Environ. Pollut. 204, 17-25.

Cui, R., Kim, S.W., An, Y., 2017. Polystyrene nanoplastics inhibit reproduction and
induce abnormal embryonic development in the freshwater crustacean Daphnia
galeata. Sci. Rep. 7 (1), 1-10. https://doi.org/10.1038/s41598-017-12299-2.

Dauvergne, P., 2018. The power of environmental norms: marine plastic pollution
and the politics of microbeads pollution and the politics of microbeads. Environ.
Politics 27 (4), 579-597. https://doi.org/10.1080/09644016.2018.1449090.

Dean, B.Y. Corcoran, P.L, Helm, P.A., 2018. Factors influencing microplastic
abundances in nearshore, tributary and beach sediment along the Ontario
shoreline of Lake Erie. ]J. Great Lakes Res. 44 (5), 1002-1009. https://doi.org/
10.1016/j.jglr.2018.07.014.

De Felice, B., Sabatini, V., Antenucci, S., Gattoni, G., Santo, N., Bacchetta, R., Ortenzi,
M.A., Parolini, M., 2019. Polystyrene microplastics ingestion induced behavioral
effects to the cladoceran Daphnia magna. Chemosphere 231, 423-431.

Driedger, A.G.J., Diirt, H.H., Mitchell, K., Van Cappellen, P., 2015. Plastic debris in the
Laurentian Great Lakes: a review. ]. Great Lakes Res. 41 (1), 9-19.

Dris, R., Imhof, H., Sanchez, W., Gasperi, J., Galgani, F., Tassin, B., Laforsch, C., 2015.
Beyond the ocean: contamination of freshwater ecosystems with

132

Journal of Great Lakes Research 47 (2021) 120-133

(micro-)plastic particles. Environ. Chem. 12 (5), 539. https://doi.org/10.1071/
EN14172.

Eckert, Ester M. et al., 2018. Microplastics increase impact of treated wastewater on
freshwater microbial community. Environmental Pollution 234, 495-502.
https://doi.org/10.1016/j.envpol.2017.11.070.

Eerkes-Medrano, D., Thompson, R.C., Aldridge, D.C., 2015. Microplastics in
freshwater systems: a review of the emerging threats, identification of
knowledge gaps and prioritisation of research needs. Water Res. 75, 63-82.

Environment and Climate Change Canada [ECCC], 2019. Great Lakes Protection:
priorities, partnerships, programs and actions for protecting the waters of the
Great Lakes Retrieved from https://www.canada.ca/en/environment-climate-
change/services/great-lakes-protection.html, .

Eriksen, Marcus, Mason, Sherri, Wilson, Stiv, Box, Carolyn, Zellers, Ann, Edwards,
William, Farley, Hannah, Amato, Stephen, 2013. Microplastic pollution in the
surface waters of the Laurentian Great Lakes. Mar. Pollut. Bull. 77 (1-2), 177~
182.

Faure, Florian, Demars, Colin, Wieser, Olivier, Kunz, Manuel, de Alencastro, Luiz
Felippe, 2015. Plastic pollution in Swiss surface waters: nature and
concentrations, interaction with pollutants. Environ. Chem. 12 (5), 582.
https://doi.org/10.1071/EN14218.

Free, C.M,, Jensen, O.P., Mason, S.A., Eriksen, M., Williamson, N.J., Boldgiv, B.,
Khubsugul, Hovsgol Lake Khuvsgul Lake, L., 2014. High-levels of microplastic
pollution in a large, remote, mountain lake. Mar. Pollut. Bull. 85, 156-163.
https://doi.org/10.1016/j.marpolbul.2014.06.001.

Gandara e Silva, Pablo Pena, Nobre, Caio Rodrigues, Resaffe, Pryscila, Pereira, Camilo
Dias Seabra, Gusmao, Felipe, 2016. Leachate from microplastics impairs larval
development in brown mussels. Water Res. 106, 364-370.

Grbi¢, Jelena, Helm, Paul, Athey, Samantha, Rochman, Chelsea M. 2020.
Microplastics entering northwestern Lake Ontario are diverse and linked to
urban sources. Water Research 174, 115623. https://doi.org/10.1016/j.
watres.2020.115623.

Great Lakes Commission, 2017. Great Lakes commission federal priorities: an
Agenda for Great Lakes restoration and economic revitalization Retrieved from
https://www.glc.org/wp-content/uploads/2017/03/GLC-LegPri-2017-FINAL-
web.pdf.

Great Lakes Water Quality Agreement 2012, 2012. Protocol Amending the
Agreement Between Canada and the United States of America on Great Lakes
Water Quality, 1978, as Amended on October 16, 1983, and on November 18,
1987. https://doi.org/10.2307/j.ctvvb7kmv.17

Guo, R, Megson, D., Myers, A.L, Helm, P.A., Marvin, C., Crozier, P., Reiner, EJ., 2016.
Application of a comprehensive extraction technique for the determination of
poly- and per fluoroalkyl substances (PFASs) in Great Lakes Region sediment.
Chemosphere 164, 535-546. https://doi.org/10.1016/j.chemosphere.2016.
08.126.

Hardy, S.D., Bartolotta, J., 2018. Plastic cigar tips debris: exploring use and disposal
issues for Lake Erie beaches. Mar. Pollut. Bull. 137 (July), 262-266. https://doi.
org/10.1016/j.marpolbul.2018.10.020.

Hendrickson, Erik, Minor, Elizabeth C., Schreiner, Kathryn, 2018. Microplastic
abundance and composition in western lake superior as determined via
microscopy, Pyr-GC/MS, and FTIR. Environ. Sci. Technol. 52 (4), 1787-1796.

Hoellein, Timothy J., Westhoven, Meagan, Lyandres, Olga, Cross, Jamie, 2015.
Abundance and environmental drivers of anthropogenic litter on 5 Lake
Michigan beaches: a study facilitated by citizen science data collection. J.
Great Lakes Res. 41 (1), 78-86.

Hoellein, T., Rojas, M., Pink, A., Gasior, J., Kelly, J., 2014. Anthropogenic litter in urban
freshwater ecosystems: distribution and microbial interactions. PLoS ONE, 9(6).
https://doi.org/10.1371/journal.pone.0098485

Hoffman, Matthew J., Hittinger, Eric, 2017. Inventory and transport of plastic debris
in the Laurentian Great Lakes. Mar. Pollut. Bull. 115 (1-2), 273-281.

Holland, Erika R., Mallory, Mark L. Shutler, Dave, 2016. Plastics and other
anthropogenic debris in freshwater birds from Canada. Sci. Total Environ. 571,
251-258.

Hossain, Mohammed, Miao, Jiang, Qi Huo, Wei, et al., 2019. Microplastic surface
properties affect bacterial colonization in freshwater. Journal of Basic
Microbiology 59 (1), 54-61. https://doi.org/10.1002/jobm.201800174.

Imhof, Hannes K., Wiesheu, Alexandra C., Anger, Philipp M., Niessner, Reinhard,
Ivleva, Natalia P., Laforsch, Christian, 2018. Variation in plastic abundance at
different lake beach zones - a case study. Sci. Total Environ. 613-614, 530-
537.

Ivleva, Natalia P., Wiesheu, Alexandra C., Niessner, Reinhard, 2017. Microplastic in
aquatic ecosystems. Angew. Chem. Int. Ed. 56 (7), 1720-1739.

Jeong, Chang-Bum, Won, Eun-Ji, Kang, Hye-Min, Lee, Min-Chul, Hwang, Dae-Sik,
Hwang, Un-Ki, Zhou, Bingsheng, Souissi, Sami, Lee, Su-Jae, Lee, Jae-Seong, 2016.
Microplastic size-dependent toxicity, oxidative stress induction, and p-JNK and
p-p38 activation in the monogonont rotifer (Brachionus koreanus). Environ. Sci.
Technol. 50 (16), 8849-8857.

Justin Trudeau, Prime Minister of Canada. Canada to ban harmful single-use plastics
and hold companies responsible for plastic waste. (2019). Retrieved from
https://pm.gc.ca/en/news/news-releases/2019/06/10/canada-ban-harmful-
single-use-plastics-and-hold-companies-responsible

Kosuth, M., Mason, S.A., Wattenberg, E.V., 2018. Anthropogenic contamination of
tap water, beer, and sea salt. PLoS ONE 13(4): e0194970. https://doi.org/
10.1371/journal.pone.0194970

Law, K.L, Moret-Ferguson, S., Maximenko, N.A., Proskurowski, G., Peacock, E.E.,
Hafner, J., Reddy, C.M., 2010. Plastic accumulation in the North Atlantic
subtropical gyre. Science 329 (5996), 1185-1188.


https://doi.org/10.1016/j.jglr.2020.11.001
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0005
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0005
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0005
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0010
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0010
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0010
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0015
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0015
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0015
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0020
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0020
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0020
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0025
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0025
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0030
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0030
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0030
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0035
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0035
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0035
https://doi.org/10.1016/j.marpolbul.2016.06.037
https://doi.org/10.1016/j.marpolbul.2016.06.037
https://doi.org/10.1016/j.marpolbul.2017.12.037
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0050
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0050
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0055
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0055
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0055
https://doi.org/10.1007/s10661-017-6305-8
https://doi.org/10.1007/s10661-017-6305-8
https://doi.org/10.1002/eap.v30.210.1002/eap.2044
https://doi.org/10.1002/etc.3867
https://doi.org/10.1139/cjfas-2018-0388
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0095
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0095
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0095
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0100
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0100
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0100
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0105
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0105
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0110
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0110
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0115
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0115
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0115
https://doi.org/10.1038/s41598-017-12299-2
https://doi.org/10.1080/09644016.2018.1449090
https://doi.org/10.1016/j.jglr.2018.07.014
https://doi.org/10.1016/j.jglr.2018.07.014
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0135
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0135
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0135
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0140
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0140
https://doi.org/10.1071/EN14172
https://doi.org/10.1071/EN14172
https://doi.org/10.1016/j.envpol.2017.11.070
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0150
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0150
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0150
https://www.canada.ca/en/environment-climate-change/services/great-lakes-protection.html
https://www.canada.ca/en/environment-climate-change/services/great-lakes-protection.html
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0160
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0160
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0160
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0160
https://doi.org/10.1071/EN14218
https://doi.org/10.1016/j.marpolbul.2014.06.001
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0180
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0180
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0180
https://doi.org/10.1016/j.watres.2020.115623
https://doi.org/10.1016/j.watres.2020.115623
https://www.glc.org/wp-content/uploads/2017/03/GLC-LegPri-2017-FINAL-web.pdf
https://www.glc.org/wp-content/uploads/2017/03/GLC-LegPri-2017-FINAL-web.pdf
https://doi.org/10.1016/j.chemosphere.2016.08.126
https://doi.org/10.1016/j.chemosphere.2016.08.126
https://doi.org/10.1016/j.marpolbul.2018.10.020
https://doi.org/10.1016/j.marpolbul.2018.10.020
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0210
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0210
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0210
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0215
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0215
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0215
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0215
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0225
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0225
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0230
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0230
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0230
https://doi.org/10.1002/jobm.201800174
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0240
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0240
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0240
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0240
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0245
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0245
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0250
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0250
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0250
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0250
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0250
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0265
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0265
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0265

A. Earn, K. Bucci and C.M. Rochman

Lee, Kyun-Woo, Shim, Won Joon, Kwon, Oh Youn, Kang, Jung-Hoon, 2013. Size-
dependent effects of micro polystyrene particles in the marine copepod
Tigriopus japonicus. Environ. Sci. Technol. 47 (19), 11278-11283.

Lewis, C.F.M., Mayer, L.A., Mukhopadhyay, P.K., Kruge, M.A., Coakley, ].P., Smith, M.
D., 2000. Multibeam sonar backscatter lineaments and anthropogenic organic
components in lacustrine silty clay, evidence of shipping in western Lake
Ontario. Int. ]. Coal Geol. 43 (1-4), 307-324.

Lithner, Delilah, Larsson, Ake, Dave, Géran, 2011. Environmental and health hazard
ranking and assessment of plastic polymers based on chemical composition.
Science of The Total Environment 409 (18), 3309-3324. https://doi.org/
10.1016/j.scitotenv.2011.04.038.

Lu, Yifeng, Zhang, Yan, Deng, Yongfeng, Jiang, Wei, Zhao, Yanping, Geng, Jinju, Ding,
Lili, Ren, Honggiang, 2016. Uptake and accumulation of polystyrene
microplastics in zebrafish (Danio rerio) and toxic effects in liver. Environ. Sci.
Technol. 50 (7), 4054-4060.

Mason, Sherri A., Daily, Juliette, Aleid, Ghadah, et al., 2020. High levels of pelagic
plastic pollution within the surface waters of Lakes Erie and Ontario. Journal of
Great Lakes Research 46 (2), 277-288. https://doi.org/10.1016/j.
jglr.2019.12.012.

Mason, Sherri A., Kammin, Laura, Eriksen, Marcus, Aleid, Ghadah, Wilson, Stiv, Box,
Carolyn, Williamson, Nick, Riley, Anjanette, 2016. Pelagic plastic pollution
within the surface waters of Lake Michigan, USA. J. Great Lakes Res. 42 (4), 753-
759.

Messinetti, S., Mercurio, S., Scari, G., Pennati, A., Pennati, R., 2019. Ingested
microscopic plastics translocate from the gut cavity of juveniles of the ascidian
Ciona intestinalis. Eur. Zool. ]. 86 (1), 189-195.

McCormick, Amanda, Hoellein, Timothy J., Mason, Sherri A., Schluep, Joseph, Kelly,
John J., 2014. Microplastic is an abundant and distinct microbial habitat in an
urban river. Environ. Sci. Technol. 48 (20), 11863-11871.

McNeish, RE., Kim, L.H., Barrett, H.A., Mason, S.A., Kelly, J.J., Hoellein, T.J., 2018.
Microplastic in riverine fish is connected to species traits. Sci. Rep. 8 (1). https://
doi.org/10.1038/s41598-018-29980-9.

Moore, C.J., Moore, S.L., Leecaster, M.K., Weisberg, S.B., 2001. A comparison of plastic
and plankton in the North Pacific Central Gyre. Mar. Pollut. Bull. 42 (12), 1297-
1300.

Raju, Subash, Carbery, Maddison, Kuttykattil, Aswin, Senathirajah, Kala,
Subashchandrabose, S.R., Evans, Geoffrey, Thavamani, Palanisami, 2018.
Transport and fate of microplastics in wastewater treatment plants:
implications to environmental health. Rev. Environ. Sci. Biotechnol. 17 (4),
637-653.

Rainieri, S., Collendo, N., Larsen, B.K., Barranco, A., 2018. Combined effects of
micrioplasitcs and chemical contaminants on the organ toxicity of zebrafish
(Danio rerio). Environ. Res. 162 (January), 135-143. https://doi.org/10.1016/j.
envres.2017.12.019.

Rochman, Chelsea M., 2018. Microplastics research—from sink to source. Science
360 (6384), 28-29.

Rochman, Chelsea M., Cook, Anna-Marie, Koelmans, Albert A., 2016. Plastic debris
and policy: using current scientific understanding to invoke positive change:
plastic debris and policy. Environ. Toxicol. Chem. 35 (7), 1617-1626.

133

Journal of Great Lakes Research 47 (2021) 120-133

Rochman, Chelsea M., Brookson, Cole, Bikker, Jacqueline, Djuric, Natasha, Earn,
Arielle, Bucci, Kennedy, Athey, Samantha, Huntington, Aimee, Mcllwraith,
Hayley, Munno, Keenan, De Frond, Hannah, Kolomijeca, Anna, Erdle, Lisa, Grbic,
Jelena, Bayoumi, Malak, Borrelle, Stephanie B., Wu, Tina, Santoro, Samantha,
Werbowski, Larissa M., Zhu, Xia, Giles, Rachel K., Hamilton, Bonnie M., Thaysen,
Clara, Kaura, Ashima, Klasios, Natasha, Ead, Lauren, Kim, Joel, Sherlock,
Cassandra, Ho, Annissa, Hung, Charlotte, 2019. Rethinking microplastics as a
diverse contaminant suite. Environ. Toxicol. Chem. 38 (4), 703-711.

Sigler, M., 2014. The effects of plastic pollution on aquatic wildlife: current
situations and future solutions. Water Air Soil Pollut. 225, 2184. https://doi.org/
10.1007/s11270-014-2184-6.

Rochman, Chelsea M., Hoh, Eunha, Kurobe, Tomofumi, Teh, Swee ]., 2013. Ingested
plastic transfers hazardous chemicals to fish and induces hepatic stress.
Scientific Reports 3,. https://doi.org/10.1038/srep03263 3263.

Schessl, M., Johns, C., Ashpole, S.L., 2019. Microbeads in sediment, dreissenid
mussels, and anurans in the littoral zone of the Upper St, Lawrence River, New
York. Pollution 5 (1), 41-52.

Twiss, Michael R., 2016. Standardized methods are required to assess and manage
microplastic contamination of the Great Lakes system. ]. Great Lakes Res. 42 (5),
921-925.

United States Environmental Protection Agency [US EPA]. The Great Lakes. (2019).
Retrieved from https://www.epa.gov/greatlakes

Vermaire, Jesse C., Pomeroy, Carrington, Herczegh, Sofia M. Haggart, Owen,
Murphy, Meaghan, Schindler, Daniel E., 2017. Microplastic abundance and
distribution in the open water and sediment of the Ottawa River, Canada, and
its tributaries. FACETS 2 (1), 301-314.

Vincent, Anna E.S., Hoellein, Timothy J., 2017. Anthropogenic litter abundance and
accumulation rates point to seasonal litter sources on a great lakes beach. J.
Contemporary Water Res. Educ. 160 (1), 72-84.

Vincent, Anna, Drag, Nate, Lyandres, Olga, Neville, Sarah, Hoellein, Timothy, 2017.
Citizen science datasets reveal drivers of spatial and temporal variation for
anthropogenic litter on Great Lakes beaches. Sci. Total Environ. 577, 105-112.

Vosshage, Alexander T.L., Neu, Thomas R., Gabel, Friederike, 2018. Plastic alters
biofilm quality as food resource of the freshwater gastropod Radix balthica.
Environ. Sci. Technol. 52 (19), 11387-11393.

Zbyszewski, Maciej, Corcoran, Patricia L., 2011. Distribution and degradation of
fresh water plastic particles along the beaches of Lake Huron, Canada. Water Air
Soil Pollut. 220 (1-4), 365-372.

Zbyszewski, Maciej, Corcoran, Patricia L., Hockin, Alexandra, 2014. Comparison of
the distribution and degradation of plastic debris along shorelines of the Great
Lakes, North America. J. Great Lakes Res. 40 (2), 288-299.

Ziajahromi, S., Neale, P.A., Leusch, F,, 2016. The fate, chemical interactions and
potential risks to aquatic organisms and potential risks to aquatic organisms.
Water Sci. Technol. 74 (10), 2253-2269. https://doi.org/10.2166/wst.2016.414.

Ziajahromi, Shima, Kumar, Anupama, Neale, Peta A., Leusch, Frederic D.L., 2017.
Impact of microplastic beads and fibers on waterflea (Ceriodaphnia dubia)
survival, growth, and reproduction: implications of single and mixture
exposures. Environ. Sci. Technol. 51 (22), 13397-13406.


http://refhub.elsevier.com/S0380-1330(20)30251-3/h0270
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0270
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0270
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0275
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0275
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0275
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0275
https://doi.org/10.1016/j.scitotenv.2011.04.038
https://doi.org/10.1016/j.scitotenv.2011.04.038
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0280
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0280
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0280
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0280
https://doi.org/10.1016/j.jglr.2019.12.012
https://doi.org/10.1016/j.jglr.2019.12.012
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0285
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0285
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0285
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0285
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0290
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0290
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0290
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0295
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0295
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0295
https://doi.org/10.1038/s41598-018-29980-9
https://doi.org/10.1038/s41598-018-29980-9
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0305
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0305
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0305
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0315
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0315
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0315
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0315
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0315
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.1016/j.envres.2017.12.019
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0325
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0325
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0330
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0330
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0330
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0335
https://doi.org/10.1007/s11270-014-2184-6
https://doi.org/10.1007/s11270-014-2184-6
https://doi.org/10.1038/srep03263
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0345
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0345
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0345
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0350
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0350
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0350
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0360
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0360
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0360
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0360
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0365
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0365
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0365
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0370
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0370
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0370
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0375
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0375
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0375
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0380
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0380
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0380
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0385
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0385
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0385
https://doi.org/10.2166/wst.2016.414
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0395
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0395
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0395
http://refhub.elsevier.com/S0380-1330(20)30251-3/h0395

	A systematic review of the literature on plastic pollution �in the Laurentian Great Lakes and its effects on freshwater biota
	Introduction
	Methods
	Plastic pollution in the Great Lakes
	Concentrations of plastic pollution in the Great Lakes
	Effects of plastic on freshwater biota

	Results
	Concentrations of plastic pollution in the Great Lakes and their tributaries
	Sources of and pathways for plastic pollution to the Great Lakes
	The fate of plastic pollution in the Great Lakes
	Contamination in Great Lakes wildlife
	Addressing plastic pollution in the Great Lakes
	Effects of plastic pollution on freshwater biota

	Discussion
	Surface water
	Shorelines
	Sediment
	Sources and transport
	Effects of plastic pollution on freshwater biota
	Research gaps and needs
	Science to inform solutions

	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


