
Estimated discharge of
microplastics via urban stormwater
during individual rain events

Matthew S. Ross1*, Alyssa Loutan1, Tianna Groeneveld1,
Danielle Molenaar1, Kimberly Kroetch2†, Taylor Bujaczek1,
Sheldon Kolter1, Sarah Moon1, Alan Huynh1, Rosita Khayam1,
Brian C. Franczak2, Eric Camm3, Victoria I Arnold3 and
Norma J Ruecker3

1Department of Physical Sciences, MacEwan University, Edmonton, AB, Canada, 2Department of
Mathematics and Statistics, MacEwan University, Edmonton, AB, Canada, 3Water Quality and Regulatory
Assurance, The City of Calgary, Calgary, AB, Canada

Urban stormwater runoff is an important pathway for the introduction of
microplastics and other anthropogenic pollutants into aquatic environments.
Highly variable concentrations of microplastics have been reported globally in
runoff, but knowledge of key factors within urban environments contributing to
this variability remains limited. Furthermore, few studies to date have quantitatively
assessed the release of microplastics to receiving waters via runoff. The objectives of
this study were to assess the influence of different catchment characteristics on the
type and amount of microplastics in runoff and to provide an estimate of the quantity
of microplastics discharged during rain events. Stormwater samples were collected
during both dry periods (baseflow) and rain events from 15 locations throughout the
city of Calgary, Canada’s fourth largest city. These catchments ranged in size and
contained different types of predominant land use. Microplastics were found in all
samples, with total concentrations ranging from0.7 to 200.4 pcs/L (mean = 31.9 pcs/
L). Fibers were the most prevalent morphology identified (47.7 ± 33.0%), and the
greatest percentage of microplastics were found in the 125–250 µm size range
(26.6 ± 22.9%) followed by the 37–125 µm size range (24.0 ± 22.3%). Particles were
predominantly black (33.5 ± 33.8%), transparent (22.6 ± 31.3%), or blue (16.0 ± 21.6%).
Total concentrations, dominantmorphologies, and size distributions ofmicroplastics
differed between rain events and baseflow, with smaller particles and higher
concentrations being found during rain events. Concentrations did not differ
significantly amongst catchments with different land use types, but
concentrations were positively correlated with maximum runoff flow rate,
catchment size, and the percentage of impervious surface area within a
catchment. Combining microplastic concentrations with hydrograph data
collected during rain events, we estimated that individual outfalls discharged
between 1.9 million to 9.6 billion microplastics to receiving waters per rain event.
These results provide further evidence that urban stormwater runoff is a significant
pathway for the introduction of microplastics into aquatic environments and
suggests that mitigation strategies for microplastic pollution should focus on
larger urbanized catchments.
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1 Introduction

Microplastics [plastic particles less than 5 mm in one dimension;
(Hartmann et al., 2019)], are persistent and globally pervasive
pollutants. Microplastics represent a diverse array of solid
contaminants (Rochman et al., 2019) formed from the degradation
of larger plastic items (Andrady 2011) and their definition includes
other anthropogenic particles such as textile fibers, tire wear particles,
and polymer-based road markings (Hartmann et al., 2019).
Microplastics are found widely in marine (Eriksen et al., 2014),
freshwater (Dris et al., 2015a; Horton et al., 2017a), and terrestrial
environments (de Souza Machado et al., 2018), as well as remote areas
such as the arctic (Obbard 2018; Bergmann et al., 2022) and deep sea
sediments (Van Cauwenberghe et al., 2013; Woodall et al., 2014). The
presence of microplastics in the environment is concerning due to the
potential harmful effects they may have on wildlife and ecosystems.
Although the long term ecotoxicological effects and risks posed by
microplastics remain unclear, microplastic ingestion can elicit harmful
effects on organisms (Cole et al., 2013; Wright et al., 2013; Au et al.,
2015) and may also be causing deleterious effects at population and
ecosystem levels (Bucci et al., 2020).

Urbanization is an important factor affecting microplastic
abundances in aquatic ecosystems, with quantities of microplastics
in waterways and biota having been shown to increase with proximity
to urban centers (Yonkos et al., 2014; Baldwin et al., 2016; Peters and
Bratton 2016). Microplastics in surface waters can originate from
several sources within urban environments, including deposition from
the atmosphere (Dris et al., 2015b; Dris et al., 2018; Sun et al., 2022),
effluent from wastewater treatment plants (WWTPs) (Estahbanati
and Fahrenfeld 2016; Mason et al., 2016), and stormwater runoff
(Werbowski et al., 2021). Although WWTP effluent, in particular, has
been identified as an important point source of microplastics (Mason
et al., 2016; Horton et al., 2017b; Sun et al., 2019), recent studies have
identified atmospheric deposition as a potentially larger source to
receiving waters (Chen et al., 2022). The microplastics in atmospheric
fallout may settle onto impervious surfaces, where they are washed off
during rain events and transported to receiving waters by stormwater
runoff. Microplastic concentrations in receiving waters increase
following rain events (Hitchcock 2020; Forrest et al., 2022) and
with proximity to stormwater outfalls (Horton et al., 2017a),
suggesting that runoff is an important pathway to mobilize and
transport microplastics from urban environments into aquatic
ecosystems (Sutton et al., 2016; Horton et al., 2017b). This
hypothesis has been supported by reports of high concentrations of
microplastics in runoff. Concentrations of microplastic in stormwater
are highly variable, ranging from 1.3 to 6,000 pcs/L (Grbić et al., 2020;
Järlskog et al., 2020; Piñon-Colin et al., 2020; Sang et al., 2021; Sun
et al., 2023), andmay exceed concentrations in treatedWWTP effluent
(Sutton et al., 2019) and nearby aquatic environments (Grbić et al.,
2020). In Shanghai, China, it is estimated that 333.5 tons/yr of
microplastics flow into nearby waterways via stormwater runoff
(Chen et al., 2022), representing 10.4% of the total microplastic
flow. Furthermore, it is estimated that runoff contributes more
than 40% of the microplastic loadings to European rivers (Siegfried
et al., 2017), primarily in the form of tire wear particles. These studies
highlight the importance of stormwater runoff as a transmission
pathway for microplastics in urban areas.

Despite these findings, global measurements of microplastics in
stormwater are limited relative to other matrices. Key knowledge gaps

exist with respect to identifying catchment characteristics that may
influence microplastic concentrations in stormwater (Wang et al.,
2022; Österlund et al., 2023). Of the potential causal factors, land use
has been the most widely studied. Industrial areas have been linked to
increased microplastic concentrations in runoff and waterways (Liu
et al., 2019; Sutton et al., 2019; Chen et al., 2020), although other
studies provide conflicting conclusions on the influence of land use
(Bond et al., 2022). Other potential factors, such as the amount of
impervious surface area within catchments, have received less
attention and their influence remains largely unknown (Österlund
et al., 2023). The identification of contributing catchment
characteristics is necessary for future microplastic management
within urban areas.

There exists a limited number of quantitative emissions estimates
of microplastics via stormwater, although such data is critical for
understanding the magnitude of stormwater runoff as a microplastic
source. Emissions estimates have been made based on direct
measurement of microplastics in runoff combined with different
modeled scenarios to produce annual and city-wide emissions
estimates (Sutton et al., 2019; Piñon-Colin et al., 2020; Chen et al.,
2022). However, concentrations and characteristics of microplastics in
stormwater vary between storms and within individual storm events
(Treilles et al., 2021; Boni et al., 2022; Sun et al., 2023), which may be
reflected in the temporal variability of microplastics observed in urban
surface water (Hitchcock 2020; Wei et al., 2022). To better understand
the influence of stormwater on changes in concentrations of
microplastics in surface waters, an improved understanding of
microplastic discharge during individual rain events is needed.

This study sought to assess the concentrations, sizes, and
morphology distributions of microplastics in stormwater from
a large urban center during both wet and dry weather conditions.
Samples were collected from catchments of differing sizes and
land use activities to better understand the factors influencing
microplastic concentrations in stormwater. Using hydrograph
data collected during sampling, we developed quantitative
estimates of microplastic discharges via stormwater during
storm events. The results provide insight into the factors
affecting microplastic concentrations and distributions in
stormwater from a large urban center and are amongst the first
estimates of microplastics loadings to receiving waters via urban
stormwater runoff.

2 Materials and methods

2.1 Study location

Calgary is the largest city in the province of Alberta and the fourth
largest city in Canada, with a population of 1.2 million (2017 census).
The city has a land area of 825 km2, of which 44% is covered with
impervious surfaces (City of Calgary 2018). Located in a temperate
environment, Calgary received on average 450.5 mm of precipitation
per year between 1996 and 2020, with most of the precipitation
occurring as rainfall between April and October (Environment
Canada 2022). Stormwater and sewage are transported in separate
pipe networks, with stormwater largely being discharged directly
(i.e., without treatment) to freshwater environments, including the
Bow and Elbow Rivers, from approximately 450 stormwater outfalls
throughout the city.
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2.2 Sample collection

Fifteen sites (Figure 1; Supplementary Table S1) throughout
Calgary were sampled during the summer of 2017. Rain event
samples (n = 51) were collected using flow-triggered autosamplers
(6712 full size portable samplers, Teledyne ISCO, Lincoln, NE,
United States), with 400–450 mL samples collected throughout the
hydrograph at predetermined flow-paced (i.e., every 6–600 m3) or
time-paced (i.e., every 5 min) intervals, depending on site
characteristics. Samples were collected into 1 L polypropylene (PP)
bottles and then manually composited into a 10 L LDPE carboy.
Subsamples were collected from composited samples into 1 L pre-
cleaned amber glass bottles with PTFE-lined polypropylene caps for
microplastics analysis. Baseflow samples (n = 30) were manually
collected into 1 L pre-cleaned amber glass or 4 L HDPE bottles and
subsampled into 1 L amber glass bottles in the lab. All samples were
stored at 4°C until analysis.

2.3 Microplastic extraction

To assess recoveries, all samples were spiked with a mixture
containing a known number of fluorescent polyethylene
microbeads (Cospheric™, California, United States) varying in size
and density (Supplementary Table S3) (Bujaczek et al., 2021). Samples
were then filtered through a 37 μm stainless steel sieve to isolate
suspended particulates, transferred to a 250 mL Erlenmeyer flask and
dried overnight in an oven at 70°C. Organic materials were removed by
wet peroxide oxidation (Masura et al., 2015) on a shaker plate at

90 rpm and 50°C for 60 min. An additional 20 mL aliquot of H2O2 was
added if visible organic material remained and the reaction was
continued for an additional 30 min. Initial extraction experiments
found that samples were sufficiently low in suspended materials that
subsequent visual analysis was not impacted; therefore, in order to
improve recoveries of microplastics and to retain more dense
anthropogenic materials (e.g., tire wear particles) no density
separation was carried out. Following chemical digestion, samples
were transferred to a stainless steel sieve stack and fractionated into the
following size classes: >1,000 µm, 1,000-500 μm, 500-250 μm, 250-
125 μm, and 125-37 μm. Sieve contents were individually transferred
to 0.45 μm gridded nitrocellulose filters (Ahlstrom-Munksjö, Helsinki,
Finland), dried by vacuum filtration, enclosed in petri slides
(Analyslide, Pall Corp., New York, United States), and stored in
the dark until analysis.

2.4 Microplastic quantification and
identification

Visual identification and enumeration of microplastics was carried
out by brightfield microscopy with either a stereo microscope
(Olympus SZ61) or a compound microscope (Olympus CX41)
under magnification ranging from 2X to 40X. Microplastic
morphologies were categorized as spheres, films, fragments, or
fibers (Lusher et al., 2020). All particulates visually identified as
microplastics were required to be homogenous in color throughout
and free of any cellular structures (Hidalgo-Ruz et al., 2012).
Fragments were identified by having a discernible fractured edge.

FIGURE 1
Map of Calgary, Alberta, showing stormwater sampling locations throughout the city.
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Fibers were defined as having a length substantially greater than the
width and were required to be of consistent diameter throughout their
entire length. Spheres were spherical in shape with no readily
identifiable major or minor axis and no identifiable fractures or
discernable fragmentation. Films were flat in one dimension with
the two other dimensions being substantially larger. Microplastics
were further categorized based on color and placed into the following
groups: blue, red, clear, black, green, or other.

Chemical identification was carried out using Raman
microspectroscopy on a representative subset of samples (7 rain
event samples). For each sample, all particles identified visually as
microplastics in each size fraction were analyzed, resulting in a total of
259 particles examined (10.4% of the total particles quantified in this
study). Raman spectra were acquired with a Bruker SENTERRA I
Ramanmicroscope (Bruker Optics Ltd., Milton, ON, Canada) over the
range of 200–2,500 cm−1 using a laser wavelength of 785 nm, a laser
intensity of 10 mW, a 5 s integration time, and 5 co-additions. Settings
were adjusted for some individual particles to acquire stronger spectra
or to prevent decomposition. All spectra were baseline corrected and
min-max normalized prior to library matching using Opus
6.5 software (Bruker Optics Ltd., Milton, ON, Canada). Chemical
identities were determined by spectral matching to spectra contained
in the SLoPP/SLoPP-E (Munno et al., 2020) microplastic libraries. For
spectral matching, a hit quality >750 was required (where HQ =
1,000 is a perfect match and 0 indicates no correlation at all) and all
spectral matches were further confirmed by manual comparison of the
spectra. Particles not matched to library spectra were classified as
either “Unknown” or “Unknown (Anthropogenic)” if they were
colored (indicative of anthropogenic dye). Acquisition of useable
spectra from some particles was impossible due to thermal
decomposition or fluorescence (classified as “No Spectra”).

2.5 Quality control and quality assurance

To reduce contamination, all reagents were filtered through a 1 µm
glass fiber filter and all glassware was thoroughly washed with filtered
(0.22 µm) nanopure water (>18 MΩ-cm, Milli-Q RG, Millipore Corp.,
Ann Arbor, MI) prior to use. All openings and equipment were
covered during sample preparation with pre-combusted aluminum
foil to prevent contamination from airborne microplastics, and all
procedures were carried out in a fumehood to further minimize
airborne contamination.

Blanks (see Supplementary Material for descriptions) were used to
assess background contamination and included laboratory procedural
blanks (n = 9), sub-sampling blanks (n = 3), and field equipment
blanks (n = 9). All blanks were prepared from filtered (0.22 µm)
nanopure water and were extracted and analyzed identically to
samples, with at least one blank being extracted and analyzed with
every 10 samples. To reduce bias, analysts were blind as to whether
they were extracting and analyzing a sample or a blank.

Microplastics were found in all blanks, although there were no
differences amongst types of blanks with respect to quantity, size,
color, or morphological distribution (one-way ANOVA, p > 0.05).
Mean quantities in blanks (30.3 ± 23.4 pcs) were significantly lower
than in samples (W = 900, p = 0.021); nonetheless, sample
concentrations were blank corrected by subtracting the mean
number of particles within each size/morphology combination (e.g.,
125–250 µm fibers) in the blanks from the number of particles in the

same category in each sample (Rochman et al., 2019; Brander et al.,
2020).

2.6 Catchment characteristics

Land use statistics were obtained using ArcGIS (ESRI, Toronto,
Canada) by overlaying catchment shapefiles with a City of Calgary
land use geodatabase. Total intersecting land areas were summed and
the percentages of each land use within the catchment were calculated.
Sites having catchments composed of >70% of a single land use type
were placed into one of the following land use groups: industrial,
commercial, residential, or transportation corridor/roadways. All
other sites were categorized as mixed land use (Supplementary
Table S1). A subset of 5 sites with a more extensive set of
geospatial data were selected to investigate the influence of
additional catchment characteristics (Supplementary Table S2),
including: total impervious surface area, percent impervious surface
area, number of buildings, and population density (as measured by
number of buildings per km2). Most sites within this subset of samples
were classified as predominantly residential and/or parks, except for
one site (Site 9) which is classified as a transportation corridor (99%
transportation). All data on land use and catchment characteristics
were provided by The City of Calgary.

2.7 Discharge of microplastics via stormwater

For 21 rain events across 8 sites (Supplementary Table S6),
stormwater flow rates (m/s) were measured every 1 or 5 min
throughout the event with a Triton X flow monitor (ADS,
Huntsville, AL, United States). Depth (m) and volumetric flow rate
(L/s) were measured concomitantly, enabling the generation of
hydrographs for each event. The total discharge volume (in L)
from each outfall during rain events was quantified by integrating
the area under the hydrograph using the trapezoidal integration
function in the PKNCA and PRACMA packages in R (Denney
et al., 2015; Borchers 2021). The total discharge of microplastics
(pcs) for each rain event was determined as the product of the

FIGURE 2
Boxplots of blank-corrected concentrations of microplastics in
stormwater from Calgary.

Frontiers in Environmental Science frontiersin.org04

Ross et al. 10.3389/fenvs.2023.1090267

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1090267


total microplastic concentration (pcs/L) and the total discharge
volume.

2.8 Data analysis

All statistical analyses were carried out using the R statistical
environment (R Core Team 2020). Normality was assessed by visual
analysis of QQ plots and application of the Shapiro-Wilks test to each
investigated data set. Unless otherwise noted, Kruskal-Wallis tests
followed by Dunn’s Multiple Comparison test with Bonferroni
correction were performed to compare median concentrations or
percentages of each microplastic characteristic (i.e., size,
morphology, color, chemical composition) amongst land use types,
and a Wilcoxon rank sum test was used to compare baseflow and
storm events. Associations between land use type and both size and
morphology were further explored using chi-square independence
tests (Supplementary Table S4), although for tests involving shape,
spheres were excluded due to their low counts. A 5% significance level
was used for all analyses and all data is presented as mean ±1 standard
deviation unless otherwise noted.

Linear regressions were used to investigate relationships between
total microplastic concentrations and antecedent dry days, cumulative
rainfall per event, flow rates, total suspended solids (TSS), percentage
land use type, and the following catchment characteristics: total
catchment area, total impervious surface area, percent impervious
surface area, number of buildings, and population density (determined
as number of buildings per square kilometer). Rainfall data was
obtained through The City of Calgary’s open data portal (City of
Calgary 2021).

3 Results

3.1 Quality assurance and recoveries

Recoveries of fluorescent microbeads ranged from 21.6% to 87.2%
(mean = 57.5 ± 32.2%; Supplementary Table S3) and differed significantly
amongst the different microbead categories, except between red and
green beads (Supplementary Figure S1). Recoveries were not dependent
on density (Pearson R = 0.056, p = 0.19), but recovery percentage
increased with increasing bead size (Pearson R = 0.61, p = 2 × 10–16).

3.2 Concentrations and characteristics of
microplastics in stormwater runoff

Microplastics were identified in all samples investigated, with
blank corrected concentrations ranging from 0.7 to 200.4 pcs/L
(mean = 31.9 ± 34.0 pcs/L; median = 17.0 pcs/L) across all sites
and event types (Figure 2). Fibers were the most prevalent morphology
identified (47.7 ± 33.0%), followed by fragments (42.5 ± 33.7%). The
greatest percentage of microplastics were found in the 125–250 µm
size range (26.6 ± 22.9%) followed by the 37–125 µm size range (24.0 ±
22.3%). Particles were predominantly black (33.5 ± 33.8%),
transparent (22.6 ± 31.3%), or blue (16.0 ± 21.6%).

Most (67.8%) of the particles visually identified as microplastics
were confirmed as being anthropogenic based on Raman
spectroscopy. Overall, cotton was the most prevalent type of
anthropogenic particle identified (18.5%), followed by Unknown-
Anthropogenic (13.8), carbon black (12.3%) and polyethylene
(10.8%). Chemical composition was morphology dependent

FIGURE 3
(A) Boxplots of microplastic concentrations in stormwater collected during baseflow and rain events. * represents a significant difference with p < 0.001.
Right side shows the average percent composition of microplastics in different morphological categories (B), size classes (C), and colors (D) in stormwater
during baseflow and rain events.
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(Supplementary Figure S2). Fragments were primarily identified as
carbon black (17.4%), polyethylene (14%) and polypropylene (9.1%),
with an additional 13.2% of fragments identified as anthropogenic
based on color, but with no spectral match due to interference by dyes
(Unknown-Anthropogenic). Amongst fibers, cotton was the
dominant type identified (34.8%), followed by polyester (23.2%)
and Unknown-Anthropogenic (10.1%).

3.3 Baseflow vs. runoff

Microplastic concentrations were significantly higher in samples
collected during rain events than in samples collected under baseflow
conditions (W = 251.5, p = 0.0001332; Figure 3A), with rain events
having an average concentration of 33.5 ± 26.1 pcs/L compared to
baseflow with an average concentration of 19.1 ± 15.2 pcs/L.
Compared to baseflow samples, rain event samples contained a
greater percentage of fragments (W = 537.5, p = 0.03491) and
125–250 µm particles (W = 537.5, p = 0.03489). In contrast, a
greater percentage of films (W = 1,003, p = 0.01013) and larger
(500–1000 µm) particles (W = 1,104.5, p = 0.0004028) were present
in baseflow samples (Figures 3B–D).

3.4 Relationships to environmental factors
and catchment characteristics

The highest microplastic concentrations were found in
stormwater from residential and mixed land use catchments
(Figure 4A), although there were no significant differences amongst
land use types (H(4) = 7.0873, p = 0.1313) nor any relationship between

the total microplastics concentration and the percentage of land use
types within a catchment. However, differences in morphology, size,
and color distributions were apparent between different land use types
(Figures 4B–D). A dependence between site type and morphology was
found (Supplementary Table S4; χ2(8) = 238.4, p < 2.2 × 10–16), with
stormwater from residential and transportation catchments associated
with lower levels of fragments, but higher levels of films and fibers,
respectively. Industrial sites were associated with lower levels of fibers
and higher levels of fragments, while mixed sites were associated with
lower levels of both fibers and films and higher levels of fragments.

The predominant land use type within catchments was also
associated with particle size (Supplementary Table S4; χ2 (51) =
52.094, p = 1.058 × 10–05). The industrial sites were associated with
fewer microplastics greater than 1000 µm, but more
microplastics <125 μm. The commercial sites were associated with
fewer microplastics between 500 and 1000 µm and more microplastics
within the 125–250 μm category. Residential sites were associated with
more microplastics within the 250–500 μm category, whereas the
mixed sites were associated with more microplastics greater than
1000 µm, but fewer microplastics between 250 and 500 μm.

There were no relationships between total concentrations and
cumulative precipitation during a rain event (Supplementary Figure
S3). A positive relationship between total concentration and
antecedent dry days was found for rain event samples but not
baseflow (Supplementary Figure S4). A significant positive
relationship was also found between total concentrations and
maximum flow rate for rain event samples (Supplementary Figure
S5). No relationship was found between total microplastics
concentration and total suspended solids (TSS) concentration.

Across all samples, a weak, albeit significant, positive relationship was
found between microplastics concentrations and total catchment area

FIGURE 4
(A) Boxplot of microplastic concentrations in stormwater collected from catchments of differing predominant land use. Right side shows average
percent composition of microplastics in different morphological categories (B), size classes (C), and colors (D) in stormwater collected from catchments of
differing land use types.
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(Figure 5A); however, when separated by sample type, the positive
relationship remained only for rain event samples and no relationship
existed under baseflow conditions (Supplementary Figure S6). For the
subset of five sites there was a significant positive correlation with percent
impervious area (Figure 5B), but no significant relationships were found
for other investigated catchment characteristics (i.e., population density).

3.5 Discharge of microplastics via stormwater

Total stormwater discharge ranged from 1.41 × 105 L to 1.15 ×
108 L per rain event, resulting in a total quantity of microplastics
discharged from individual outfalls during single rain events of
1.89 × 106 pcs to 9.64 × 109 pcs (mean = 6.55 × 108 ± 2.05 × 109 pcs;
Supplementary Table S6). A positive relationship was found
betwen total discharge of microplastics and total catchment
area (Figure 6).

4 Discussion

4.1 Concentrations and characteristics of
microplastics in stormwater runoff

Urban runoff is recognized as a potentially significant pathway by
which microplastics enter the aquatic environment (Sutton et al.,
2019), although direct measurements of microplastic abundances in
stormwater runoff remain limited compared to other matrices.
Reported abundances in stormwater vary widely and range over
three orders of magnitude (Wang et al., 2022), with concentrations
reported herein being at the lower end of this range. Concentrations of
microplastics in Calgary stormwater are generally similar to those
reported in stormwater from the San Francisco Bay Area [mean:
9.2 pcs/L: (Sutton et al., 2019)], Wuhan, China [2.75–19.04 pcs/L;

(Sang et al., 2021)], and Toronto, Canada [15.4 pcs/L; (Grbić et al.,
2020)]; however, they are lower than reported in street runoff from
Tijuana, Mexico [66-191 pcs/L; (Piñon-Colin et al., 2020)], at the inlet
of a stormwater bioretention facility in Toronto, Canada [186 ±
173 pcs/L; (Smyth et al., 2021)], or at a single site in Gothenburg,
Sweden, where total microplastics (including paint fragments) ranged
from 1,500 to 6,000 pcs/L for particles greater than 20 μm (Järlskog
et al., 2020). Although differences in stormwater microplastic
concentrations amongst studies could potentially be attributable to
location specific differences amongst studied sites, direct comparisons
are difficult due to methodological variations. For example, the
minimum reported particle size varies from 20 µm to 125 µm,
which may contribute to the higher abundances reported elsewhere
(Covernton et al., 2019; Järlskog et al., 2020; Piñon-Colin et al., 2020).
Other methodological differences amongst studies include the use of
density flotation to isolate microplastics (Sutton et al., 2019; Grbić

FIGURE 5
Linear regression between (A) microplastic concentrations and total catchment area for all samples and (B) the total concentration of microplastics in
stormwater from a subset of five outfalls and the percent impervious surface area within the catchment.

FIGURE 6
Linear regression between microplastic discharge and total
catchment area.
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et al., 2020; Piñon-Colin et al., 2020; Smyth et al., 2021), which may
not extract higher density particles, e.g., tire wear particles (Järlskog
et al., 2020). Development of harmonized sampling and analytical
methodologies for microplastics analysis should be extended to
stormwater to improve comparability between studies.

A suite of fluorescent microbeads was added to each sample to assess
size and density dependent recoveries. Acceptable recoveries were
observed for beads >250 µm, however, smaller beads were recovered
less well, with <50% recoveries for beads <150 µm in diameter
(Supplementary Table S2; Supplementary Figure S1). The lower
recoveries for smaller beads was likely due to increased adhesion to
glassware and losses during sample transfer between vessels. Although we
did not correct reported concentrations for losses, the low recoveries
suggest that the quantities of small microplastics in Calgary stormwater
may be underestimated. Although more work is necessary to better
validate the use of internal standards, particularly the applicability
across morphologies, we suggest the inclusion of internal standards in
analyses moving forward to assess size-specific recoveries and recovery
variability across large data sets with multiple analysts, which may not be
accounted for with typical spike and recovery experiments.

It should also be noted that fluorescence and decomposition of
samples during Raman spectroscopy is common, leading to an
inability to acquire a suitable spectrum for library matching. We
were unable to confirm that 32.2% of the particles examined by Raman
were in fact polymers or anthropogenic. As we did not correct our
overall concentrations for these percentages, the concentrations
reported here may be overestimates of the actual microplastic
concentrations.

Fibers and fragments composed more than 90% of the
microplastics identified in Calgary stormwater, with fibers being
the most prevalent morphology identified. The preponderance of
fibers is consistent with other observations in stormwater (Grbić
et al., 2020; Piñon-Colin et al., 2020; Werbowski et al., 2021) and
surface waters (Dris et al., 2015a; Baldwin et al., 2016; Miller et al.,
2017). Fibers may enter urban environments through shedding of
synthetic clothing or other textiles (Acharya et al., 2021), emissions
from clothing dryers (Kapp and Miller 2020), or the degradation of
fibrous litter such as cigarette butts (Grbić et al., 2020; Shen et al.,
2021). Fibers make up the largest proportion of microplastics observed
in urban atmospheric fallout (Dris et al., 2015b; Cai et al., 2017;Wright
et al., 2020) and road dust (Abbasi et al., 2017; Su et al., 2020),
therefore they may enter stormwater through atmospheric deposition
(Smyth et al., 2021) and subsequent wash off from surfaces, or through
wet deposition during storm events (Sun et al., 2022).

The intrusion of raw sewage into storm sewer systems may also
introduce microplastic fibers into stormwater, as raw sewage contains
elevated levels of microplastic fibers. Combined sewer overflows (CSOs),
which collect both stormwater and raw sewage in the same sewer network,
have been shown to have higher microplastic concentrations than
stormwater alone and a higher proportion of fibers due to the
presence of sewage (Dris et al., 2018). Although in Calgary stormwater
and sewage are transported within separated pipe networks, as much as
10% of the stormwater volume within the storm sewer system is assumed
to be raw sewage due to cross-connections or deteriorating infrastructure
within the system (Government of Alberta 2021). To determine whether
sewage contributes significantly to fragment and fiber abundances in
Calgary’s stormwater, it was assumed that 10% (by volume) of the
stormwater flow was composed of sewage that contained 21.5 pcs/L of
fibers [as no concentrations of microplastics in Calgary sewage are

available, this value is the average concentration of fibers in WWTP
influent from Vancouver, Canada; (Gies et al., 2018)]. Based on these
assumptions, the estimated total concentration of fibers attributable to
raw sewage intrusion was less than 15% of the total found in Calgary
stormwater and suggests that other sources (e.g., atmospheric deposition,
surface runoff) may be greater contributors to fiber quantities in separated
sewer systems.

The majority of fragments were black, elongated, and twisted,
consistent with the morphology of tire wear particles (Kreider et al.,
2010), although they could not be conclusively identified as such.
Tire wear particles produce non-specific Raman spectra and
conclusive identification requires pyrolysis-GC/MS (Wagner et al.,
2018), which was not available for this study. Most black particles
examined generated Raman spectra identified as carbon black
(Supplementary Figure S7), which makes up 20%–35% of tires by
weight (Hüffer et al., 2019). The spectra were also consistent with
those used to identify tire wear particles in stormwater ponds (Braga
Moruzzi et al., 2020). Black fragments made up 34% of the particles
from which no spectrum was obtained (i.e., the “No Spectrum”

category) in this study, which may be a result of melting of the rubber
particles by the Raman laser, and this may indicate a greater
contribution of tire wear particles than could be ascertained from
the Raman results alone. Overall, however, black fragments made up
less than 15% of all microplastics in Calgary’s stormwater and the
abundance of non-black particles exceeded black particles by a ratio
of 3 to 1, lower than the 42% of fragments being composed of black
particles reported in runoff from San Francisco (Zhu et al., 2021).
However, Werbowski et al. report sites within their study area (also
the San Francisco bay area) that contain as much as 97% fibers or
64% black rubbery fragments (Werbowski et al., 2021). Such
differences in chemical or morphological composition may be
driven by site specific characteristics or sampling time, as shifts in
microplastic compositions may change in stormwater throughout a
rain event (Sugiura et al., 2021; Treilles et al., 2021).

Other polymer types identified as fragments included polyethylene
and polypropylene, which are amongst the most widely produced
polymers in the world (Geyer et al., 2017). These polymers are widely
used in consumer materials such as plastic packaging and single use
items (Geyer et al., 2017); thus fragments in stormwater may originate
from breakdown of larger littered plastic items (Andrady 2011;
Chamas et al., 2020).

4.2 Microplastics in baseflow vs. rain events

Rain events increase microplastic concentrations in receiving waters
(Hitchcock, 2020; Forrest et al., 2022); thus stormwater sampling during
rain events or shortly after have been the focus of most studies to date.
Stormwater samples collected during rain events contained greater
concentrations of microplastics than baseflow samples. However,
average concentrations in baseflow runoff still exceeds microplastic
concentrations reported for some WWTP effluent (Grbić et al.,
2020) and regional surface waters (Bujaczek et al., 2021). This data
suggests that the sustained baseflow drainage that occurs between
rain events is an additional pathway by which microplastics may
continuously be discharged to the environment.

No relationship was found between microplastic concentrations
and total rainfall (Supplementary Figure S3), but consistent with
previous studies (Hitchcock 2020; Piñon-Colin et al., 2020; Smyth
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et al., 2021), a positive relationship between microplastic abundance
and the number of antecedent dry days was found (Supplementary
Figure S4). Microplastics that build up on urban surfaces during dry
periods may be washed into storm sewer systems during precipitation
events, therefore, the length of time microplastics and other
anthropogenic particles build up on impervious surfaces prior to
wash off contributes to the elevated concentrations in stormwater.

Other studies, however, have not found relationships between
concentrations and rainfall or antecedent dry days (Werbowski et al.,
2021; Boni et al., 2022), suggesting that additional factors may
contribute the concentrations observed in stormwater.
Microplastics and anthropogenic particles are subject to transport
processes within the sewer pipes, such as deposition and resuspension,
and particles that settle into storm sewer sediment will remain there
until water velocities are sufficiently high to remobilize them (Hurley
et al., 2018; Ockelford et al., 2020; Sang et al., 2021). In Calgary
microplastic concentrations were correlated to the maximum runoff
flow rate during rain events (Supplementary Figure S5), but not
rainfall, suggesting remobilization of microplastics from within the
sewer system. Therefore, in addition to wash off from surfaces, storm
sewer sediments may act as an additional source of microplastics
during rain events (Ockelford et al., 2020) and potentially obscure
relationships between microplastic abundances and rainfall or
antecedent dry days.

The predominant morphology shifted from fibers and larger
particles under baseflow conditions to fragments and smaller particles
during rain events (Figure 3). Baseflow in Calgary is predominantly
comprised of groundwater intrusion, rather than urban runoff, and flow
rates are lower than during rain events. The larger microplastics
observed under baseflow conditions are predominantly fibers
(Figure 3B), which have slower settling velocities than particles of
comparable size (Waldschläger and Schüttrumpf 2019). The fibers
may not settle as quickly, or may be more easily remobilized during
lower energy baseflow conditions (Hoellein et al., 2019), leading to
higher proportions in baseflow. Runoff over impervious surfaces and
higher flow rates in the drainage system during rain events maymobilize
smaller microplastics, contributing to the higher total concentrations
and the observed shift from predominantly fibers and larger particles
under baseflow conditions to fragments and smaller particles during rain
events.

It is germane to note that the different sampling methodologies
between baseflow and rain event samples also may have influenced the
observed differences in total concentrations and/or morphologies.
Although validated for sampling suspended sediment (Clark et al.,
2009), autosampler inlets are affixed to pipe bottoms and may not
adequately sample floating particles like low density plastics or fibers,
leading to bias in the size, quantity, or type of microplastic particles
collected, particularly at lower flow rates (e.g., during smaller, less intense
rain events) when less turbulent mixing occurs. Although autosamplers
are an excellent tool for capturing rain events, which are difficult to
predict, additional work should be aimed at better understanding the
potential biases introduced by automated sampling methods.

4.3 Relationships to environmental factors
and catchment characteristics

Land use activities may influence total microplastic concentrations
in runoff (Sutton et al., 2019; Chen et al., 2020; Werbowski et al., 2021)

and stormwater retention ponds (Liu et al., 2019). Most studies have
found the highest concentrations in catchments composed of
industrial land use (Chen et al., 2020; Piñon-Colin et al., 2020;
Werbowski et al., 2021). In contrast, there were no differences in
microplastic concentrations in runoff originating from catchments
with different land use types (Figure 4A) in Calgary, although
microplastic abundances were generally higher in stormwater from
mixed and residential catchments. These differences may be due to
increased number of people using mixed and residential areas, or from
unique site specific differences discussed below.

Morphology, size, and color distributions of microplastics in
runoff did, however, differ amongst catchments with different
predominant land use types (Figures 4B–D), suggesting that source
specific signatures may exist even if differences in abundances do not.
The proportion of fragments was greatest within industrial sites,
although the source of these fragments is unclear, as no fragments
indicative of industrial activities (e.g., pre-production pellets) were
identified. Fibers were the principal morphology identified at the
single transportation site, although runoff at this site is channeled
through a dry pond area prior to discharge, potentially resulting in
retention of more dense particles (i.e., tire wear particles) and
highlighting the site-specific nature of microplastic abundances and
morphologies in runoff. The proportions of fibers and fragments were
similar amongst residential, commercial, and mixed sites, indicating
that microplastic sources in these catchments are diverse and diffuse.

In addition to land use activities, other catchment characteristics may
be important in understanding microplastic concentrations stormwater.
A weak, albeit significant, relationship was found between microplastic
abundance and total catchment area (Figure 5A), although this trend was
only observed for rain event samples and not baseflow samples
(Supplementary Figure S6). Likewise, concentrations in runoff from a
subset of 5 sites were also correlated to the percentage of impervious
surface area within the catchment (Figure 5B). Similarly, microplastic
abundances in stormwater have been positively correlated with the
percentage of impervious surface area in twelve catchments from the
San Francisco Bay area (Werbowski et al., 2021) and with total road areas
in Toronto (Grbić et al., 2020). Although this specific relationship was not
investigated here, it stands to reason that an increase in urban catchment
area would concomitantly increase total road area within the catchment.
These finding suggest that larger and more urbanized catchments
facilitate the transfer of higher amounts of microplastics to stormwater
and subsequently into urban surface waters. These catchments should
therefore be given priority for management activities, such as green
infrastructure or bioretention facilities (Smyth et al., 2021; Werbowski
et al., 2021), to reduce microplastic concentrations in stormwater. Given
the variety of sources and the diffuse nature of microplastic pollution
within urban areas, identifying additional factors that influence
concentrations in stormwater is imperative to developing targeted and
meaningful remediation approaches to limit microplastic emissions.

4.4 Discharge of microplastics via stormwater

From the measured microplastic concentrations and hydrograph
data, an estimated 1.89 × 106 to 9.64 × 109 particles were discharged
from individual outfalls per rain event, with an average discharge of 6.86 ×
108 particles per event (Supplementary Table S6). There is, however,
considerable variability in the estimated quantity of microplastics
discharged, driven largely by the wide range of microplastic
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concentrations in stormwater, the overall event intensity (i.e., maximum
and average flow rates), and the duration of the storm, with longer or
more intense storms resulting in the discharge of larger quanties of
microplastics. The quantity of microplastics discharged was positively
correlated with total catchment area (Figure 6), likely due both to the
increased microplastic concentration (Figure 5) and the increased flow
associated with larger catchment areas.

Few studies have estimated the discharge of microplastic to the
environment through runoff. Piñon-Colin et al. (2020) estimated that
between 5.7 × 105 and 8.8 × 106 pcs/ha are discharged during individual
rain events through stormwater. When catchment areas are accounted
for, this equates to 1.7 × 108 and 1.8 × 109 pcs per rain event, comparable
to the discharges reported here. City-wide estimates of annual
microplastic discharges range from 1.08 × 1011 to 2.19 × 1013 pcs
year−1 in Wuhan, China (Chen et al., 2020), while 7.2 × 1012

microplastics were estimated to be discharged to San Francisco Bay
per year based on calibrated runoff models and measured
concentrations (Sutton et al., 2019). Given the limited number of
sites for which microplastic discharge could be estimated (only 8 of
the over 450 outfalls in Calgary), no attempt was made to extrapolate
individual outfall discharges to annual city-wide discharges.
Furthermore, as much of Calgary’s stormwater passes through
stormwater ponds, which may lower quantities of microplastics prior
to discharge (Olesen et al., 2019), any city-wide annual emissions
estimates would likely be significant overestimates of annual discharges.

Wastewater treatment plants are widely regarded as point sources of
microplastic pollution (Estahbanati and Fahrenfeld 2016; Mason et al.,
2016; Vermaire et al., 2017). It was reported that the average emissions
from 17WWTPs throughout theUnited States was 4.4 × 106 particles/day
(Mason et al., 2016) and the median daily discharge from 22 studies
globally was 2 × 106 particles/day (Sun et al., 2019). However, the
discharge of microplastics via stormwater estimated herein (average =
6.86 × 108 particles per event) exceeds estimated discharges from treated
WWTP effluent by two orders of magnitude. This data suggests that
individual rain events can discharge from a single outfall microplastic
quantities equivalent to 100 days worth of WWTP effluent. This is
consistent with previous estimations that annual stormwater loadings
exceed that from WWTPs by 300 times (Sutton et al., 2019) and further
demonstrates that untreated stormwater runoff from urban centers
represents a significant source of microplastics and anthropogenic
particles to aquatic environments.

5 Conclusion

Microplastics were found in all stormwater samples at levels
comparable to other urban areas. Results suggest that increased
concentrations of microplastics in stormwater may be due to increased
build-up of microplastics on impervious surfaces during dry periods, as
well as resuspension of microplastics within storm sewers during high-
flow rain events. Although microplastic concentrations in stormwater
were higher during storm events, baseflow runoff was shown to be an
additional source of microplastics to local surface waters. An estimated
1.9 million to 9.6 billion microplastics were discharged from individual
outfalls per rain event, providing further evidence that stormwater is a
significant pathway for the introduction of microplastics to aquatic
ecosystems. Given the large quantities of anthropogenic particles
discharged during rain events, strategies aimed at reducing
microplastic and fiber emissions via runoff are needed, with particular

attention being paid to larger and more developed catchments. In
particular, engineered solutions, such as stormwater retention ponds
(Olesen et al., 2019) or bioretention facilities and rain gardens
(Gilbreath et al., 2019; Smyth et al., 2021; Werbowski et al., 2021),
have been effective at reducing the quantity of microplastics
discharged and should be further investigated.
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