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a b s t r a c t

Microplastics (plastic particles <5 mm in size) have been reported in ecosystems worldwide and have
been shown to cause adverse negative impacts on organisms. This study provides the first report of
microplastics and other anthropogenic microparticles in the surface waters and sediments of Lake
Simcoe in Ontario, Canada, a popular recreational and fishing lake. Surface waters (low volume grabs
and manta trawls) and sediments were sampled from eight sites to determine microparticle abundances
and character (size, morphology, material identity). Concentrations ranged from 0 to 0.7 particles/L in
surface water grab samples, 0.4–1.3 particles/m3 in manta trawl samples, and 8.3–1070 particles/kg in
sediment samples. Spectroscopic analysis confirmed that 72% of particles were anthropogenic, with
64% unambiguously identified as microplastics. However, confirmed microplastic concentrations were
approximately 6–7 times lower than unadjusted counts in sediments, demonstrating the importance
of verifying and adjusting reported values. Fibers were only quantified and characterized in surface water
grab samples and sediments, and were the most common morphology, accounting for 82% and 89% of
anthropogenic particles, respectively. Fragments were most common in manta trawl samples (75%,
excluding fibers) and consisted predominantly of polyethylene (41%) and polypropylene (22%). The influ-
ence of proximity to urban centers and prevailing winds on the distribution of microplastics was appar-
ent in surface water manta trawls. Microplastics and other anthropogenic microparticles are present in
Lake Simcoe but at lower abundances than at locations impacted by larger population centers in other
large freshwater lakes such as Lakes Ontario and Erie of the Great Lakes.
Crown Copyright � 2020 Published by Elsevier B.V. on behalf of International Association for Great Lakes

Research. All rights reserved.
Introduction

Plastic pollution is a growing global issue. In 2018, the plastic
industry produced 359 million tonnes of plastic product
(PlasticsEurope, 2019). Unfortunately, increasing levels of produc-
tion have not increased in parallel with the management and mit-
igation to prevent plastic waste from contaminating the biosphere.
Plastics, specifically microplastics (generally defined as plastic deb-
ris <5 mm in diameter), have been found in freshwater, marine and
terrestrial ecosystems across the planet (Eerkes-Medrano et al.,
2015; GESAMP, 2015; Rochman, 2018). In North America, the
deposition and accumulation of microplastics in freshwater envi-
ronments has become increasingly evident in the past decade
partly due to studies in Laurentian Great Lakes waters (Cable
et al., 2017; Eriksen et al., 2013; Hendrickson et al., 2018; Mason
et al., 2020, 2016), surrounding watersheds (e.g. Baldwin et al.,
2016; Grbić et al., 2020; McCormick et al., 2016), and lake sedi-
ments (Ballent et al., 2016; Corcoran et al., 2015; Dean et al.,
2018; Lenaker et al., 2019). Microplastics are considered contami-
nants of global environmental and economic concern given their
ubiquity and persistence (Barnes et al., 2009; Worm et al., 2017).

Microplastics are categorized as either primary (produced as
small plastic particles, e.g. microbeads, pre-production pellets) or
secondary (from the degradation of larger plastic debris)
(Koelmans et al., 2014). In the Laurentian Great Lakes, primary
sources of plastics were found to be important contributors of plas-
tic debris and microplastics, including pre-production pellets
(plastic pellets 3–5 mm in size used as feed stock for making plas-
tic products) washing up on beaches of Lake Huron (Zbyszewski
and Corcoran, 2011) and pellets (mostly microbead spheres) in
ter and
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surface waters (Eriksen et al., 2013), in addition to secondary
microplastics from the breakdown of macroplastics (large plastic
debris). Studies often categorize microplastic particles based on
morphology instead of primary vs secondary; common morpho-
logical groupings include: ‘‘foams”, ‘‘films”, ‘‘fragments”, ‘‘spheres”,
‘‘fibers” and ‘‘fiber bundles” (Rochman et al., 2019). Further group-
ing by particle identity is undertaken to confirm whether particles
are indeed microplastics, or whether they are other anthropogenic
material or simply natural particles. Polymer identification is typ-
ically done using spectroscopic techniques such as Attenuated
Total Reflectance - Fourier-transform infrared spectroscopy (ATR-
FTIR), Raman spectroscopy, and/or scanning electron microscopy
(Lenz et al., 2015; Li et al., 2018). Morphological categorization
and identification of polymer types together can provide valuable
information needed to begin addressing some of the specific uses
and sources of microplastic contamination, and can help inform
mitigation strategies (Helm, 2017; Li et al., 2018). A recent exam-
ple of the effectiveness of such methodologies is the identification
of microbeads in the Laurentian Great Lakes which contributed to
establishing bans on plastic microbeads in all personal-care prod-
ucts in Canada and the USA (Eriksen et al., 2013; Rochman et al.,
2015).

Identifying polymer types is also particularly important for risk
assessments of microplastic pollution because polymer type can be
a key factor in identifying potential effects, and it is common for
studies to limit their reports to only the effects of specific polymer
types (Botterell et al., 2019; Bucci et al., 2019; Cole et al., 2013).
Overall, there is a growing body of literature on the effects of
microplastics in different habitats and at different levels of biolog-
ical organization (Bucci et al., 2019; Foley et al., 2018). Bucci et al.
(2019) pointed out the need to assess the relevance of experimen-
tal studies by comparing their experimental dosages with those
found in the environment. This highlights the importance of char-
acterizing the exposure regime for organisms via in situ concentra-
tions of microplastics in different ecosystems.

The objective of this study was to measure and characterize
concentrations and types of microplastics and other anthropogenic
microparticles in Lake Simcoe, an economically-important fresh-
water resource that supports recreational fishing and other activi-
ties, agriculture, and urban development. Emerging contaminant
issues such as microplastics and their potential impacts are of con-
cern to the surrounding municipal, First Nations and Métis com-
munities. Here, we report the first surface water and sediment
data for microplastic contamination in Lake Simcoe and parts of
the Holland River.
Methods

Study site and sampling scheme

Lake Simcoe is a dimictic lake comprised of a main basin and
two prominent extensions (Cook’s Bay and Kempenfelt Bay)
(Fig. 1). The lake has a total surface area of 722 km2 and is located
75 km north of the City of Toronto in Ontario, Canada. Several river
systems drain into the lake, including the Holland River which
drains into Cook’s Bay. The lake drains northwards to Georgian
Bay of Lake Huron through Lake Couchiching and the Severn River.
Lake Simcoe’s watershed spans 3,400 km2 containing agricultural
lands and a population of approximately 400,000, and the lake sup-
ports a wide range of recreational activities (e.g. fishing, wind surf-
ing, swimming, boating and canoeing) (LSRCA, 2013).

Surface water and sediment samples were collected from eight
sites. Four sites were in the main basin, one site was in Kempenfelt
Bay near the City of Barrie, one site was in Cook’s Bay, and one site
was in each of the two branches of the Holland River (Fig. 1). At
2

each site, we collected two types of surface water samples (grab
samples and manta trawls) as well as a sediment sample. Samples
were collected in late June-early July in each of 2018 and 2019. A
total of 16 manta samples (8 sites per year), 18 surface grabs (8
sites per year plus two replicates), and 12 sediment samples (8
sites in 2018; 4 of the sites repeated in 2019) were collected and
analyzed.
Sample collection

Grab water samples were collected in pre-cleaned 4 L amber
glass bottles. Sample bottles were double rinsed with surface water
at the site and then fully submerged so that the opening of the bot-
tle was approximately 10 cm below the surface. Each bottle was
filled to near top and capped above water immediately after filling.
One field blank was collected during each survey by double rinsing
a 4 L amber bottle with HPLC water and then filling it with 1 L of
HPLC water in the same area of the vessel deck where grab water
samples were collected and capped. Field blanks were collected at
random sites.

The manta net (Brown and Cheng, 1981) consisted of an alu-
minum head with wings, a net opening of 16 cm high and 60 cm
wide, and a 335 mm mesh Nitex nylon net with a detachable cod-
end. A rigid PVC cod-end used in 2018 was replaced in 2019 with
a detachable 335 mm Nitex bag cod-end due to flaking of epoxy
resin. The latter artefact was accounted for in the 2018 samples.
Prior to sampling, the net was rinsed down from the outside with
pumped lake water. The cod-end was then attached, and the manta
trawl was deployed portside of the vessel outside the influence of
the wake. Samples were collected over approximately 1 km at
about 2 knots (3.7 km/h). Distance travelled and net width were
used to approximate areal sample coverage (km2). The volume
sampled (48–51 m3) was calculated based on the areal coverage
and sampling of the top 8 cm of the water column which repre-
sents half the height of the net opening (Electronic Supplementary
Material (ESM), Table S1). After sampling, the manta trawl was
retrieved, and the contents were rinsed into the cod-end from out-
side the net with lake water. The contents of the cod-end were
then transferred into a 300 mm metal mesh sieve or directly into
pre-cleaned 2 L polyethylene jars or 500 mL polyethylene tereph-
thalate (PET) jars. Ethanol, up to 20% by volume, was added to sam-
ples stored for longer periods. During each survey, field blanks
were collected at random sites by thoroughly rinsing the net into
the cod-end then transferring to a sample jar. Two field blanks
were collected in 2018 and one was collected in 2019.

Sediment samples were collected by lowering a Petite Ponar
from the port side of the vessel. The sampler was attached to a
bright yellow rayon fiber rope and was lowered to depths ranging
from approximately 1.5 m to 33 m. At each site, three grabs were
collected and transferred into three separate, pre-rinsed, stainless
steel trays. The top layer (1–2 cm) of each of the three grabs was
scooped off with a metal spoon, transferred to a pre-rinsed stain-
less steel tray, and thoroughly homogenized with the spoon. Sub-
samples of the homogenized sediment were transferred to fill a
250 mL amber glass jar. In 2019, a field blank was prepared by han-
dling the Petite Ponar and rope over a pre-rinsed steel pan contain-
ing approximately 200 mL HPLC water, the water was then stirred
with a metal spoon to mimic homogenization and transferred to an
amber glass jar.

Lab blanks were collected by filling sample jars with reverse
osmosis (RO) water from the laboratory tap. The same type of sam-
ple jar was used for each corresponding sample type in order to
mimic the amount of surface area available for airborne contami-
nants. We collected one grab water lab blank, one manta trawl
lab blank and two sediment lab blanks.



Fig. 1. Location and coordinates of sampling sites used in the study.

Miguel Eduardo L. Felismino, P.A. Helm and C.M. Rochman Journal of Great Lakes Research xxx (xxxx) xxx
Sample extraction

In the laboratory, grab water and manta trawl samples were
directly poured through a pre-cleaned stainless-steel sieve stack
secured on top of a bucket with mesh sizes of 1 mm, 500 mm,
355 mm and 125 mm. This process minimizes manipulation to
decrease the risk of contamination. Large organic pieces (e.g.
leaves, grasses, wood) were often found in the >1 mm size fractions
of the manta samples; these were rinsed down to collect any
adhering particles before being discarded. Contents of each size
fraction were transferred into pre-cleaned glass mason jars with
RO water and a metal spoon for later wet picking of microplastics.
Grab sample volumes were determined using a 4 L graduated
cylinder after initial sieving. All field and lab blank water samples
were processed as above.

Sediment samples were sieved using a 45 mm mesh to remove
fine grains and water and then transferred onto covered aluminum
pans for drying. Sediments (>45 mm) were then dried in an oven at
40–50 �C to measure dry weight (ranged from 11.2 to 120.2 g). The
temperature in the oven was monitored daily to ensure that it was
safely below 60 �C to avoid altering the microplastics (Munno et al.,
2018). Weighed samples were subjected to a 24-hour density sep-
aration using 1 L separatory funnels and a 1.4 g/mL CaCl2 solution
3

which has a higher density than most polymer types of interest
(Hidalgo-Ruz et al., 2012). The lower density fraction of the density
separations was passed through the same sieve stack as the water
samples and separated into size fractions before wet picking as
above. All field and lab blank sediment samples were similarly pro-
cessed as above.

Microfibers usually have smaller diameters than the holes of
the manta net, and although some fibers are caught in the net,
the total collected may be an underestimate of the true amount
as fibers may pass through (Barrows et al., 2017). Microfibers were
thus excluded from manta samples and microfiber counts were
only included in grab water and sediment samples. It is however
important to note that this limits comparison with other studies
as there is yet to be a consensus on whether or not to include
microfibers in manta trawl studies.

Microparticle analysis

Each jar containing a size fraction for each sample was trans-
ferred onto a pre-cleaned petri dish and suspected anthropogenic
microparticles were picked manually from the sample under an
OMANO microscope at 40x magnification (Microscope.com, USA).
Suspected anthropogenic microparticles were identified and
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classified by visual appearance and physical handling (e.g. texture,
compressibility) with forceps in accordance with an identification
key used in our lab (ESM Fig. S1). Suspected anthropogenic
microparticles were picked from each sample, placed onto
double-sided tape and stored in covered clean petri dishes. The col-
our, morphology, and size fraction for each particle was recorded.
Subsequently, all picked particles were photographed under an
OMANO microscope (10–40� magnification) and measured using
imaging software (ToupView and ImageJ). Measurements were
strictly 2-dimensional and yielded the longest length and the
width that was perpendicular to the first measurement. Suspected
anthropogenic microparticle concentrations (which includes
microplastics) were derived by dividing the particle abundance
by the area sampled (# particles/km2) and volume of water (# par-
ticles/m3) for manta samples, the volume of water (# particles/L)
for grab samples, and the dry weight of sediment (# particles/kg)
for sediment grab samples.

Subsamples of particles were selected for confirmatory analysis
by targeting 10% of the particles for each colour-shape category
combination in each sample. Particles were analyzed using either
Fourier-transform infrared (FTIR) or Raman spectroscopy to confirm
whether particles were anthropogenic and/or microplastics and to
determine the particle composition. Larger particles were analyzed
using FTIR spectroscopy with a Bruker Vertex-70 FT-IR spectrome-
ter equipped with a Platinum attenuated total reflectance (ATR)
accessory, a diamond crystal plate and OPUS/3D software (Bruker
Corporation,Milton, ON, Canada). Smaller andmore fragile particles
were analyzed with Raman spectroscopy using an XploRA PLUS,
equipped with a 532 nm (max power = 14.2 mW) and 785 nm
(max power = 30.2 mW) excitation lasers, and with LabSpec 6 soft-
ware (HORIBA Scientific, Piscataway, NJ, USA). We chemically ana-
lyzed 39.4% (n = 171) of all particles across all samples.

The identity of several suspected anthropogenic particles could
not be determined. In some cases, components of the particles such
as paints, dyes and additives dominated the spectroscopic signal.
Such particles were classified as ‘‘unknown anthropogenic” when
the spectra matched known additive compounds/materials. In
other cases, particles produced spectra that did not have a good
match in our library and were classified as ‘‘unknown”. The effec-
tiveness of the spectroscopic techniques employed in this study
largely relies on the quality of the library that we used. Combined,
unknowns and anthropogenic unknowns comprised 15.2% of all
our analyzed particles. This number could have been reduced by
using a spectral library more relevant to microplastics (Munno
et al., 2020). In this study, we adjust our suspected anthropogenic
microparticle concentrations based on particle identity to better
depict the concentrations of both anthropogenic microparticles
and microplastics in our samples. The adjusted concentration val-
ues were extrapolated from the percentage breakdown based on
the identities of the 13, 119 and 39 subsampled microparticles
from grab, manta trawl and sediment samples, respectively. We
report confirmed anthropogenic microparticle concentrations
which exclude both ‘‘unknown” and ‘‘organic” categories, but
include ‘‘unknown anthropogenic” particles. Similarly, we report
confirmed microplastic concentrations which include strictly plas-
tic categories and therefore exclude the ‘‘unknown”, ‘‘unknown
anthropogenic” and ‘‘organic” categories. It is important to note
that the confirmed microplastic concentration values are conserva-
tive estimates because some particles under the ‘‘unknown anthro-
pogenic” category might in fact be plastic.

Quality assurance/quality control

Several steps were taken to reduce background contamination
in our study. Our lab is equipped with a HEPA filter, 100% cotton
lab coats were worn during processing and we washed all of our
4

equipment with organic soap, a natural sponge and triple rinsed
with reverse osmosis (RO) water. Samples were covered with glass
covers or aluminum foil whenever possible to avoid airborne con-
taminants. Further, field and lab blanks for each sample type were
collected and subtracted from the final count by colour-category.
At least one lab blank was collected for each sample type and at
least one field blank was collected for each sample type for each
sampling year. In cases where there were more than one lab or
field blank used, the counts were averaged and used for subtrac-
tion. Particles picked from lab and field blanks were not analyzed
through Raman or FTIR and thus yield a conservative estimate
for the microparticle concentrations in this study. Lab and field
blank counts ranged from 1 to 27 particles, comprised mainly of
fibers, and were directly subtracted from sample counts by
colour-shape category prior to spectroscopic analyses (ESM
Table S2). The epoxy flakes from the manta cod-end were also
removed from all samples including blanks. In sediment samples,
we intended to exclude any yellow fibers that resembled the yel-
low rope of the Petit Ponar apparatus; however, none remained
after blank subtraction.
Results and discussion

Microplastic and other anthropogenic particle concentrations

After blank subtraction, 40 of 44 samples contained suspected
anthropogenic microparticles. Four of the 4 L grab samples did
not contain suspected anthropogenic microparticles. Across all
samples, we extracted 444 microparticles in total. Of all suspected
anthropogenic microparticles, 17 were from grab water samples,
307 were from manta trawl samples and 120 were from sediment
samples. We report three different concentrations: suspected
anthropogenic microparticles, confirmed anthropogenic micropar-
ticles and confirmed microplastics. The latter two concentrations
were adjusted based on particle identities.

The average concentration of suspected anthropogenic
microparticles in grab water samples was 0.25 particles/L (±0.22)
with a range of 0–0.71 particles/L (Fig. 2a, Table 1). Of the subsam-
pled particles, 38.5% were confirmed anthropogenic, 15.4% were
confirmed microplastics, and 15.4% were unknown. Therefore, we
estimate that there were on average, 0.10 particles/L of confirmed
anthropogenic microparticles and 0.04 particles/L of confirmed
microplastics in our grab surface water samples. Polyurethane
(7.7%) and polyester (7.7%) were the only two types of plastic iden-
tified in the grab samples (Fig. 3a). Fibers dominated (82.4%) the
shape distribution of grab samples while fragments (5.9%), fiber
bundles (5.9%) and foams (5.9%) had minimal contributions
(Fig. 3a). Blue was the most common colour (47%) in grab water
samples, followed by green (12%) and red (12%) (ESM Fig. S2,
Table S3). Other colours present included silver, white, yellow,
black and clear.

Difficulty in visually differentiating plastic and organic microfi-
bers is pervasive in the study of microplastics (Lenz et al., 2015;
Zhu et al., 2019) and it was reflected in our analyses. For example,
of the suspected anthropogenic microparticles determined to be
‘‘organic” in the grab water samples, all were microfibers. Organic
microfibers, which can include commercial fibers such as cotton,
wool, silk, and other cellulosic materials, but also fibrous plant
and algal matter, made up 46.2% of all subsampled particles from
grab water samples. The small sizes of the fibers made them diffi-
cult to handle with tweezers and limited the ability of the count
analyst to judge them based on texture; it also made it harder to
observe the physical characteristics that differentiate organic
microfibers from their plastic counterparts (Lenz et al., 2015). Con-
comitantly, the average concentrations for grab water samples fell



Fig. 2. Concentrations of suspected anthropogenic microparticles per site per sampling year for a) grab water, b) manta trawl, and c) sediment samples. Null values depict 0
concentration except in c) where asterisks indicate the sites where no samples were collected during the 2019 survey.
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within two standard deviations of our average blank concentra-
tions. It is therefore crucial to take caution with these values
because they are within the noise of our blanks. Still, we decided
not to discount our reported values as the microfibers remaining
after the colour- and morphology-based blank corrections were
relatively unique and distinct from those found in our blanks and
verified as anthropogenic. Further, based on the pervasiveness of
microplastics and anthropogenic microparticles in our two other
sample types, we suggest that grab samples are approaching detec-
tion limits due to volume sampled rather than the absence of these
particles.

In manta trawl samples, the average concentration of suspected
anthropogenic microparticles (excluding fibers) was 0.40 particles/
m3 (±0.39) with a range of 0.372–1.29 particles/m3 (Fig. 2b,
Table 1). Of all the subsampled microparticles from manta trawl
samples, 89.9% were confirmed anthropogenic microparticles and
84.9% were confirmed microplastics. Therefore, the extrapolated
average concentrations for confirmed anthropogenic microparti-
cles were 0.36 particles/m3 and 0.34 particles/m3 for confirmed
microplastics. The picking accuracy for plastics was dramatically
increased by excluding fibers from the manta samples. Organic
microparticles accounted for only 6.7% of the total particle count
and 3.4% were unknown. Polyethylene (41.2%) and polypropylene
(21.9%) were the most common plastic types and comprised over
half of the particles from the manta samples. Other plastic types
were minimal and included polyethylene/polypropylene copoly-
mer (5.9%), polystyrene (3.4%), rayons (2.5%), polyurethane
(1.7%), PVC (1.7%), olefins (1.7%), terpolymers (1.7%), acrylic
(0.8%), poly (DVB: styrene) (0.8%), polyamide (0.8%) and polyester
(0.8%). In absence of microfibers, manta trawl samples were dom-
inated by the fragment morphology (74.9%), followed by films
(12.1%), foams (8.8%), spherical microbeads (2.9%) and fiber bun-
dles (1.3%) (Fig. 4). A greater variety of microparticle colours were
found in the manta samples compared to grab water samples and
sediments, with black (23.5%), clear (20.8%), white (13.4%), blue
5

(16.6%), and green (10.7%) as the most abundant (ESM Fig. S2,
Table S3).

Sediment samples had an average suspected anthropogenic
microparticle concentration of 372 particles/kg (dry weight of sed-
iment) (±346) with a range of 8 to 1070 particles/kg (Fig. 2c). Con-
firmed anthropogenic microparticles and confirmed microplastics
represented 25.5% and 14.9% of all the subsampled microparticles,
respectively. Therefore, we extrapolated that the sediment samples
had an average confirmed anthropogenic microparticle concentra-
tion of 95 particles/kg and an average confirmed microplastic con-
centration of 55 particles/kg. Organic microparticles, mainly
organic microfibers, made up 61.7% of all subsampled microparti-
cles while 12.8% were classified as unknown microparticles. Plastic
types like polystyrene (4.3%), polyethylene (4.3%), acrylic (2.1%),
nylon (2.1%) and polyethylene/polypropylene copolymer (2.1%)
were also found in the sediment samples. Similar to the grab water
samples, the pervasiveness of microfibers was evident in the sedi-
ment samples, microfibers (89.2%) dominated the shape distribu-
tion. In comparison, fragments (5%), fiber bundles (2.5%),
spherical microbeads (2.5%) and films (0.8%) had minimal contri-
butions (Fig. 3b). The microparticle colour distribution in sediment
samples was dominated by blue (46.7%), followed by black (20.8%),
and red (11.7%), and minor contributions by other colours (ESM
Fig. S2, Table S3).

Microplastic variability within Lake Simcoe

Particle abundances varied across sampling sites and among
sampling periods for all matrices (Fig. 2), and the spatial abun-
dance patterns also differed by sample type. For grab water sam-
ples, there were too few samples with sufficient detections to
examine spatial patterns (Fig. 2a). Sediment samples were quite
variable across sites in 2018 and 2019 with relative standard devi-
ations (RSDs) of 85% and 107%, respectively. This variability and
inconsistencies at individual sites, despite collecting multiple grabs



Table 1
Comparison of Lake Simcoe concentrations with reported values from those Great Lakes in closer proximity to Lake Simcoe. In this study, we report the ranges and average
concentrations of (a) suspected anthropogenic microparticles, (b) confirmed anthropogenic microparticles and (c) confirmed microplastics.

Location (Source) & Details Concentrations Microfibers (Y/N)

Average Range

Grab Water (#/L)
Lake Simcoe (this study); 4 L grabs, >125 mm a) 0.25 ± 0.22

b) 0.10 ± 0.07
c) 0.04 ± 0.03

0–0.71
0–0.27 0–0.11

Yes

Lake Ontario near Toronto (Grbić et al., 2020); 10 L grabs, >125 mm 0.8 0–2.4 Yes
Porter Beach, Lake Michigan (Peller et al. 2019); 500 mL grabs, >100 mm 6.5 5–10 Only microfibers
Ottawa River (Vermaire et al. 2017); 100 L filtration, >100 mm 0.1 0.05–0.24 Yes

Manta Trawls (#/km2)
Lake Simcoe (this study); > 0.335–4.75 mm a) 32,700 ± 31,200

b) 29,400 ± 27,400
c) 27,800 ± 25,800

2980–102,000
2680–91,400
2530–86,300

No

Lake Huron (Cable et al. 2017)1; > 0.106–1 mm
1–4.75 mm

254,000
4890

127,000–810,000
0–16,200

No

Lake Huron (Eriksen et al., 2013); > 0.333–4.75 mm 2780 0–6540 Yes
Lake Erie (Cable et al., 2017)1; > 0.106–1 mm

1–4.75 mm
493,000
50,100

119,000–1,230,000
0–604,000

No

Lake Erie (Eriksen et al. 2013); > 0.333–4.75 mm 106,000 4690–466,000 Yes
Lake Erie (Mason et al., 2020); > 0.333–4.75 mm 25,500 1420–143,000 Yes
Lake Ontario (Mason et al., 2020); > 0.333–4.75 mm 236,000 6100–1,380,000 Yes
Lake Ontario nearshore (MECP, 2016); > 0.333–4.75 mm 2,470,000 225,000–6,680,000 Yes

Sediment (#/kg)
Lake Simcoe (this study); > 125 mm a) 372 ± 346

b) 95.1 ± 56.1
c) 55.4 ± 33.8

8.32–1070
2.12–273
1.24–160

Yes

Lake Erie (Dean et al., 2018)2; >63 mm 90 0–391 Yes
Lake Ontario (Ballent et al., 2016)2; >63 mm 980 40–4270 Yes

1 Cable et al.’s (2017) study reported in 2 size categories, we list the results of both.
2 Values included from nearshore sediment grabs only, tributaries excluded.
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and homogenizing samples at each site, prevented the elucidation
of spatial trends for sediments. Previous measurements of persis-
tent organic pollutants (e.g. polychlorinated biphenyls, polybromi-
nated diphenylethers) and heavy metals (e.g. chromium, zinc, and
lead) found relatively uniform concentrations in sediments across
Lake Simcoe (Helm et al., 2011; Landre et al., 2011). Greater con-
centrations were found in Kempenfelt Bay and increased with
6

proximity to the City of Barrie. A similar trend was not apparent
in the limited sampling of sediments for microplastics.

The surface water abundances of suspected anthropogenic
microparticles in manta trawls were also variable between sites
with RSDs of 85% and 117% in 2018 and 2019, respectively. How-
ever, the spatial trend was generally consistent between years
for the mantra trawls (Fig. 2b). This consistency across two sam-
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pling periods, in two different years, was not expected given the
findings of abundance variations in manta samples by up to a fac-
tor of 3 upon repeat sampling on the same day at individual sta-
tions (Cable et al., 2017). The greatest amounts were observed in
both years at station E50 on the east side of Lake Simcoe, followed
by station K39 in the west in Kempenfelt Bay, and in one sample at
station N32 at the north end of the lake (Fig. 1 for locations, Fig. 2b
for abundances). Several factors may contribute to the observed
distribution in surface water. The urban centers of the City of Bar-
rie (population: 145,000) (Statistics Canada, 2016a) and the City of
Orillia (population: 31,000) (Statistics Canada, 2016b) are closer in
proximity to stations K39 and N32, respectively. Their wastewater
treatment plants are also located approximately 2.8 km to the west
and 1.3 km to the northwest from station K39 and N32, respec-
tively. It is possible that wastewater contributes to levels at these
sites, as previous studies have reported a correlation between
microplastic contamination and proximity to urban centres as well
as wastewater treatment plants (Baldwin et al., 2016; Cable et al.,
2017). However, the higher abundances at station E50 are less
likely to be linked to the nearby wastewater treatment plant. A
small plant is located approximately 5 km to the east of the station
which serves a much smaller population of about 4000 residents
and is a tertiary system with enhanced treatment (Durham, 2018).

Prevailing winds, which blow predominantly from the north
and west towards the east and southeast (Brown et al., 2011),
may contribute to the relatively higher concentrations of
microparticles found at station E50. Transport across the surface
with wind-driven currents and subsequent accumulation in the
downwind eastern portion of the lake may be occurring, espe-
cially given that most of the particles in manta samples are more
buoyant fragments of less dense polymers, predominantly poly-
ethylene and polypropylene (Fig. 4). Stations K39 and N32 are
also downwind of Barrie and Orillia, respectively, and thus may
be influenced by transport of materials from land via winds and
wash-off in stormwater followed by surface transport (GESAMP,
2015).

Particle shape distributions were similar in manta samples
across sites, dominated by fragments, except for site K39 in 2019
which was dominated by foams (51.4%) (ESM Table S4). All of
7

the isolated foams from K39 were white in colour and a subset
were confirmed as polystyrene. The commercial use of polystyrene
foam for insulation (construction, renovations) and packaging (i.e.
packing peanuts, coffee cups and disposable containers) purposes,
uses that are more prevalent in urban centres like Barrie, could
explain its greater abundance in this sample. Boat docks, which
are common around recreational lakes like Lake Simcoe, are also
a source of polystyrene foam in marine environments (Davidson,
2012) and in more local freshwaters (Erdle, 2020).

Comparison with other studies in the Great Lakes basin

Lake Simcoe lies within the Great Lakes basin and is connected
to both Lake Ontario and Lake Huron/Georgian Bay through the
Trent-Severn waterway. We compare our three reported average
concentrations (suspected anthropogenic microparticles, con-
firmed anthropogenic microparticles and confirmed microplastics)
from Lake Simcoe with those in Lakes Huron, Erie, and Ontario and
other freshwaters in the region for grab water, manta trawls, and
sediments (Table 1). To the best of our knowledge, such adjust-
ments in concentrations have not been taken into account in other
freshwater studies.

Grab water samples from Lake Simcoe were 3–4 times lower in
average concentrations of suspected anthropogenic microparticles
(0.25 particles/L) compared to Lake Ontario near Toronto, ON (0.8
particles/L) measured using the same methodologies (Grbić et al.,
2020), and an order of magnitude lower than the concentrations
of fibers off a beach in Lake Michigan (Peller et al., 2019) (Table 1).
Ottawa River water samples were found to be in a similar range to
Lake Simcoe values (Vermaire et al., 2017). Differences in method-
ologies (e.g. filtration size cut-off, verification approaches) and
uncertainties in fiber analysis remain challenges for determining
regional differences among studies. Standardized reporting limits
(e.g. size cutoff) would help enable regional comparisons.

The average abundance of suspected anthropogenic microparti-
cles in Lake Simcoe waters (32,700 particles/km2) were generally
lower than those found in Lake Ontario open waters (236,000 par-
ticles/km2; Mason et al., 2020) and nearshore urban waters
(2,470,000/km2; MECP, 2016) but higher than those found in Lake
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Huron (2780 particles/km2; Eriksen et al., 2013) in studies using
similar sized net mesh sizes (333–335 mm) (Table 1). Again, differ-
ing methodologies limit comparisons, as fibers were not included
in manta trawls in this study, but were in the others. As well,
manta trawls with a smaller mesh net (100 mm) resulted in higher
average concentrations in Lake Huron (259,000 particles/km2)
while excluding fibers (Cable et al., 2017), and were greater than
the Lake Simcoe results by an order of magnitude with the larger
mesh openings. In general, abundances were higher in Lake
Ontario and in areas of Lake Erie where there are larger population
centers adjacent to the lakes when compared to Lake Simcoe
(Cable et al., 2017; Eriksen et al., 2013; Mason et al., 2020;
MECP, 2016).

Lake Simcoe sediments had high proportions of fibers and
organic material (discussed above; Fig. 2b) and, since other sedi-
ment studies in the region verified that isolated particles were
60–67% plastic (Ballent et al., 2016; Dean et al., 2018), we compare
average confirmed anthropogenic microparticle (95 particles/kg)
and confirmed microplastic (55 particles/kg) in Lake Simcoe to
reported values in Lakes Ontario and Erie (Table 1). Lake Simcoe
had lower levels of contamination by an order of magnitude com-
pared to average Lake Ontario concentrations (980 particles/kg;
Ballent et al., 2016). The highest concentrations in Lake Ontario
were near the Toronto area, which Ballent et al. (2016) attributed
in part to contributions from plastics-based industries and wide-
spread use and litter of plastics in the urban regions. However,
nearshore Lake Ontario sediment concentrations at locations away
from urban centers were also generally higher than Lake Simcoe
sediment concentrations. The shape character in Lake Ontario sed-
iments indicated a higher proportion of fragments than fibers com-
pared to Lake Simcoe sediments, and many fragments had a
character suggesting inputs from industrial processes (Ballent
et al., 2016). Particles of similar character were not observed in
Lake Simcoe sediments. Lake Erie sediment concentrations (aver-
age 90 particles/kg) had a similar level of contamination to Lake
Simcoe with either fibers or fragments dominating at some sta-
tions and similar contributions at others (Dean et al., 2018).
Fig. 5. Size breakdown of suspected microplastics found using a) grab water, b) manta tr
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Size distribution patterns differed in our study compared to
other Great Lakes studies. We found that suspected anthropogenic
microparticles between 1 and 5 mm in size in their longest dimen-
sion comprised the majority of microparticles across all matrices,
82% in grab water samples, 58% in manta samples, and 80% in sed-
iments (Fig. 5). Previous work in the Great Lakes region found that
retrieved microplastics are usually dominated by particles in the
<1 mm size fraction (e.g. Baldwin et al., 2016; Cable et al., 2017;
Eriksen et al., 2013; Mason et al., 2020, 2016). The discrepancy in
dominant size categories result in part due to differences in how
size catgories are defined in our study. Our particles are catego-
rized by size using the longest one-dimensional length that is
obtained through imaging software, not the sieve size fraction it
was contained in which is typical of studies using sieves in pro-
cessing (critically reviewed by Löder and Gerdts, 2015). This differ-
ence in methodology is particularly relevant for microfibers which
dominate our grab water and sediment samples. We had many
cases of particles found in a sieve size fraction that was greater
than that size fraction in its longest dimension (ESM Table S3). Size
categorization based on actual measurements would be more
effective when performing environmental analysis as it might offer
better insight on potential ecotoxicological effects of microplastic
contamination because 1) physical blockages from microplastics
have been found to harm organisms and 2) size affects the
bioavailability of microplastics (Mak et al., 2019; Wright et al.,
2013).

Conclusion

The main objective of our study was to produce the first report
on the abundance and character of microplastic pollution in the
surface waters and sediments of Lake Simcoe. The results provide
a baseline from which changes in future contamination levels
can be measured considering changing waste management efforts
and usage patterns (e.g. due to policy initiatives, or changes in
materials/products usage due to the COVID-19 pandemic) and con-
tinued development pressures in the region. Our results also pro-
awls and c) sediment grabs. Particles were categorized based on longest dimension.
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vide a measure of the exposure levels and types of particles avail-
able for ingestion by aquatic organisms, especially fish, which are
important to local communities. Levels of microplastic contamina-
tion in Lake Simcoe were found to be low in comparison to sedi-
ment and waters of the Great Lakes, particularly in Lake Ontario
and near urban centers of Lake Erie which have regions of greater
population densities and industrial influences. We demonstrated
the importance of verifying the identities of a sufficient portion
of microparticles and adjusting reported abundances for these
identities. Patterns of particle abundances in surface water manta
samples from across the lake suggested the influence of prevailing
wind directions and proximity to urban centers.
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