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Most plastic pollution originates on land. As such, freshwater bodies serve as conduits

for the transport of plastic litter to the ocean. Understanding the concentrations and

fluxes of plastic litter in freshwater ecosystems is critical to our understanding of the

global plastic litter budget and underpins the success of future management strategies.

We conducted a replicated field survey of surface plastic concentrations in four lakes in

the North American Great Lakes system, the largest contiguous freshwater system on

the planet. We then modeled plastic transport to resolve spatial and temporal variability

of plastic distribution in one of the Great Lakes, Lake Erie. Triplicate surface samples

were collected at 38 stations in mid-summer of 2014. Plastic particles >106 µm in size

were quantified. Concentrations were highest near populated urban areas and their water

infrastructure. In the highest concentration trawl, nearly 2 million fragments km−2 were

found in the Detroit River—dwarfing previous reports of Great Lakes plastic abundances

by over 4-fold. Yet, the accuracy of single trawl counts was challenged: within-station

plastic abundances varied 0- to 3-fold between replicate trawls. In the smallest size class

(106–1,000 µm), false positive rates of 12–24% were determined analytically for plastic

vs. non-plastic, while false negative rates averaged ∼18%. Though predicted to form in

summer by the existing Lake Erie circulation model, our transport model did not predict a

permanent surface “Lake Erie Garbage Patch” in its central basin—a trend supported by

field survey data. Rather, general eastward transport with recirculation in the major basins

was predicted. Further, modeled plastic residence times were drastically influenced by

plastic buoyancy. Neutrally buoyant plastics—those with the same density as the ambient

water—were flushed several times slower than plastics floating at the water’s surface and

exceeded the hydraulic residence time of the lake. It is likely that the ecosystem impacts

of plastic litter persist in the Great Lakes longer than assumed based on lake flushing

rates. This study furthers our understanding of plastic pollution in the Great Lakes, a

model freshwater system to study the movement of plastic from anthropogenic sources

to environmental sinks.
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INTRODUCTION

In recent years, anthropogenic litter in the form of plastic
debris has been documented in widespread and diverse marine
(Law et al., 2010, 2014; Cózar et al., 2014; Fischer et al.,
2015; van Sebille et al., 2015; Law, 2016), freshwater (Eriksen
et al., 2013; Free et al., 2014; Mani et al., 2015; Baldwin et al.,
2016; Mason et al., 2016), and even aeolian (Dris et al., 2015)
biomes. It is estimated that 4.8–12.7 million tons of plastic
enters the ocean in a single year (Jambeck et al., 2015), with a
quarter of a million tons currently floating in the world’s oceans
(Eriksen et al., 2014). It is estimated that 70–80% of marine
litter (most of which is plastic) originates from inland sources
via rivers (GESAMP, 2010). In the absence of mechanisms to
incentivize improved waste management and behavior change,
this number will continue to rise, reflecting the exponentially
increasing global production of plastic goods (PlasticsEurope:
Association of Plastics Manufacturers, 2015). Studies have shown
that aquatic organisms ingest plastic pollutants (Boerger et al.,
2010; Foekema et al., 2013). Consumption results in energetic
and fitness costs (Besseling et al., 2012; Wright et al., 2013)
and other morbid impacts (Rochman et al., 2013). There is
a high likelihood that humans are consuming plastic derived
from fish and shellfish (Van Cauwenberghe and Janssen, 2014;
Rochman et al., 2015b), with as of yet unknown health
consequences. In the wake of these discoveries, the United
Nations has declared plastic pollution among the most critical
emerging environmental issues of our time (UNEP, 2016). The
scientific consensus is that plastic pollution must be reduced
to avoid the risk of irreversible ecosystem harm (Rochman
et al., 2016). Yet, an incomplete understanding of the global
plastic litter budget hinders the strategic development of
mitigation and prevention policy. To effectively target major
sources and pathways, the question remains: what drives the
concentration and flux of plastic debris across environmental
reservoirs?

Plastic pollution first was reported in the ocean over 40 years

ago (Carpenter and Smith, 1972; Colton et al., 1974; Wong et al.,

1974) and has continued to be a focus of extensive research efforts

(Moore et al., 2001; Thompson et al., 2004; Law et al., 2010,
2014; Cózar et al., 2014). Recently, there has been a call to bring

similar focus to freshwater (Wagner et al., 2014; Dris et al., 2015;
Eerkes-Medrano et al., 2015). Concentrations of microplastics—
plastics <5 mm in the largest dimension—in lakes and rivers
have been reported as high, or higher, than in central oceans
gyres (Eriksen et al., 2013; Castañeda et al., 2014; Free et al.,
2014; Lechner et al., 2014; Yonkos et al., 2014; Corcoran et al.,
2015; Mani et al., 2015; Baldwin et al., 2016; Mason et al., 2016).
Freshwater ecosystems play a critical role in the global water
cycle and human health. They connect the inland watersheds
that provide drinking water for most of the global population.
It is essential to understand the nature and impacts of emergent
contaminants, such as, plastic litter, their associated persistent
organic toxins (Koelmans et al., 2016; O’Connor et al., 2016), and
properties of plastic-toxin interactions (Hankett et al., 2016) to
effectively preserve this resource.

The North American Great Lakes system contains one-fifth
of the world’s freshwater and is arguably one of the continent’s

most valuable natural resources. Field surveys have confirmed the
presence of microplastics in Great Lakes surface water (Eriksen
et al., 2013; Mason et al., 2016), sediment (Corcoran et al., 2015;
Ballent et al., 2016), and beaches (Zbyszewski and Corcoran,
2011; Hoellein et al., 2014; Zbyszewski et al., 2014; Driedger et al.,
2015), as well as the rivers (Baldwin et al., 2016) and wastewater
treatment plant (WWTP) effluents (Michielssen et al., 2016) that
directly feed into the Great Lakes. Yet, these data are sparse.
There is currently insufficient knowledge of spatial and temporal
resolution of plastic debris in the Great Lakes to efficiently focus
strategic mitigation and management.

The study of plastic in the environment is a rapidly growing
field of research. Studies from many sectors have employed
diverse analytical methods for the isolation, identification, and
quantification of plastic particles in environmental samples.
While studies continue to resolve the limits of the myriad new
methods used, it remains difficult to obtain, with meaningful
throughput and accuracy, a seemingly simple data type: plastic
counts. For instance, in the absence of replicate sampling, we
do not know how representative single samples are of the
environments from which they are collected. Further, most
studies rely on visual inspection of samples to identify and count
plastic particles. Yet, visual identification can incur error rates
from 20 (Eriksen et al., 2013) to 70% (Hidalgo Ruz et al., 2012),
with nearly 99% misidentification for sediment samples (Löder
and Gerdts, 2015). These challenges hinder future research
efforts, as well as our ability to leverage existing data describing
environmental plastic.

In this study, we addressed five objectives and sought to
answer: (i) What is the spatial distribution of plastic litter across
three of the Great Lakes (Lakes Superior, Huron, and Erie)
and one connecting lake (Lake St. Clair) down to the smallest
particle size yet explored (106 µm)?We hypothesized that plastic
concentrations would correlate with proximity to urban areas
and that the concentrations observed would dwarf those reported
using a larger size cut-off (333 µm; Eriksen et al., 2013). (ii)
How is the distribution and the residence time of plastic litter
influenced by physical properties of the plastic particles (e.g.,
buoyancy)? We hypothesized that neutrally buoyant particles,
which move three dimensionally through the water column,
would have a longer residence time than floating particles that
experience surface drift only. (iii) Do permanent features of high
plastic pollution exist (e.g., a “Lake Erie Garbage Patch”) where
mitigation could be focused? Based on existing hydrodynamic
models of Lake Erie that predict summer convergence (Beletsky
et al., 2013), we hypothesized that permanent features of high
plastic pollution would exist in surface drift models and field
survey data in anticyclonic anomalies. To inform method
development and data interpretation in this study and across
the field, we sought to answer (iv) how variable are plastic
concentrations among triplicate trawls sampled consecutively
at the same location? We hypothesized that within-station
variability in count data would not be even across sites, but rather
could depend on weather and sampling conditions. Finally, we
asked (v) what is the false-positive rate for discerning plastic
from non-plastic particles based on visual inspection? As dozens
of previous studies have relied on visual inspection alone, we
hypothesized that false-positive rates would be <50%, implying
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that this method was not prohibitively error-prone. Collectively,
these efforts lead to a better understanding of the drivers of
freshwater plastic pollution in the Great Lakes and around the
globe.

MATERIALS AND METHODS

Lake Sampling
To assess the spatial distribution of plastics across three Great
Lakes and Lake St. Clair (objective i) surface water samples were
collected at 38 stations (Figure 1) throughout the summer (May–
August) of 2014 using a rectangular manta trawl 16 cm high by
61 cm wide towing a 100 µm Nitex mesh net 3m long (Wildco)
with a 100 µm Nitex mesh cod-end 28 cm long by 15.5 cm
in diameter and a flowmeter (General Oceanics Model 2030R
Mechanical Standard Rotor). The net was towed outside the wake
of the boat at ∼2 knots for 20 min. For precision comparison
at each station (objective iv), consecutive triplicate trawls were
performed over the same transect. The difference in flow meter
readings was multiplied by the manufacturer rotor constant and
the width of the net mouth to calculate the area of water sampled.
In order to standardize and compare plastics concentrations with
previous studies (Eriksen et al., 2013; Mason et al., 2016), counts
were divided by respective trawl area to achieve concentrations of
plastics km−2.

Stations were categorized as basin (>12 km from coast, n= 7),
non-urban (<12 km from coast with <5,000 inhabitants km−2,
n = 15), urban (<12 km from coast with >5,000 inhabitants
km−2, n = 6), river plume (n = 5), and WWTP (sampled
from environment near where final effluent is released, n =

5; Figure 1). Environmental data describing conditions at the
start of each trawl, including wind speed, cloud cover, water
temperature, air temperature, wave height, eastward surface
water velocity, northward surface water velocity, wave direction,
and wave period, were collected from the Great Lakes Observing
System Point Query Tool of the Great Lakes Coastal Forecasting
System1. Hourly data (or 3-h data, in the case of water
temperature) for before and after the start time of each trawl
were pulled, and the average was weighted by the number
of minutes between data points. Descriptors of all trawls are
available (Supplementary Data Sheet 1) where data interpolation
was possible (e.g., no data existed for stations in Lake St. Clair or
rivers).

Samples were recovered by rinsing the contents of the cod-
end into a series of brass-framed sieves (Humboldt Mfg. Co.;
Elgin, IL, USA) with stainless steel mesh sizes 4.75 mm, 212
µm, and 45 µm (Figure 2A; Humboldt Mfg. Co.). Each fraction
was rinsed into a plastic bottle (HDPE bottle, PP screw top,
Fisher Scientific 03-313-6C, 03-313-6B) with 70% ethanol for

1http://data.glos.us/glcfs/

FIGURE 1 | Maps of all stations sampled. Each station contained replicate trawls. (A) Overview and location of the North American Great Lakes on the North

American continent. (B) Station locations and classifications in Lake Superior, Lake Huron, Lake St. Clair, and Lake Erie.
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FIGURE 2 | Photographs of samples at various stages of processing, as well as examples of different shape classes. Arrows indicate plastic amidst co-sampled

nonplastic organic matter; blue: fragment, dark red: line, yellow: nurdles, cyan: sphere/bead, brown: fiber. (A) Bulk sample directly upon retrieval from Manta on a

stack of a series of sieves. This sample contained an abundance of algal biomass. (B) Bulk sample drying on a 53 µm mesh net. (C) Sample after enzymatic

processing, which included an incubation in hydrogen peroxide that bleached much of the non-plastic organic matter. This bleaching aided in differentiating plastic

(tended to retain color) from non-plastic (prone to bleaching) particles. (D) Examples of plastic of sphere class; zoomed in subset of sample in (B). (E) Smallest size

fraction (106–1,000 µm) after WPO. Note colored plastic fibers (brown arrows) enmeshed in mass of natural fibers bleached white from hydrogen peroxide treatment.

(F–H) Examples of plastic of fragment, film and line shape classes, respectively; ruler markings are in cm units. (J,I) Examples of plastic of paint chip and fiber shape

classes, respectively; grid squares are in 5 mm units.

preservation. Sampled items that were too large to fit in a bottle
were stored in Ziploc XL bags for later examination. All liquids
used directly on the samples were filtered through 100 or 20 µm
Nitex mesh in the field.

Sample Processing and Counting
Field-collected samples were spread over 53 µm Nitex mesh
(Figure 2B), weighed for wet mass, dried at 60◦C, and

subsequently weighed for dry mass. Large pieces of organic
material (e.g., sticks, leaves, etc.) were removed manually. The
sample was mixed at a 1:1 ratio with 10% sodium dodecyl sulfate
(Acros Organics 226140025) and incubated at 50◦C, rotating
at 80 rpm for least 24 h. Samples were then size-fractionated
through a series of brass and stainless steel sieves (HumboldtMfg.
Co.; Elgin, IL, USA) with mesh sizes 4.75 mm, 1,000 µm, and
106 µm.
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The 106–1,000 µm fraction of each sample was digested to
remove non-plastic labile organic matter. The first digestion
method used consecutive incubations with proteinase, cellulase,
and chitinase, followed by incubation in 30% H2O2 for 24 h
[sensu (Lorenz, 2014); Figure 2C: sample images]. Following
the release of a NOAA Marine Debris Technical Memorandum
providing guidelines on the analysis of microplastics in the
marine environment (Masura et al., 2015), all previously
processed samples were re-processed, and all subsequent samples
were processed using only the wet peroxide oxidation (WPO)
protocol recommended therein (2015). After oxidation, the
remaining material was filtered over 104 µm stainless steel filters
(TWP Inc., 150 Mesh T304 Stainless 0.0026; Berkeley, CA), and
transferred to a glass petri-dish with 70% ethanol and dried.

Plastic pieces were manually pulled from the <4.75 mm
fraction. The raw 1.00–4.75 mm and digested 106–1,000 µm
fractions were visually sorted with the aid of a stereo dissecting
microscope (10–80x; Zeiss SteREO Discovery.V8; Oberkochen,
Germany). Each plastic piece in the two larger size classes was
categorized by shape (Figures 2E–I): fragment (secondary plastic
broken down from larger debris), film (e.g., thin plastic from bags
and wrappers), fiber (e.g., individual filaments of textile threads,
very thin and frequently curled), line (e.g., fishing line, straighter,
and thicker than fiber), nurdle (preproduction plastic pellet),
sphere, foam, or paint (consistent with multiple studies that
consider paint a plastic or confirm it is composed of, e.g., alkyds
and (poly)acrylate/styrene; Lima et al., 2014; Kang et al., 2015;
Neves et al., 2015; Song et al., 2015; Imhof et al., 2016; Nizzetto
et al., 2016). Such detailed categorization was not possible for the
smallest size class (106–1,000 µm), so the smallest particles were
classified as either fragment or fiber.

Substantial effort was invested in gaining experience and
establishing confidence in visually and tactilely distinguishing
plastic from non-plastic particles, especially in the smallest
(106–1,000 µm) size class. A collection of characteristics was
established to distinguish plastic from non-plastic and to
categorize plastics into morphological types. Physical features
(color, hardness, fragility, shape) were considered. Features that
frequently indicated plastic fragments included: malleability (not
brittle), defined jagged shape, shiny surface, and presence of
artificial dyes. Dye-free plastic particles were identified by their
opaque and white nature. Features that often indicated an
inorganic particle included: brittleness or unresponsiveness to
force applied by tweezers, audible scratching noise when scraped,
transparency, and well-defined crystalline structures and right-
angle fractures.

Precaution was taken to minimize risk of sample
contamination from handling and the laboratory environment.
All liquid that came in contact with the samples (water for
sieving, ethanol for storing) was filtered to remove particles >10
µm, glassware for storage was blasted with high-pressure air
before use. Thin Teflon sheets (0.005 “Natural Virgin PTFE Roll
Stock 12” Wide, Ridout Plastics Co. Inc.) were inserted between
storage glassware and their plastic screw tops, as Teflon is rare
among environmental plastics and its diagnostic fluoride ion
could be detected analytically downstream if contamination
did occur. Samples were processed in a laminar-flow or fume
hood and remained covered otherwise. Cotton laboratory coats

were worn by all individuals. Blank samples consisting of one
1,500 ml and two 500 ml aliquots of 10 µm-filtered MilliQ were
processed and counted alongside field samples to account for
environmental plastics incorporated during the sampling process
that would lead to false positive plastic counts.

All data treatment and statistics were performed using the
R statistical environment (version R-3.3.1; Team, 2014). All R
code generated to create figures and perform calculations is freely
available23 Maps of trawl locations and counts were generated
with Quantum GIS (v. 2.18; QGIS Development Team, 2016).

Scanning Electron Microscopy
Energy-Dispersive X-Ray Spectroscopy
(SEM-EDS)
To assess human error and determine our false positive vs. false
negative rates in the assignment of the smallest particles as plastic
(objective v), a subset of particles from the smallest size class
were randomly chosen from each of the suspected plastic (n =

10) and suspected non-plastic particle (n = 10) pools across 10
trawls. These particles were characterized analytically (described
below). In addition, we prepared a library of 35 known standards
to inform our ability to differentiate plastic, mineral, and non-
synthetic organic matter and identify potential contamination
of our samples from plastic in the processing environment.
Standard items included virgin polymers, plasticware, and
instruments used for sample collection, processing, and storage,
paint from a sampling vessel (R/V Nancy K), fibers from lab
coats, hair from sample processors, phytoplankton carcasses, and
mineral particles.

SEM-EDS was performed to acquire an atomic signature for
the 260 particles and standards assessed. Particles were mounted
on an SEM peg (0.5 in. diameter; Electron Microscopy Sciences,
Cat. 75160; PA, USA) with a piece of double-sided carbon
tape (Electron Microscopy Sciences, Cat. 77816; PA, USA). A
thin layer (∼40 nm) of gold was applied to the sample using
a gold sputter coating machine (120 s, Denton Vacuum Inc.,
Desk II, Cherry Hill, N.J.). Each particle was imaged using a
JEOL JSM-7800F SEM at an accelerating voltage of 15 keV
and an acquisition time of 20 s. A rectangular well-focused
central area on each particle was excited via EDS. The resulting
spectra were analyzed with Oxford AZtec 3.1 EDS software. The
auto-ID function using default parameters verified the presence
of elements on the surface of each particle. Following data
acquisition, particles were assigned to each of three classes based
on peak elements and surface texture: inorganic/mineral (IO),
non-plastic (NP) organic matter, and plastic (P). Some gradation
was allowed between discrete classes resulting in 5 different
categories: P, P-NP, NP, NP-IO, IO.

Lake Erie Plastic Transport Model
It is not feasible to perform the high-resolution spatial
and temporal sampling required to understand the lake-wide
distribution and movements of plastic pieces. Thus, a Lagrangian
particle transport model previously used in Lake Erie (Michalak

2https://github.com/DuhaimeLab/Frontiers_2017_GreatLakesPlasticDistrib
3http://www-personal.umich.edu/~duhaimem/Rpubs_code/GreatLakes_Plastic_

Pollution_Study_Cable_etal_2017.html
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et al., 2013; Fraker et al., 2015; Beletsky et al., 2017) was
applied to simulate transport of microplastics over a variety of
timescales and plastic properties (e.g., its buoyancy; objectives
ii and iii). In this model, particle trajectories were calculated
with the hydrodynamic model velocity recorded at regular time
intervals (e.g., hourly). For each particle, the gridded velocities
were interpolated to its location and the particle was moved
to a new location based on the interpolated velocity and the
time step of the particle transport model (Lynch et al., 2014).
The three-dimensional particle trajectory code is based on the
second order accurate horizontal trajectory code, as described
in Bennett and Clites (1987), with the addition of vertical
position tracking. Plastic “particles” in the model are neutrally
buoyant (i.e., have the same density as the ambient water),
passive (i.e., they follow local three-dimensional currents), and
biochemically inert. If collision with model boundaries occurs,
particles remain in the nearshore zone. The model includes
horizontal and vertical diffusion, as introduced by Smagorinsky
(i.e., with a non-dimensional coefficient of 0.005 in the horizontal
diffusion parameterization; Smagorinsky, 1963) and random-
walk approaches, respectively. Vertical diffusion was set at 5
× 10−4 m2 s−1. Because the size of most particles in this
study is <1 mm, they are considered fully submerged and
therefore windage is zero. In experiments that examine the
effect of plastic buoyancy on residence time and transport,
floating particles were driven by surface currents only, which
were obtained from the top layer of the 3D hydrodynamic
model.

Advection fields used by the particle model were produced
by the three-dimensional finite-difference hydrodynamic model
based on the Princeton Ocean Model (Blumberg and Mellor,
1987), driven by the wind, heat flux, and tributary flow from
22 major rivers and two outflows (listed in Schwab et al., 2009).
The hydrodynamic model used a uniform 2 km horizontal grid
with 21 vertical levels. Six years of hourly current data (2004–
2005, 2007, and 2009–2011) obtained from previous applications
(Beletsky et al., 2013) were used to model microplastic transport
in summer months (including the month of June, the month of
Lake Erie field sampling). In addition, year-long simulations were
conducted when particles were continuously released throughout
each year. To calculate residence times, the sequence of years was
looped because longer time periods were required to flush the
vast majority of particles from the lake.

In each model simulation, virtual particles were released daily
to Lake Erie surface water at 29 tributaries (Supplementary Table
2) and two WWTPs in the Cleveland area. Particles left the lake
through Niagara River and Welland Canal (easternmost edge
of Lake Erie). For residence time calculations, particles were
released during the first year (2004) and then tracked until the
percentage of particles remaining in the lake dropped to 1% (eight
years for neutrally buoyant particles).

RESULTS AND DISCUSSION

This dataset represents the largest single-season effort of plastic
quantification in the Great Lakes to date. Plastic was counted

in 108 surface trawl samples, which spanned 38 stations across
Lakes Superior, Huron, St. Clair, and Erie. Plastic was found at
every station sampled (Figure 3). The trawl with the highest total
concentration of plastic contained 4-fold higher plastic than yet
reported in the surface of the Great Lakes (Eriksen et al., 2013;
Mason et al., 2016). The vast majority of plastic counted was <1
mm in size (Figure 4A).

Concentrations and Distributions of Great
Lakes Plastic
Plastic Concentrations Were Highest at Urban

Centers
Total plastic abundances per surface trawl spanned an order of
magnitude. They ranged from 1,910,562 particles km−2 in the
Detroit River plume (NK0008-3) to 126,933 particles km−2 in
the Straits of Mackinac in Lake Huron (NK 0007-1; Figure 3D;
Supplementary Data Sheet 1). Notably, these total concentrations
and all that follow do not include counts of fibers, as during
sample processing it became evident that fibers could not be
quantified with equally high confidence across size fractions, an
issue which is discussed at length below. Fiber concentrations
were analyzed separately to explore patterns in the data.

The highest concentrations of plastic were found in samples
collected within 12 km of the coast of populated urban cities, in
river plumes, or directly at the effluent of WWTPs (Figures 3,
4B). All of the most concentrated samples but one were collected
in Lake Erie or the urban river and estuary-like lake directly
feeding it (Detroit River and Lake St Clair; Figure 2). Our
empirical data support recent model predictions that the loads
of Lake Erie plastic inputs are 4- and 80-fold higher than Lakes
Huron and Superior, respectively (Hoffman and Hittinger, 2017).
Notably, the plastic input loads for this model were scaled to
census-derived population density of the coastlines (Hoffman
and Hittinger, 2017)—an underlying presumed correlation our
field data support. The lowest counts were collected at non-
urban coastal stations and offshore basin stations, with the
exception of the deepest point of the Eastern Basin of Lake
Erie (Figures 3, 4B). These findings support previous reports
of a correlation between plastic concentrations and proximity
to urban centers in the Great Lakes (Baldwin et al., 2016), as
well as other enclosed and semi-enclosed aquatic environments
across the world, such as, tributaries to the Chesapeake Bay,
USA (Yonkos et al., 2014), the Bay of Brest in France (Frère
et al., 2017), the Xiangzi Bay upstream of the three Gorges
Dam (Zhang et al., 2017), inland lakes around Wuhan, China
(Wang et al., 2017), and estuaries in and around Durban,
South Africa (Naidoo et al., 2015). Attributes that are likely to
contribute to elevated plastic concentrations in urban vs. non-
urban locales include higher population densities (Jambeck et al.,
2015), increased particulate aeolian inputs (including plastic;
Dris et al., 2015), and increased areas of impervious substrate.
The percent of a watershed comprised of impervious substrate
is positively correlated with higher plastic concentrations in
the Great Lakes watershed (Baldwin et al., 2016), likely due to
greater volume and higher velocity runoff during storm and
snow melt events. The higher concentrations in river plumes
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FIGURE 3 | Maps of plastic concentrations across the lakes sampled, where magnitude of concentration is depicted by size of circle around trawl location. Note, fiber

counts are not included in these figures, as discussed below. (A) Mapped counts of plastic litter >4,750 µm. (B) Mapped counts of plastic litter 1,000–4,750 µm. (C)

Mapped counts of plastic litter 106–1,000 µm. (D) Total mapped counts for the stations where all three size classes were quantified.

and near WWTP effluents than in coastal areas (Figure 4B)
suggest these inputs to be sources (McCormick et al., 2014) and
that plastic debris enters this system from inland waterways and
human activity. Increasing the degree of pervious substrate in
watersheds, such as, the implementation of green infrastructure
catchments, should be explored as an effectivemeasure to capture
plastic debris in runoff and reduce loads ultimately reaching
waterways. As the number of storm events is expected to increase
with a changing climate (IPCC, 2012), such innovations are
timely to preventatively buffer our freshwater systems from being
inundated with stormwater-delivered debris.

Single Trawls Are Imprecise: Within-Station Variability

Can Vary 3-Fold
This is the first survey of freshwater plastic litter to address
variability in counts by conducting replicate trawls at each of
38 stations. The distributions of all trawl concentrations, total
concentrations, and station concentrations deviated significantly
from normal distribution (Shapiro Wilks test, p << 0.01) with
high skewness (1.9–6.62) and kurtosis (3.5–49.25; Supplementary
Figure 1). As a result, non-parametric tests were used (e.g.,
Spearman’s rank correlation) and metrics that do not represent
strongly skewed data (e.g., standard deviation) were not used to

describe and interpret the results. Rather, to assess factors that
influence within-station variability, we calculated a metric we
termed themean-normalized range (MNR) by dividing the count
range (max–min) of each station by the mean of the station.

The vast majority of trawl concentrations from the same
station variedmore than 100%, as depicted by amean normalized
range (MNR) >1 (Figure 5; Supplementary Data Sheet 3). In
other words, the accuracy of a single trawl at one station is quite
low and repeated trawls at the same location can vary in precision
by up to 3-fold.We suspect that the magnitude of MNR at certain
stations is due to undersampling. Precision increases as the
plastic concentration sampled increases, as MNR is significantly
negatively correlated with total trawl concentration (Spearman’s
rho = −0.629, p = 0.000; Figure 5). MNR is <1 for all counts
in the smallest size class, which have the largest concentrations
(M = 0.09) and most frequently >1 in the largest size class (M
= 1.94; Figure 5, Supplementary Figure 2), which have relatively
lower concentrations. While dependent on plastic concentration,
the MNR was not significantly influenced by air velocity (rho
= −0.093, p = 0.245), east-west surface current velocity (rho =

−0.072, p = 0.364), wave period (rho = −0.078, p = 0.330), or
wave height (rho = −0.093, p = 0.242)—all local conditions that
could influence the distribution of plastics at the water surface
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FIGURE 4 | (A) Boxplots depicting the means and spreads of all individual trawl counts by particle size fraction. (B) Boxplots depicting the means and spreads of

individual trawl counts by size class, station type, and water body: Lake Superior (pink square), Lake Huron (brown square), Lake St. Clair (green diamond), the Detroit

Rv. (blue upright triangle), Lake Erie (dark blue upside-down triangle), and the Niagara Rv. (purple star).

FIGURE 5 | Plot of trawl mean normalized ranges (MNR) across stations vs.

the log of plastic concentration in each individual trawl. Regression line of the

linear model used to predict MNR from plastic concentration is shown (R2 =

0.442, slope = −0.357, intercept = 2.737, p < 2.2e-16). The gray band

depicts the 95% confidence level interval for predictions from the linear model.

between trawls. However, longitudinal surface current velocity
positively varied with MNR (rho= 0.166, p= 0.037); an increase
in north-south current velocity was correlated with a decrease in
precision between trawls. As currents in the lake aremostly wind-
driven and winds on Lake Erie predominantly blow west to east,
increases in north-south current velocity may indicate a local
weather anomaly, such as, a squall or storm. These features are
known to build up and die down quickly; it was not uncommon

to experience a short burst in weather change over the course of
the 1–2 h spent sampling at a single station. Such dynamic local
conditions could increase the variability between trawl counts
within a single station and decrease the accuracy of a trawl. To
maximize reliability of surface plastic counts, we suggest samples
not be taken around wind-related weather anomalies.

A similar survey of marine plastic debris assessed variability
with replicate sample quantification in the North Pacific Gyre
(Goldstein et al., 2013). This study found a mean within-station
coefficient of variation (CoV; calculated as the station standard
deviation divided by the station mean) of 51.4% for net-collected
samples. CoV depends on the station standard deviation, which
we deemed an inappropriate representation of data as heavily
positively skewed as ours (Supplementary Figure 1). Yet, for
purposes of comparison, we determined the CoV across the
stations in this study and found they ranged from 1.5 to 173%
(Supplementary Figure 3). The CoV of the smallest size class
was less than that of the North Pacific study, whereas the CoV
of larger size classes was greater (Supplementary Data Sheet
3). In the power analysis performed by Goldstein et al. (2013),
statistical power increased when number of samples increased.
In the case of our data, within-station variability appeared more
influenced by the plastic count in each sample than the number
of samples counted (as n = 28 for the smallest size class, and
n = 108 for the two larger size classes). In order to reduce the
within-station variability of the larger two size classes at stations
with low overall plastic concentrations, greater counts are needed
per trawl, thus sampling should occur over a larger area. We
suggest a minimumMNR of<1 and ideally lower. As field survey
data is time consuming and costly, recognition of this count-
dependent variability and the importance of replication is critical
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TABLE 1 | Mean and standard deviations of plastic type concentrations (km−2) across all trawls and size classes quantified.

Size (µm) Fragment Film Line Nurdle Sphere Foam Paint Total Plastic n

106–1,000 465,606 ± 403,378 NA NA NA NA NA NA 465,606 ± 403,378 28

1,000–4,750 19,237 ± 42,995 1,607 ± 3,195 1,109 ± 2,040 3,742 ± 19,500 966 ± 3,343 4,443 ± 12,953 1,115 ± 2,475 32,219 ± 73,576 108

>4,750 2,009 ± 8,500 880 ± 2,883 168 ± 460 19 ± 138 0 ± 0 427 ± 1,865 0 ± 0 3,503 ± 12,766 108

for maximizing the value of such datasets, especially as future
field survey studies are designed and implemented.

Plastic Less than 1 mm Dominated the Dataset
The mean concentration of plastic in the smallest size class (106–
1,000 µm) was 15-fold higher than the middle size class (1,000–
4,750 µm) and 130-fold higher than the largest size class (>4,750
µm; Figure 4A, Table 1). A similar pattern was maintained in
all trawls, regardless of water body or types of stations sampled
(Figure 4B). These findings are consistent with surveys of other
lakes, such as, lakes near Wuhan, China where more than 80%
of the plastics found were 2 mm and smaller (Wang et al.,
2017). However, plastics 1–5 mm in size were most abundant in
sections of the Xiangxi River, perhaps due to a shorter residence
time and less weathering while in the river (Zhang et al., 2017).
Previous surveys of Great Lakes plastic have found a 40- and
6-fold difference between the smallest and largest size classes
(Eriksen et al., 2013; Mason et al., 2016). It is likely that the order
of magnitude increase in the relative abundance of the smallest
size class between previous Great Lakes surveys and the overall
maximum abundance in our study can be attributed to our use of
a 106 µm size mesh collection net, as opposed to the 333 µm
mesh used previously in the Great Lakes and their tributaries
(Eriksen et al., 2013; Baldwin et al., 2016; Mason et al., 2016) and
in most aquatic plastic debris surveys to date (Hidalgo Ruz et al.,
2012; Law, 2016). As a result, our data more comprehensively
capture the “micro” plastic range in the Great Lakes, knowledge
of which is critical to our assessments of environmental risk.
Smaller plastic particles stay at the water surface longer than
larger particles of the same composition and shape (Khatmullina
and Isachenko, 2016; Kowalski et al., 2016) and are more readily
consumed by smaller organisms in aquatic food webs, increasing
the chances of biomagnified effects due to predation (Wagner
et al., 2014). Further, the larger surface area to volume ratios
of these small particles increases their potential as vectors of
adsorbing contaminants (Barnes et al., 2009; Teuten et al., 2009).
Future studies should continue to probe this small size class, as
well as develop innovative high-throughput solutions to capture
and quantify particles below 106 µm and into the nanoscale,
where risk may be highest due to subcellular effects (Syberg et al.,
2015).

Secondary Plastics (Fragments) Were the Most

Common Plastic Type
Fragments were the most abundant plastic shape class across the
dataset (Figure 6). This finding is consistent with other recent
studies that used comparable analytical methods, including a
survey of 59 stations in Lake Michigan (79% fragments, 14%

FIGURE 6 | Stacked barplot depicting the relative abundance of different

shape classes amongst plastic from each size fraction. The bar to 100% for

each size class represent the relative abundance of different shape classes

when fibers were not included in the total counts and the portion above 100%

represents the relative abundance of fibers in the total counts.

fibers; Mason et al., 2016), and even a study in remote Lake
Hovsgol, Mongolia (40% fragments, 20% fibers and lines; Free
et al., 2014). Rivers and urban effluent (e.g., WWTP) are thought
to be major contributors of plastic to freshwater water systems.
Notably, studies of sources of plastic to the Great Lakes have
documented fibers to dominate, not fragments. An analysis of
29 Great Lakes tributaries (Baldwin et al., 2016) found total
debris comprised of 71% fibers and 17% fragments. Similarly,
anthropogenic litter in the effluent of a high capacity wastewater
treatment plant that discharges directly to the Great Lakes was
found to be 61% fibers and 33% fragments (Michielssen et al.,
2016).

This difference may be due to the fact that typically fibers
are comprised of polymers that are denser than water, e.g.,
nylon, polyester, acrylic. As such, in a stable water body (e.g.,
large lakes, ocean gyres) they are expected to sink, while in the
flow of turbulent mixing systems (e.g., streams, rivers, WWTP
effluent, tidal inlets) these fibers may remain mixed and in the
seston (Baldwin et al., 2016). Fragments are primarily secondary
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plastic debris and are likely to be composed of more positively
buoyant polymers (e.g., polyethylene and polypropylene, as
demonstrated in a study in Lake Michigan; Mason et al.,
2016) that float at the lake surface. Alternatively, fibers may
be drastically underestimated in surface aquatic environments
owing to difficulties collecting fiber data, as discussed below.

When station type was considered, the relative abundances of
fragments, foam, and (for the largest size class) film were high
in urban and river plume samples—the latter of which were all
coincidentally urban, as well (Supplementary Figure 2). Similarly,
this trend was observed in river samples, where “litter-related
plastic” (the collective class of fragments, foam, and film) was
significantly more highly represented in Great Lakes tributaries
of watersheds with urban attributes (Baldwin et al., 2016). This
may be attributed to proximity to land-based plastic sources, such
as, recreation on populated beaches and litter in urban areas and
suggests that curbing mismanaged waste in urban centers could
reduce the load of plastic in waterways.

Assessing Confidence in Plastic Count Data
Though recommendations (Ryan et al., 2009) and protocols
(Masura et al., 2015) have been put forth for sample
collection, processing, and quantification, standardized sampling
methodology, and reporting are critically lacking (Hidalgo Ruz
et al., 2012; Law, 2016). The reasons for these inconsistencies
are multifaceted. This is a relatively young field of research
with many newly recruited researchers from broad disciplines,
e.g., environmental science, biology, chemistry, engineering,
physics, oceanography, ecology, bringing diverse backgrounds to
a common problem. Each study contributes new insights, but
also highlights the Achilles’ heel of their given approach. This
process is necessary to arrive ultimately at a unified approach. In
the present study, the greatest uncertainty arose in the treatment
of fiber count data, as well as our ability to visually and chemically
discern plastic particles from non-plastic in the smallest size class.

Confidence in fiber count data depends on size class and

sorting effort
Fibers were identified in all size classes, yet the degree of certainty
in the fiber count data depended on the size class, oxidative
treatment of sample, and effort of the sample sorter. First, it is
likely that fiber counts from field samples were underestimated
because the sampledmaterial was so heterogeneous causing fibers
to be missed and unaccounted for. This was especially likely in
the larger two size classes (1,000–4,750 µm and >4,750 µm),
where WPO treatment was impractical at the volumes needed
to be effective and thus could not be used to eliminate bulk
non-plastic organic matter. In these fractions, the fibers, which
are much less rigid than other plastic morphologies and more
prone to “stick” to other objects when wet, were deeply enmeshed
in the crevices of or entwined in natural fibers of non-plastic
items (e.g., leaves, sticks, bark, feather, etc.) during sieving and
sorting. As a result, fibers were difficult to separate from the non-
plastic organic matter co-sampled from the lake surfaces, much
of which was naturally fibrous (Figures 2B–E). This increased
difficulty in acquiring fiber counts also required greater effort
and vigilance by the person visually sorting, given the enmeshed

fibers would be much thinner than other items the sorter was
looking for. These issues were much less apparent in the smallest
size class, where most non-plastic organic matter was removed
chemically and fibers were more obvious with little surrounding
or overlapping material. Thus, it is difficult to compare fiber
abundance across size classes, as the “sorting effort” required
varied widely. Second, owing to their small width and surface
area, we could not use the same sensory data that we relied upon
to discern plastic fragments from non-plastic particles under the
microscope (e.g., squeezing, pinching, scratching, etc.). The small
size of fibers also prohibited the controlled physical manipulation
needed to perform chemical analysis via SEM-EDS—though we
cannot predict whether this led to an over- or underestimate of
fiber counts. Notably, these issues did not influence our ability
to detect and report concentrations of plastic line. Lines were
more discernible and behaved very differently when manipulated
owing to their greater length, thickness, and consequent rigidity
(Figures 2A,H,J).

Finally, fibers were the plastic type most likely to contaminate
a sample during processing in this study. All but one of
the 126 particles introduced to the blank controls were fibers
(Supplementary Table 3). For instance, the 1,000–4,750 µm
fraction of a single blank control contained 33 fibers, whereas the
maximum raw number of fibers counted in the same size class
was 33 and the average across all trawls was 24 (Supplementary
Table 3). Further contributing to the underestimate of fibers in
field samples relative to sample counts was that blank samples
were pristine and easy to see, whereas fibers in field samples were
often complex conglomerations of suspected natural and plastic
fibers (Figure 2E). Though anecdotal evidence derived from
observations during processing suggest that the environmental
samples contained more fibers than the blanks, the possibility
of contamination of samples by fibers could not be ruled
out. Fiber contamination during sample processing has been
reported previously (Foekema et al., 2013; Dekiff et al., 2014;
McCormick et al., 2014; Woodall et al., 2015). A comparison of
numbers of fibers introduced using different protocols suggested
fiber contamination was introduced primarily as a result of
sample sieving and moving from one holding vessel to another
(unpublished data; BW Locke, RN Cable). We recommend
taking precautions to reduce the number of times a sample is
transferred, sieved, or filtered from the beginning of sample
collection, in addition to reducing the amount of time a sample is
exposed to open air outside of a fume or laminar hood.

It is paramount that the field overcomes the limitations
and uncertainties related to the quantification of plastic fibers.
Evidence is mounting that fibers are a dominant form of
plastic pollution in many aquatic ecosystems—especially fluvial
(McCormick et al., 2014; Zhao et al., 2014; Dris et al., 2015;
Baldwin et al., 2016), but also in marine beaches and sediment
(Browne et al., 2011; Claessens et al., 2011; Woodall et al., 2014;
Fischer et al., 2015; Naidoo et al., 2015; Van Cauwenberghe et al.,
2015). The ecological implications of these fibers remain to be
shown, but plastic fibers are increasingly found in the stomachs
and tissues of aquatic wildlife, many of which are consumed by
larger animals, including humans (Neves et al., 2015; Rochman
et al., 2015a; Vandermeersch et al., 2015; Li et al., 2016). Direct
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human health impacts have been reported, as well: when inhaled,
microplastic fibers are retained the lung tissues and can become
associated with malignant tumors (Pauly et al., 1998). We must
develop an accurate assessment of the sources, abundances, and
impacts of synthetic fibers in our environment so that informed
mitigation practices can be put into place, if deemed necessary.

Visual discrimination of plastics is confirmed by analytical

methods
While most studies rely on visual inspection alone (reviewed
in Hidalgo Ruz et al., 2012; Law, 2016), such human sensory-
based observations can be error-prone. First, misidentification
can occur due to the similarities in appearances of plastic
and non-plastic particles (Filella, 2015). Second, the reliability
of visual identification decreases with decreasing particle size.
In the smallest size class, we used SEM-EDS analysis to test

and reduce our rate of incorrectly differentiating plastic from
non-plastic via visual and tactile inspection alone. EDS spectra
and SEM images representative of plastic, inorganic, and non-
plastic organic particles were highlighted (Figure 7). EDS spectra
are summarized in Supplementary Data Sheet 2; EDS spectra
and SEM microscopic data files are included in Supplementary
Image 1.

To address erroneous counts caused by misidentification
while sorting, we built a diverse library of standards (described in
Supplementary Data Sheet 2). This library was used to train our
classification efforts prior to analyzing sample spectra. Among
the qualitative anecdotes resulting from the analysis of this
library, we learned that microbeads from personal care products
all contained the elements C (primary peak), N, Si, and, all but
one, O (Supplementary Data Sheet 2). One personal care product
(PCP) bead standard had a large Si peak relative to the other

FIGURE 7 | Examples of SEM-EDS spectra and microscopic images representative of the three compositional classes: plastic (P), inorganic (IO), and non-plastic

organic (O). (A) plastic fragment. (B) Flaking, jagged, “crumbly” bead from a personal care product that served as a positive control. (C) Coal fly ash from a Lake Erie

sample. (D) Piece of silica foam from Lake Erie sample. (E) Stringy, fibrous organic matter particle from Lake Erie sample. (F) Non-plastic organic matter control

depicting diagnostic shallow surface veining; likely a leaf or other vegetation.
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elements. We attributed this composition to the particle being
mica or previously having been in close association with mica.
Indeed, sparkling “beads” from PCPs that crumbled upon touch
were found often, which we presumed were mica particles, after
finding it listed as an inactive ingredient in PCP. Further, all
organic matter standards contained Fe (in the presence of O),
as did the nylon mesh net that had been used to filter organic
material, whereas no Fe was found in pristine virgin polymers.
This pattern held until environmental samples were analyzed.
As opposed to pristine standards, Fe was detected in nearly all
particle types (plastic, non-plastic organic, and mineral) that had
been exposed to the environment.

Physical features of the particle surface further informed
our classification decisions between plastic and non-plastic
organic. Plastic tended to have deep and clean fractures, and
smooth surfaces with shallow flakes (e.g., Figures 7A,B); though
this could be obscured as particles oxidized with age and
appeared brittle. Particles with relatively simple elemental spectra
consisting of a large primary C peak, frequently with a smaller
O peak, were classified as plastic (P; Figures 7A,B). Inorganic
(IO) particles were best characterized by the presence of a large
primary peak of the element Si (Figures 7C,D; Supplementary
Data Sheet 2). One IO particle (of 47 total) that lacked Si
instead contained Ti (Supplementary Data Sheet 2). Many of
the IO particles were round spheres suspected to be coal fly ash
(Figure 7C), a positively buoyant byproduct of coal combustion
that has been reported previously in Great Lakes surface waters
(Eriksen et al., 2013). Some IO particles physically resembled
styrofoam balls but were confirmed to be puffed silica foam,

having contained prominent mineral elements (e.g., Figure 7D).
Non-plastic organic matter (NP) was physically characterized by
stringy fibers of irregular width or shallow-relief surface patterns
typical of leaf veining (Figures 7C,F, respectively) and chemically
characterized by more complex elemental signatures with several
smaller peaks rather than a single dominant C peak.

To assess our tendency to accurately classify plastic from
non-plastic, we compared our initial visual classifications with
those based on EDS-SEM analysis (Figure 8; Supplementary
Data Sheet 2; Supplementary Image 1; Supplementary Table 1).
Of all pieces visually identified as plastic, 76% were confirmed
as P, 2% were NP, 12% could not be identified as P or NP, and
10% were IO. Of all pieces visually identified as non-plastic, 46%
were confirmed as NP, 35% were IO, 11% couldn’t be identified
as P or NP, and 7% were plastic (Figure 8). A chi-squared test
of independence confirms that the EDS-SEM-based plastic (P)
calls occur most often in the visually-determined plastic category,
followed by the P-NP class, and the EDS-SEM-based non-plastic
(NP) calls occur most often in the visually-determined non-
plastic category, followed by the inorganic (IO), and NP-IO
(χ2

= 112.63, p = 2.003e-23, Table 2). These findings provided
confidence in the visual discrimination between plastic and non-
plastic particles in the smallest size class, and that rates of false-
positives in both categories are similar enough that there was no
need for adjustments to plastic abundances.

Lake Erie Plastic Transport Model
To develop a more holistic view of plastic transport dynamics
than is possible based on discrete field collections and assess

FIGURE 8 | Barplots representing the agreement between visually categorized fragments (plastic vs. non-plastic) and SEM-EDS analytically categorized fragments.

SEM-EDS-based classifications fall along a spectrum of three discrete categories: plastic (P), inorganic (IO), and non-plastic organic (NP). This is a visual

representation of the contingency table used in the chi-square test of independence (Supplementary Table 1).
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the possibility of predicting plastic distributions, we modeled
the transport of plastic and tested the effect of plastic buoyancy
on the resident times in Lake Erie. Lake Erie is the smallest
and shallowest of the Great Lakes, but is disproportionately
surrounded by highly populated areas and used heavily for
shipping and fishery industries.

No Lake Erie “Garbage Patch,” but Prominent

Longshore Transport Highlights at-Risk Coastal Areas
For decades, studies have described the presence of an oceanic
“garbage patch” (coined in Moore et al., 2001), an amalgam
of human-generated trash caught-up in the North Pacific

TABLE 2 | Residuals of chi-squared test of independence performed on the

contingency table (Supplementary Table 3) that related the number of samples

visually deemed as plastic and not plastic vs. their SEM-EDS-based classification

into plastic (P), non-plastic organic (NP), and inorganic (IO) particles.

Visual-based

class

SEM-EDS-based class

P P-NP NP IO-P IO

Plastic 5.3554386 0.147442 −4.4907312 −0.7071068−2.6352314

Not plastic −5.3554386 −0.147442 4.4907312 0.7071068 2.6352314

Central Gyre that results from the convergence of floating
debris in the anticyclonic eddy of the gyre’s high pressure cell
(Day and Shaw, 1987; Law et al., 2014). Similar anticyclonic
currents form in Lake Erie in summer months (Beletsky et al.,
2012) and the high concentrations of plastic in Lake Erie’s
eastern basin have been attributed to this feature (Eriksen
et al., 2013; Driedger et al., 2015). Yet, our plastic transport
model did not predict a permanent plastic “garbage patch”
in Lake Erie (Figures 9, 10A). This lack of a “garbage patch”
may be explained by less intense convergence of surface lake
currents or by the less persistent lake currents that last on
the order of only weeks to months. Comparatively, stable
anticyclonic circulation persists in the oceans for much longer
time periods.

Results of monthly drift in summer (June, July, and August,
each run over 6 years) illustrated the variability of spread
due to changing current patterns (Figure 9). In early summer,
the model generally predicted the eastward drift of neutrally
buoyant particles. This was especially pronounced along both
the northern and southern coasts in June, the month the
majority of our field survey took place. Later in the season,
the large-scale anticyclonic circulation that typically develops
in mid and late summer (Beletsky et al., 2012) influenced
the movement of plastics. Due to that circulation feature,

FIGURE 9 | (A) The distribution of neutrally buoyant particles at the end of month-long transport in June, July, and August for 6 years. For visual simplicity, 8 of the 29

sources (influents) are depicted: the Raisin Rv. (magenta), Detroit Rv. (cyan), Kettle Rv. (purple), Grand Rv. (turquoise), Chautauqua Rv. (blue), Conneaut Rv. (orange),

Cleveland WWTP (red), and Vermillion Rv. (green). (B) Mean transport vectors summarizing the positions of all particles at the end of month at each of the same eight

representative sources (similarly colored coded). The six vectors per source represent mean transport for each of the 6 years. The 6-year mean vector is shown in

black at each input.
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FIGURE 10 | (A) Mean residence time (months) for each source of neutrally buoyant particles. Particles were released daily for 1 year and tracked for 8 years (time for

99% of particles to leave the lake). Red dots represent the particles that remain in the lake after 8 years of drift. (B) Percent of particles remaining as a function of time

for the neutrally buoyant (right curve) and floating (left curve) models; based on same run conditions as (A).

particles released along the southern coast east of Cleveland
were often transported westward (Figure 9). During that time,
temporary patches (lasting for a few days) formed in the
floating particles model. In this case, particle aggregation due
to current convergence is expected. For example, in mid-August
2010, floating particles aggregated in a large anticyclonic gyre
developed in the central basin and two smaller anticyclonic
gyres in the eastern basin (Supplementary Figure 4). Overall,
particles in both neutrally buoyant and floating cases exhibited
general eastward drift and flushed quickly from the western
basin by the Detroit River flow (Figure 10A). Recirculation in
the central and eastern basins was especially pronounced in the
summer. Neutrally buoyant particles drifted more slowly than
floating particles because of reduction of current speed with
depth.

Our model did not predict elevated concentrations of plastic
in Lake Erie’s eastern basin relative to the central basin, as seen
in both our field survey (Figure 3D) and that of a prior study
in this lake (Eriksen et al., 2013). Notably, this pattern was
absent in a recent Great Lakes particle model, as well (Hoffman
and Hittinger, 2017). This is despite the fact that the forcing
used in the particle model presented here has superior temporal
resolution (e.g., hourly vs. three-hourly) and more accurately
predicts observed Lake Erie circulation patterns (Beletsky et al.,
2013). For example, the winds used in the Hoffman and Hittinger
particle model (NOAAs Great Lakes Coastal Forecast System
model output) typically produce cyclonic circulation patterns
in summer, rather than the anticyclonic patterns observed in
summer (Beletsky et al., 2013). We hypothesize that model
discrepancy can be either due to a temporary patch in both
observational surveys or due to an elevated input near or in
the eastern basin that was not accounted for in our model
(e.g., Baldwin et al., 2016 documented a peak in microplastic
concentration at Ashtabula, OH).

According to the neutrally buoyant particlemodel predictions,
habitats along the southern coast of Lake Erie were predicted

to be most affected by plastic pollution (Figure 9). The higher
concentration of rivers along the southern coast led to more
particles released in that area in model runs. The eastward drift
of particles from upstream sources (e.g., the Detroit River and
other rivers in the western basin) led to higher concentration
of particles (Figure 9; particle release points identified by
open circles and are listed in Supplementary Table 2). This
interpretation is consistent with the recognition that rivers are
major sources of plastics to inland water bodies (Wagner et al.,
2014), including the Great Lakes (Baldwin et al., 2016). In
most months, rather than moving offshore, the model predicted
longshore transport from coastal sources. This model indicates
that future plastic pollution mitigation and management efforts
in Lake Erie should focus on its southern shore and downstream
of urbanized areas. Extending this plastic transport model to the
other four Great Lakes will similarly inform future efforts across
this critical watershed.

Plastic Density Drastically Impacts Residence Time

in the Lake
The buoyancy of modeled particles had a strong effect on
residence time in the lake; floating particles flush from the lake in
1.7 years—nearly 5 times faster than neutrally buoyant particles
(8.1 years; Figure 10B). In fact, the modeled flushing time for
neutrally buoyant particles in Lake Erie substantially exceeds
hydraulic residence time estimates (2.7 years; Bolsenga and
Herdendorf, 1993). However, the residence time is not uniform
across the lake. Average residence times of neutrally buoyant
particles released at different sources show a west-east gradient
(Figure 10A), with the shortest residence times for the particles
released at the Buffalo River (less than a month) and longest for
those released at the Ottawa and Huron Rivers in the western
basin (over 30 months, Figure 10A).

Most surveys of environmental plastic pollution tend to
collect samples at the water surface, capturing floating plastic
only. According to this model, most of the floating plastics
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sampled in the western and central basin would have been
in Lake Erie for <2 years. However, while most virgin plastic
used in consumer products—especially one-time use plastic
(PlasticsEurope: Association of Plastics Manufacturers, 2015)—
is predicted to be positively buoyant, plastic litter is readily
found in sediment (Corcoran et al., 2015; Van Cauwenberghe
et al., 2015; Ballent et al., 2016). This can be attributed to denser
polymer types sinking, but there are other dynamic changes in
the buoyant density that plastics are likely to undergo once in
the environment, e.g., oxidation or biofouling. These changes
are poorly described, but our results indicate the need to resolve
these phenomena to effectively model the loads and fluxes
of environmental plastic pollution in freshwater and marine
systems alike.

CONCLUSION

This study has improved our understanding of the distribution,
transport, and fate of plastics in four lakes of the Great Lakes
system. As the largest freshwater system on the planet, these
critical lakes hold 20% of the world’s fresh water. Plastic pollution
was documented down to the smallest size class yet reported,
shedding light on the magnitude of plastics in a small size
class (106–333 µm) that is missing from most existing reports
(Hidalgo Ruz et al., 2012; Law, 2016). This led to load estimates
of nearly 2 million particles km−2, the highest reported levels
in the Great Lakes and possibly any surface water ecosystem.
These high numbers can be attributed to the high nearshore
population density, a feature unique to inland waterways that
does not similarly influence remote ocean basins, and the long
hydraulic residence time of some of the Great Lakes (3–100s
of years, depending on the lake). Given this time and the
recalcitrance of plastic to degradation, fragments of some of the
first plastic ever produced for the consumer market are certainly
present in the Great Lakes still today. This scenario is likely
representative of lakes worldwide, which account for 87% of the
planet’s freshwater and have an average residence time of 50–
100 years4—indeed spanning the introduction of plastics to the
consumer market.

Data describing the abundance of plastic pollution in the
Great Lakes are sparse and will continue to be. Field-based
quantification surveys are time-consuming, expensive, and low-
throughput. As a result, there is insufficient spatial and temporal
resolution of plastic debris in the Great Lakes and other aquatic
ecosystems. In addition, detailed data on plastic loads (e.g., from
rivers and WWTPs) are needed to determine the plastic budget
and to inform future models. Integrating the modeling approach
developed here will guide targeted research surveys, experiments,
and technological innovation for improved understanding of
the ecosystem and public health risks plastic pollution pose to

4https://scied.ucar.edu/longcontent/water-cycle

freshwater systems. These are the steps needed to develop a global
plastic mass balance transport model to effectively inform the
policy, mitigation, and prevention initiatives needed to protect
our vital freshwater resources.
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