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• Lower water velocity rates may have facil-
itated the accumulation of microplastics.

• Nearstream analyses explained more MP
concentrations than watershed analyses.

• Larger sizemicroplastics dominated in the
high-flow event samples.

• Fragments were the dominant
microplastic morphology observed.

• Polyethylene was the dominant polymer
type, followed by polypropylene.
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 While microplastics are a pollutant of growing concern in various environmental compartments, less is known regard-
ing the sources and delivery pathways of microplastics in urban rivers. We investigated the relationship between
microplastic concentrations and various spatiotemporal factors (e.g., land use, arterial road length, water velocity, pre-
cipitation) in two watersheds along an urban-rural gradient in the Portland metropolitan area. Samples were collected
in August, September, and February and were analyzed for total microplastic count and type. Nonparametric statistics
were used to evaluate potential relationships with the explanatory variables, derived at both the subwatershed and
near stream scales. In August, microplastic concentrations were significantly higher than in February. August concen-
trations also negatively correlated with flow rate, suggesting that lower flow rates may have facilitated the accumula-
tion of microplastics. Smaller size microplastic particles (< 100 μm) were found more in August than September and
February, while larger size particles were more dominant in February than the other months. Microplastic concentra-
tions were positively related to 24-h antecedent precipitation in February. Negative correlations existed between wet
seasonmicroplastic concentrations and agricultural lands at the near stream level. The results indicate that near stream
variables may more strongly influence the presence and abundance of microplastics in Portland's waterways than
subwatershed-scale variables. Fragments were the most commonly observed microplastic morphology, with a domi-
nance of gray particles and the polymer polyethylene. The findings of this study can informmanagement decisions re-
garding microplastic waste and identify hotspots of microplastic pollution that may benefit from remediation.
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1. Introduction

Microplastics are an increasing concern in aquatic environments, capa-
ble of entering the food web and potentially endangering human health
(Baldwin et al., 2020, Li et al., 2020). Microplastic research first gained
22
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traction in the 1970s (Carpenter and Smith, 1972), with studies largely ad-
dressing marine environments over the next several decades. Freshwater
microplastic pollution is a relatively newfield of research, with articles pub-
lished only within the last ten to fifteen years (Granek et al., 2020; Talbot
and Chang, 2022). This research expansion has provided valuable insights
into themicroplastic cycle and the factors that influence their accumulation
and distribution in freshwater bodies. River systems, in particular, are crit-
ical transportation pathways, carrying microplastics from inland regions to
estuarine and marine environments (Jiang et al., 2019; Zhao et al., 2019).
Thus, understanding their presence in freshwater environments can shed
light on their abundance in marine waters, which may be greater than pre-
viously estimated due to recent evaluations of riverine microplastic flux
(Hurley et al., 2018).

Developed and industrial regions have been closely linked with
microplastic pollution, in part due to high rates of plastic production and in-
creased littering (Huang et al., 2020, Ma et al., 2021, Mani et al., 2015,
Townsend et al., 2019). Positive correlations have also been found between
microplastic pollution and percent of impervious cover in watersheds,
which greatly serves to enhance plastic transport to aquatic environments
(Baldwin et al., 2016). In addition, wastewater treatment plants (WWTPs)
are often situated in developed areas, and have been linked with increased
microplastic concentrations downstream of effluent outfalls (Estahbanati
and Fahrenfeld, 2016; Hoellein et al., 2017). Most treatment processes
are not designed to remove tiny plastic particles, and may result in
WWTPs serving as important delivery pathways of microplastics to fresh-
water environments (Mani et al., 2015; McCormick et al., 2016). Addition-
ally, population density has been positively correlated with microplastic
concentrations (Battulga et al., 2019; Huang et al., 2020; Kataoka et al.,
2019; Ma et al., 2021; Mani et al., 2015; Valine et al., 2020; Yonkos et al.,
2014).

Microplastic pollution may also be linked with agricultural regions
(Kapp and Yeatman, 2018). Biosolids produced from WWTP processes are
commonly used as a fertilizer for crops, yet their application on agricultural
lands can result in the introduction of microplastics (particularly
microfibers) to these environments (Edo et al., 2020; Leslie et al., 2017).
While agricultural soils may serve as a sink for many of these plastic parti-
cles (Feng et al., 2020), these soils and the plastics they containmay also be
vulnerable to reentering surface water bodies during storms and subse-
quent runoff events (Kapp and Yeatman, 2018, Peller et al., 2019). Addi-
tionally, agricultural regions tend to include the heavy use of plastics
(e.g., tarps), which can break down over time and potentially enter fresh-
water bodies (Campanale et al., 2020b; Feng et al., 2020; Grbić et al.,
2020; Guerranti et al., 2017).

In addition to variations in spatial distribution, microplastic concentra-
tions vary on a temporal basis as well (Talbot and Chang, 2022), in part due
to precipitation and runoff (Cheung et al., 2019; Xia et al., 2020). For in-
stance, many studies report increased microplastic concentrations during
the wet season, as land-based microplastics may be introduced to water-
ways via storm runoff (Eo et al., 2019; Hurley et al., 2018). As such, precip-
itation may serve to flush microplastics into aquatic environments with
subsequent increased microplastic concentrations reported (Hitchcock,
2020; Schmidt et al., 2018; Wong et al., 2020). However, negative relation-
ships have also been observed between precipitation/discharge and
microplastic abundance, with the former potentially causing decreased
concentrations of the latter due to dilution effects (Barrows et al., 2018;
Stanton et al., 2020). These findings indicate the need for additional re-
search conducted on finer temporal scales. Flow rate has also been linked
with microplastic concentrations, with gentler hydrodynamics potentially
facilitating their accumulation (Kapp and Yeatman, 2018; Mani et al.,
2015; Xiong et al., 2019; Watkins et al., 2019). Conversely, higher flow
rates in the center of rivers have resulted in observations of decreased
microplastic concentrations, with river banks serving as microplastic sinks
(Tibbetts et al., 2018).

As research in the field of freshwater microplastics is still in the early
stages, much is still unknown regarding their spatial and temporal distribu-
tions and links to potential sources. Many studies include a snapshot of
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microplastic pollution (i.e., a single sampling session) in freshwater bodies
(Di and Wang, 2018; Hoellein et al., 2017; Mao et al., 2020). Few studies
have examined variations in microplastic concentrations as a function of
seasonality, with even fewer addressing variations observed within the
wet season. Differences likely exist between microplastic concentrations
in the early versus the late wet season due to factors such as the flush effect
and flow dependency (Watkins et al., 2019). Thus, our understanding of the
drivers ofmicroplastic abundancewould greatly benefit from such a tempo-
ral comparison.

Additionally, there are few studies that address microplastic concentra-
tions along a broad urban-rural gradient (Campbell et al., 2017; Campanale
et al., 2020b; Lahens et al., 2018). Analyses of this type are particularly crit-
ical, as their examination could reveal potential sources and delivery path-
ways of microplastic pollution. Furthermore, while the presence of other
pollutants and contaminants has been well-documented in rivers in the
Portland area (Chang et al., 2019; Chen and Chang, 2019; Chen and
Chang, 2014; Pratt and Chang, 2012), much remains unclear regarding
the degree to which microplastics impact Portland's freshwater bodies
(Valine et al., 2020).

This study aims to address these data and knowledge gaps by inves-
tigating microplastics in Portland watersheds with varying degrees of
development, and by evaluating temporal variability in microplastic
concentrations and attributes with different flow regimes. In particular,
the objectives of this research are to (i) evaluate how watershed attri-
butes such as land use, arterial road length, and slope influence
microplastic concentrations, (ii) evaluate the influence of temporal
variability on microplastic concentrations and attributes such as size
and color, (iii) evaluate the influence of water velocity and precipitation
on microplastic concentrations and loads, and (iv) determine the most
common microplastic morphologies (e.g., fiber, fragment, etc.) to
evaluate links with potential sources. It is hypothesized that larger
size and higher concentrations and loads of microplastics will be
found adjacent to developed and agricultural areas as well as in wet sea-
son samples, particularly early in the season due to flush effects.
2. Methods

2.1. Study area

Two Portland area watersheds served as the focal points for this study,
including the Clackamas River watershed and the Johnson Creek water-
shed (Fig. 1). These watersheds were selected to assess potential
microplastic distributions along an urban-rural gradient in the Portland
metropolitan area. Both are comprised of a range of land cover characteris-
tics, thus exposing their waterways to a multitude of anthropogenic activi-
ties. The upper reaches of Johnson Creek flow through a continuum of rural
and agricultural lands, and the lower reaches are exposed to amuch greater
degree of development. The Clackamas River also spans an urban-rural gra-
dient, with upper reaches adjacent to forested and mountainous regions
and lower reaches located near agricultural lands and varying degrees of
development. The Clackamas is a major tributary to the Willamette River
and serves as a source of drinking water to 350,000 residents in the
Portland metro area (Chen and Chang, 2019). The main soil type present
in the study region is silt loam (Natural Resources Conservation Service,
2021).

Samples were collected from 10 study sites, with four located in the
Clackamas River watershed and six in the Johnson Creek watershed
(Table 1). Themajority of sites were selected to coincide with USGS gaging
stations, with the intent of using USGS flow data when riverine conditions
prevented the collection of such data in situ. There are three exceptions to
this, including one site located near the confluence of Rock Creek and the
Clackamas River that was selected to further represent potential impacts
of developed and residential regions on microplastic pollution. Addition-
ally, one site is located on the North Fork of Deep Creek, a tributary to
the Clackamas that is heavily influenced by agricultural activities. Lastly,



Fig. 1.Map of study area land cover, study sites and rain gauges, at the subwatershed and nearstream scales of analysis.
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one site is located near the headwaters of Johnson Creek to further shed
light on microplastic sources to the river.

2.2. Data and derivation of explanatory variables

Average flow velocity measurements over 60-second intervals were col-
lected during each sampling session with a Marsh McBirney Flo-Mate flow
meter. When river conditions prevented the safe collection of these data
(namely the February sampling sessions for the Sycamore and Milwaukie
sites), USGS data were downloaded from the National Water Information
System (NWIS) database (USGS Water Data for the Nation, 2021) for
Table 1
Characteristics of stream monitoring sites used for analysis.

Monitoring sites USGS
gaging
number

Drainage
area
(km2)

Elevation
(m)

Dominant land
cover (%)

Johnson Creek
Near headwaters⁎ (NHW) – 119 Agriculture (50%)
Regner Rd, Gresham
(REG)

14,211,400 39.78 91.5 Developed (44%)

Kelley Creek (KEL) 14,211,499 12.15 74.7 Developed (47%)
Sycamore (SYC) 14,211,500 69.41 68.5 Developed (69%)
Milwaukie (MIL) 14,211,550 137.71 6.0 Developed (90%)
Crystal Springs Creek
(CSC)

14,211,542 7.90 13.3 Developed (93%)

Clackamas River
Estacada (EST) 14,210,000 1737.88 87.4 Forest (92%)
Deep Creek⁎ (DEEP) – 141.0 Agriculture (62%)
Rock Creek⁎ (ROCK) – 39.0 Developed (43%)
Near Oregon City (ORC) 14,211,010 2434.59 9.0 Forest (58%)

⁎ Not a USGS monitoring site.
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stream gauges corresponding with the microplastic sampling locations. In
these instances, similar historical discharge/gauge measurements were
identified and the corresponding velocity readings were included in the
current study. For the Estacada site, 15-minute incremental precipitation
data were obtained from the USGS gaging station located on site. Hourly
precipitation data were obtained from the City of Portland HYDRA Rainfall
Network for the remaining nine sites, and data from the gauges closest in
proximity to the study sites were used (particularly if they were located up-
stream), and are thus estimates of precipitation at the sites (Bureau of
Environmental Services, 2021).

Subwatersheds were delineated for each study site using ArcHydro Tools
in ArcGIS 10.8.1 (ESRI, 2020), resulting in the creation of distinct, non-
overlapping polygons (Mainali and Chang, 2018; Pratt and Chang, 2012).
A land cover raster layer of Oregon was downloaded from the National
Land Cover Dataset (NLCD) 2019 (Multi-Resolution Land Characteristics
Consortium, 2021), and clipped to the subwatershed boundaries. Because
the NLCD dataset includes a broad range of land cover categories, they
were combined into a single category as appropriate (e.g., deciduous forest,
evergreen forest, and mixed forest were combined into a single ‘forest’
category). Total percentage of each land cover category (agricultural, devel-
oped, forest, shrub, and barren) were then derived for each subwatershed
by utilizing the zonal histogram tool in ArcGIS. Additionally, subwatershed
area was derived for each site.

Nearstream buffer zones were also created in ArcGIS, in which a 500 m
upstream buffer was derived for each study site. Mainali and Chang (2018)
found that nearstream buffer zones (i.e., a 100 m circular upstream buffer
and a 1 km riparian upstream buffer) more fully accounted for processes in-
volved in water quality, with watershed-scale processes being less influen-
tial. As the current study included a single nearstream analysis, and as a
1 km upstream buffer would have resulted in overlapping buffer zones
across several sites, 500 m was deemed an appropriate upstream buffer

Image of Fig. 1
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(Fig. 1). Slope was derived in ArcGIS at both scales, in which the zonal sta-
tistics by table tool was used to calculate the average slope within each
subwatershed and within each nearstream buffer zone (Table 2). In addi-
tion, total arterial road length in the nearstream buffer zones for each site
was computed using the statistics function in ArcGIS.

2.3. Data collection

2.3.1. Preparatory work
Before collecting samples at the study sites, materials were prepared in

the Applied Coastal Ecology (ACE) lab at Portland State University. Quart-
sized glass mason jars were rinsed three times with filtered (0.7 μm)
deionizied (DI) water, with a layer of aluminum foil present underneath
the cap to prevent contamination from the plastic ring present in the cap.
Jars were then filled partway with filtered DI water, to be used for rinsing
the contents of the cod-end into the sample mason jar. Mason jars were
also labeled with appropriate sampling information, including the month,
site, and subsample number.

2.3.2. Sample collection
Sampleswere collected viawading from the center of the stream,where

possible. Sites for which this was not possible (namely sites directly along
the Clackamas) required a different approach, which involved wading
into the river and collecting samples at a standard depth of one meter. Oth-
erwise, water depth at each sampling location was recorded using a meter
stick. Where possible, stream width was also measured and recorded
using a transect tape. Before beginning sample collection, the plankton
net and cod-end were rinsed three times in the river water to prevent
cross-contamination from previous sites.

Samples were captured by completely submerging an 80 μm mesh
plankton tow net just below the water surface for 15-minute intervals
(Valine et al., 2020) and holding it stationary. While excess water flowed
directly through the net, microplastic particles and bits of organic debris
(most commonly leaves, pine needles, and twigs) were captured in the
cod-end that was attached to the tapered end of the plankton net (these
larger pieces of organic debris were later rinsed thoroughly into the corre-
sponding sample during processing and then discarded, see Appendix S1).
Three replicates were collected per site to examine within-site microplastic
variability, and given that within-site microplastic subsamples are not sub-
stantially different except for a few August samples (Table S1), these values
were subsequently averaged (Campanale et al., 2020b; Valine et al., 2020).
A control jar filled with DI water was placed next to the sampling site, and
the lid was removed when each sampling session commenced and closed at
the completion of sampling to capture airborne microplastics.

At the end of each sampling interval, the net was positioned upright and
rinsed down thoroughly with river water to move microplastics down into
the cod-end. The cod-end was tapped periodically as necessary to allow for
excess water to escape, and the sample was poured into the appropriately
labeled mason jar. The cod-end was then rinsed thoroughly with filtered
DI water to collect any microplastics that may have been stuck to the
sides, and poured into the mason jar. Once the lid was placed over the sam-
ple, the lid for the control jar was also replaced. The net and cod-end were
then separated and thoroughly rinsed in the river before departing for the
Table 2
Variables used in analysis of microplastics in two Portland metro watersheds.

Variable type Agency source Data Derived variable

Independent MRLC National land cover dataset 2019 (30 m) Agriculture (%)
Urban (%)
Forest (%)

Independent Oregon Metro Oregon 30 m DEM Subwatershed and
Independent Oregon Metro Streets layer (m) Total arterial road
Independent USGS Streamflow (15–60 min intervals) M/s at time of sam
Independent HYDRA

USGS
Precipitation (60-min intervals)
Precipitation (15-min intervals)

24- and 72-h ante

Dependent This study Microplastic concentration Count per volume
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next site. All samples were stored in refrigerators until the commencement
of laboratory procedures.

Samples were collected during three sampling sessions to investigate
the impacts of temporal variability on microplastic concentrations
(Barrows et al., 2018). The first session took place on August 28–30, 2020
and represented microplastic abundances during the dry season and thus
without the influence of antecedent precipitation. Only one session was
conducted in the dry season, as microplastic concentrations are unlikely
to vary significantly throughout summer baseflow conditions. The second
sampling session took place on September 24–25, 2020, representing
microplastic concentrations in the early wet season when land-based
microplastics have been flushed into aquatic environments (Hitchcock,
2020; Kataoka et al., 2019). The last sampling session occurred in the mid-
dle of the wet season on February 2–4, 2021, whenmicroplastic concentra-
tions in rivers are potentially more flow-dependent and less impacted by
flush effects (Kataoka et al., 2019; Yonkos et al., 2014).

Water volume for each subsampling was computed using the following
equation:

Volume ¼ A� T� V m=sð Þ

Where: A = area of the net opening (m2); T = sampling duration (s); V =
average velocity of the water (m/s) (Campanale et al., 2020a).

Microplastic concentrations were computed by dividing the total count
of each subsample by the water volume sampled, thus standardizing the
data (de Carvalho et al., 2021). The microplastic concentrations of each
subsample were then averaged at each site during each sampling session,
resulting in a single microplastic concentration per site per season. In addi-
tion, daily microplastic loads were calculated by multiplying the average
microplastic concentration at each site for each sample date by the corre-
sponding daily average discharge (Park et al., 2020) and then multiplying
by the total number of seconds in a day (86,400). It is important to note
that these calculations were performed only at study sites for which USGS
daily average discharge data were available (EST, ORC, REG, KEL, SYC,
and MIL).

2.3.3. Sample processing
In preparation for microscope analyses, a series of laboratory proce-

dures were conducted to isolate microplastics on filter papers (Whatman
1820-047 Glass Microfiber Binder Free Filter, 1.6 μm, 4.3 s/100 mL Flow
Rate, Grade GF/A, 4.7 cm Diameter) (Valine et al., 2020). Samples were
first put through an organic matter digestion step using a 10% potassium
hydroxide solution (methods adapted from Baechler et al., 2020), then fil-
tered through a 63 μm sieve, followed by density separation using a hyper-
saline solution. Lastly, they were vacuum filtered onto filter paper, each of
which was stored in a petri dish in a covered cardboard box until micro-
scope analysis with a Leica MZ6 dissecting microscope (12–120×magnifi-
cation). Further details regarding laboratory procedures are given in
Appendix S1.

For microscope analyses, stickers showing 12 numbered pie wedges
were first affixed to the bottom of each petri dish to aid in both orientation
and the tracking of relative locations of plastic particles. Filters were exam-
ined using a Leica MZ6 dissecting microscope, and methodologies outlined
Original data

Pasture, cultivated crops, hay
Low, medium, high intensity developed
Deciduous, evergreen, mixed

nearstream slope averages (deg) Slope (deg)
length in nearstream buffer zones Arterial road length (m)
pling Discharge (cms)
cedent precip (mm) Precipitation amount (mm)

(particle/m3) Total microplastic count and water volume sampled



Fig. 2. Daily microplastic loads at six USGS gaging stations across the three
sampling sessions.
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in the Guide to Microplastic Identification (Marine & Environmental Re-
search Institute, nd) were followed to aid in the distinction between
microplastics and biotic material. For instance, particles showing cellular
structure were excluded, along with fiber-like particles characterized by ta-
pering. Additionally, particles that broke apart upon manipulation with a
metal probe were also excluded. In these instances, the particle in question
was assumed to be biological or non-plastic in nature.

Filter inspection began in the upper left section and continued in a
straight line across the filter paper, with the aforementioned metal probe
used to explore and prod particles to determine flexibility. Inspection of
the row below commenced at the right side of the paper and continued to
the left, and this horizontal pattern was repeated for each row of the filter
paper. When a suspected microplastic was identified, information regard-
ing type (fiber, fragment, film, foam, tire wear particle), color, maximum
length, and magnification level were recorded on a datasheet. In addition,
photographs were taken of each suspected microplastic and saved to a goo-
gle drive for future reference and use. A control petri dish with a clean filter
was placed next to the scope to assess contamination from airborne parti-
cles, and was evaluated for microplastics between each scoped study sam-
ple (Valine et al., 2020).

2.3.4. Quality control
Given the mesh size of the plankton tow net, the study focused on par-

ticles greater than 80 μm, but some particles between 63 and 80 μm were
retained due to the use of a 63 μm sieve during processing; we include all
microplastics >63 μm in our dataset. To minimize the risk of contamina-
tion, orange cotton jumpsuits were worn during sample collection, lab pro-
cedures, and microscope analyses. In addition, nitrile gloves were worn
during all lab procedures and analyses. Any orange particles noted in sam-
ples were excluded from the final microplastic counts. Both field and labo-
ratory controls were employed to evaluate background microplastic
contamination in these environments (Brander et al., 2020). To address po-
tential contamination during laboratory processing, lab controls comprised
of 270 mL of filtered DI water underwent the same digestion procedures as
field samples, with one control digested with each batch of field samples.
Lab controls were also employed during density separation procedures to
capture any airborne microplastics. To address contamination during sam-
ple collection, a field control jar with filtered DI water was present at each
site for each sampling session, with the lid of the control open only during
active sample collection.

2.3.5. Subsampling for analytical confirmation
A subset of particles was sent to the Ecotox and Environmental Stress

Lab at Oregon State University for micro-Fourier transform infrared
(μFTIR) spectroscopy analysis to identify specific polymers and validate
total counts (Baechler et al., 2020; Wang et al., 2020). As part of the selec-
tion process, samples were first randomized, as were the 12 sections of each
petri dish. To additionally ensure that particles were randomly selected, the
authors agreed pre-microscopy to select the third observed microplastic
within a specified section for μFTIR analysis. One hundred and one particles
from field samples were selected by this randomized process, and an addi-
tional five were specifically selected to examine particles of interest. In ad-
dition, ten particles from controls were included for analysis.

It is important to note that tire wear particles are difficult to identify
using μFTIR spectroscopy, and are more reliably confirmed through
methods such as pyrolysis gas chromatography (Primpke et al., 2020;
Werbowski et al., 2021). For this reason, the authors placed a cap on the
total number of TWPs that were submitted for μFTIR analysis.

2.3.6. μFTIR analysis
Particles selected for μFTIR represented approximately 10% of the

total suspected microplastics (Baechler et al., 2020; Harris et al., 2022.
The proportion of particles analyzed was based on a combination of var-
iability in particle morphologies found in our samples and funds avail-
able for analysis. We are confident that the particles analyzed are
representative of the entire sample, and based our rationale for particle
5

subsampling and analysis on Brander et al. (2020) and Cowger et al.
(2021). μFTIR methodologies were similar to those detailed by Harris
et al., 2022. Briefly, under a laminar-flow hood, particles were picked
from filters and stored between glass microscope slides. Each particle
was confirmed under a Leica EZ4E to match with images from PSU.
Samples were placed on a gold-plated slide and subsequently reflec-
tance was measured using a Thermo Electron iN5 μFTIR (Thermo Fisher
Scientific), followed by insertion of a germanium tip probe (ATIR) ap-
proximately 1–2 μm into the material's surface. A math match cut-off
of 70 or greater was used for all samples, with all spectra being con-
firmed and smoothed via Open Specy (Cowger et al., 2021) and cross-
checked with Omnic software per methods adapted from Baechler
et al. (2020) and Harris et al., 2022 (Fig. S1).
2.3.7. Statistical analysis
Statistical analyses were conducted in R, version 1.4.1717 (R Core

Team, 2021), using the corrplot (v0.90; Wei and Simko, 2021), the FSA
(v0.9.1; Ogle et al., 2021), the lattice (Sarkar, 2008), the ggbiplot (v0.55;
Vu, 2011), and the plyr (Wickham, 2011) packages. Because assumptions
of normality and equal variance were not met, nonparametric statistics
were used to assess potential relationships between explanatory variables
and microplastic concentrations. To determine potential influences of tem-
poral variability, a Kruskal-Wallis rank sum test was run to compare aver-
age microplastic size, concentrations, and morphologies across the three
sampling sessions. To assess whether differences may exist between sites,
the ten study sites were first divided into two groups based on land use.
At the subwatershed scale, the Developed group was comprised of sites
with subwatersheds characterized by greater than 40% developed land
(CSC, MIL, SYC, ROCK, REG, and KEL), with the Mixed/Rural group com-
prised of the remainder (EST, ORC, DEEP, and NHW). At the nearstream
scale, the Developed group was comprised of sites with nearstream regions
characterized by greater than 60%developed land (DEEP, CSC, NHW, REG,
SYC, and MIL), with the Mixed/Rural group comprised of the remainder
(EST, ROCK, ORC, and KEL). These groups were then further subdivided
based on sampling session, for a total of six groups. Kruskal-Wallis rank
sum tests were then run to compare average microplastic concentrations
based on these site categories as a function of sampling session, and to
compare microplastic morphologies and size classes across the sampling
sessions.

Spearman's rank correlation was used to compare average
microplastic concentrations with spatial and temporal predictor vari-
ables. Spatial variables included subwatershed area, total arterial road
length, land use, and slope (the latter two included both subwatershed
and nearstream scales, see Table S2 for correlations between spatial
explanatory variables). Temporal variables included average water
velocity during each sampling session, 24-hour antecedent rainfall,
and 72-hour antecedent rainfall.

Image of Fig. 2


Fig. 4. Color composition of microplastics across three sampling sessions.
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3. Results

3.1. Characteristics of microplastics

Microplastics were found at all sites, with a total of 1009 particles
observed across the 90 field samples. An additional 490 particles were
found across the 30 field and 53 lab controls (Table S3A, Table S3B).
Scope controls revealed minimal aerial deposition of microplastics,
with a fiber typically noted every few field samples (Table S3C). Four
microplastic morphologies were observed in field samples, including
fragments (n = 505, 50.1%), fibers (n = 173, 17.1%), films (n = 71,
7%), and foams (n = 23, 2.3%) (Fig. 3). Additionally, 237 suspected
tire wear particles (23.5%) were observed in field samples. Throughout
the visual identification process, suspected TWPs displayed a unique set
of characteristics that set them apart from other morphologies. More
specifically, their appearance was generally bumpy/rough and rubbery
in nature, typically cylindrical in shape, black in color, and quite pliable
(Klasios et al., 2021; Parker et al., 2020).

Microplastics fell into one of nine color categories: gray (n = 367,
36.4%), black (n = 313, 31%), blue (n = 174, 17.2%), white/clear (n =
66, 6.5%), pink (n = 39, n = 3.9%), green (n = 17, 1.7%), red (n = 17,
1.7%, purple (n=10, 1%), and yellow (n=6, 0.6%) (Fig. 4).Microplastics
were also divided into five size classes (Campanale et al., 2020b; Cheung
et al., 2019; Huang et al., 2020): 63-100 μm (n = 17, 1.7%), 101-500 μm
(n = 402, 39.8%), 501-1000 μm (n = 318, 31.5%), 1001-2000 μm (n =
184, 18.2%), and 2001-5000 μm (n = 88, 8.7%) (Fig. 5a). Thus,
microplastics less than 0.5 mm in length comprised over 40% of the ob-
served plastics, with nearly three-fourths of particles measuring less than
1 mm. μFTIR analyses of the 116 submitted particles identified a total of
nine polymer types: polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyethylene terephthalate (PET), cellulose, cellophane, ethylene
vinyl acetate, polyvinyl acrylonitrile, and styrene butadiene (likely tire par-
ticles). Dominant polymers in field samples included PE (30%), PP (27%),
cellulose (17%), and PET (9%) (Fig. 6): See Fig. S1 for example spectra of
PE, PP, PET, cellulose, and styrene butadiene and Fig. S2 for typical poly-
mers.) For Fig. 6, it is important to note that the authors included very
few TWPs in μFTIR analyses, due to the difficulty in identifying them via
this method of spectroscopy. For this reason, TWPs appear to comprise a
Fig. 3. Examples of microplastics found in Johnson Creek and the Clackamas River, Oregon USA: (a) purple fiber; (b) pink fragment; (c) blue film; (d) black foam; an
(e) black tire wear particle.
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very small percentage of the observed polymers. Additionally, over half of
the analyzed particles were fragments, with approximately one-quarter in
the 101-500 mm size class. Every particle evaluated by μFTIR was either
synthetic or anthropogenically impacted (modified by humans such as cel-
lulose, wool clothing; per Harris et al., 2022).

3.2. Differences across sites and sampling sessions

While the highest microplastic abundances for each sampling session
were observed at the MIL site (August: n = 30; September: n = 207;
February: n = 135), the KEL site had the highest concentration for August
(37.73 p/m3), the MIL site had the highest concentration for September
(1.76 p/m3), and the NHW site had the highest concentration for February
(0.89 p/m3). Calculations of dailymicroplastic loads at six study sites showed
the highest loads at the EST andORC sites, particularly during the September
sampling session (Fig. 2). The abundance of microplastics in the 101-500 μm
size class differed significantly between August and September (Kruskal-Wal-
lis, H(2)= 9.2408, p< 0.05), with these particles dominating in the Septem-
ber sampling session. In addition, the abundance of microplastics in the
2001-5000 μm size class differed significantly between September and
d

Image of Fig. 3
Image of Fig. 4


Fig. 5. (a) Size composition of microplastics; and (b) distribution of size classes
across the three sampling sessions.

(p
/m

3 )

Fig. 7. Average microplastic concentrations in Johnson Creek and the Clackamas
River, Oregon, USA during three sampling sessions in 2020 and 2021.
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February (Kruskal-Wallis, H(2)=6.0872, p< 0.05), with higher abundances
observed in February (Fig. 5b). Differences were also found between the av-
erage microplastic concentrations observed during the three sampling ses-
sions (Kruskal-Wallis, H(2) = 6.1342, p < 0.05). Results of a post-hoc
Dunn test were inconclusive due to low statistical power, but an examination
of boxplots indicated differences between August and February. More specif-
ically, average microplastic concentrations were highest in August (3.24 ±
Fig. 6. Polymer composition of microplastics evaluated by μFTIR spectroscopy. Note: on
low-density PE.
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1.84 p/m3) and lowest in February (0.365 ± 0.076 p/m3) (Fig. 7).
Microplastic concentrations ranged from 0.19–18.86 p/m3 in August,
0.43–1.69 p/m3 in September, and 0.09–0.85 p/m3 in February (Fig. 8).

At the subwatershed scale, no differences in average microplastic con-
centrationswere observed between the Developed andMixed/Rural groups
(Kruskal-Wallis, H(5) = 8.2333, p > 0.1). A difference was observed at the
nearstream scale (Kruskal-Wallis, H(5) = 11.852, p < 0.05), with a post-
hoc test revealing a significant difference between the August sampling at
Developed sites (higher concentrations) and the February sampling of
Mixed/Rural sites (lower concentrations) (Dunn's test, p < 0.05). Thus, de-
spite sampling across multiple land use types and sampling sessions, there
only existed a difference between August and February, with no differences
between the Developed and Mixed/Rural groups observed during any sin-
gle sampling session.

Proportions of the microplastic morphologies appeared to vary across
the sampling sites and sessions (Fig. 9). Of particular note is the relatively
low proportion of fibers present at the EST and ORC sites in the dry season,
which then became the dominant morphology for both sites in the mid-wet
season. Conversely, three Johnson Creek sites (REG, KEL, and SYC)
demonstrated the opposite trend, in which fibers were the dominant mor-
phology in the dry season and then dropped to much lower proportions
in the mid-wet season. Several morphologies showed statistically signifi-
cant differences across sampling sessions, including fiber concentrations
(Kruskal-Wallis, H(2) = 8.0852, p < 0.05), film concentrations (Kruskal-
Wallis, H(2) = 6.1258, p < 0.05), and tire wear particle (TWP) concentra-
tions (Kruskal-Wallis, H(2) = 8.6157, p < 0.05). A post-hoc Dunn test
ly one PE particle was characterized as high-density PE, the rest were comprised of

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7


(a)

(b)
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Image of Fig. 8


(c)

Fig. 8. Microplastic concentrations at each monitoring site in Johnson Creek and the Clackamas River, Oregon, USA during the sampling sessions of (a) August 2020
(b) September 2020 and (c) February 2021.
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revealed that August TWP concentrations differed significantly from Sep-
tember concentrations (p < 0.05), with higher concentrations observed in
September. August fiber and film concentrations differed from February
concentrations (p < 0.05), with higher concentrations for both morphol-
ogies observed in August.

3.3. Correlations between microplastic concentrations and explanatory variables

Average microplastic concentrations for each of the three sampling ses-
sions were correlated with several spatial and temporal variables (Tables 3
and 4, respectively). Only two correlations were significant with regard to
temporal factors, with higher microplastic concentrations in August linked
with lower average water velocities (r = −0.854, p < 0.05) and higher
microplastic concentrations in February coinciding with increased rainfall
in the 24 h preceding sample collection (r=0.638, p< 0.05). At the spatial
level, both September and February microplastic concentrations were
lower in predominantly agricultural lands at the nearstream scale (r =
−0.721, p < 0.05 and r = −0.673, p < 0.05, respectively). Sites with
greater proportions of shrub land had lower microplastic concentrations
in February at the subwatershed scale (r=−0.721, p < 0.05), and greater
subwatershed area was linked with lower microplastic concentrations in
August. (r = −0.673, p < 0.05).

4. Discussion

4.1. Microplastic characteristics

Fragments were the dominant morphology observed in this study, sim-
ilar to findings from previous studies (Bertoldi et al., 2021; Mai et al., 2021;
Tibbetts et al., 2018). Fibers have also been noted as a dominant
9

morphology (Belen Alfonso et al., 2020; Chen et al., 2020; Feng et al.,
2020; Hu et al., 2020), though they were the second most common mor-
phology at our study sites. The dominance of gray particles in the current
study is unusual (with the bulk of gray particles analyzed by μFTIR being
PE, followed closely by PP), as the literature shows that dominant colors
typically include blue (Barrows et al., 2018; Dris et al., 2018; Miller et al.,
2017; Strady et al., 2020), clear/white (Baldwin et al., 2020; Di and
Wang, 2018; Han et al., 2020; Huang et al., 2020), and black (Guerranti
et al., 2017; Qin et al., 2020; Sang et al., 2021). Greater proportions of
clear/white plastics in particular may result from processes such as
photodegradation (Fan et al., 2019). We suspect that the dominance of
gray particles in the current study is associated with particular industry
sources, based on the proximity of certain industries to our sample sites
(e.g., a warehousing and transportation company, an industrial refrigera-
tion company).

The dominance of plastic particles under 1 mm in length is consistent
with previous research (Bertoldi et al., 2021; Bujaczek et al., 2021; Sang
et al., 2021; Wang et al., 2021). Indeed, an inverse relationship between
microplastic size and concentration is a common finding in freshwater
microplastic research (Battulga et al., 2019; Fan et al., 2019; Schmidt
et al., 2018). Additionally, the abundance of microplastics in different
size classes can vary across time. More specifically, a significantly greater
abundance of particles in the largest size class (2001-5000 μm) in February
than in September is an interesting finding, andmay indicate lower rates of
degradation during the rainy season (Amrutha and Warrier, 2020). de
Carvalho et al. (2021) reported a dominance in smaller size classes of
microplastics during periods of low flows. Thus, the significantly greater
abundance of small particles (101-500 μm) in September as opposed to
August in the current study is also interesting, as the August sampling ses-
sion was conducted during low flow conditions.

Image of Fig. 8


(a)

(c)

(b)

Fig. 9. Proportion of microplastic morphologies observed by site and by sampling session: (a) August 2020 (b) September 2020 and (c) February 2021.
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Only one other study has evaluated microplastic concentrations in
Oregon's freshwater bodies (Valine et al., 2020), including dry season sam-
pling along the Willamette River (of which both Johnson Creek and the
Clackamas River are tributaries) and adjacent to the OregonMuseumof Sci-
ence and Industry (OMSI) in Portland. Valine et al. (2020) noted a domi-
nance of fibers, reporting an average concentration of 3.19 fibers/m3 at
the OMSI site. In comparison, dry season sampling in the current study
showed two sites along Johnson Creek exceeding the average concentration
reported at OMSI (KEL - 18.9 p/m3; REG - 6.4 p/m3), with the remaining
eight sites showing average concentrations of less than 2.5 p/m3 during
dry season sampling.

4.2. Temporal variability and hydrodynamic variables

Microplastics were identified at all sites throughout all sampling ses-
sions, and an investigation of the literature shows similar findings of
microplastic ubiquity (Ballent et al., 2016; Constant et al., 2020; Shruti
Table 3
Correlations between average microplastic concentrations and spatial factors.

Area Slope Road density

Aug SWS −0.673⁎ −0.321
Near 0.042 0.278

Sept SWS 0.127 0.115
Near −0.212 0.127

Feb SWS −0.430 −0.370
Near −0.285 0.491

* Significant at the 0.05 level; SWS = Subwatershed scale.
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et al., 2019; Yin et al., 2020). Microplastic pollution varied temporally,
with significantly higher concentrations observed during August (dry sea-
son) than during February (mid-wet season). It was expected that higher
concentrations would be found during the early wet season than during
the dry season due to first flush effects, yet the data did not support this hy-
pothesis. While some studies find higher microplastic concentrations in the
wet season (Eo et al., 2019, He et al., 2020), others have found that
microplastics dominate in dry season samples (de Carvalho et al., 2021;
Fan et al., 2021). This is potentially due to increased precipitation and run-
off associatedwith the wet season resulting in dilution effects and lower ob-
served microplastic concentrations (Fan et al., 2019; Stanton et al., 2020;
Wu et al., 2020). While microplastic concentrations in the current study
were negatively correlated with average flow rates in August (dry season),
no correlations were observed between flow and concentrations in Septem-
ber and February (wet season).

There was little evidence that precipitation amount influenced
microplastics at the study sites, similar to several previous studies showing
Barren Crops Dev Forest Shrub

−0.532 0.261 0.455 −0.358 −0.479
−0.337 −0.491 0.455 −0.274 −0.560
−0.625 −0.091 0.236 −0.127 −0.527

0.078 −0.721⁎ 0.297 −0.085 0.143
−0.607 0.152 0.564 −0.515 −0.721⁎
−0.017 −0.673⁎ 0.564 −0.432 −0.198

Image of Fig. 9


Table 4
Correlations between average microplastic concentrations and temporal factors.

Velocity (m/s) 24P (mm) 72P (mm)

August −0.854⁎ – –
September −0.382 0.309 −0.486
February −0.212 0.638⁎ −0.006

24P = 24-hour antecedent precipitation.
72P = 72-hour antecedent precipitation.
* Significant at the 0.05 level.
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no relationship between the two (e.g., Constant et al., 2020; de Carvalho
et al., 2021). There was a positive correlation between February
microplastic concentrations and 24-hour antecedent precipitation, but the
vast majority of precipitation values were estimates, with the closest
HYDRA rain gauge at times located several miles away from a particular
study site. As a result, data from a particular gauge were at times used for
more than one site, a clear study limitation and potentially the reason for
a difference between September and February.

In addition, localized rain events in Septembermay have influenced the
differences observed between early and mid-wet season antecedent precip-
itation and microplastic concentrations. These microstorms may have re-
sulted in HYDRA rain gauges not reflecting accurate precipitation
amounts at study sites in September. However, these gauges may have
reflected more representative conditions in February due to widespread,
less localized rain events. As such, precipitation may indeed be an impor-
tant driver of microplastic concentrations in the study region, but the
September sampling session may not have captured this effect. To ensure
a clearer picture of potential relationships between precipitation and
microplastics, obtaining precipitation data on a finer spatial scale with
gauges located within very close proximity to study sites is ideal.

Our examination of microplastic loads at six of the study sites showed
that the dry season sampling (August) consistently had the lowest
microplastic loads. Conversely, the highest microplastic loads were present
in the wet season, with two sites in the Clackamas River having the highest
loads during the early wet season (September) and four in Johnson Creek
having the highest loads during the mid-wet season (February). This dom-
inance of wet seasonmicroplastic loads is consistent with previous research
(e.g., Eo et al., 2019).

It is also important to note that the timing of data collection may be
critical in evaluating the influence of precipitation. As previously
noted, microplastic concentrations can vary drastically over very
short periods of time as a function of hydroclimatic variables (Xia
et al., 2020), even over the course of several hours (Cheung et al.,
2019). Wet season sampling for the current study was conducted
over a period of two or three days, due to the limited number of re-
searchers involved in data collection. If multiple collection teams
had been available to complete each wet season sampling event in a
standardized amount of time and within a single day, this could
have contributed to a clearer analysis regarding the impacts of precip-
itation on microplastic concentrations.

4.3. Watershed attributes

Few spatial variables were found to have significant relationships with
microplastic concentrations, for either the subwatershed scale or the
nearstream scale. Of important interest, however, were negative correla-
tions between September and February microplastic concentrations and
proportion of agricultural lands in the nearstream zones. This indicates
that fewer microplastics were found in regions where the immediate up-
stream areawas characterized by a greater degree of croplands, even during
wet season periods when runoff is most likely to introduce plastic particles
to freshwater bodies. The degradation of plastics used for agricultural pur-
poses thus may not result in the flushing of substantial amounts of
microplastics into nearby freshwater bodies; these microplastics may in-
stead remain trapped in permeable agricultural soils (Feng et al., 2020).
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Very few studies to date have evaluated microplastics in soils, and addi-
tional research is needed to shed further light on the microplastic cycle in
both agricultural regions and other land use categories (Amrutha and
Warrier, 2020; Feng et al., 2020).

Only one significant relationship was observed at the subwatershed
scale, and included a negative correlation between February microplastic
concentrations and proportion of shrub land. It is thus possible that
nearstream analyses may shed more light when determining relationships
between microplastic pollution and potential explanatory factors.
Microplastics likely share delivery pathways with other contaminants and
nutrients that threaten water quality (Mishell Donoso and Rios-Touma,
2020; Sarkar et al., 2019; Zhou et al., 2020), and as previously noted, recent
water quality modeling research has highlighted the importance of
nearstream as opposed to watershed-scale processes (Mainali and Chang,
2018). Similar sentiments were expressed by Barrows et al. (2018),
whose analyses at the subwatershed scale spurred the belief that more lo-
calized analyses (e.g., on specific point sources) may be more useful in un-
derstanding the role of potential explanatory factors. A similar emphasis on
specific sources of microplastics addressed at local scales was noted by
Dikareva and Simon (2019).

While total microplastic counts were highest at the Milwaukie site,
which is characterized by a high proportion of developed land cover, an un-
expectedfindingwas the lack of a correlation betweenmicroplastic concen-
trations and developed land, at either the subwatershed or nearstream
scales. As previously mentioned, the two watersheds included in this
study represent a range of land covers, yet it is possible that the selected
sites may not represent the full urban-rural gradient, thus clouding poten-
tial relationships. For instance, many of the sites were located in mostly de-
veloped regions. Perhaps the incorporation of a greater number of study
sites spanning a broader range of the gradient may reveal more specific re-
sults (Belen Alfonso et al., 2020; Dikareva and Simon, 2019), and this may
also be the casewith other watershed attributes such as slope. Additionally,
as the net was submerged just under the surface of the water to ensure that
water volume could be calculated, it is possible that some microplastics on
the surface circumvented the net. Lastly, it is important to note that factors
not evaluated by the current study (e.g., various microscale processes, sed-
iment resuspension) may have exerted an influence on observed
microplastic concentrations. Evaluating microplastic concentrations in sed-
iment samples would have provided further insight regarding influential
factors as well as a more comprehensive picture of the microplastic cycle
at the monitoring sites.

4.4. Potential sources

Broad links can bemadewith regard to observedmicroplastic morphol-
ogies and potential sources. As previously mentioned, fragments were the
dominant observed morphology, indicating that the breakdown of larger
pieces of plastic and litter may be a critical source of microplastics in
Portland's freshwater bodies. Fibers were also common, indicating that fac-
tors such as washingmachine effluent (e.g., in residential regions surround-
ing the Regner and Kelley Creek sites) or recreational activities (e.g., at sites
characterized by a high degree of water activity such as the Estacada and
Near Oregon City sites) may play a role in microplastic pollution as well.
Additionally, given that the September sampling session showed signifi-
cantly higher tire wear particle concentrations than the August sampling
session, it is likely that these particles accumulated on land during the dry
period and were flushed into nearby waterways during the first wet season
storm event. The influx of tire wear particles in the early wet season is par-
ticularly alarming, as recent research has highlighted the severe threat they
pose to salmon (Tian et al., 2021).

The identification of specific polymer types can also shed light on
potential sources of microplastic pollution. Polyethylene (PE) was
the most commonly observed polymer, which is consistent with previ-
ous findings (Fan et al., 2019; Xiong et al., 2019). In particular, PE par-
ticles were composed of two sub-polymers with very different
applications. Of the 116 particles assessed by μFTIR spectroscopy,
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low-density polyethylene (LDPE) particles were found at all but two of
the study sites. These plastics are typically found in thin plastic bags,
such as those used in grocery stores (Mishra et al., 2021). In contrast,
only one high-density polyethylene (HDPE) particle was reported, and
it was observed at the Milwaukie site. As HDPE particles are com-
monly used in construction activities and PVC pipes (Mishra et al.,
2021), its presence at the more industrial Milwaukie site is unsurpris-
ing. Polypropylene (PP) was very common as well, and is often found
in a variety of packaging materials as well as in synthetic clothing
(Mishra et al., 2021). Of the samples that underwent μFTIR analyses,
PP particles were found at all but two of the sites, underscoring their
ubiquity.

4.5. Conservative estimates of microplastics

The observedmicroplastic concentrations in this study are likely conser-
vative, whichmay be due to several factors. For instance, the use of a hyper-
saline solution during density separation does not result in the flotation of
100% of plastic particles, as higher density plastics in particular often re-
main trapped with sediment (Mishra et al., 2021). Therefore, the vacuum
filtration step may have missed microplastics that remained at the bottom
of the sample jars (Di and Wang, 2018; Valine et al., 2020), thus resulting
in a subset being isolated on the filter paper for microscope analysis. Simi-
larly, the fact that sampling was conducted just below the surfact of the
water likely resulted in the underrepresentation of high-density particles
such as TWPs, many of which may reside at lower depths in the water col-
umn or in benthic sediment (Wik and Dave, 2009).

Additionally, while microplastics in the smallest size class (63-80 μm)
were retained, this class is likely vastly underrepresented due to the use
of an 80 μm mesh net during sample collection. The current study also in-
cluded the use of glass microfiber binder free filters, which are white in
color. While the current study identified some white microplastic particles
under the microscope, it is likely that others were missed due to the diffi-
culty in identifying these particles against a white background. The inclu-
sion of clear polycarbonate filters in future studies may facilitate the
identification of white microplastics.

5. Conclusion

This study showed that microplastic concentrations in the Portland
metropolitan area may be influenced by certain hydroclimatic vari-
ables and subwatershed characteristics. In the dry season, lower flow
rates appeared to facilitate the accumulation of microplastics, with
concentrations also potentially influenced by antecedent rainfall
in the mid-wet season. Additionally, microplastic concentrations
may be influenced more strongly by nearstream as opposed to
subwatershed factors, particularly with regard to adjacent agricul-
tural lands. Fragments were dominant in both watersheds, likely due
to the breakdown of larger pieces of plastic. Gray particles were par-
ticularly common, and the 101-500 μm size class of microplastics
was the most highly represented. Higher concentrations of tire wear
particles in the wet season suggest a flushing effect.

The findings of this study further our knowledge of riverine
microplastic pollution in the Portland metro area and contribute to
our understanding of potential sources of microplastics in freshwater
environments. This information is beneficial to local officials and agen-
cies in Portland, who are increasingly interested in knowing the poten-
tial sources and pathways of microplastics in their water bodies. Armed
with such knowledge, they may be better equipped to enact policies that
result in decreased concentrations of microplastics reaching aquatic en-
vironments. In addition, the findings of the research can identify
hotspots of microplastic pollution that may benefit from remediation,
and can potentially assist in projections of microplastic concentrations
in other locations with similar characteristics, for which no
microplastics data have yet been collected.
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