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Abstract

Characterizing and enumerating microplastics (MPs) have received considerable attention in recent
years. Most attention has focused on major waterways and especially in the water column. However,
less is known about MPs in smaller lakes and tributaries, as well as in sediments, under both base
flow and storm flow conditions. This study examines the role of an unnamed tributary in transporting
microplastics and 6PPD-quinone from a major state highway into a small, salt-impacted, lake in
Grand Rapids, Michigan. Water and sediment samples were collected over a one-year period to
characterize microplastic types, abundances, and seasonal variability, while environmental
conditions were monitored to assess storm event impacts. Results confirmed widespread
microplastic presence in both habitats, with abundances ranging from 61-16,390 MPs/L. Many
microplastics were black fragments, often unidentifiable but suspected to be rubber-derived. Storm
events significantly increased microplastic transport, particularly in the tributary, where
concentrations peaked at 16,390 /L during fall stormflow. 6-PPD-quinone concentrations were very
low overall (<1 ng/L) with spikes during storm events in the tributary (up to 201 ng/L). Sediment
analysis revealed higher microplastic abundances in the tributary compared to the lake, with black
fragments dominating in both habitats. These findings underscore the critical role of storm-driven
runoff in microplastic and chemical transport, highlighting the need for improved road infrastructure
design to mitigate environmental impacts on downstream water bodies.

Keywords: microplastics; 6-PPD-quinone; stormwater runoff; tributary-lake system; runoff; salinity

1. Introduction

Plastic pollution is a global environmental issue due to the overproduction and mismanagement
of plastic waste [1]. Because plastics are highly durable, they can persist in the environment for
decades or even centuries before they fully degrade [2]. During the life cycle of a plastic,
environmental factors such as mechanical stress, thermal exposure, and biological activity can cause
it to fragment into smaller particles. Microplastics (MPs), defined as plastic particles <5 mm, are
particularly concerning because of their persistence and ability to impact food webs through either
direct ingestion or indirect uptake of contaminants that adsorb to the plastisphere, leading to
potential harm to aquatic organisms [3-6]. MPs exhibit diverse physical and chemical properties,
including variations in size, shape, color, and composition, which influence their transport,
environmental persistence, and interaction with aquatic life [7].

Climate-driven changes in precipitation have resulted in more episodic but intense storm events,
resulting in higher and more erosive flows [8]. Runoff from these storms can collect MPs from road
surfaces, brake pads, car tires, and road paint [9,10]. Once in waterways, the movement of MPs can
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be affected by water currents, wind patterns, and MP density. Buoyant MPs can travel large distances
from where they were discarded and once colonized by microbes, form a plastisphere that increases
MP density and results in their settling onto the sediment. The sinking velocity can be influenced by
particle density, shape, biofouling, size, and fluid density of the water body [11]. Urban lakes are
particularly vulnerable to MPs due to their proximity to impervious surfaces that expedite urban
runoff [12], and serve as temporary or long-term sinks for MPs [9]. Fish and wildlife ingestion of MPs
is well-documented, as zooplankton, benthic invertebrates, and fishes are known to consume MPs
because of their similar size and appearance to food sources, which ultimately can result in transfers
through the trophic food web [13-16].

The current study builds on prior studies and extends our understanding of MP transport and
fate with the following objectives: (1) quantify MP concentrations, types, and abundances in a highly
salt-impacted tributary and lake; and (2) assess the role of storm events in MP transport in this urban
tributary-lake system. Although largely a qualitative study, we did hypothesize that MP densities
would be (1) greater after storm events compared to base flow conditions and (2) more abundant in
lake sediments than in the lake water column. Understanding MP transport dynamics in urban lakes
is critical for developing strategies to reduce contamination and protect aquatic ecosystems.

2. Methods
2.1. Study Site

Church Lake, a 7.7-ha urban lake in Kent County, Grand Rapids, Michigan (Figure 1), is
impacted by runoff from the East Beltline highway, which carries an annual average daily traffic
(AADT) of 44,270 vehicles [17], an 18% increase since 2020. Runoff from this heavily trafficked
highway flows into an unnamed tributary that feeds directly into Church Lake, contributing
significant pollutants such as deicing salts and MPs. The lake’s deepest region (~16.5 m; Figure 1)
exhibits a permanent halocline at ~9 m, formed by years of road salt runoff, inhibiting seasonal mixing
and leading to excess chloride in the hypolimnion [18]. Efforts to mitigate runoff and erosion in the
tributary are limited to vegetation buffers on private properties around the lake and steel-sheet check
dams in the tributary designed to reduce water velocity and sediment transport; however, buoyant
pollutants such as MPs can bypass the dams, posing ongoing environmental challenges.
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Figure 1. Site location of Church Lake. (a) Location of lake in lower peninsula of Michigan. (b.) Pan view of
Church Lake and the two other connecting lakes (Middleboro, Westboro). (c.) Close-up of Church Lake and the
unnamed tributary that flows from the East Beltline to the urban Lake. Dots represent sampling locations: labels
1-7 correspond to a specific sampling date (month/year): 6/22 (1), 7/22 (2), 9/22 (3), 11/22 (4), 1/23 (5), 3/23 (6),
4/23 (7). (d.) Bathymetry of Church Lake retrieved from Progressive AE (unpubl. data); the Lake has residential
housing on its south and west shorelines and is adjacent to the East Beltline state highway on its east side. Depth

contours are in ft.

2.2. Field Sampling
2.2.1. Microplastics — Lake

A total of 26 samples were taken between May 2022 and April 2023, which included 7 lake water
samples, 2 sediment samples (one tributary, one lake), 5 storm event tributary water samples, and 12
water baseflow tributary water samples (one per month) (Figure 1). Lake samples were taken from
June 2022- April 2023; two replicate samples at each station in each season (winter, fall, spring,
summer) except for winter when only one sample was taken due to unsafe ice conditions, resulting
in a total of 7 lake water samples. Water samples were collected in 1L glass containers. Before closing
the lid to the container, aluminum foil was placed on top of the glass container to prevent MP
contamination from the cap. A vertical Van Dorn sampler was used to retrieve lake MP samples from
below the surface, at mid-depth, and 1m above the surface and then composited into a 1L glass
container. Water samples were placed in a cooler until they were brought to the lab and placed in the
refrigerator (4°C) until MP analysis. The lake sediment sample was collected with a petite ponor at
~9m depth in spring 2023.

2.2.2. Microplastics — Tributary

Water column samples were taken within the tributary once every month from May 2022-April
2023 for a total of 12 samples. Storm water sampling was conducted only if precipitation was
preceded by 72 hr of dry weather and rain accumulation of > 0.25 cm. Five storm events were sampled
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from August 2022 - March 2023. The tributary is shallow, so sediment samples were obtained by
pushing a 250 ml glass container into the sediment bed and capping the sample after retrieval.

All MP water and sediment samples were collected at randomly determined locations
throughout the sampling time frame; this approach precluded measuring changes in the same
location over time but provided a more robust estimate of MP distribution throughout the system.

2.3. Water Quality and Discharge Measurements

Water quality measurements were taken in the same area following the collection of water and
sediment samples for MP analysis. Water quality parameters were measured using a Yellow Springs
Instruments (YSI) EXO multi-sensor sonde, and included water temperature, pH, dissolved oxygen
(DO), specific conductivity (Sp Cond), total dissolved solids (TDS), and turbidity (NTU).

Stream flow was measured at the time of MP collection using SonTek FlowTracker 2 at a
permanently marked transect near the culvert closest to the highway. Water depth and velocity were
measured at 6 equally spaced points at the transect using the velocity area method for discharge [19].
A HOBO logger device was placed near the unnamed tributary and recorded atmospheric pressure
(kPa) and temperature (°C) every 10 minutes.

Precipitation data for storm events were obtained from the NOAA station website at the Gerald
Ford International Airport (~13 km south of Church Lake) weather station.

2.4. MPs Quantification and 6-PPD-Quinone Analysis

MPs were quantified using a modified NOAA protocol by Illinois Sustainable Technology
Center [20,21]. Aqueous samples underwent wet sieving (5 um mesh), wet peroxide oxidation to
remove organic material, and density separation using potassium iodide. Sediment samples were
processed similarly to aqueous samples; however, density separation was performed first, and the
light fraction underwent all subsequent stages used for water samples. The final stage of sample
preparation involved isolation of the microplastics on aluminum oxide filters.

Filters with MPs were observed with a Zeiss Axioscope 5 fitted with an Axiocam 305 camera.
The data acquired from microscopic analysis included particle counts, surface area, color, and shape.
The surface area for the particles detected was then used to estimate the total mass of microplastics
present [22]. The microplastic detected in this study ranged in size from 400 um? to 25,000 mma?.
Microplastic was defined as any solid material in the appropriate size range that was resistant to wet
peroxide oxidation, exhibited flotation in a solution with a density of 1.7 g/mL, and passed positive
visual inspection under a microscope.

A Thermo Scientific iN10 Infrared (IR) microscope was used for polymer analysis. The filter was
first imaged in panoramic mode and then it was processed by the particle wizard application the
OMNIC Picta software package. The wizard identified particles greater than 400 um?in size, adjusted
the IR laser to the appropriate aperture for each particle, and performed 16 scans in reflectance mode
for each detection. A background scan was also performed for each aperture size. The spectra
obtained were then searched in the Hummel Polymer Infrared Spectral database. Only polymers with
an 80% or greater match to those reported in the library were reported. Those that had matches less
than 80% were reported as unidentified.

The tire antioxidant transformation product 6-PPD-quinone (6-PPD-Q) was isolated from
aqueous samples using solid phase extraction (SPE). Prior to extraction, all samples were spiked with
isotopically labeled 6-PPD-Q. SPE cartridges (200 mg, 6 mL Oasis HLB, Waters, MA), packed with
glass wool, were preconditioned with 5 mL methanol followed by 25 mL of laboratory-grade water.
One liter of each water sample was loaded onto the cartridges at a flow rate of 5-10 mL/min. After
sample loading, cartridges were rinsed with 10 mL of laboratory water, dried for 10 minutes, and
eluted with four 2.5 mL aliquots of methanol. Eluates were concentrated to 1 mL under a gentle
stream of nitrogen and transferred to autosampler vials. Extracts were stored at —20 °C until LC-
MS/MS analysis.
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For LC-MS/MS analysis, separation was performed using an Acquity UPLC BEH Shield RP18
column (2.1 x 50 mm, 1.7 um) with a corresponding guard column (2.1 x 5 mm), maintained at 45 °C.
A 20 pL injection was made, and a binary gradient elution was applied at a flow rate of 0.4 mL/min.
The mobile phases consisted of 0.1% formic acid in water (A) and methanol (B), with the following
gradient: 5% B (0-1 min), 50% B (1-4 min), 100% B (4-11 min), and 5% B (11-13 min). Ionization was
carried out in positive electrospray mode (ESI+), and data were acquired in multiple reaction
monitoring (MRM) mode. The monitored transitions for 6-PPD-Q were m/z 269.3 > 184.2
(quantification) and 269.3 > 107.3 (confirmation). Additional operating parameters included: heating
gas flow of 5 L/min, interface temperature of 300 °C, and drying gas flow of 10 L/min. These methods
follow those described by [23].

2.5. Statistical Analysis

All statistics and data visualization were conducted with R version 4.3.1 [24] using R studio
version 4.2.2 [25]. Correlations between MP abundance, discharge, and specific conductivity were
computed as Pearson’s r; data were log-transformed when appropriate to meet the assumption of
normality. Linear relationships between abundance and discharge were computed
nonparametrically using Theil-Sen estimation via the RobustLinearReg package in R [26-28].

3. Results
3.1. Habitat: Lake

3.1.1. Environmental Conditions

Water samples taken from Church Lake began June 2022 and ended April 2023 (Table 1;
Supplemental Table 51). Samples were taken from randomly determined sites to avoid sampling bias
and obtain a comprehensive understanding of the lake. Lake water samples were taken in the
summer (n=2), fall (n=2), winter (n=1), and spring (n=2). Summer water samples were the warmest
(24.7 °C); Dissolved oxygen (DO) was supersaturated in shallow regions and became hypoxic at ~10m,
with relatively high conductivity in shallow areas (~2m: 841-864 uS/cm) and higher levels in deeper
regions (~10m: 1230-1312 uS/cm) related to road salt runoff. pH was alkaline near the surface (8-9)
and became circumneutral near the bottom. Turbidity was relatively low until ~10 m but an increase
with depth may have been caused by disturbance of the sediment bed by the YSI sonde. Prior studies
have shown that Church Lake thermally stratifies in summer months (Progressive AE, unpubl.
data)[18]; in the current study, spring and summer thermal stratification was evident (Table 1;
Supplemental Table S1).

Table 1. Summary of water quality data from near surface and near bottom of Church Lake taken before
retrieving water/sediment samples for MP analysis. DO: dissolved oxygen, Spec Cond: specific conductivity. See

Figure 1 for approximate site location for each sampling date. Full water quality data available in supplemental

Table 1.
Temp DO Spec. Cond.
Date Depth pH
(°C) (mg/L) (uS/cm)
Near surface
234 10.4 864 8.7
(2m)
Near bottom
6/17/22 8.9 1.1 1312 7.0
(10 m)
Near surface
24.7 8.8 841 8.6
(2m)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Near bottom
7/12/22 5.1 0.5 1230 7.1
(10 m)
Near surface
21.3 7.7 847 8.4
(1 m)
9/23/22
Near bottom
21.3 7.6 849 8.4
(3 m)
Near surface
11.6 10.0 862 8.4
(1 m)
11/11/22
Near bottom
10.8 6.4 867 7.9
(6 m)
1/23/23 *Near surface 2.0 12.8 941 8.3
(1 m)
Near surface
5.8 14.9 941 8.7
(~1to2m)
3/27/23
Near bottom
4.3 7.6 1017 7.9
(9 m)
Near surface
11.8 15.7 866 9.0
(~1to2m)
4/10/23
Near bottom
4.5 3.0 979 7.5
(8 m)

*Only one depth sampled due to shallow water at this site.

The fall sampling was in shallow locations, where oxygen levels were all >5 mg/L, even at the
deepest site sampled (6 m). Conductivity was again high in shallow areas (<6 m), ranging from 847-
867 uS/cm (Supplemental Table S1). pH remained high (8) until ~6 m when it decreased very slightly.

Only one winter sample was taken because of the tenuous ice cover; this shallow sample had
high DO and conductivity, with low temperature and alkaline pH (Table 1). During the spring
months, temperatures were low (1 m: 5-11°C), and DO was supersaturated closer to the surface (15
mg/L) but decreased with depth. Conductivity was highest (866-941 uS/cm) in the shallower regions
in the spring compared to the other seasons and increased with depth (979-1017 uS/cm) (Table 1;
Supplemental Table S1).

3.1.2. MP Characteristics

MP density ranged from 61-880 counts/L in the lake water column with no clear seasonal trend
(Table 3). Estimated MP mass ranged from 0.48-18 mg/L; for both counts and mass, larger values
were measured in November and January than in other months (Table 3). 6-PPD-Q concentrations,
an organic chemical frequently added to rubber, were all below detection (<1 ng/L).

Only two MP morphologies were identified in Church Lake samples: fragments, ranging in
abundance from 59 to 783 counts/L, and fibers, ranging in density from 2 to 96 counts/L (Figure 2). A
variety of MP colors were observed in Church Lake; however, black had the highest mean density,
followed by grey and brown (Figure 3).

Table 2. Summary of water quality data from the tributary entering Church Lake taken during baseflow and

stormflow before retrieving water/sediment samples for MP analysis. DO: dissolved oxygen, Spec Cond: specific

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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conductivity. See Figure 1 for approximate site location for each sampling date. Full water quality data available

in supplemental Table 1.

Date Temp DO Spec. Cond. oH
°O) (mg/L) (uS/cm)
Baseflow
5/31/22 19.3 9.0 1504 8.0
6/16/22 18.9 7.2 907 7.9
8/17/22 18.7 8.4 1424 8.2
9/23/22 16.1 8.1 848 8.3
10/14/22 16.2 9.2 241 8.2
11/11/22 13.4 8.0 1682 7.8
12/9/22 8.2 11.0 1586 8.1
1/9/23 4.0 12.8 1423 8.3
2/13/23 39 11.9 1586 8.1
3/27/23 5.2 12.3 1179 8.1
4/10/23 7.8 11.8 1799 8.0
Storm Flow
8/3/22 21.4 7.4 1225 8.2
10/11/22 10.9 9.6 441 8.1
1/16/23 7.0 11.1 880 8.2
2/9/23 3.8 12.2 932 7.9
3/25/23 1.7 13.3 261 8.2

Table 3. MP and 6-PPD-Q concentrations in Church Lake. SA: surface area; ND: No Data. Note: conversion of L

to kg is 1:1.
Dat MP counts MP mass 6-PPD-Q concentration
ate
(#/L) (mg/L) (ng/L)
Water Column
6/17/22 456 0.66 <1
7/12/22 651 1.88 <1
9/23/22 61 0.48 <1
11/11/22 306 10.0 <1
1/23/23 880 17.66 <1
3/27/23 222 1.03 <1
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4/10/23 339 4.62 <1
Sediment
MP counts MP mass
6-PPD concentration
(#/kg) (mg/kg)
3/27/23 3.02 x 106 21.6 x 103 ND
Water Sediment
7.0e+06
- 10000+ =
@ @ Shape
: et
L:o; 5 9064067 W Fiber
Q
cEL 5000 o . Fragments
2 25e+06
- e 0.0e+00-
Lake Trib Trib Lake Trib
{n=7) baseflow storm in=1) (n=1)
(n=11) (n=5)

Figure 2. MP counts in the water and sediment. Data from both habitats are directly comparable (1 L =1 kg).

Lake Trib (baseflow) Trib (storm)

Color

red

yellow

brown

Lake Sediment Trib Sediment clear

orange
green

arey
black

Figure 3. Pie charts of MP colors based on MP counts from the water columns and sediments of the lake and

tributary.

A variety of polymers and polymer additives were measured in Church Lake (Supplemental
Table 4), although the unknown category was dominant (0.25 - 18.78 surface area mm?/L) on all
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sampling dates (Figure 4). Much smaller amounts were observed on just three sampling dates, and
of those, the most abundant included polyamides and silicon-based materials (such as siloxanes)
(Supplemental Table S4).

Lake Trib (baseflow) Trib (storm)

Polymer
Unknaown
Polyamide

Cellulosic

Siloxane

Ethylene vinyl alcohol
Polyvinylidene chloride
Polyethylene

Acrylic

Lake Sediment Trib Sediment

Polyester

Silicon

Figure 4. Pie charts of MP polymers and additives. If polymer IDs could not be determined with greater than 80

% accuracy, the ID of the polymer is classified as unknown.
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Table 4. A summary of MP and 6-PPD concentrations in the Tributary during baseflow, storm flow events, and

sediment. SA: surface area; ND: No Data. Note: conversion of L to kg is 1:1.

6-PPD-Q
Date MP counts MP mass concentration
(#/L) (mg/L)
(ng/L)
Baseflow

5/31/22 390 0.56 24
6/16/22 405 0.75 9.6
8/17/22 188 1.87 7.8
9/23/22 208 3.01 1.1
10/14/22 1293 1.91 24.0
11/11/22 267 223 <1
12/9/22 127 1.12 <1

1/9/23 551 1.66 <1
2/13/23 699 5.15 <1
3/27/23 175 8.04 <1
4/10/23 247 0.92 <1

Storm Flow

8/3/22 482 0.60 73.0
10/11/22 16,390 6.58 201.0
1/16/23 8209 11.34 28.0

2/9/23 9781 12.70 14.0
3/25/23 5322 7.87 <1

Sediment (tributary)
MP counts MP mass
6-PPD concentration
(#/kg) (mg/kg)
3/27/23 8.74 x 106 45.27 x 103 ND

3.2. Habitat: Tributary

3.2.1. Baseflow Environmental Conditions

Samples taken in the tributary during (baseflow) occurred once every month (except July 2022)
from May 2022 to April 2023 (Table 2). The July sample was lost during MP analysis and was not
included in water quality analysis or figures. Sampling locations varied each month within the
tributary to avoid unknown bias (Figure 1). Temperatures followed a typical temperate stream
system, and DO levels were relatively high exceeding 7 mg/L throughout the year. Specific
conductivity was high (848-1799 uS/cm) year-round with one exception (240 puS/cm) in October,
which may be related to sonde error. The pH of ~8 was consistent year-round.

3.2.2. Baseflow MP Characteristics

MP abundance ranged over an order of magnitude in the tributary water column samples. MP
abundances ranged from 127 - 1,293 counts/L and MP estimated masses ranged from 0.56 - 8.6 mg/L
(Table 4). Concentrations of 6-PPD-Q, ranged from <1 - 24 ng/L. MP abundances peaked in October;
however, the estimated masses were greatest in March (Table 4). October also had the greatest 6-PPD-
Q concentration, with values from November through April below detection. Mean values of MP

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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abundances in the water column of both the lake (416 counts/L) and the tributary during baseflow
(413 counts/L) were almost identical.

The only MP shapes identified in the tributary water column were fragments (120 —1,228/L) and
fibers (8-293/L) (Figure 2). The respective mean counts of the shapes in the tributary were generally
similar to those measured in the lake (fragments: 382 vs. 356; fibers: 34 vs. 57). There was no apparent
seasonality to the MP shape distribution, although the peak number of fragments occurred in October
whereas the peak number of fibers occurred in February (Supplemental Table S2).

MP colors that were measured in the tributary water column varied over time but as with the
lake water column, black MPs were most abundant. The next most abundant colors were grey and
green, whose appearance was sporadic (Supplemental Table S3). Most of the MPs in the Trib
(baseflow) water samples were composed of polymers that were unidentifiable and classified as
unknown (Figure 4). The remaining polymers and additives were measured in low concentrations,
and included polyamide, cellulosic, ethylene vinyl alcohol, acrylic, polyester, and silicon based
(Supplemental Table 54).

3.2.3. Stormflow Environmental Conditions

A total of 5 stormflow samples were taken in the tributary from August 2022 — March 2023.
Storm sampling followed baseflow sampling as close as possible, allowing a comparison of storm
flow to baseflow conditions. In general, there were few consistent differences in temperature, DO,
and pH between baseflow and storm flow samples paired by date (Table 2). The one consistent
difference was observed with specific conductivity, which was lower under storm flow than baseflow
conditions (Table 2), presumably due to dilution.

3.2.4. Stormflow MP Characteristics

The range in MP counts during stormflow conditions was wider than during baseflow
conditions, extending from 482 to 16,390 counts/L (estimated mass ranged from 0.60 - 13 mg/L). 6-
PPD ranged from <1 - 201 ng/L. The highest MP counts occurred in October and the lowest occurred
in August (Table 4); water column MP counts during stormflow were consistently higher (mean:
8,037/L) than during baseflow (mean: 413/L) for the paired dates, with the exceedance often greater
than one order of magnitude (Table 4). 6-PPD concentration was greatest during October both
stormflow and baseflow and with the former almost one order of magnitude greater than the latter
(Table 4).

99% of MPs measured in stormflow were in the shape of fragments (472-15,734 counts/L) with
the remaining 1% in the shape of fibers (non-detect-655 counts/L) (Figure 2; Supplemental Table S2).
Fragments were slightly less dominant during baseflow (85%) than stormflow (99%). MP colors
observed in stormwater samples were similar to baseflow with black dominating, followed by brown
and grey (Figure 3; Supplemental Table S3).

MP polymer samples in stormflow were dominated by items labeled as unknown (Figure 4),
with much smaller amounts of polyamide, cellulosic, and polyethylene (Figure 4). The polymers
found in stormflow were less variable than the polymers that were found in baseflow.

Storm events can be hotspots for MP in runoff (e.g., [29]). Unfortunately, we were unable to
obtain discharge data during storm events. However, during baseflow, when a relationship between
MP abundance and flow would be less likely to be observed, we found moderate positive correlations
between discharge and MP counts (Pearson’s r = 0.422) and mass (r = 0.356) despite the very small
difference in discharge magnitude (Figure 5). Plotting the MP abundance data directly against
discharge and using Theil-Sen estimation to fit a linear model reveals a significant relationship
between discharge and counts (p = 0.046); a similar but not statistically significant trend is seen in the
mass data (Figure 6). These data suggest that as baseflow increases, heavier MPs are mobilized into
the water column resulting in the significant relationship with discharge. However, the MP counts
remain similar over this constrained flow regime (0 to 0.007 m?/s).
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Figure 6. Discharge (m%s) vs. microplastics in the tributary (baseflow). Top: discharge vs. MP counts (#/L);
bottom: discharge vs MP mass (mg/L). Trendline depicts linear model fit with Theil-Sen estimator. Shaded area

represents the 95% confidence intervals for the regression line.

3.3. Habitat: Sediment

3.3.1. Environmental Conditions

Sediment samples were taken once (Tables 1 and 2). One sample was taken in the lake and a
second from the tributary during baseflow. Water quality at both sites was very similar with cold
temperatures, high conductivity (> 940 uS/cm), alkaline pH, and low turbidity. Water sampled in the
lake before sediment samples were retrieved had a low temperature, relatively low DO, high
conductivity (1017 uS/cm), slightly basic pH, and high surface DO.

3.3.2. Lake MP Characteristics

MP counts and mass were greater in lake sediment by orders of magnitude compared to any
sampling date in the water column (Table 4). Fragments once again dominated the MP shapes, with
only a small number of fibers within our detectable size range (Figure 2; Supplemental Table S2).
Black MPs dominated the color category, with much smaller amounts of grey and brown (Figure 3;
Supplemental Table S3). The majority of polymers in lake sediment MPs were classified as unknown,
with far fewer cellulosic and silicon-based MPs (Figure 4; Supplemental Table 54).

3.3.3. Tributary MP Characteristics

Tributary sediment counts were more than twice the lake sediment counts, and like lake
sediment, had orders of magnitude greater counts than measured in the tributary water column, even
under stormflow conditions (Table 4). Only fragments were observed in the tributary sediment
(Figure 2), and MP colors were dominated by black, followed by grey and brown (Figure 3;
Supplemental Table S3). Similar to lake sediment samples, the majority of MPs polymers were
classified as unknown, with smaller amounts of cellulosic and polyethylene MPS (Figure 4;
Supplemental Table 54).

4. Discussion

The 20th century is now known as the “plasticene” or “age of plastic” due to the persistence and
prevalence of plastic pollution caused by their durability and low cost of manufacturing [30]. Plastic
pollution is a global phenomenon with a heavy historical emphasis on oceans [31] but it is a growing
concern in the Laurentian Great Lakes [32,33]. Plastic debris has been seen to accumulate in open-
water, coastal wetlands, shorelines, and benthic environments [34,35]. Many plastics have slow
degradation rates and can introduce not only various polymers into the environment, but also a
diversity of other chemicals used in the manufacturing process [36].

In addition to aesthetic concerns of plastics accumulating on land and beaches, MPs can
potentially impact higher trophic levels through bioaccumulation in the food web. A review by Earn
et al. [37] revealed plastic pollution had an effect on freshwater biota in 60% of the reported studies.
They attributed MP shape and size as key determinants in whether or not an effect was noted. In
addition to the polymer and its additives, impacts also can occur from contaminants that adhere to
the biofilm (plastisphere) attaching to the MPs in the water column or in the sediment (cf. [4,5]).

4.1. Tributary Impacts

A number of studies have examined MP transport in lotic ecosystems, although mostly in large
river systems. For example, Hoellein et al. [38] found that MP concentrations in the surface water of
an urban river did not change over a 1900m reach although concentrations were greater in the benthic
environment than in the water column. In a subsequent study, Hoellein et al. [39] found that MP
shape had an effect on deposition in experimental streams, whereby depositional velocity was
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greatest among fragments, followed by fibers and pellets. Fragments dominated in our system, both
in Church Lake and tributary. The tributary water column counts measured in the current study
during baseflow ranged from 127 to 1293 particles/L, which are on the high range compared to other,
larger systems where dilution may result in lower counts: 1 to 25 MP/L in San Francisco Bay
watersheds [40]; 3-36 MP/L in Charleston Harbor Estuary [41]; and 1-17 MP/L in New South Wales
[42].

Storm events result in non-point source runoff, which can include MPs [43]. If the storm events
are sufficiently severe, they also can mobilize MPs that accumulated in sediments or benthic biofilm
[44-46], translocating the MPs farther downstream. Few, if any, lotic studies have examined the
behavior of MPs being transported directly from road runoff into a small tributary and then into an
urban lake.

In the tributary, the juxtaposition of storm and baseflow sampling facilitated the comparison of
stormflow MPs with baseflow MPs. MP abundance was considerably higher under stormflow than
baseflow, as was also shown by Ross et al. [47]. This could be a function of road runoff collecting
more MPs during storms or the erosive force of stormflow mobilizing MPs that had collected on or
in the sediments or in biofilms [46]. It is also possible that different sampling locations within the
tributary, selected randomly on each sampling event, may have resulted in differences that were
related more to retention features, such as woody debris and vegetation [48,49], than to hydrology.

4.2. Lake

Not surprisingly, environmental conditions between the tributary and lake were quite different,
as the lake was more susceptible to seasonal changes in water quality than the tributary. Both systems
are salt-impacted from de-icing salt that is applied to the East Beltline Highway, which flows from
the highway median into a culvert that feeds the tributary and the lake [18]. Indeed, parts of Church
Lake are now meromictic (no longer mix), even when the water column is isothermal, due to the
denser salt layer in the lake’s hypolimnion. As a consequence, MPs that sink to the sediment, either
due to their own density or increased density from biofouling [50] have little opportunity to be
resuspended into the epilimnion, and instead accumulate on the lake bottom. Biofouling of MPs is
influenced by water quality; hence, the different water quality characteristics within Church Lake
[18] likely influenced biofilm development on MPs [12], which in turn, influenced their distribution
and abundance in the sediments [48]. This highlights the importance of understanding habitat-
specific dynamics in assessing microplastic distribution. Salinization of freshwater bodies often
involves “chemical cocktails” [51] but their interaction with microplastics is not well studied, other
than MP presence in table salt (cf. [52]).

4.3. Sediment

The diversity of polymer types was slightly higher in the tributary sediment under baseflow
conditions compared to lake sediment, suggesting the tributary may serve as a type of filter before
the water reaches the lake. A more systematic spatial and temporal analysis is necessary to determine
the variability of MPs in both systems. It has been reported that proximity to urban and stormwater
runoff can influence the types of polymers present [29]. The most common polymers and additives
found in stormwater runoff from highways are Polyethylene (PE), Polypropylene (PP), Polystyrene
(PS), Polyethylene terephthalate (PET), acrylic, and polyamide [10,29]. In aquatic environments,
studies have shown that less dense polymers (e.g., PE, PP, and PS) are more common in water while
higher density polymers (polyamide, polyester, PVC, and acrylic) are dominant in sediments
[29,34,53]. Overall, these comparisons highlight the complex dynamics of MP distribution and
composition within aquatic ecosystems, influenced by factors such as water flow, sedimentation, and
habitat characteristics.
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4.4. MP Color

Studies that characterize MPs often include their color because visual aquatic consumers use
color as a critical character when deciding on prey [29]. In our study, black MPs were consistently
observed and dominated across all habitats; nonetheless, the proportion of black-colored samples
varied, with tributary sediment samples showing higher counts of black MPs compared to lake water
and lake sediment samples. Grey plastics also had abundant densities in both sediment habitats when
compared to the water column samples, which may indicate that grey MPs entering the tributaries
have higher densities than the rest of the polymers found. MP color also can influence biofilm growth,
as MP color can affect light absorption and chemical composition [7]. A number of studies looking at
MPs in tributaries near highways have observed black MPs from rubber eroded from car tires
[40,41,54,55], which may have been the case in our study, as well. MP color likely had little influence
on fish consumption in this small, very shallow tributary, but it may have had more significance in
the lake, where shoreline residents claim there are a significant number of centrarchids.

4.5, 6-PPD-Q

Tire wear particles, of which 6-PPD-Q is a significant component [56], are produced by friction
between the road surface and tire tread [57]. 6-PPD helps prevent tire degradation, but it can
transform to 6-PPD quinone (6-PPD-Q), which after being connected to the mortality of coho salmon
[58] has received increasing attention [56]. Despite the heavy road traffic on East Beltline Highway,
6-PPD-Q was measured at very low (or undetectable) levels on most occasions in our system. It is
unknown if there may be interactions between 6-PPD-Q and road salt or microplastics that would
increase its toxicity, but our measurements at least provide a baseline for future studies in the region.

4.6. Interaction with SALT

We were curious if there was a relationship between specific conductivity (as a proxy for road
salt) and water column MPs in the tributary, based on the speculation that road salt runoff (and
increased conductivity) would carry MPs that either are present on the road or perhaps in the salt
itself. If so, then specific conductivity associated with de-icing salt runoff may serve as a surrogate
for MPs. In fact, we did see a relationship between specific conductivity and MPs but it was negative,
moderately so with MP counts and weak with MP mass (Figure 7). This negative relationship may
be an artifact of limited observations (n = 10), different transit times for chloride vs. MPs, or another
reason.
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Figure 7. Regression of microplastic counts (#/L; top panel) and MP mass (mg/L; bottom panel) (black lines) and
specific conductivity (uS/cm) (red lines) over time. Pearson’s r values embedded in panels.

The characterization of MPs contributes to our understanding of plastic pollution in water
bodies but this information alone does not equate to whether MPs are having an adverse impact on
the biota. Specific studies are needed to examine if the densities, polymers, additives, and shapes of
MPs in this Church Lake and tributary system are impacting the benthic and plankton communities
directly or in concert with the salt pollution present in the system. Our findings highlight the complex
dynamics of MPs pollution in freshwater ecosystems and underscore the need for continued
monitoring and research to better understand the sources, fate, and impacts of MPs on aquatic biota
and ecosystems.

5. Conclusions

MP abundance varied seasonally and between different habitats within the study area. The
highest MP counts were measured in the lake during the winter months; the tributaries showed
higher MP counts during the fall and winter. Storm events were identified as hotspots for MP runoff,
contributing to elevated MP levels in the tributaries. The predominant MP shapes in both habitats
were fragments; in other studies, fragments were prevalent more in sediment than in the water
column [40,41,54,55].

Sampling location both within a waterbody as well as within the watershed may significantly
affect the amount and characteristics of MPs present. For example, previous studies have seen that
the proximity to highways or wastewater treatment plant runoff influences MP shape, polymer type,
and abundance [40,41,55,59]. Our study contributes to the growing body of research on plastic
pollution, particularly in the linkage of MP transport between lotic and lentic ecosystems [60], which
can be significant and have potentially large implications on biotic integrity.
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