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Public awareness of microplastics and their widespread presence throughout most
bodies of water are increasingly documented. The accumulation of microplastics in
the ocean, however, appears to be far less than their riverine inputs, suggesting that
there is a “missing sink” of plastics in the ocean. Estuaries have long been recognized
as filters for riverine material in marine biogeochemical budgets. Here we use a model
of estuarine microplastic transport to test the hypothesis that the Chesapeake Bay,
a large coastal-plain estuary in eastern North America, is a potentially large filter, or
“sink,” of riverine microplastics. The 1-year composite simulation, which tracks an equal
number of buoyant and sinking 5-mm diameter particles, shows that 94% of riverine
microplastics are beached, with only 5% exported from the Bay, and 1% remaining in
the water column. We evaluate the robustness of this finding by conducting additional
simulations in a tributary of the Bay for different years, particle densities, particle sizes,
turbulent dissipation rates, and shoreline characteristics. The resulting microplastic
transport and fate were sensitive to interannual variability over a decadal (2010-2019)
analysis, with greater export out of the Bay during high streamflow years. Particle size
was found to be unimportant while particle density — specifically if a particle was buoyant
or not — was found to significantly influence overall fate and mean duration in the water
column. Positively buoyant microplastics are more mobile due to being in the seaward
branch of the residual estuarine circulation while negatively buoyant microplastics are
transported a lesser distance due to being in the landward branch, and therefore tend
to deposit on coastlines close to their river sources, which may help guide sampling
campaigns. Half of all riverine microplastics that beach do so within 7-13 days, while
those that leave the bay do so within 26 days. Despite microplastic distributions being
sensitive to some modeling choices (e.g., particle density and shoreline hardening), in all
scenarios most of riverine plastics do not make it to the ocean, suggesting that estuaries
may serve as a filter for riverine microplastics.

Keywords: ROMS (Regional Ocean Modeling System), Ichthyop model, Chesapeake Bay (United States),
microplastics, estuaries
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INTRODUCTION

Small (~5 mm) plastic debris has been a known contaminant
in the marine environment for decades (Carpenter and Smith,
1972), although it is only since the beginning of the 21st century
that significant attention has been given to their pervasiveness
(Eriksen et al., 2014), potential environmental damage (Cole
et al,, 2011), and human health risks (Campanale et al., 2020).
While some measurements of microplastic (<5 mm) abundance
in the environment may be biased high due to the inclusion of
non-plastic microparticles, emphasizing the need for chemical
analysis in addition to visual classification (Ivar do Sul, 2021),
microplastics are still prevalent throughout the global ecosystem.
Microplastics can originate from many components of society,
with car tires and laundry textiles often being the dominating
sources (Galafassi et al., 2019). The full extent of potential hazards
of micro and nanoplastics (<1 wm) in the human body is
still unknown, but known risks include inflammations, lesions,
damage to cells and DNA, and neoplasia, and that is only
accounting for the microplastics themselves, not the compounds
known to adsorb onto microplastics (Campanale et al., 2020).
Finally, small plastic debris also serves as a vector for invasive
species, by serving as ecosystem footholds (Riascos et al., 2019),
and for organic pollutants and trace metals, many of which are
known toxins and carcinogens (Hirai et al., 2011).

The factors controlling microplastics behavior (e.g.,
distribution and removal) in the environment are still uncertain,
with much focus on biofilms and biofouling affecting particle
density (Rummel et al., 2017). To this effect, there is potentially a
large missing sink of plastics in the ocean (Law and Thompson,
2014); 0.4-13 million tons of plastics leave the land each year
(Jambeck et al., 2015; Lebreton et al., 2017; Schmidt et al., 2017),
yet only 7000-250,000 tons of plastics are estimated to be in
the surface ocean (Cozar et al., 2014; Eriksen et al., 2014). One
possibility is that the sources, which are diverse (sewage, industry,
shipping, fishing, etc.), are poorly characterized (Vermeiren et al.,
2016) and overestimated in the literature. Another possibility
is that export to the deep ocean may account for a significant
percentage of missing plastics (Woodall et al, 2014; Kane
et al., 2020; Kvale et al., 2020; Pabortsava and Lampitt, 2020).
Additionally, it is becoming increasingly likely that plastics are
being trapped in estuaries and along coastlines (beaching) before
reaching the open ocean (Lebreton et al, 2019; Martin et al,
2020; Olivelli et al., 2020; Ryan et al., 2020; Chenillat et al., 2021).

Estuaries may act as a filter for riverine microplastics, which
are about half the total riverine plastics load (Schmidt et al.,
2017), much as they act as filters for a host of other riverine
materials (Schubel and Kennedy, 1984), although likely via
different mechanisms; for example, estuaries substantially reduce
the export of nutrients (McGlathery et al., 2007; Asmala et al.,
2017) and carbon (Najjar et al., 2018; Hutchings et al., 2020) to
continental shelf waters. Perhaps most relevant to microplastics
is the effectiveness of estuaries as traps for riverine sediment,
which very often manifests as a turbidity maximum in the upper
portions of estuaries (Burchard et al., 2018).

Here we use a model of estuarine microplastic transport to
test the hypothesis that a large estuary, the Chesapeake Bay,

is a potentially large filter, or “sink,” of riverine microplastics.
Numerical modeling has been an essential tool for understanding
microplastic distributions in the open ocean environment.
However, in contrast to the plethora of microplastics modeling
studies in this environment (Eriksen et al., 2014; Hardesty et al.,
2017; Sterl et al., 2020), such studies are rare in estuarine and
coastal waters, despite the benefit they provide by informing
monitoring and sampling efforts as well as the development
of budgets. Even within this small group of studies, primary
differences exist in particle density, the presence of beaching,
the input location of particles, and simulation length. Beaching,
when included, was found to have a large impact on microplastics
fate in numerous modeling studies, including those of Jervis
Bay, Australia (Jalon-Rojas et al., 2019); San Francisco Bay,
United States (Sutton et al,, 2019); the East China, Yellow,
and Bohai Seas (Zhang et al., 2020); the Mediterranean Sea
(Liubartseva et al, 2018); and a small (10* km?) coastal
region of eastern Australia (Critchell and Lambrechts, 2016).
Modeling suggests that the estuarine circulation itself can also
trap microplastics (Diez-Minguito et al., 2020), much in the way
the estuarine turbidity maximum forms. Two studies identified
particle density to be an important factor in distribution and
fate (Jalon-Rojas et al, 2019; Sutton et al., 2019). Numerous
studies are idealized in terms of the input location of particles
(Critchell and Lambrechts, 2016; Iwasaki et al., 2017; Cohen et al.,
2019; Genc et al., 2020), but several include sources emanating
from rivers and estuaries (Liubartseva et al., 2018; Sutton et al.,
2019; Zhang et al., 2020). Simulation lengths vary dramatically,
from several days (Critchell and Lambrechts, 2016) to a decade
(Iwasaki et al., 2017). Overall, beaching and particle density stand
out as notable factors in influencing the fate of microplastics.
However, notable among all of these studies is the general
lack of simulations of the fate of riverine plastics in estuaries,
including beaching, with the study of Sutton et al. (2019) being
the main exception.

The Chesapeake Bay is one of North Americas largest
estuaries. The Bay is a coastal plain (drowned river valley)
temperature estuary that is partially stratified and contains
numerous sub-estuaries, particularly along the western shore,
in addition to a main stem. The Chesapeake Bay is fed from a
watershed that is home to over 18 million people (Moore et al.,
2018), with a long history of water quality degradation, including
excess nutrients, high levels of chlorophyll, declines in clarity,
increases in hypoxia, and reductions in critical flora and fauna,
such as seagrass and oysters (Kemp et al., 2005).

In contrast to the extensive water quality database that has
been generated from regular monitoring since 1985, sampling
efforts for microplastics within the waters of this heavily
populated region are limited (Yonkos et al., 2014; Bikker et al.,
2020) and are mostly located in the mid- and upper-portions of
the Bay (Figure 1). Yonkos et al. (2014) sampled four tributaries
five times using a 330 wm mesh net during July to December
2011, finding microplastic concentrations at these sites to be
correlated with nearby population density and the percentage of
developed or urbanized land use. Bikker et al. (2020) sampled
30 sites along the mid- to upper-mainstem of the Chesapeake
Bay using a 330 wm mesh net during August-September 2015,
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finding that fragments, films, and fibers accounted for over 75%
of sampled microplastics, and that concentrations were higher
near cities or where large rivers entered the estuary than in the
mainstem. Coles et al. (2020) sampled numerous creeks and
streams in the northeastern United States using a 333 pm mesh
net, seven of which are within the Chesapeake Bay watershed.
These seven sites were sampled twice between June 2017 and
July 2018, once during baseflow conditions and once during
stormflow conditions, and had concentrations greater by an
order of magnitude or more than those of Yonkos et al. (2014),
which in turn reported concentrations an order of magnitude
more than those of Bikker et al. (2020). The Yonkos et al.
(2014) samples were processed differently than the Bikker et al.
(2020) and Coles et al. (2020) datasets, the latter two using
nearly the same protocol; this may have imparted a bias. This
pattern of decreasing concentration moving from creeks and
streams to tributaries to the middle to upper mainstem is in
keeping with the finding of Bikker et al. (2020). The few in situ
measurements available allow for a model comparison, and
with future microplastic sampling campaigns being planned by
the broader community, these model simulations can further
guide those efforts.

Two recent synthesis reports on Chesapeake Bay microplastics
noted the lack of information about microplastic distribution
(Wardrop et al., 2016; Murphy et al., 2019), and the importance
of the specific patterns of microplastic distribution to its living
resources. We expect that answers to the following questions will
help to guide future estuarine microplastic sampling campaigns.
In addition to evaluating our hypothesis that the Chesapeake Bay
traps riverine microplastics, we intend to discern distribution
patterns and the factors that affect microplastic transport.
Questions we seek to answer are (1) Where do microplastics
reside in the Bay water column and shoreline? (2) What fraction
of microplastics is beached vs. exported from the Bay? (3) How
long does it take for beaching and export to occur? (4) How
do microplastic distributions vary seasonally and interannually?
(5) Do the answers to these questions meaningfully change with
model parameters, including particle size and density?

METHODOLOGY

We simulate the transport and distribution of microplastics in the
Chesapeake Bay with a particle-tracking model that uses currents
derived from a hydrodynamic model. We chose a duration of
1 year for our complete simulation that traces particles from
all of the major rivers emptying into the Chesapeake Bay,
roughly twice duration of the Bays mean residence time of
180 days (Du and Shen, 2016). This simulation, which is referred
to as the composite case, considers particles of a single size
(5 mm) and three different buoyancies (0.90 g m~2 for positively
buoyant particles, 1.345 g cm ™ for negatively buoyant particles,
and lastly neutral buoyant particles) and has beaching only
along non-armored shorelines. In order to assess sensitivity to
year, horizontal diffusivity, particle size, particle density, and
armoring, numerous additional simulations were conducted with
particles sourced from only one river.
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FIGURE 1 | ChesROMS model bathymetry and the 10 locations where
particles are released into the model. Locations of observations from three
different studies are also shown. Black segments along coastline are
considered armored in the particle tracking model.

Hydrodynamic Model

The hydrodynamic model used is ChesROMS, an application of
the regional ocean modeling system (ROMS) to the Chesapeake
Bay (Xu et al, 2012). ROMS solves the 3-D, hydrostatic,
Boussinesq, primitive equations in a structured horizontal grid
with terrain-following vertical coordinates (Shchepetkin and
McWilliams, 2005, 2009; Haidvogel et al., 2008). The ChesROMS
configuration used here is based upon Da et al. (2018) and its
previous iterations have been extensively used for circulation,
biogeochemistry, and sediment transport studies within the
Chesapeake Bay (Feng et al., 2015; Irby and Friedrichs, 2019; St-
Laurent et al., 2020; Moriarty et al., 2021; Turner et al., 2021).
The model has a curvilinear horizontal grid of 150 x 100 cells
(Figure 1) and a vertical grid of 20 levels. The horizontal grid
cell size ranges from 7 km on the shelf near the open boundary,
to nearly 1 km in the upper Bay. Atmospheric forcing is from
the European Centre for Medium-Range Weather Forecasts
Reanalysis v5 [Copernicus Climate Change Service (C3S), 2017].
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For our 2009-2015 simulations, daily discharge is obtained from
the Chesapeake Bay Program Watershed Model (Shenk and
Linker, 2013; Easton et al., 2017); for 2015-2019 simulations,
values are from United States Geological Survey gage data that
have been scaled to the Chesapeake Bay Program Watershed
Model discharge (Bever et al., 2021). The ocean boundary
conditions for temperature and salinity are World Ocean Atlas
monthly climatologies with a decadal trend applied (Hinson et al.,
2021). Vertical mixing is parameterized using the generic length
scale (Umlauf and Burchard, 2003) implementation of the k-w
turbulence closure (Warner et al., 2005) with a modified &y,
and lateral mixing is set to zero. ChesROMS is first run for 1 year
(2009) for model spin up and then for 10 years (2010-2019) so
the output can inform the particle tracking model. Hourly output
files are used in order to resolve tidal effects. While tides appear
to be oflittle direct importance to microplastics in the open ocean
(Sterl et al., 2020), their effects in coastal waters have been found
to be considerable (Zhang et al., 2020).

Particle Tracking Model

The particle tracking model is a modified version of Ichthyop
v3.3.3, which was created to study ichthyoplankton dispersal
(Lett et al., 2008). Ichthyop uses the currents, temperature, and
salinity from a hydrodynamic model (here ROMS) to track
plankton drifters (Pires et al., 2020), turtle carcasses (Santos et al.,
2018), and for microplastics as well (Frere et al., 2017; Atwood
et al,, 2019; Collins and Hermes, 2019). Ichthyop allows the
user to repeatedly add a constant number of particles at any
location. Particles are then advected by the 3-D currents and
have additional buoyancy-driven vertical velocity. This vertical
velocity due to buoyancy (Figure 2), as used in Ichthyop
and adapted from Parada et al. (2003), shows particle size
impacts only vertical speed, while particle density impacts vertical
velocity. Particles in Ichthyop also have additional horizontal
movement to capture unresolved turbulence through a horizontal
diffusivity that is a function of turbulent dissipation rate (the rate
of dissipation for turbulent kinetic energy) and cell size (Peliz
et al., 2007). Finally, an option within Ichthyop is to allow for
permanent beaching, which depends on proximity to the coast
and the unresolved horizontal turbulence (Barrier, 2020). Hence,
the main choices to be made in running Ichthyop are particle
size, particle density, turbulent dissipation rate, and whether
to beach or not. Ichthyop does not include or use deposition
to or resuspension from bottom sediments, remobilization of
beached particles (for more than one time step), vertical motion
due to unresolved turbulence (vertical dispersion), direct wind
forcing on particles, advection from Stokes drift, and particle
transformation (biofouling, degradation, fragmentation, and
aggregation); these limitations are discussed in section “Model
Limitations.”

We made three main modifications to Ichthyop; first, we
allowed the number of particles added at the 10 riverine input
locations to vary daily. Note that we only add microplastics
at these locations; we do not consider other sources including
fishing gear, wastewater treatment plants below the head of
tide, etc. We fixed the particle concentrations and assumed
the number of particles added each day to vary linearly

with streamflow. There is some evidence that microplastic
concentrations are elevated during stormflow conditions (Moore
et al., 2011; Watkins et al, 2019; Bailey et al., 2021), while
concentrations during non-storm high flow conditions tend to
have lower concentrations than non-storm low flow conditions,
either due to dilution or reduced accumulation time relative
to flow (Watkins et al,, 2019; Bailey et al., 2021). However,
with extremely limited concentration data for the riverine
inflows, we opted for a constant concentration to facilitate
understanding of transport and distribution. Each day, the
number of particles added to a given river was set equal to
the discharge in m> s~!, which resulted in a concentration
fixed at 1.157 x 107> m~3. Although this value is orders of
magnitude less than stream observations report (Coles et al.,
2020), using this value considerably reduces computation time
and file storage requirements while still being large enough to
capture the influence of each source on microplastic distribution
throughout the whole Bay.

The second modification we made to Ichthyop was to allow
for multiple coastline behaviors in a single simulation in order
to replicate armored shorelines. By default, the beaching option
in Ichthyop applies to the whole domain. We wanted to allow
this behavior only where the coastline is not armored and
we thus altered Ichthyop accordingly. Additionally, we created
an Ichthyop-compatible file for armored shoreline location
(Figure 1) using the Virginia Institute of Marine Science
(VIMS) Shoreline Tidal and Marsh Shoreline Data (VIMS
Comprehensive Coastal Inventory, 2018) and the ChesROMS
grid. The database provides coastline segments and armored
structure segments, which we then grouped by ChesROMS grid
cell; as the segments may reach into more than one cell, the
segments are grouped to the cell where the mean latitude and
longitude of that segment is. These segments are then summed
up by grid cell. Any coastline cells that did not have any
segments grouped to them are then checked for segments +1
cell in both horizontal directions and any found segments are
attributed to the previously vacant cell, thereby accounting for
observed shoreline data that do not perfectly coincide with the
grid coastline. If the ratio between the sum of the lengths of
armored shoreline structures and the sum of the lengths of
shoreline is at least 50%, that cell is flagged as armored and will
not allow any beaching. Application of this procedure results in
22% of the ChesROMS shoreline being armored, which agrees
well with the estimate of 18% from Bilkovic et al. (2014) based
solely on the VIMS database. While in reality particles may
find their way onto armored shorelines or be resuspended after
being deposited along unarmored shorelines, this model is our
best approximation of microplastic particle behavior with the
information currently available.

Ichthyop was modified in a third way by replacing the existing
settling velocity equation for a prolate spheroid with that of a
sphere. The settling velocity equation of Zhiyao et al. (2008)
was chosen, which was found to be accurate in laboratory
experiments conducted by Khatmullina and Isachenko (2017).
Furthermore, we improved the estimation of kinematic viscosity
from a constant value to one that depends on temperature,
salinity, and dynamic viscosity (Sharqawy et al., 2010). Different
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shapes were not considered explicitly, though are addressed
in the discussion.

Composite Simulation

For the composite simulation, choices needed to be made
for the year, particle size (sphere diameter), particle density,
and turbulent dissipation rate. The year 2010 was chosen for
this simulation because it was typical in terms of its annual
discharge (for the decade 2010-2019, 2010 was nearest to
the median, and third nearest to the mean). Sphere diameter
was set to 5 mm, which is within the size range of the
limited observations in the Chesapeake Bay watershed (Coles
et al., 2020). No observations were available for particle density
within the Chesapeake Bay or its watershed, so we assumed
equal amounts of floating and sinking particles, as suggested
by observations in other systems (Vermeiren et al, 2016;
Andrady, 2017). Specifically, we used the densities of common
microplastics: polypropylene (PP, 0.90 g cm™3) and polyethylene
terephthalate (PET, 1.345 g cm ™). Additionally, to help interpret
the results, neutrally buoyant particles were included in the
composite simulation. Over the entire composite simulation,
434,343 particles per density class were added to the Bay. Finally,
the turbulent dissipation rate was set to 107> m? s~3, which is
within the range of 1072 to 107% m? s found by Luznik and
Flack (2010) in the Chesapeake Bay.

Sensitivity Testing

For our sensitivity test cases, we choose the York River to add
microplastics to the Bay, which was the fifth largest contributor
of fresh water to the Chesapeake Bay during 2010-2019 and,
like most of the 10 rivers considered here, discharges along
the Bay’s western boundary. To test sensitivity to interannual
variability, we ran one decade-long (2010-2019) simulation that
was then split by year for analysis. The default parameter that
Ichthyop uses for turbulent dissipation rate is 10~° m? s73. To
include this value and the observed range from the Chesapeake
Bay (Luznik and Flack, 2010), we conducted eight different
simulations increasing the parameter by one order of magnitude
from 1073 to 107!° m? s73 and a ninth reference simulation
with 0 m? s=3. Size and density parameters were adapted from
the comprehensive analysis of common plastic types and debris
metrics in Andrady (2017). Additional sizes beyond 5 mm
that we tested were nano (0.001 mm), micro (1 mm), meso
(25 mm), and macro (1000 mm), which are the upper bounds
for each size classification from Andrady (2017). Additional
densities tested beyond those of PP and PET were low-density
polyethylene (LDPE; 0.9175 g cm™?), high-density polyethylene
(HDPE; 0.962 g cm™~3), polystyrene (PS; 1.04 g cm~3), and PA6
(nylons; 1.14 g cm™3), which are the mean values for most
particle densities listed by Andrady (2017); common examples of
all six plastic polymer types (e.g., rope, bottle caps, and netting
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for PP) can be found in Andrady (2011). Finally, to assess
the sensitivity to shoreline interaction choices, we conducted
one simulation with beaching everywhere and another with no
beaching at all.

RESULTS

Composite Simulation

The 1-year composite simulation (Figure 3) generates the
horizontal distribution of microplastics particles in the water
column and on the shoreline (see the full animated year
in Supplementary Video 1). The fate of simulated particles
includes three possibilities: remaining in the water column,
beaching within the Bay, or being exported out of the Bay
mouth to the continental shelf (Figure 4). The vast majority
of all microplastics released, regardless of whether they were
buoyant or not, end up being removed from the system by
beaching along the Bay shoreline. Specifically, 92% of floating
and 94% of sinking particles added are beached within the
Bay after 1 year. Additionally, no sinking particles are exported
out of the Bay and onto the continental shelf. As a result
of their non-existent export from the Bay, sinking particles
are typically twice as abundant as floating particles in the
water column, despite their slightly greater tendency to beach
(Figure 4A). Particles in the water column mainly reside near
their respective source. The two largest rivers (Susquehanna
and Potomac) have significant amounts of particles residing
within and beaching along the mainstem of the Bay (56 and
11%, respectively), especially the eastern shore, and even up
into other tributaries (e.g., the Chester). Within the tributaries,
the majority of beached particles are the sinking particles that
originated within that tributary; for example, 96% of floating
microplastics and 100% of sinking microplastics released from
the Rappahannock end up beaching along the tributary’s coasts
before reaching the mainstem of the Chesapeake Bay. As
shown for the whole Bay, beaching dominates the fate of
particles for all 10 individual tributaries and none of the sinking
particles ever make it out of the Bay. However, the Potomac
and James Rivers have relatively large inventories of floating
particles exiting the Bay, reflecting a combination of their high
streamflow and proximity to the Bay mouth. In these rivers,
there is a nearly equivalent reduction in the amount of buoyant
particles beaching.

The strong seasonality seen in both floating and sinking
particles in the water column, notably larger percentages from
October through May compared to June through September,
corresponds to streamflow. After each of the five prominent
streamflow peaks throughout 2010 (Figure 4B), water column
inventories increase, reflecting the increase in particle load from
the rivers. These inventories then decline over the following
weeks as particles are beached. The beached inventories always
increase as a result of the one-way transport from water column
to shoreline (as the model does not resuspend beached particles),
but the rate of increase is always greatest following a streamflow
peak. Most notable is the large peak in early fall, which occurred
after a long period of low flow during the summer.

Individual trends between the different riverine source
locations are shown in Figure 5. The impacts of the streamflow
peaks for the whole Bay are apparent in all tributaries, with the
peak in early fall being particularly notable, reflecting the fact
that hydroclimatic variability at the intraseasonal time scale is
fairly similar across the Mid-Atlantic region of the United States
(Schulte et al., 2016, 2017).

The length of time from when a simulated (floating or sinking)
particle entered the model domain (via rivers) to when the
particle was removed, either by exiting the Bay or by being
deposited along the shoreline, is visualized with cumulative
distribution functions (Figure 6). We can see Figure 6A that, as
no sinking particles leave the Bay, the “All” curve aligns with the
“floaters” curve. Half of all floaters that leave the Bay do so in
26 days. Figure 6B shows that sinking particles spend more time
in the water column than floating particles do before eventually
beaching, while neutrally buoyant particles nearly align with the
mean timing of all floating and sinking particles. For example,
half of particles beach within 7, 9, and 13 days for floaters,
neutrals, and sinkers, respectively.

There is considerable variability among the 10 tributaries, with
regards to how long it takes to exit the Bay, with half of the exiting
particles leaving between 17 and 48 days (Figure 6C). The order
from shortest to longest duration for half the particles to leave
is similar to the order of tributary distance from the mouth of
the Bay, with particles from the York and James Rivers exiting
the Bay in the shortest amount of time and those from the Elk,
Chester, and Choptank Rivers taking the longest. The jagged
curve of the Elk River is due to the fact that so few of its particles
make it out of the Bay. The residence times for the particles that
are removed from the system via beaching are generally much
shorter than those associated with exiting at the ocean boundary,
with half the particles that beach doing so between 2 and 10 days,
with one clear exception, the Potomac River, which is 27 days
(Figure 6D). The distinct behavior of Potomac River particles
might be attributed to the unrealistic shape of the Potomac
tributary within the ChesROMS grid, which has a long straight
channel that the particles must traverse before encountering more
natural coastline profiles where beaching is likely (Figure 1). This
artifact of the model grid may also explain the distribution of
where the Potomac microplastics tend to beach; very few beach
in the long straight channel, whereas many beach shortly after
reaching the more realistic shoreline shape.

The vertical and horizontal distribution of simulated
microplastics is dramatically influenced by particle density.
Positively buoyant particles traverse the whole length of the
Bay while remaining at the surface, while negatively buoyant
particles are confined to the lower and upper portion of the
Bay, near where the particles are injected (most come from the
Susquehanna River, ~350 km from the Bay mouth; Figure 7).
The particles follow the branch of the residual circulation that
they are embedded in (revealed by the salinity distribution):
seaward at the surface for the positively buoyant particles and
landward at the surface for the negatively buoyant particles.
Neutral density particles are well-distributed throughout the
water column and along the full length of the estuary. In this way
the depth pattern for all particles follows that suggested by the
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thalweg transect shown in Figure 7A, with floaters confined to
the surface, neutral particles well-distributed, and sinkers along
the bottom. The sinkers’ peak at 2 m is due to 2 m being the
minimum depth of the model and that most particles beach in
the shallow tributaries, where the mean depth is 4 m, instead of
ever reaching the greater depths of the mainstem.

Sensitivity Tests

The simulated microplastic fate is highly sensitive to total
freshwater discharge. This is most evident when comparing
the wettest year simulated for the York River (2018), which
had the second greatest fraction of particles exported out of
the Bay (4.23%), to the driest year (2017) simulated, which
had the second lowest fraction (2.36%); on a fractional basis,
there were 79% more York River particles exported out of
the Bay in 2018 than in 2017 (Figure 8). Water residence
time in the Chesapeake Bay decreases with streamflow (Du
and Shen, 2016), so higher-flow years should have a greater
fraction of the particles that leave the Bay. Indeed, the fraction
exported is moderately correlated with freshwater discharge
(Pearson r?> = 0.338, p = 0.078, N = 10). In evaluating
the entire decadal time series of daily values for the York
River, the correlation between streamflow and particles leaving
the Bay peaks at 7 days lag (12 days lag to the edge of
the model domain).

The simulated microplastic fate is also sensitive to the
turbulent dissipation rate, with the fraction of particles beached
increasing monotonically from 70 for the lowest (non-zero)
turbulent dissipation rate tested to 96% for the highest tested
(Figure 8). As turbulent dissipation rate increases, lateral
diffusivity increases. Due to the ability of particles to beach along
the coastline and be removed from the water column, there
exists a gradient perpendicular to the coastline in which particle
density decreases toward the coast. Therefore, a higher diffusivity
will result in a greater flux of particles toward the coastline and
result in a greater percentage of particles beaching. Virtually no
particles are beached with zero turbulent dissipation rate, which
dramatically illustrates the importance of unresolved turbulence
in the model beaching parameterization.

Particle size had little influence on the overall transport and
fate of simulated plastics (Figure 8). Most of the floating particle
size classes behaved similarly, and most of the sinking particle
size classes behaved similarly; e.g., the fraction beached varied
within a few tenths of a percent for a given particle density. The
only outlier is with the nanoplastic size (1 jm), which had export
out of the Bay regardless of density. Additional testing showed
this tendency to persist through 10 wm size, however, a test of
100 pm showed consistency with sizes 1 mm and greater. These
findings coincide with Figure 2’s vertical velocity by particle
size, with positive and negative vertical velocity evident for
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FIGURE 4 | (A) Daily time series of the individual inventories of particles (in water inside the Bay beached inside the Bay, or out of Bay) and their total in the
composite simulation for all rivers combined. Line thickness indicates whether the particles are floating (thick) or sinking (thin), and the black dashed line represents
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2017); the cumulative sum of this plot is equivalent to the dashed line above, as 1 particle m~2 is added per 1 m® s~ of daily streamflow.

J A S o N D

sizes above 100 pm. For the purposes of this study, simulating
microplastics at the upper bound of their size range (5 mm),
this slight size sensitivity not significant, but we acknowledge
the impact it would have on nanoplastic simulations, as well as
smaller microplastics. In general, this lack of sensitivity is due to
the timescales of sinking and rising compared to the simulated
timescales for beaching or leaving the Bay; at 1 cm s~ ! it would
take less than an hour to travel a water column of 10 m (typical
for the Chesapeake Bay) while beaching or leaving the Bay takes
days to weeks (Figure 6).

In contrast to particle size, particle density had a profound
influence on the microplastic fate (Figure 8). All particles with
densities less than the water behaved very similarly with respect
to particle fate with 5% of particles exiting the Bay, and 93% of

particles beaching within the Bay (Figure 8). A similar agreement
was seen amongst the three cases with densities greater than the
water, with 0% of particles exiting the Bay. However, the PET and
PAG6 cases are more similar to one another than to the PS case,
the latter having a density only slightly greater than Bay water.
A particle’s distribution and residence time is sensitive to whether
its density is greater or less than that of the surrounding water,
but not meaningfully affected by how much greater or less than
its density is to that of water.

The inclusion of shoreline armoring compared to the default
unarmored condition reduces the overall percentage of beached
particles and increases the number of particles that leave the Bay
(Figure 9). It is notable that the reduction is not equivalent to
the percentage of shoreline that has been armored, which means
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that even if particles are no longer able to be beached where
they would originally, many are still beached along the available
non-armored shorelines instead of exiting the Chesapeake Bay. If
beaching is excluded entirely, the only possible fate for particles
is exiting the Bay and 97% of the particles do so; additionally,
particles can no longer beach close to their sources, resulting in a
longer period of time spent in the Bay waters.

DISCUSSION

We combined hydrodynamic and particle tracking models
to investigate the fate of microplastic particles entering the
Chesapeake Bay from its 10 primary tributaries. Returning to
our motivating questions, the model results indicated that (1)
microplastics mainly reside in the water column and shoreline
near their riverine source, though particle abundances are also
high along the eastern shore of the Bay, considering that equal
particle concentrations for the rivers were applied; (2) the
overwhelming majority of microplastics are beached (94%) and
only a small fraction are exported from the Bay to the coastal
ocean (5%); (3) beaching and export have fairly short timescales
(weeks) compared to the residence time of water in the Bay
(months); (4) seasonal and interannual variations of particle
fate are driven by streamflow; and (5) particle density is the
main factor affecting simulated particle fate, with other model
parameters, such as particle size, turbulent dissipation rate (which
affects horizontal dispersion and thus beaching), and shoreline
armoring playing much smaller roles. The high level of beaching
seen in the model results supports our hypothesis that estuaries
act as a filter of riverine microplastics. To contextualize these
findings, we discuss them in terms of the limitations of the

model, the limited observations available in the Chesapeake Bay,
the implications for estuarine sampling of microplastics, and the
plastics budget of the ocean.

Model Limitations

In this section, we consider in detail model limitations related
to beaching, benthic deposition, transport, riverine input,
resolution, particle transformation, and particle shape. The main
conclusion is that addressing these limitations will likely alter
simulated microplastics distributions in the Chesapeake Bay,
but not the overall finding that this estuary is trap for riverine
microplastics. Our study is silent on the fate of non-riverine
microplastics, such as shipping, fishing gear, and wastewater
treatment plants on the estuarine shoreline.

The high level of beaching in the composite simulation
(Figure 4) and the sensitivity of model results to the three
shoreline interaction options (Figure 8) suggest that the
lack of beached particle remobilization (Liro et al, 2020)
in the model is one of the most important limitations
associated with particle transport. Indeed, Jalon-Rojas et al.
(2019) found their model results to be sensitive to the
main remobilization parameter (there referred to as “washing-
oft”), which is the particle half-life on land. Inclusion of
beached particle remobilization in our model would increase
the export of particles out of the Bay. However, the inclusion
of this remobilization still results in extensive beaching in
coastal models (Liubartseva et al., 2018; Jalon-Rojas et al,
2019), so it is unclear how significant this process is in
the Chesapeake Bay.

Not allowing microplastics deposition to and resuspension
from the Bay bottom may be a greater transport-related
limitation. Microplastics have limited photodegradation at depth
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and are believed to continually accrue in the sediments
with partial resuspension (Andrady, 2017). Incorporation of
deposition would, however, only increase support of our
hypothesis of estuaries as traps for riverine microplastics.
However, the inclusion of this process could also serve to
inform monitoring efforts in bottom sediments, which would
help constrain any efforts of a microplastics budget.

The lack of vertical dispersion in the particle tracking
model is probably not an important limitation because particle
buoyancy dominates vertical movement in the Bay. Supporting
this contention is the insensitivity of microplastic distribution to
vertical dispersion in a global model (Wichmann et al.,, 2019).
Direct wind forcing on particles is also likely unimportant for
microplastics, as suggested in the sensitivity analysis of Jalon-
Rojas et al. (2019), with the exception of floating objects not
simulated in this study. Stokes drift has been found to be
important in some microplastics coastal modeling studies (Isobe
et al., 2014; Iwasaki et al., 2017; Liubartseva et al., 2018) and in
circulation modeling of the Chesapeake Bay (Dortch et al., 1992).
However, the generally high quality of simulations of salinity in
the Bay without Stokes drift (Da et al., 2018) suggests that it is
not a first-order process and hence its inclusion likely should not
alter our main findings.

We limit the model to use the same particle concentration
relative to discharge for all rivers for all time, though we
acknowledge that, in reality, various factors result in variable
particle concentrations both across time and between rivers. The
temporal constancy of particle concentration may favor particle
retention in the Bay if, as suggested by some studies (Moore
et al., 2011; Watkins et al., 2019; Bailey et al.,, 2021), riverine
concentration increases with stormflow. These high-flow events
result in shorter estuarine residence times and hence particles
would be preferentially exported during such events, as has been
seen for macroplastics in other estuaries like the Seine (Tramoy
et al., 2020). Similarly, we assume all rivers have the same particle
concentration, but nearby watershed population density is known
to impact particle concentrations (Yonkos et al., 2014; Bikker
et al., 2020). In the empirical study of Schmidt et al. (2017),
six Chesapeake Bay rivers were modeled. Scaling our riverine
fluxes to be consistent with those of this study while keeping
the other rivers unchanged would shift particles in the water
column and shoreline toward those tributaries with catchment
population densities that are relatively high, such as the Patuxent
and Potomac River Estuaries, at the expense of tributaries with
low catchment populations densities, such as the Rappahannock
and York River Estuaries. However, such scaling only slightly
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increases the fraction of floating particles exported from the Bay
from 12.66 to 13.86% (all sinkers are still retained within the Bay),
mainly because the Potomac River is highly populated and is an
effective exporter (Figure 5).

Another limitation related to riverine input is the assumption
of equal fractions of sinking and floating particles, which is based
on a global industrial production ratio and not actual riverine
data for the Chesapeake Bay watershed. Figure 7A highlights the
dramatic differences between distributions of floating and sinking
particles, so any change in the floating:sinking ratio would have
profound impacts on distributions. The limited data available
in freshwater environments suggests a greater preponderance
of floating particles, though samples are likely biased in that
they are usually limited to surface waters (Schwarz et al., 2019).
Regardless, while sinking particles are trapped more effectively
than floating ones, both types are strongly trapped, leaving our
main conclusion unaltered. The model grid may be missing finer-
scale detail in the small shoreline features not simulated. While
we consider finer grid resolution would only facilitate greater
particle beaching and less export out of the Bay, we acknowledge
we cannot speak to sampling effort guidance in the subgrid-scale
coastline features.

Given that model results are sensitive to particle density but
not size, probably the most serious model limitation regarding
particle transformation is biofouling, which is the attachment
and growth of plankton and other small organisms to a plastic
particle. Biofouling increases the average density of the particle

and has been modeled by specifying a film thickness, density,
and growth rate (Jalon-Rojas et al., 2019); polymer type also
affects susceptibility to biofouling (Zhang et al., 2021). Jalon-
Rojas et al. (2019) found their model results to be sensitive
to biofouling parameters. Also, Besseling et al. (2017) found
size to be significant for nano- and microplastic distribution,
which may be due to their inclusion of biofouling (and perhaps
aggregation). The inclusion of a biofouling parameterization and
the subsequent increase in particle density would have led to
increases in particle abundance in the water column and along the
shoreline near rivers. In addition, beaching would have increased
and fewer particles would have been exported out of the Bay,
strengthening our main conclusion that the Bay traps riverine
microplastics. Finally, aggregation, both physical and biological
(e.g., via ingestion) could affect particle density, but we are
unaware of parameterizations of this process in estuarine and
coastal environments.

One of the key benefits of plastic in general is its durability
and longevity, so to the extent that degradation does affect
particle buoyancy, the timescales we have found for fate within
the estuary (on the order of weeks) are short enough that
known plastic polymer degradation rates (Chamas et al., 2020)
and photodegradation timescales (months, Zhang et al., 2021)
will not impact distribution throughout the Bay. The chemical
degradation of plastics is influenced by light, temperature,
oxygen, organisms, and polymer type (Zhang et al, 2021).
Degradation mainly affects particle size and so it is not surprising
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that Jalon-Rojas et al. (2019) found a low sensitivity of their model
results to this process. Fragmentation often follows degradation,
which makes plastic particles more brittle; given the lack of
impact of fragmentation on density and the long time scales
for degradation, it seems unlikely that including fragmentation
would meaningfully affect our results.

Numerous studies have shown that particle shape profoundly
influences microplastic settling velocity (e.g., Khatmullina and
Isachenko, 2017), which might suggest that our study, which
is limited to spheres, is incomplete. However, our sensitivity
studies with sphere diameter, from the nanoscale (0.001 mm)
to the macroscale (1000 mm), encompass an enormous range
in settling velocities. For example, at a temperature of 15°C
and a salinity of 15, PET spheres settle at speeds ranging from
1 x 107% to 2 x 10°> mm s~! for the above diameters. Any
deviations from shape from a 5 mm diameter sphere would be
well within this large range of settling velocities. For example,
using the parameterization of Khatmullina and Isachenko (2017),
it can be shown that a very thin PET rod 5 mm in length and
0.1 mm in diameter settles at a speed roughly the same as that
of a 0.3 mm diameter sphere. The same parameterization shows
that a cylinder with both diameter and length of 5 mm settles at
the same speed as a 40 mm diameter sphere.

Comparison With Observations
A detailed model-data skill comparison (Stow et al., 2009) is not
possible given the limited observations of microplastics in the

Chesapeake Bay. To compare with the few observations in the
estuary that do exist, we conducted additional simulations for
2011 and 2015, which correspond to the years those observations
were made. We then scaled the resulting model concentrations
of the uppermost meter by the ratio of the median of the
Harrisburg site observations of water surface samples from Coles
et al. (2020), chosen as the Susquehanna River accounts for
nearly half of the freshwater inflow to the Bay and passes
through Harrisburg, to the concentration of particles in the
model rivers (1.157 x 10~°> m~?); this scaling reframes the model
concentrations as concentrations in line with the observations.
Note that on a given day, model concentration may be zero
particles m™2 due to the lower-than-observed loadings, so we
use a weeklong average model concentration centered on the
date of observation for comparisons (Figure 8). The model
does an excellent job at capturing the factor of 10 decline from
the tributaries [here meaning the Yonkos et al. (2014) dataset]
median to the mainstem [Bikker et al. (2020) dataset] median.
The model also does a reasonably good job at capturing the
variability of the observations as given by the interquartile range,
though it is higher than observed in the tributaries and lower
than observed in the mainstem. The pattern (Figure 9) seen in
the observations of decreasing concentration moving from the
watershed [Harrisburg site from Coles et al. (2020) dataset] to
the tributaries cannot be captured by the model, as the model
domain does not reach up into the watershed. However, the
model median in the tributaries (“Scaled Ichthyop Product at
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FIGURE 9 | Box plots of concentrations from three observational studies, as well as scaled model concentrations from the same bay locations used in Yonkos et al.
(2014) and Bikker et al. (2020). Green dashed lines denote the mean, while red denotes the median. Scaling was done by taking the 7-day model mean centered on
the date of observation, then multiplying the model concentration for each observation by the ratio between the median of the observed concentration at the
Harrisburg USGS station from the Coles et al. (2020) dataset and the concentration of particles (1.157 x 102 m~3) added to the particle tracking model. Note
there is no Scaled Ichthyop Product for the Coles et al. (2020) dataset, as the observation sites are either outside of the model domain or within the model mask.

Yonkos”) is higher than the median concentration in the rivers
[“Harrisburg site, Coles et al. (2020) dataset”] by about a factor
of 2. This puzzling result can be explained by the concentrating
effect of to the particles’ positive buoyancy, resulting in the
particles rising to and clustering at the surface, as seen in Figure 7.
The fact that this effect is not seen in the observations may lie in
one or more of the following: (a) the different seasons and years
of observation of the watershed and tributaries measurements,
(b) an overestimated ratio of floaters to sinkers, or (c) the
lack of deposition to the sediments. The latter two would lead
to an overestimate of concentrations in the model, which, if
remedied, would only strengthen the overall conclusion that the
Chesapeake Bay is an effective trap of riverine microplastics.
Summarizing, the comparison of the model with the limited
observations available suggests some model strengths and some
weaknesses, with remedies for the latter only likely to strengthen
our conclusions.

Implications for Observing Strategies

The results of this study have implications for observational
sampling studies not only in the Chesapeake Bay but in other
estuaries as well. Our finding that particle size is much less
important than particle density when it comes to dispersal
is significant for shoreline sampling efforts as it means that
wherever visible macroplastics exist, micro- and nanoplastics
will exist as well, though the correlation may be weakened by
direct wind forcing on macroplastics. Nevertheless, because it is

much easier to detect macroplastics than it is microplastics in
the water column and on the shoreline, field surveys that aim
to detect microplastics hotspots can be guided by the visual cues
of macroplastics and the databases that result from them. For
example, the Marine Debris Monitoring and Assessment Project
of the US National Oceanic and Atmospheric Administration
has created a database through the engagement of citizens in
shoreline surveys.

In our simulations, the vast majority of riverine microplastics
entering the Bay tend to beach and do so within their tributaries
before reaching the mainstem of the Bay; thus greater attention
should be paid to tributary coastlines when planning sampling
efforts, similar to the model findings Schernewski et al. (2020) of
high accumulation rates along Baltic Sea shorelines near source
locations. Another potential hotspot of accumulation appears to
be the eastern shore of the Bay, which is supported by earlier
particle tracking simulations and observations of phytoplankton,
zooplankton, and Bay anchovy eggs and larvae that show
accumulation is due to low flushing rates and convergence
(Hood et al., 1999).

The particles that do exit the Bay are entirely comprised
of buoyant particles and exit the Bay faster than the reported
residence time of the Bay waters. We find it takes roughly
100 days for 95% of all surface particles that leave the Bay to do
so (Figure 6). Residence time studies for the surface waters of the
Bay entering from the Susquehanna are twice that duration or
longer, while surface waters entering the Bay closer to the mouth
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are half that duration (Du and Shen, 2016). A similar relation
of buoyant microplastic particles having smaller residence times
than neutrally buoyant particles was found in a modeling study
in the Great Lakes (Cable et al., 2017). Analogously, buoyant
microplastic particles were modeled to exit the San Francisco
Bay in significantly higher percentages than neutrally buoyant
particles (Sutton et al., 2019). These buoyant particles moving
along the surface are not within the Bay for as long as Bay
residence times, and this is an important consideration for those
who might use the latter value to estimate microplastic exposure
duration to biota.

Other significant findings for sampling considerations include
the strong seasonality of particle count within the water column
(Figures 4, 5), as the same point in space will have drastically
different microplastic concentrations depending on the time of
year. Additionally, the density-driven water column distribution
(Figure 7) has implications for sampling studies that often rely
on surface trawls to collect observations. Surface sampling may
preferentially select for neutral to buoyant particles, especially
in the mainstem of the Bay, farthest from potential microplastic
sourcing to the Bay.

Implications for the Oceanic Plastics
Budget

This study answers in part the question of the missing sink
for plastics in the ocean (Law and Thompson, 2014). The
difference between the reported head of tide plastic concentration
vs. that in the open ocean can largely be attributed to
substantial beaching along estuarine shorelines. We find that
over 90% of riverine microplastics entering the Chesapeake
Bay do not exit the Bay; thus, the estuary serves as a filter
for microplastics before the waters reach the open ocean
waters. Whether the fate patterns seen in the Chesapeake
Bay are unique to this estuary, or if the Chesapeake Bay is
typical of all estuaries in this regard, is uncertain. However,
the Chesapeake Bay does have a mean residence time of
180 days (Du and Shen, 2016), significantly higher than the
~70 day mean for estuaries of the contiguous United States,
as calculated from the supplementary material of Hutchings
et al. (2020). A lower residence time would coincide with faster
export of buoyant microplastics out of the estuary, potentially
meaning less microplastics are trapped inside other estuaries
along the shoreline. Another factor influencing microplastic
retention in estuaries may be the total beachable shoreline
length; the meandering shorelines of the upper tributaries
of the Bay had the greatest shoreline deposition. Estuaries
with shorter coastlines with less intricacies may not trap
as many particles along their coast. Vegetated shorelines
have also been shown to increase macroplastic retention
(Tramoy et al., 2020).

If estuaries are effective traps of riverine microplastics, as we
suggest here, then global budgets for the open ocean should be
modified to account for this trapping. A combination of shoreline
plastics abundance data, information on the characteristics of
estuaries worldwide (e.g., Diirr et al., 2011), and modeling (both
process-based and empirical) would be the likely elements needed

to quantify estuarine microplastic trapping on a global scale and
revise ocean budgets accordingly.

CONCLUSION

In our simulations, the Chesapeake Bay traps over 90% of 5 mm
microplastic particles released into the estuary via major rivers.
These particles in the Bay are trapped via beaching, the inclusion
of which significantly alters the fate of modeled microplastic
particles. Only positively buoyant particles leave the Bay, and
the majority do so within 26 days, although high streamflow
years correlate with greater particle export out of the Bay mouth.
Half of particles that beach do so within 7 days for floaters and
13 days for sinkers, meaning negatively buoyant particles spend
longer in the water column before beaching. Particle size is not
significant to overall distribution of particles in the Bay. Particle
density, namely whether density is greater or less than seawater,
is significant to overall distribution.

Our overall findings are robust to a wide range of parameter
choices. The greatest model uncertainties are the beaching
parameterization to include remobilization, and the lack of
deposition to the sediments, both of which could be improved
through a combination of process-based studies and whole-
estuary budget studies. The latter would need to combine
comprehensive observations of microplastic abundance at the
head of tide and in the water column, shorelines, and bottom
sediments of the estuary. Such an observational program could
be guided by more readily conducted macroplastics surveys,
the expectation of extensive beaching in the upper estuary, and
temporal variability driven by streamflow.

Estuaries have long been characterized as filters of land-
derived materials, such as nutrients (McGlathery et al.,, 2007;
Asmala et al.,, 2017), carbon (Najjar et al., 2018; Hutchings et al.,
2020), and sediments (Burchard et al., 2018). Here we suggest
that this filtering capability extends to plastic debris, particularly
microplastics, which are expected to increase in abundance at
an exponential rate (Geyer et al., 2017). If estuaries are indeed
a large sink of riverine microplastics, then it can be expected that
much of the impact of marine plastic pollution can be found in
estuaries, which are among the most productive waters in the
world. Our study suggests that an increased research focus is
needed on estuarine microplastics and that sampling should focus
on shorelines in proximity to sources.
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