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AbstractAbstract
Microplastics (plastic particl < 5.0 mm in diameter) have been detected in freshwater ecosystems worldwide. Recently, surface
concentrations of microplastics in Lake Winnipeg, Manitoba were shown to be comparable to those observed in Lake Erie, Ontario
despite large differenc between the lak in terms of population density and industrial activity. To better understand potential
sourc of microplastics into Lake Winnipeg, two inflowing tributari (the Red and Assiniboine rivers) and the lake outflow (the
Nelson River) were sampled for microplastics. To determine the role of wastewater treatment plants in contributing to microplastic
pollution, microplastic densiti upstream and downstream of wastewater treatment plants in the city of Winnipeg were compared. Fi-
nally, to determine the bioavailability of microplastics to fish , we evaluated the presence of microplastics in the gastrointestinal tracts
of two fish speci , common carp (Cyprinus carpio), and sauger ( Sander canadensis), collected from the Red River. Microplastics
in the Red and Assiniboine rivers were comparable to those from Great Lake tributari , but were elevated four to six tim relative
to concentrations observed in the Nelson River, su esting significant loss to settling in Lake Winnipeg. On average, densiti of
microplastics downstream of wastewater treatment plants were elevated and a significant correlation w observed between standard-
ized daily effluent discharge from Winnipeg and river flux of microplastics/m2/s. On average, sauger were found to contain one
microplastic particle and carp were found to contain seven microplastics within their gastrointestinal tracts. The number of particl
ingested did not appear to affect body condition of fish collected in th study.

Keywords:Keywords: microplastics, plastic debris, rivers, freshwater contamination

1 Introduction

G lobally, there is heavy reliance on the use of plas-
tics in the manufacturing of consumer products
(Romeo et al., 2015) and many plastics eventu-
ally reach our waterways (Klein et al., 2015). Mi-

croplastics are defined as small plastic particles less than 5.0
mm in diameter (Eerkes-Merando et al., 2015) which can
enter the environment in one of two ways, either directly
as microscopic-sized plastics such as microbeads in cosmetic
products or scrubbers in cleaning products, or indirectly as
larger plastic debris that continuously fragment and degrade
into smaller particles (Browne et al., 2011; Arthur et al., 2010;
Cole et al., 2014). These larger plastics fragment in the envi-
ronment due to photolytic, mechanical, or biological degra-
dation (Browne et al., 2007). Current global plastic produc-
tion is estimated to be 300 million metric tonnes annually
and is increasing by 20 million metric tonnes each year (Eu-
rope, 2015). By comparison to other forms of anthropogenic
pollution (i.e. non-plastics), the degradation time of plastic
is very slow, potentially hundreds of years (Europe, 2015).

Microplastic sources include consumer products (mi-
crobeads), manufacturing products (larger pellets), textiles
(fibres), atmospheric fallout (dust particles), and larger plas-
tics, which break down over time into smaller particles
(Browne et al., 2011; Driedger et al., 2015; Dris et al., 2016).
When clothing is washed, synthetic microplastic fibres shed,
making their way into the sewage (Browne et al., 2011) that
is then treated by wastewater treatment plants. Plastic par-
ticles not captured by wastewater treatment plants are even-
tually released, via effluent, into freshwater systems (Browne
et al., 2011). Wastewater treatment plants are a point source
of microplastics (Eerkes-Merando et al., 2015) as plastic par-
ticles are small enough to pass through the filtration process
and thus have the potential to enter lakes, rivers, and streams
(Browne et al., 2007).

The transportation and accumulation of microplastics
are unique in river systems, as the unidirectional current
is flowing downstream. Densities of microplastics in the
Chicago River were greater in riparian zones than in bottom
sediments (Driedger et al., 2015), as the high velocities of the
river prevents plastic particles from settling. Proximity to
wastewater treatment plants, water body size, depth, ship
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Figure 1: Map of surface water and fish (Selkirk Park) sample collection sit (triangl ) and Winnipeg’s three wastewater treatment plants
(squar ): South End Water Pollution Control Centre (sewpcc), North End Water Pollution Control Centre (newpcc), and West End
Water Pollution Control Centre (wewpcc). Emerson and Courchaine Road Bridge were upstream of sewpcc. Redboine Boat Club
downstream of sewpcc. Royal Manitoba Yacht Club (rmyc) downstream of newpcc. The Forks site w downstream of wewpcc.

traffic, water turbulence events, seasonal events, water tem-
perature, weather events, and geomorphological character-
istics may all influence microplastic transport and possi-

ble accumulation of microplastics within a freshwater sys-
tem (Mani et al., 2015; Fischer et al., 2016). Freshwater
systems are likely a potential contributor to microplastic
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loading in oceans (Eerkes-Merando et al., 2015). It is esti-
mated that there are a minimum of five trillion plastic parti-
cles currently in the world’s oceans, weighing approximately
250,000 tonnes (Eriksen et al., 2014).

Microplastics have been found inside the bodies of a
wide variety of marine and freshwater organisms includ-
ing invertebrates, fish, birds, and mammals (GESAMP,
2015), but the long-term impacts ofmicroplastics on aquatic
wildlife are not well understood (Masura et al., 2015). Mi-
croplastics may pose a possible hazard to human health
throughhuman consumptionof aquatic species that contain
plastic particles (Romeo et al., 2015), but there is no evidence
of any human health impacts at this time.

Lake Winnipeg is the fifth largest Canadian lake and
has the second largest watershed in Canada, over 982,000
km2 (Anderson et al., 2017). The watershed is home to
seven million people (20% of the Canadian population) and
spans fourCanadianprovinces and fourUS states (Schindler,
2009). Lake Winnipeg has a greater density of microplas-
tics per km2 (193,420 ± 115,567 microplastics/ km2) com-
pared to Lake Superior (5,391 ± 4,552 microplastics/km2)
and Lake Huron (2,779 ± 2,440 microplastics/ km2) (An-
derson et al., 2017). By contrast, Lake Erie supports 12 mil-
lion people in a watershed 1/10th the size of Lake Winnipeg
(Anderson et al., 2017). The comparable densities between
Lake Erie (105,503± 173,587 microplastics/ km2) and Lake
Winnipeg (193,420 ± 115,567 microplastics/ km2) suggest
that either long-range transport of microplastics from rivers
is a major contributing source, or a potential source in the
watershed may be missed with existing sampling campaigns
(Anderson et al., 2017). The Red and Assiniboine rivers
flow into Lake Winnipeg, and given their drainage through
the city of Winnipeg likely contribute microplastics into the
lake. The Nelson River drains Lake Winnipeg, and may be
taking microplastics out of the lake. Understanding the po-
tential inflowandoutflowofmicroplastics inLakeWinnipeg
by these three rivers provides important context for under-
standing the high densities observed in the lake (Anderson
et al., 2017).

The purpose of this study was to collect and quantify
microplastic densities in the surface waters of three Manito-
ban rivers, as well as to quantify fish ingestion of microplas-
tics to establish a baseline for future monitoring. The data
collected on the densities of microplastics in the inflow (Red
and Assiniboine rivers) and outflow (Nelson River) of Lake
Winnipeg will help to calculate microplastic loading in the
lake. The study was also designed to investigate the poten-
tial influence that wastewater treatment plants may have on
plastic densities in the rivers, as well as spatial and tempo-
ral trends. Specifically, we hypothesized that: (1) microplas-

tic densities would be greatest downstream of wastewater
treatment plants, and (2) microplastics would be ingested
at higher numbers in benthic feeding species, where plastics
are likely to be densest. The Assiniboine, Red, and Nelson
rivers provide habitat for many fish and waterfowl species,
and are culturally and economically important to Manito-
bans. Characterizing sources, ingestion by fish, and potential
impacts of microplastics within the Assiniboine, Red, and
Nelson rivers are important steps to further our understand-
ing of this emerging environmental contaminant in freshwa-
ter systems.

2 Methods

2.1 Sampling Sites

Surface water from six study sites along the Assiniboine,
Red, and Nelson rivers in Manitoba, Canada were sampled
for microplastic densities (Figure 1). The six sites were se-
lected based on accessibility when using the manta trawl,
and their location along the rivers (upstream and down-
stream of Winnipeg’s three wastewater treatment plants:
North End Water Pollution Control Centre (newpcc) and
South End Water Pollution Control Centre (sewpcc) on
the Red River and the West End Water Pollution Control
Centre (wewpcc) on the Assiniboine River). The five in-
flow study sites were: Emerson (to assess contributions from
theUnited States), CourchaineRoadBridge, RedboineBoat
Club, the ForksHistoricRail Bridge (Forks), theRoyalMan-
itoba Yacht Club (rmyc), and the outflow study site was
the Nelson River in Norway House Cree Nation, Manitoba
(Figure 1).

2.2 Surface Water Sample Collection, Processing,
and Quantification

Surface water was sampled for microplastics using a manta
trawl. Themanta trawl has a net with amesh size of 333µm,
is 295 cm long, has an aperture width of 61 cm, and a height
of 18 cm. The trawl was deployed facing the rivers current
off of bridges or docks. A total of 14 samples were collected
from the six study sites in June (Redboine Boat Club, Forks
and rmyc), July (Courchaine Road Bridge, Redboine Boat
Club, Forks, and rmyc), October (Emerson, Redboine Boat
Club, Forks, rmyc) (2016) and May (Nelson River) (2017).
The variation in numbers of samples per site was due to lo-
gistical issues such as weather and time constraints. The four
months were chosen opportunistically and sampled based
on field season availability. Seasonality effects may play a
role in the densities of microplastics across sites. Variation in
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sampling sites was accounted for by grouping sites into cate-
gories (upstream versus downstream) and using a flowmeter
to correct for differences in water flow across sampling sites
and times. The shorter sampling time in June was a result of
high river flows, making longer deployments of the manta
trawl very challenging. Materials captured by the trawl were
passed through a 355 µm sieve using MilliQ water. Debris
retained in the sieve was placed into labelled mason jars and
preserved with 70% ethanol for future processing and analy-
sis.

At time of analysis, samples were filtered through a 355
µm mesh brass sieve and rinsed with deionized (DI) water
to remove the ethanol. DI water was added to the sample
to reconstitute it to 1,250 mL and a subsample of 250 mL
was collected and processed using a wet peroxide oxidation
(WPO) treatment (Masura et al., 2015; Mason et al., 2016).
The 250 mL subsample was stirred and heated to 75◦C, fol-
lowed by 20 mL additions of a 0.05 M Fe (II) solution and
30% hydrogen peroxide (H2O2) to facilitate chemical diges-
tion of organic material. All digestions were conducted in a
laminar flow hood. At approximately 10 minute intervals,
samples were re-examined and additional H2O2 was added.
The process was repeated until all organic material was di-
gested. Samples were covered and left for 24 hours to digest
fully. Blanks were deployed to account for possible airborne
and waterborne (in our DI water) microplastic contamina-
tion from the lab while samples were digested and enumer-
ated. The WPO treatment has the potential to digest some
of the microplastics within our samples as temperatures are
elevated to (>80◦C) immediately after peroxide additions.

After filtering the sample through the sieve and rinsing
with DI water to remove H2O2, the contents were placed
into glass Petri dishes. The number and type of microplas-
tic particles were visually examined in the Petri dish using
a dissecting microscope. Microplastics were counted and
types were recorded. Our microplastic particles were cat-
egorized into five shape categories: fragments (hard with
jagged edges), foams (sponge-like and light weight), fibres
(thin lines), pellets (hard and spherical in shape), and films
(thin and flimsy) (Figure 2). These types were part of our
primary search pattern based on their presence in other ma-
rine and freshwater samples reported in the literature (e.g.,
Eriksen et al. (2013), Anderson et al. (2017), Baldwin et al.
(2016)). Microplastic particles were transferred using a fine-
tipped probe to a glass vial containing ethanol and sealed
with a rubber stopper for long-term storage. The number of
microplastic particles collected was calculated for each trawl
and used to calculate the densities of microplastics/km2.

The same methods, lab, and personnel were used to vi-
sually sort and identify the microplastics as Anderson et al.

(2017). That study found a 78% success rate at identifying
plastic visually compared with the examination of samples
using scanning electronmicroscopy and energy dispersiveX-
ray spectroscopy (Anderson et al., 2017). The densities of
microplastics reported here were corrected for this identifi-
cation bias (microplastic densities multiplied by 0.78).

2.3 Fish Collection, Processing, and Quantifica-
tion
Fish were collected at Selkirk Park in Selkirk, Manitoba (Fig-
ure 1) following approved collection protocols (F16-029).
Two fish species,Cyprin carpio (common carp) and Sander
canadens (sauger) were obtained with the help of the De-
partment of Fisheries and Oceans Canada’s electrofishing
boat in October 2016. The two fish species were selected as
they occupy different ecological niches. Carp are a benthic
filter feeder and sauger are a pelagic predatory species. Sam-
pling tookplace near the shoreline and the fishwere captured
using long dip nets after being electroshocked and having
floated to the surface of the water. The fish were then placed
in a water bath and euthanized on site using an overdose of
tricaine methylsulfate (TMS-MS-222). The fish were placed
into freezer bags, placed on ice, and transported back to the
University of Manitoba. The fish were placed in a freezer
at -20◦C for later processing. After thawing, nine sauger and
eight carpwereweighed and fork and total lengthsweremea-
sured.

The fishwere then dissected and thewhole gastrointesti-
nal tract removed from the esophagus to the anus. The entire
gastrointestinal tract for each fish, fully intact, was processed
using the sameWPOmethod to digest organicmaterial (Ma-
sura et al., 2015), with a small adjustment to deal with the
high fat content of the fish. Right after the sample was pro-
cessed for the first time, the sample was sieved and processed
again. The samples were also rinsed with a solvent (ethanol)

Figure 2: The five shap of microplastics: (a) fragments, (b) fibr ,
(c) films, (d) foams, (e) pellets. Photo credit: Sarah Warrack, Uni-
versity of Manitoba.
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Figure 3: Densiti of microplastics/km2 calculated for each sam-
pling date at four Red River sit arranged South to North in di-
rection of flow: Emerson, Courchaine Road Bridge, Redboine Boat
Club, and the Royal Manitoba Yacht Club (rmyc), the Assini-
boine River at the Forks, and the Nelson River. Density calcula-
tions were determined based on the number of microplastics counted
in a given sample and the approximate surface area sampled by the
manta trawl over a given deployment time. A triplicate sample
w collected in July at the rmyc, the average and standard error
calculated w 112,002 ± 29,339 microplastics/km2.
when sieving to get rid of any excess fat that theWPOdidnot
digest. Once all organic material was digested, the contents
were sieved, placed into glass Petri dish, and the number and
type of microplastic particles were visually examined using a
dissecting microscope. The number of microplastics found
within each individual fish’s digestive tract was counted and
transferred to ethanol in a glass vial with a rubber stopper for
long-term storage.

2.4 Blanks

Lab blanks were used to determine possible contamination
from either air or DI water. DI water blanks were run under
the DI water tap at a rate of eight L/min (480 L total) at the
University ofManitoba for 60minutes using a clean 355µm
brass sieve. Air blanks were employed by leaving one L ma-
son jars ofMilli-Qwater out on the lab counter for 24 hours.

2.5 Data Analysis

Microplastic densities (microplastics/km2) were analyzed by
a Student’s t-test using densities and site location (upstream
versus downstream of wastewater treatment plants) as vari-
ables. A Pearson linear correlation was used to evaluate asso-
ciation between river velocity and the density of microplas-
tics sampled, as well as association between sewage discharge
and flux ofmicroplastics in the river. The latter was analyzed
using Z-scores, calculated for both flux and discharge (value

– mean / standard deviation). Standardizing the data using
theZ-score allowed for comparisons across sites. The flux cal-
culationwas used tounderstand the amount ofmicroplastics
in a cross-sectional area in the rivers at a given time, account-
ing for differences in discharge volume at different sampling
sites. Discharge (m3/sec) data was obtained from the Gov-
ernment of Canada’s hydrometricmonitoring data (Govern-
ment of Canada: Water Office, 2017). A station (closest to
our site) was selected and an average of the daily maximum
and minimum discharge values were taken. Linear regres-
sion was used to compare counts of ingested microplastics
with fish weight. A Student’s t-test was also used to compare
the number of microplastics ingested by the two fish species
to help determine if fish species had different rates of mi-
croplastic ingestion. All statistical analyses were conducted
using Sigma Plot with statistical significance considered for
p < 0.05.

3 Results

3.1 Quality Assurance and Quality Control

The DI water blanks contained 13, 5, 16, and 9 particles (all
fibres). These data suggest that on average, in our labora-
tory, one microplastic fibre is introduced for every 48 L of
DI water used when processing the samples. The average
rinse time of a sample is five minutes with DI water (at eight
L/minute), with reconstitution to 1.25 L prior to subsam-
pling, resulting in, on average, an estimated 0.85 fibres intro-
duced to our samples from DI water alone. Two air blanks
recorded eight and seven fibres over the 24 hour time period,
or 0.3 fibres/hour. With an averagemicroscope analysis time
of four hours, we estimate that on average 1.25 microplas-
tic particles were introduced from the lab air. In total, while
processing samples, about two fibres/sample were likely in-
troduced due to DI water and air. All water and fish sam-
ple counts were corrected by this blank contamination fac-
tor (two subtracted from all fibre counts). This contamina-
tion of microplastics likely affected the overall counts of mi-
croplastics in the gastrointestinal tract contents of fish more
significantly than surface water samples, since the counts in
fish were much lower than in samples (e.g., ≤ six fibres per
fish).

Triplicate samples were taken at the Red River site,
rmyc (downstream of newpcc) in July, where the manta
trawl was deployed three times to evaluate within-site vari-
ability. The three densities of microplastics in the triplicates
were: 161,275; 59,771; and 114,960 microplastics/km2. The
average and standard error calculated for rmyc in July was
112,002± 29,339 microplastics/km2.
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3.2 Surface Water

Microplastics were found in samples from all sites. Within
the Red River inflow there was an average surface density
of 632,489 microplastics/km2 (n=8), and within the Assini-
boine River inflow there was an average surface density of
812,672 microplastics/km2 (n=3) across all sampling sites
and dates (Figure 3). Density calculations were determined
based on the number of microplastics counted in a given
sample and the approximate surface area sampled by the
manta trawl over a given deployment time. Surface area
was calculated from the distance trawled, determined using
a General Oceanics 2030R mechanical flow meter, and the
width of the manta net opening (61 cm). A fundamental
assumption to these calculations is the fact that while we
report surface densities, in fact, there is a volume of wa-
ter being sampled. One third of the net was deployed be-
low the surface of the water during deployment, which was
used to calculate the volume of water sampled. To remain
consistent with the current literature, we report both mi-
croplastic surface (Eriksen et al., 2013; Anderson et al., 2017)
and volume densities (Baldwin et al., 2016) (Table 1). The
greatest inflow densities of microplastics/km2 in the Red
River were observed in June, downstream of the sewpcc
(1,030,091 microplastics/km2) and October downstream of
the newpcc (1,030,922 microplastics/km2). In the Red
River, the density of microplastics collected in June and
October increased with the direction of flow from south

Figure 4: Mean densiti of microplastics/km2 in the Red River up-
stream and downstream of the South End Water Pollution Control
Centre (sewpcc). No upstream site w sampled in June 2016 (pre-
liminary sampling). Upstream sewpcc sit : Emerson and Cour-
chaine Road Bridge, and downstream sewpcc site: Redboine Boat
Club.

Figure 5: Z-scored river flux of microplastics from the Red and
Assiniboine rivers associated with Z-scored Waste Water Treat-
ment Plant (wwtp) flux confirmed significant relationship (Pear-
son Linear Correlation: r=0.96, n=9, p-value=0.00005). Redboine
w sampled downstream of the South EndWater Pollution Control
Centre, the Forks w sampled downstream of the West End Water
Pollution Control Centre and Royal Manitoba Yacht Club (rmyc)
w sampled downstream of North End Water Pollution Control
Centre.

Figure 6: Flux of microplastics/m2/s (Z-scored) within the Red and
Assiniboine rivers a function of season (summer/ fall) where flux
of microplastics/m2/s w higher in early summer (June 27), and
lower in both mid-summer and fall (July and October). Redboine
w sampled downstream of the South EndWater Pollution Control
Centre (sewpcc), the Forks w sampled downstream of the West
End Water Pollution Control Centre (wewpcc), and Royal Man-
itoba Yacht Club (rmyc) w sampled downstream of North End
Water Pollution Control Centre (newpcc).
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Table 1: Microplastic densiti in surface are (microplastics/km2) and volume (microplastics/m3) for
Emerson, Courchaine, Redboine, Royal Manitoba Yacht Club (rmyc) and the Forks. The sit are
arranged from south to north on the Red River.

Date Site River Surface Area
Densities

Volume
Densities

06-Oct-16 Emerson Red 65,626.93 0.70
07-Jul-16 Courchaine Red 143,201.90 1.53
27-Jun-16 Redboine Red 806,763.83 8.62
07-Jul-16 Redboine Red 667,045.81 7.13
06-Oct-16 Redboine Red 751,743.85 8.03
27-Jun-16 RMYC Red 631,540.63 6.75
07-Jul-16 RMYC Red 126,142.26 0.94
06-Oct-16 RMYC Red 808,549.79 8.64
27-Jun-16 Forks Assiniboine 1,655,485.65 17.69
07-Jul-16 Forks Assiniboine 157,686.44 1.69
06-Oct-16 Forks Assiniboine 122,920.24 1.31
04-May-17 Nelson Nelson 88,832.44 0.95

to north (Figure 3). In October, the density of microplas-
tics along the southern part of the Red River was lower
(Emerson site) and plateaued as sites moved north (Red-
boine Boat Club, rmyc). The densities of microplastics in
the Assiniboine River sampled at the Forks in June 2016 had
the greatest density ofmicroplastics of all the sites (2,120,066
microplastics/km2). In the Assiniboine River, the densities
of microplastics decreased from June to October. The Nel-
son River had 88,832 microplastics/km2, when sampled in
May. The estimated daily inflow of microplastics from the
RedRiver into LakeWinnipeg is 1,100,000microplastics, so
the Red River is contributing 401,500,000 microplastics an-
nually to Lake Winnipeg, which contains a total of about
4,800,000,000 microplastics (Anderson et al., 2017). The
estimated daily outflow of microplastics from Lake Win-
nipeg to the Nelson River is 10,800 microplastics, therefore
the Nelson River is taking out 3,942,039 microplastics from
Lake Winnipeg annually.

In the Red River, upstream of the sewpcc (July 2016
and October 2016) the microplastic densities were signifi-
cantly different from downstream of the sewpcc, poten-
tially due to wastewater inputs (Figure 4; one-tailed t-test,
d.f= 3, p=0.00093). The Assiniboine River enters the Red
River at the Forks, which is upstream of the rmyc.

A linear regression indicated no significant relation-
ship betweenmicroplastic densities (microplastics/km2) and
river velocity (R2=0.00003, n=14, p-value=0.98). In con-
trast, there was a significant correlation between the stan-
dardized (Z-scored) volume of wastewater treatment plant
discharge and standardized (Z-scored) microplastic flux in
the Red and Assiniboine rivers at regions near wastewater
treatment plants (Pearson Linear Correlation: R=0.96, n=9,

p-value=0.00005) (Figure 5). Flux of microplastics in the
Red and Assiniboine followed a seasonal pattern of highest
in spring (June) and lower in both summer and fall (July and
October) (Figure 6), as was discharge from wastewater treat-
ment plants.

The most common type of microplastics across all sites
was identified as fibres (89%) (Figure 7). Pellets (0.2%),
foams (0.32%), and films (0.2%) were the least common mi-
croplastic types detected (Figure 7).

3.3 Fish

Plastics were detected in seven of nine sauger; however,
when corrected for possible contamination during process-
ing, only four of nine sauger contained plastic. The aver-
age (corrected) count ofmicroplastics within the nine sauger
were one microplastic particle per fish. The average weight
of sauger was 232.7 ± 17.2 grams and average fork length
was 23.5 ± 2.9 cm (total length was 29.3 ± 0.9 cm). Lin-
ear regression indicated no significant relationship between
the counts of microplastics and sauger size (R2=0.06, n=9,
p-value=0.53).

Plastics were detected in eight of eight carp, and when
corrected for possible contamination during processing,
only seven of eight carp contained plastic. The average (cor-
rected) count of microplastics within the eight carp were
seven microplastic particles. The average weight of the carp
was 3849.5 ± 17.2 grams and average fork length was 55.2
± 0.97 cm (total length was 60.5± 0.93 cm). Linear regres-
sion revealed that there was no significant relationship be-
tween counts of microplastics and carp size (R2=0.04, n=8,
p-value=0.64).
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Significant differences in the number of ingested mi-
croplastics were observed for sauger (1 ± 1.5, n=9) and carp
(7.1 ± 7, n=8) collected within the Red River, Manitoba,
Canada inOctober 2016 (Student’s t-test two-tailedα=0.05,
d.f=15, p=0.01). Both carp and sauger had ingested fibres
and fragments. Only one carp had ingested a film. Of the
17 fish processed, 65% contained plastic (44% of sauger and
88% of carp).

4 Discussion

4.1 Surface water

Microplastics were present in the surface waters of
the 14 samples examined and contained on aver-
age 806,352 microplastics/km2 (Red River), 1,241,085
microplastics/km2 (Assiniboine River), and 113,888
microplastics/km2 (Nelson River) (Table 1).

The densities of microplastics in these rivers (Table 1)
are comparable to those in other rivers reported elsewhere.
In the Rhine River in Germany, 892,277 microplastics/km2

were reported (Mani et al., 2015). Four estuarine rivers in
Chesapeake Bay, USA found average densities of microplas-
tics to range between 40,852 and 155,374microplastics/km2

(Yonkos et al., 2014). Volumetric estimates of microplas-
tics within the Red, Assiniboine and Nelson rivers ranged
from 0.7 microplastics/m3 to 18 microplastics/m3, with an
average of 5.3 microplastics/m3 (Table 1). These estimates
are also comparable to those reported for Great Lakes trib-
utaries which ranged from 0.5 to 32 microplastics/m3 with
an average of 4.3 microplastics/m3 (Baldwin et al., 2016).
Some evidence exists to suggest that microplastic densities
are higher in rivers with greater population density (Yonkos
et al., 2014). We also found this to be the case in our study,
where the density of microplastics was lower in the Nelson
River (downstream of Norway House, population approxi-
mately 5,000), compared to the Red River (Winnipeg, pop-
ulation approximately 700,000). In addition, microplastics
appear to be at lowest densities at higher latitudes (Lusher
et al., 2015). Plastics have an anthropogenic origin, and
as latitude increases, human population densities decrease
(Browne et al., 2011; Eriksen et al., 2013).

Ofnote is that the inflowdensities in theRed andAssini-
boine rivers are four to six times greater than densities ob-
served in Lake Winnipeg (200,000 microplastics/km2) (An-
derson et al., 2017), whereas the outflow densities are only
50% of the mean lake wide density. This large negative gra-
dient in surface densities from the Red River, through Lake
Winnipeg and into the Nelson is highly suggestive of signifi-
cant losses due to settlingwithin the lake. While inputs from

the Saskatchewan River and Winnipeg River are not quan-
tified here, they together contribute nearly 75% of the wa-
ter input to Lake Winnipeg (Manitoba Water Stewardship,
2011). Thus, water inputs from these other tributaries may
act to dilute inputs from the Red, or, if microplastic densi-
ties in these other tributaries are comparable, it suggests that
Lake Winnipeg could be an even greater sink for microplas-
tics in this system than suggested by the current study.

Densities of microplastics in the surface waters of the
Red and Assiniboine rivers appear to be influenced by
daily discharge of effluent from Winnipeg’s three wastewa-
ter treatment plants (Figure 5). If so, our findings are consis-
tent with other studies that have found significant correla-
tion betweenwastewater treatment plant discharge and den-
sities of microplastics (A. R. McCormick et al., 2016). Den-
sities of microplastics were greater downstream of the SEW-
PCC (Figure 4)which is consistentwith a study conducted in
Illinois, United States which found greatermicroplastic den-
sities downstream of wastewater treatment plants compared
to upstream in seven of nine rivers (p≤0.001) (A. R. Mc-
Cormick et al., 2016). Seasonality may be driving the cor-
relation between wastewater treatment plant and density of
microplastics in the surface waters of the rivers (Yonkos et
al., 2014) as June had the highest wastewater treatment plant
daily discharge of raw effluent for each of Winnipeg’s three
wastewater treatment plants’ and June also had the highest
flux of microplastics within the Red and Assiniboine rivers.
Further investigation is required to better understand sea-
sonal trends in microplastic densities in these rivers.

Microplastics in surface waters are influenced by wind
(Browne et al., 2011) and rain events (Moore et al., 2011) as
they can transfer terrestrial debris into the waterway, increas-
ing the amount of microplastics in the system (Yonkos et
al., 2014). Microplastic densities were elevated in June for
the Red and Assiniboine rivers (Figure 3), which may be at-
tributed to rain that occurred a few days before sampling.
For the June27, 2016 sampling, it rained June 24-26 and rain-
fall ranged from a low of 4.3 mm to a high of 39.4 mm (City
ofWinnipeg, 2017). July 7, 2016 rainfall ranged froma lowof
0.3 mm to a high of 30.4 mm (City of Winnipeg, 2017). For
the October 6, 2016 sampling it rained October 4th and 5th,
ranging from a low of 7.8 mm to a high of 23.3 mm (City of
Winnipeg, 2017). Therefore it rainedmore in June than July
and October, which may have added to the higher densities
of microplastics in June.

Fibres were the predominant type of microplastic par-
ticles found in the surface waters of the rivers sampled here
(89%) (Figure 7). Other studies in freshwater (both rivers
and lakes) have also found the majority of particles in their
samples to be fibres (71% to 86%) (Baldwin et al., 2016; An-
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Figure 7: The proportion of the four typ of microplastic particl a) fibr , b) foams, c) fragments, and d) films, found at the 6 sit . Red
River sit were Emerson, Courchaine, Redboine, and Royal Manitoba Yacht Club (RMYC), the Assiniboine River site w the Forks, and
the Nelson River site. The Nelson River site only contained fibr .

derson et al., 2017; Campbell et al., 2017). It remains un-
clear whether wastewater effluent is a primary source of mi-
croplastic fibres. Some studies have found that wastewater
effluent is a significant source of fibres (Browne et al., 2011;
A. McCormick et al., 2014; Mason et al., 2016), while other
studies have found that wastewater treatment plants are ef-
fective at removing plastic particles (primarily fibres) as most
if not all particles settle out in the sludge (Carr et al., 2016;
Dris et al., 2016). However, the remaining 1.5% of plastic
particles in wastewater treatment plant effluent still results
in a major source of millions of microplastics discharged to
rivers daily (Mason et al., 2016).

Our analysis suggests that large amounts of microplas-
tics are being deposited in Lake Winnipeg sediments ev-
ery year. The estimated total surface density of microplas-
tics in Lake Winnipeg appears to be constant at approxi-
mately 4.8 billion from 2014 to 2016 (average density of mi-

croplastics over three years of study aproximately 200,000
microplastics/km2 (Anderson et al., 2017)with a surface area
of the lake approximately 24,000 km2). Based on an estimate
of daily flux from the RMYC (site closest to inflow of Lake
Winnipeg) of 20,000microplastics per day, and an estimated
55 m2 cross sectional area of the Red River at rmyc, we es-
timate the annual input of microplastics from the Red and
Assiniboine rivers is roughly 0.4 billion particles. By com-
parison, flux estimates from the Nelson River indicate that
only 0.004 billion microplastics (1.0% of the input from the
Red and Assiniboine rivers) are lost annually through the
Nelson River (outflow of Lake Winnipeg). If we assumed
that the contributions of other tributaries to LakeWinnipeg
provided negligible amounts of microplastics (a highly con-
servative assumption), then the riverine input from the Red
and Assiniboine rivers of 0.4 billion microplastics annually
is three orders of magnitude greater than the measured loss
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from the Nelson River, leaving 99% of the microplastics en-
tering the lake through the RedRiver unaccounted for. The
inclusion of any potential additional inputs (e.g., from the
South SaskatchewanRiver) would only increase this loss rate
even higher. One possible route for losses of microplastics
is settling or sedimentation. Very little is currently known
about sedimentation rates of microplastics, and our results
strongly suggest value inpursuing investigations intoquanti-
fyingmicroplastic settling rates and determiningwhatmech-
anisms influence settling.

4.2 Fish

Microplastic ingestion by fish in the Red River was species-
dependent. Carp had an average of seven microplastic parti-
cles whereas sauger had an average of one microplastic par-
ticle in their gastrointestinal tracts at the time of sampling.
This difference between species may be due to their feeding
strategy. Microplastic ingestion may be occurring acciden-
tally when the fish are feeding (Lusher et al., 2013) or breath-
ing. Carp are benthic feeders, and ingest all particles from
the bottom layer of the river; non-food particles (sediments
and plastics) are released through their gills (Food and Agri-
culture Organiation of the United Nations, 2017). As carp
do this, they stir up the sediments, possibly re-suspending
microplastics that have settled (Food and Agriculture Or-
ganiation of the United Nations, 2017). Sauger are preda-
tors, and may be less likely to encounter plastics compared
to filter-feeding carp, and therefore ingest lower densities of
microplastics.

Our findings differed from Lusher et al. (2013) who
found no significant difference between the amount of mi-
croplastics in benthic versus pelagic fish in the English Chan-
nel (saltwater). Lusher et al. (2013) found that both pelagic
and benthic fish species ingested 1-2 microplastics on aver-
age and total ingestion ranged from 1-15 microplastics. Our
study found ingested microplastic particles ranging from 1-
24. About 65% of all fish had ingested microplastics in our
study (after blank corrections), compared to Lusher et al.
(2013) where only 37% of all fish had ingested microplastics.
This also suggests that theremaybemoremicroplastics in the
sediments of the rivers, and future sampling should focus on
sediment sampling of microplastics. No studies have been
conducted on excretion of microplastic particles, so we are
unsure of how many particles fish are ingesting throughout
their life. The presence of plastics within the fish at the mo-
ment of sampling only indicates that the fish have recently
ingested plastic (Foekema et al., 2013). Themicroplastic par-
ticles are as small as, or even smaller than, what fish typically
eat. Therefore, it is not likely that fish are retaining these par-
ticles and they are most likely being excreted with the other

waste products (Foekema et al., 2013). The particles are too
small for the fish sampled in this study to likely feel satiated,
cause intestinal blockage, or be in the fish long enough to be
a vector of harmful contamination (Foekema et al., 2013).
Due to the low numbers of microplastics fish in the Red
River ingested, it does not appear likely that plastics affect
body condition in this study.

In this study, the amount of microplastics ingested by
two fish species (carp and sauger) differed (7.1 ± 7 and 1 ±
1.5) and feeding strategy may explain the difference. Camp-
bell et al. (2017) did not find significant differences in the
number of microplastics in the gastrointestinal tracts of dif-
ferent benthic and planktivorous fish species, yet northern
pike, an apex predator, ingested themostmicroplastics. This
higher density of microplastics may be due to trophic trans-
fer of microplastics from ingested prey species (Campbell et
al., 2017).

5 Conclusions

Microplastics were found in the Red, Assiniboine, and Nel-
son rivers. The majority of microplastics found in the rivers
were fibres (89%). Other studies have also found that thema-
jority of plastic particles are fibres (Baldwin et al., 2016; An-
derson et al., 2017; Campbell et al., 2017). There were signif-
icant differences in the densities of microplastics found up-
stream versus downstreamofwastewater treatment plants in
the Red River, suggesting that wastewater treatment plants
are a point source of microplastics in surface waters (Eerkes-
Merando et al., 2015). The long-range transport of mi-
croplastics in rivers is a major contributor to the input and
output of microplastics within their watersheds (Anderson
et al., 2017). The Red and Assiniboine rivers are contribut-
ing 0.4 billionmicroplastics annually to LakeWinnipeg, and
appear to be the major contributors of microplastics to Lake
Winnipeg.

Future research efforts should focus on quantifying set-
tling rates and sedimentation processes of microplastics in
freshwater systems (both rivers and lakes). Quantifying set-
tling rates of microplastics will help to understand how long
microplastics persist in both lentic and lotic environments,
and the processes that increase their settling rate.
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