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Abstract
Although many studies have focused on the importance of littering and (or) illegal dumping as a
source of plastic pollution to freshwater, other relevant pathways should be considered, including
wastewater, stormwater runoff, industrial effluent/runoff, and agricultural runoff. Here, we conducted
a meta-analysis focused on these four pathways. We quantified the number of studies, amount and
characteristics of microplastics reported, and the methods used to sample and measure microplastics
from each pathway. Overall, we found 121 studies relevant to our criteria, published from 2014 to
2020. Of these, 54 (45%) quantified and characterized microplastics in discharge pathways.
Although most focused on wastewater treatment plant effluent (85%), microplastic concentrations
were highest in stormwater runoff (0.009 to 3862 particles/L). Morphologies of particles varied among
pathways and sampling methods. For example, stormwater runoff was the only pathway with rubbery
particles. When assessing methods, our analysis suggested that water filtered through a finer
(<200 um) mesh and of a smaller volume (e.g., 6 L) captured more particles, and with a slightly
greater morphological diversity. Overall, our meta-analysis suggested that all four pathways bring
microplastics into freshwater ecosystems, and further research is necessary to inform the best meth-
ods for monitoring and to better understand hydrologic patterns that can inform local mitigation.
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Introduction
Researchers estimated that 24–34 million metric tons of plastic waste entered aquatic ecosystems in
2020 (Borrelle et al. 2020). Global estimates of plastic often consider mismanaged waste (i.e., littering
from municipal solid waste) as the primary source (Jambeck et al. 2015). While the littering of
mismanaged waste is one pathway of plastic pollution, other sources and pathways into the environ-
ment also need to be measured. Other key pathways separate from littering include fishing
(Macfadyen et al. 2009), agricultural runoff (Nizzetto et al. 2016; Liu et al. 2018; Lv et al. 2019), storm-
water runoff (Liu et al. 2019a; Liu et al. 2019b; Grbić et al. 2020), and wastewater treatment plant
effluent (Magnusson and Norén 2014; Mason et al. 2016; Murphy et al. 2016; Carr et al. 2016).
Some of these pathways are particularly relevant for microplastics (particles smaller than 5 mm in
size; Thompson et al. 2009). Although there are many sources of microplastics into aquatic systems,
the abundance and composition of microplastics among different pathways is rarely compared
(Horton et al. 2017; Lv et al. 2019; Grbić et al. 2020; Hoellein and Rochman 2021).

Microplastics are reported to be the most abundant plastic debris by count in aquatic ecosystems (van
Sebille et al. 2015). Microplastics have primary and secondary sources. Primary microplastics are
manufactured as small pieces of plastics (e.g., pre-production pellets and microbeads in rinse-off
personal care products; Cauwenberghe et al. 2015; Laskar and Kumar 2019). Secondary microplastics
are degraded pieces of larger plastics, broken down via photo-, mechanical- or bio-degradation
(Arthur et al. 2009; Laskar and Kumar 2019), including fragmentation of plastic litter, and micropar-
ticles from the wear of products during use (e.g., tire particles, microfibers from textiles, and films
used in agriculture).

Like all plastic debris, microplastics are persistent (Worm et al. 2017) and ubiquitous (Rochman and
Hoellein 2020). Microplastics are common in freshwater (Horton et al. 2017; Hoellein et al. 2019;
Allen et al. 2019), the atmosphere (Brahney et al. 2020), seafood (Abbasi et al. 2018; Van
Cauwenberghe and Janssen 2014; Davidson and Dudas 2016), and move through ecosystems as
recalcitrant particulate carbon (Zhu et al. 2021). They are also found at every level of aquatic food
webs, with potential implications for predators when they move up the food chain (Provencher et al.
2019). Humans may also be exposed via water resource use (e.g., fish consumption, drinking water,
food crop irrigation) in addition to inhalation (Wright and Kelly 2017; Danopoulos et al. 2020).
Consequently, additional measurements of the sources and transport pathways of microplastics into
the environment are needed to inform mitigation.

Transport pathways for microplastics to aquatic ecosystems include stormwater runoff (Liu et al.
2019a; Liu et al. 2019b; Grbić et al. 2020), wastewater treatment plant (WWTP) effluent
(Magnusson and Norén 2014; Mason et al. 2016; Murphy et al. 2016; Carr et al. 2016), industrial
effluent/runoff (Li et al. 2020; Deng et al. 2020), agricultural runoff (Ng et al. 2018; Lv et al. 2019),
and atmospheric deposition (Brahney et al. 2020). Stormwater runoff is precipitation that carries sedi-
ments, chemicals, and anthropogenic particles, including microplastics, from impervious surface or
land into aquatic ecosystems. WWTP effluent is treated sewage and has been identified as a contribu-
tor of microplastics to aquatic ecosystems globally (Magnusson and Norén 2014; Mason et al. 2016),
including in North America (Carr et al. 2016; Mason et al. 2016; Hoellein et al. 2017), Europe
(Magnusson and Norén 2014; Murphy et al. 2016), Australia (Ziajahromi et al. 2017), and Asia
(Li et al. 2020; Lv et al. 2019). Industrial effluent/runoff is treated or untreated waste from any
industry that is either released directly to aquatic ecosystems via runoff or treated beforehand.
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The importance of industrial effluent/runoff as a pathway for microplastics has only recently been
explored (Deng et al. 2020; Lechner and Ramler 2015; Li et al. 2020). Agricultural runoff is excess
water draining from agricultural fields after irrigation or precipitation. Agriculture-derived
microplastics come from sources such as plastic mulch and the use of sludge-based fertilizers
(Horton et al. 2017). Previous studies extrapolated a total annual input of 63–430 thousand metric
tons of microplastics to farmlands in Europe and up to 300 thousand tons of microplastics to the
farmlands in North America, which have the potential to enter aquatic ecosystems through runoff
(Nizzetto et al. 2016). Atmospheric deposition of microplastics is also recognized as a pathway for
the redistribution of microplastics (Allen et al. 2019; Wright et al. 2020), but few studies have
attempted to quantify contributions to aquatic ecosystems and it may be low relative to other
pathways (e.g., 0.03 tons per year estimated by Boucher et al. 2019). While multiple pathways transfer
microplastics into aquatic ecosystems, the relative abundance and composition of microplastics is
rarely quantified across pathways.

Here, we conducted a systematic review and meta-analysis to synthesize research on microplastic
pollution contributed by stormwater runoff, WWTP effluent, industrial effluent/runoff, and agricul-
tural runoff. We did not include atmospheric transport because it is less relevant to informing mitiga-
tion strategies. Our objectives were (1) examine the progression of research on microplastics in each
of four management-relevant pathways over time, (2) assess the relative concentrations and composi-
tion (i.e., morphology) of microplastic in each, and (3) assess the methods employed for studying
microplastic concentration and morphologies across pathways. Results from this analysis will inform
future research priorities on microplastic dynamics in aquatic ecosystems, thereby supporting the
prevention and mitigation of plastic pollution globally.

Methods

Literature search
We conducted a literature search in Web of Science (all databases), published through June 2020,
using specific keywords for each pathway. For microplastics in stormwater, we used the keywords
“microplastic and stormwater,” “microplastic and storm,” “microplastic and runoff,” “microplastic
and stream,” “microplastic and tributary,” and “microplastic and river”. For WWTP effluent, which
included both effluent and close receiving water impacted by the effluent, we used the keywords
“microplastic and wastewater”. We used “microplastic and industr*” and “microplastic and agricul-
tur*” as keywords for industrial effluent/runoff and agricultural runoff, respectively. The resulting
articles were published from 1984 to June 2020. Our search included articles across multiple disci-
plines, including environmental chemistry, ecology, toxicology, and limnology.

We created a database of all relevant papers based on their titles. Next, we assessed the applicability of
each paper for our review based on the abstract. Papers were considered either directly or indirectly
relevant. Directly relevant papers included those that sampled from pathways or conducted modelling
exercises, testing hypotheses directly related to these pathways. Studies that sampled included those
that took samples directly from the pathway or in a waterbody just downstream of the direct source
(e.g., river, stormwater retention pond, stormwater drains during storm events, industrial canals link-
ing to a river). Indirectly relevant papers included studies that only briefly mentioned a pathway as
part of their discussion about the potential contributing sources of contamination. Indirectly relevant
papers gave a measure of the perceptions of each of these individual pathways as a source of micro-
plastics. Only studies that quantified and characterized microplastics in samples were used for data
synthesis and meta-analysis. Studies that sampled surface water in rivers/streams as stormwater were
only included if samples were taken after rain events near urban areas. See Fig. 1 for a flow chart
describing our systematic review and meta-analysis.
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Data extraction
For each directly relevant paper, we extracted the following: sampling location (i.e., country of
sampling), type of sample (e.g., river, WWTP effluent, stormwater), matrix sampled (e.g., sediment,
water), sampling method, minimum mesh size used, minimum microplastic size reported, their
relevance to each pathway (e.g., direct, indirect), sample amount (volume or mass), number of sam-
ples, mean concentration, minimum concentration, maximum concentration, and the percent of each
morphology. For morphology, we targeted seven morphological categories: fiber, fragments, rubbery
particles, pellets, spheres, foam, and film. Other morphologies are sometimes reported (e.g., flakes,
granules) but at frequencies that prevented inclusion in the meta-analysis. When reporting quantita-
tive data such as sampling volume, studies that included multiple pathways and (or) sample matrices
had several entries because each was included as a separate datapoint.

Synthesis and meta-analysis
To determine the weight of evidence (total number of studies focused on each pathway) relevant to
each pathway over time, we enumerated the number of studies and recorded the publication date.
We then compared data using descriptive statistics from all directly relevant studies (i.e., the mean,
minimum, and maximum concentrations and morphology), separated by matrix (sediment and
water). Studies containing no morphology data, or studies that quantified only one morphology, were
not included in morphological analysis. Both sediments and water samples were included in the first
three parts of the meta-analysis (i.e., overall weight of evidence, microplastic concentrations across

Fig. 1. PRISMA statement that demonstrates our systematic review and meta-analysis. In the final column, the total papers sums up to more than the 61 directly
relevant papers because some studies report data for sediments and water.
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pathways, and microplastic morphologies across pathways). The morphology categories
(i.e., percentage of different microplastics morphologies for each pathway reported in each article)
were used to make two-dimensional ordinations via nonmetric multidimensional scaling (NMDS)
to examine distribution patterns by pathway. NMDS plots were run using Bray-Curtis dissimilarity
with untransformed data. We used the function ‘metaMDS’ and ‘adonis2’ in the vegan community
ecology package (Jari Oksanen et al. 2019) in R (R core team 2020). Significant differences between
microplastic morphology distributions among pathways were assessed using PERMANOVAs
(function ‘adonis2’). Differences were considered significant when p< 0.05.

Effects of sampling method on microplastic concentration and
morphology
We assessed how microplastic concentrations and morphologies varied according to water sampling
method by assessing how different parameters such as minimum particle size reported, mesh/filter
size, and volume collected influenced patterns in microplastic concentration and morphology.
Publications that use rare sampling methods, including four that use computer modeling and one that
sample through vacuum filtration, and studies that did not report methodological details for water
sampling were not included. Few studies focused on microplastics in sediments (i.e., 11 studies with
13 samples), and thus only water samples were used for these analyses. We categorized sampling
methods for water as those initially sampled with a mesh size less than or greater than 200 μm. This
threshold was decided upon because traditional net sampling typically uses nets with mesh sizes
greater than 200 μm (typically around 300 μm), while typical “grab” sampling using buckets or pumps
tend to use mesh sizes smaller than 200 μm. We also grouped ‘large’ and ‘small’ volume samples as
less than or greater than 100 L, because this cut-off seems to be typical between sampling strategies
using a larger vs smaller mesh size. We analyzed the relationship between the minimum microplastic
size reported and mean microplastic concentration, minimum sampling mesh size and mean micro-
plastic concentration, and volume sampled and mean microplastic concentration. We created a series
of linear and logarithmic regression models from the data extracted and reported the best-fit models,
which were logarithmic (R core team 2020; Wickham 2016; Wickham 2017).

Results and discussion

Overall weight of evidence across pathways
Our primary search resulted in a total of 269 articles containing keywords related to microplastics and
the four pathways. Of these, 120 studies contained information that was either directly (n = 61) or
indirectly (n = 59) relevant to microplastics in different pathways that contribute to plastic pollution
in freshwater ecosystems (Fig. 1A; SI Data Table II). Of the 120 articles that were relevant to at least
one pathway (directly or indirectly), 25 (21%) included stormwater runoff, 76 (63%) included WWTP
effluent, 54 (45%) included industrial effluent, and 25 (21%) included agricultural runoff (Fig. 2A).
There were more indirectly relevant studies for all pathways except for WWTP effluent (Fig. 2A),
demonstrating the proportion of quantitative observations relative to those that discussed pathways
as potentially important. In total, the number of directly relevant studies included 11 for stormwater,
46 for WWTP, 4 for industrial runoff, and 4 for agricultural runoff (for a list of the publications on
each pathway informing this analysis, see SI Data Table III, IV).

The list of assembled studies was examined for patterns in the publication record over time (Fig. 2B).
Although the first studies captured by our literature search date back to the 1980s, these were
indirectly relevant, and the first directly relevant study was published in 2014 (McCormick et al. 2014).
This study focused on WWTP effluent, which reflects the early acknowledgement of WWTP effluent
as a major pathway for microplastics to aquatic ecosystems (Browne et al. 2011; Eriksen et al. 2013).
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WWTP effluent remains the most studied pathway, incorporated in 50% of all directly relevant papers
published in 2020.

Studies related to stormwater runoff appeared in the literature shortly after WWTP effluent, with the
first directly relevant paper by Baldwin et al. 2016. Recent increases in stormwater runoff studies
reflect a growing focus on this pathway (Fig. 2B), especially since urban and stormwater runoff carry
tire wear particles among other contaminants (Sutton et al. 2019; Tian et al. 2021). Stormwater reten-
tion ponds serve as microplastic retention sites on the landscape, and as conduits for microplastics to
receiving waters (Liu et al. 2019a; Moruzzi et al. 2020). Stormwater ponds in industrial/commercial
areas have higher microplastic concentrations than those receiving highway and residential runoff
(Liu et al. 2019a). More research on microplastic abundance, composition, upstream sources, and
transport is needed to assess the role of stormwater in microplastic pollution in aquatic ecosystems,
and the capacity for existing storm water management infrastructure to capture microplastic
pollution.

Compared to wastewater and stormwater, industrial runoff and effluent has been measured less
frequently (Fig. 2A). Although industrial runoff was commonly mentioned as a potential pathway
in the literature (Fig. 2A) and the presence of plastics in aquatic systems from industry is well docu-
mented (particularly from pre-production pellets (e.g., Carpenter and Smith 1972; Ogata et al. 2009)),
very few studies have yet quantified microplastics in runoff and effluent from industry directly.
Runoff from plastic industries has been reported as a source of microplastics to beaches
(Zbyszewski and Corcoran 2011; Zbyszewski et al. 2014; Corcoran et al. 2020), sediments (Ballent et al.
2016), and rivers (Lechner et al. 2014; Lechner and Ramler 2015; Grbic et al. 2020; Li et al. 2020; Tsui
et al. 2020). Other industry sectors, such as textile mills, have also been noted as sources to nearby
waters (Deng et al. 2020). Further assessments of emissions from industries via stormwater and
discharges of processed waters are needed to better understand the magnitude of contributions to
microplastic pollution from industrial sources, particularly in regions with higher numbers of
plastics-based businesses (Ballent et al. 2016).

Fig. 2. The microplastic pathway-relevant papers found in our literature review for each of stormwater (blue), wastewater (yellow), industrial (grey), and
agricultural runoff (green). Panel A shows the total number of directly (indicated with darker shading) and indirectly (indicated with lighter shading) relevant
papers for each pathway. Panel B shows the total number of directly relevant papers published each year from 2014 through June 2020.
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The recognition of agricultural activities as a source of microplastics to aquatic ecosystems is relatively
recent (Nizzetto et al. 2016; Liu et al. 2018; Lv et al. 2019). Plastics are used in agricultural
applications, and can degrade into microplastics during use. Like industrial runoff, microplastics from
agricultural drainage has few direct measurements (Fig. 2A). Microplastics have been reported in rice
fields (Lv et al. 2019) and in biosolids applied to agricultural fields (Crossman et al. 2020; Nizzetto
et al. 2016). Biosolids contain concentrated microplastics removed during wastewater treatment
(Lusher et al. 2019). In addition to biosolids, plasticulture such as plastic mulching materials,
contributes to microplastics in agricultural fields (Steinmetz et al. 2016). Recently, concerns about
agriculture-derived microplastics were cited as a top priority in the state of California (California
Ocean Science Trust 2021). Understanding agricultural sources of microplastics to aquatic ecosystems
also requires more research on microplastic movement within soils, drainage networks (e.g., tile
drains and retention ponds), and interactions with plants (Rillig et al. 2017).

Despite the historic and ongoing dominance of studies focusing on WWTP effluent as a pathway
delivering microplastics to aquatic ecosystems, our meta-analysis highlights the importance of storm-
water and other pathways. We also illustrate a clear need for more studies that measure the abun-
dance and diversity of microplastics in more diverse pathways. Because our search stopped in July
2020, we quickly surveyed the literature in Summer 2021 to see if more studies have been published
on any of these pathways. We found six directly relevant papers on stormwater, seven on WWTP,
and four each on industrial and agricultural. While more research has started to focus on each indi-
vidual pathway, WWTP effluent is still the dominant pathway studied, and thus, more research is
needed to expand our understanding of the relative contributions (e.g., relative loads to the environ-
ment) from all of these pathways.

Microplastic concentrations across pathways
From the 54 directly relevant studies included in the analysis, most quantified and characterized
microplastics in water (n = 49), and fewer completed analyses in sediments (n = 11). The extracted
data from each study can be found in the Supporting Information (SI Data Tables III, IV). We first
investigated the patterns of microplastic concentrations reported in water among pathways. Despite
the dominance of research efforts on WWTP effluent across the literature, our results show that
stormwater runoff had the highest overall mean concentration (676 microplastic particles/L; n = 6)
compared to the other three pathways (Fig. 3A–C). Stormwater also had the greatest variability in
concentrations, ranging from 0.009 (Baldwin et al. 2016) to 3862 particles/L (Järkskog et al. 2020).
We note some of the highest concentrations of microplastics in stormwater runoff samples were from
stormwater retention ponds where microplastics accumulate. Still, studies that sampled several
pathways in one region observed a similar pattern, where microplastic concentrations in stormwater
runoff were higher than WWTP effluent (Stormwater = 15.4 particles/L, WWTP effluent = 13.3
particles/L (Grbic et al. 2020); Stormwater = 8.1 particles/L, WWTP effluent = 0.058 particles/L
(Zhu et al. 2021)) The second highest mean concentrations were found in WWTP effluent (mean =
12.6 microplastic particles/L; min = 0.0088 particles/L, max = 132 microplastic particles/L; n = 39)
(Carr et al. 2016; Hidayaturrahman and Lee 2019). In industrial effluent/runoff, the mean concentra-
tion of microplastics was 9.9 microplastic particles/L (n = 3), ranging from 6.1 microplastic particles/L
(Alam et al. 2019) to 13.3 particles/L (Deng et al. 2020). Concentrations were the lowest in agricultural
runoff, with a mean of 3.1 microplastic particles/L (n = 4), ranging from 0.7 (Lv et al. 2019) to
7 microplastic particles/L (Alam et al. 2019).

While the trends in microplastic concentrations observed among pathways is a valuable start to
understanding their relative role in microplastic pollution, differences in concentrations do not equate
to their relative load into freshwater ecosystems. Understanding the overall contribution of each path-
way to an aquatic ecosystem requires measuring the discharge as well (volume/time). For example,

Wang et al.

FACETS | 2022 | 7: 1473–1492 | DOI: 10.1139/facets-2022-0140 1479
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
18

.1
17

.8
.2

16
 o

n 
05

/1
9/

24

http://dx.doi.org/10.1139/facets-2022-0140
http://www.facetsjournal.com


discharge of wastewater effluent typically occurs as a relatively constant volume over time (although it
can vary with time of day and in systems with combined sewers). Discharge from stormwater and
agricultural inputs, however, are more variable in duration and magnitude than WWTP effluent.
Previous studies that have attempted to estimate microplastic loads, such as Boucher et al. (2019),
Zhu et al. (2021), and Werbowski et al. (2021), suggest a dominance of stormwater as a pathway to
local aquatic ecosystems over WWTP effluent. To the best of our knowledge, no study has measured
all four pathways in a single ecosystem, which is needed to generate a comparison of total microplastic
load across pathways.

Microplastic concentrations in sediments downstream of potential inputs followed a similar overall
pattern to water, where the mean concentrations and variability among studies was greatest in
sediments receiving stormwater (collected from ponds, wetlands) compared to other pathways
(Fig. 3D–F). Across all studies, however, sediments impacted by WWTP effluent had the highest
mean concentration at 34,300 microplastic particles/kg (n = 6). Values ranged from 8.9 microplastic

Fig. 3. Reported mean (A), minimum (B), and maximum (C) microplastic concentrations across studies that sampled microplastic in water. Reported mean
(D), minimum (E), and maximum (F) microplastic concentrations across studies that sampled microplastics in sediments. Note the logarithmic scale used in
the y axes. The upside-down triangles depict the means.
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particles/kg (Talvitie et al. 2015) to 205,000 microplastic particles/kg (Haave et al. 2019). The
extremely high concentration reported in Haave et al (2019) skews the mean, affecting the pattern
observed here. Sediments impacted by stormwater had the second highest mean microplastic concen-
tration at 10 900 microplastic particles/kg (n = 3), ranging from 468 (Ziajahromi et al. 2020) to 31 700
microplastic particles/kg (Liu et al. 2019a, 2019b). Sediments impacted by industrial effluent/runoff
had the third largest mean concentration at 263 microplastic particles/kg (n = 3), ranging 35 micro-
plastic particles/kg (Alam et al. 2019) to 670 microplastic particles/kg (Deng et al. 2020). Only one
study focused on agricultural runoff, which had the lowest mean concentration among the pathways
at 23.3 microplastic particles/kg (n = 1; Alam et al. 2019).

Overall, these results provide some insight into the relative concentrations of microplastics within
each of the four transport pathways explored here, but there are some important caveats for the
inferences generated from this analysis. This dataset reflects a modest number of studies and samples,
which use a range of sampling approaches and parameters (e.g., particle size), and show high variabil-
ity and skewed distributions. We stress these comparisons are preliminary and illustrate the need for
more research which includes multiple microplastic pathways using consistent protocols applied
across each. Furthermore, measurements of microplastic should be paired with discharge and
conducted with sufficient frequency to quantify particle loads to assess the relative contributions of
each pathway to a water body (e.g., lakes or rivers).

Microplastic morphologies across pathways
Material shape offered some insight into particle composition across pathways. All four pathways
were dominated by fibers and fragments, with a mean abundance of 45.7% and 43.1% in stormwater,
54.6% and 28.4% in WWTP effluent, 67.9% and 24% in industrial effluent/runoff, and 32.7% and 19%
in agricultural runoff, respectively (Fig. 4A). Still, there were some unique morphologies among path-
ways. Rubbery particles were only found in stormwater runoff. Spheres were found only in WWTP
effluent and agricultural runoff. In industrial effluent/runoff the relative abundance of pellets was
higher than other pathways, and in agricultural runoff film was more common than other pathways.
The morphology distributions were not significantly different among pathways (PERMANOVA,
p = 0.15) and overlap of datapoints on the NMDS occurred among all pathways, likely as a result of
fibers and fragments (Fig. 4B). The NMDS showed the largest overlap among WWTP effluent and
stormwater. Industrial effluent/runoff also had some overlap with each of stormwater and WWTP
effluent. Agricultural runoff had the least overlap, suggesting that agricultural runoff has the most
unique morphology distributions.

Although the assemblages of microplastic morphologies did not show a significant difference among
the four pathways, the data can still facilitate inferences about potential microplastic sources. For
instance, stormwater runoff was the only pathway with rubbery particles reported. These particles
were likely tire and roadwear particles (tires and crack sealant), which have been reported in storm-
water (Grbic et al. 2020; Järlskog et al. 2020; Werbowski et al. 2021). The spheres in WWTP effluent
and agricultural runoff are likely from personal care products flowing through the plants or captured
in sludge and applied to land (Hidayaturrahman and Lee 2019; Lv et al. 2019). Other studies, such as
McCormick et al. (2014), also identified spheres, attributed to personal care products as a common
morphology in WWTP effluent. Pre-production plastic pellets were relatively unique to industrial
effluent/runoff. This may be expected if plastic industry is upstream. Similarly, a high proportion of
fibers was observed in studies that sampled near textile industries (Deng et al. 2020). Finally, a large
percentage of films were reported in agricultural runoff, consistent with the use of plastic mulch
(Lv et al. 2019a, 2019b; Zhang et al. 2019). These unique morphologies could potentially act as signa-
tures of dominant sources for a particular pathway, which would be useful in monitoring to inform
source reduction (Helm 2017).
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While the patterns observed here are suggestive, more research is necessary to link microplastic
morphologies to input pathways. A more standard classification of microplastic morphologies is
necessary to allow harmonized monitoring to improve source apportionment and inform policies.
For instance, some studies classified rubber as fragments (Zhu et al. 2021), and spheres as pellets
(Eriksen et al. 2013; Mason et al. 2018). This confounds synthesis across studies. For example, the
pellets contributing to wastewater in Fig. 4 are most likely spheres, based on inferences of them as
spherical microbeads from personal care products in the publications. However, we had to list them
as pellets because it is how they were categorized in their datasets. Moreover, the small sample sizes
for many pathways in the literature, especially agricultural and industrial effluent/runoff, may pre-
clude accurate estimation of unique morphologies. This field of study is quickly growing, and newly
published articles on related industrial and agricultural runoff pathways that occurred since our data
synthesis date (June 2020) will increase available morphological data. For example, Werbowski et al.
(2021) sampled stormwater and similarly reported a high proportion of rubbery fragments. Sang et al.
(2021) also found a high percentage of fragments in their stormwater sample. Zhu et al. (2021)
sampled wastewater and similarly reported spheres as a signature of WWTP effluent. On the other
hand, Treilles et al. (2021) and Lutz et al. (2021) reported higher microfiber concentrations in storm-
water, followed by fragments. Thus, further studies with greater consistency in morphological
classification of microplastic particles in these pathways will help to elucidate these patterns.

Implications to inform monitoring strategies
In addition to analyzing the concentrations and morphologies of microplastics in each pathway, we
examined the data generated by different sampling methodologies. Due to the small number of
studies that focused on microplastics in sediments, we only included studies that sampled microplas-
tics in water (n = 49). First, studies were separated by sampling mesh size (which is an indicator of the
smallest particle size captured): less than 200 μm and greater than 200 μm (See SI Data Tables XIII,
XIV). Among all studies included in this analysis, 41 (84%) sampled microplastics <200 μm, and
eight (16%) sampled microplastics >200 μm. We noted a trend that researchers taking samples in a
relatively smaller water body, such as stormwater retention ponds (Liu et al. 2019a) and WWTP efflu-
ent tanks, favored water collection with pumps, bottles, or buckets, followed by sample filtration in the

Fig. 4. Panel A: The proportion of microplastic particles by morphology across each pathway. Panel B: Non-metric multi-dimensional scaling (NMDS) plot of
microplastic composition by morphology where each point represents an individual study (stormwater – blue; WWTP – yellow, industrial – grey,
agricultural – green). The distance between each point represents the similarity among each sample, with closer points representing more similar samples.
The ellipsoids (convex hull) show the groupings of similar communities (i.e., percentage of microplastic morphologies) for each pathway. Stress = 0.1.
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lab. Studies sampling in larger bodies of water, such as rivers and lakes, tended to use net sampling
methods with a larger mesh size.

Concentrations of microplastics varied between sampling mesh sizes (Fig. 5A). From the 44 studies
using <200 μm sampling, mean and median concentrations were 105 and 2.45 microplastic
particles/L, respectively. Mean concentrations ranged from 0.001 to 3862 microplastic particles/L.
From the studies using >200 μm sampling, concentrations were lower with mean and median con-
centration of 5.97 and 0.53 microplastics particles/L, respectively. Samples collected with larger mesh
also showed less variability among studies, with mean concentrations ranging from 0.001 to 29.4
microplastic particles/L. We observed a very similar pattern relative to sample volume, whereby
smaller volume samples had higher concentrations and greater variability (Fig. S1).

We compared morphological diversity captured using each method. Morphological diversity collected
by both methods was dominated by fibers and fragments, with 54.5% fiber and 26.4% fragment
reported in samples collected with a smaller mesh and 57.7% fiber and 26.1% fragment reported in
samples collected with a large mesh (Fig. 5B). Samples collected with a smaller mesh size reported a
greater proportion of spheres (6%), and samples collected with a larger mesh size reported a greater
proportion of pellets (11%). Studies using a smaller mesh size also reported a slightly greater diversity
of shapes, including all seven morphologies discussed in this review. Samples collected with a larger
mesh size only included six morphologies, which did not include rubbery particles. Again, patterns
documented according to mesh size were very similar relative to sample volume, with all samples
being dominated by fibers and fragments, and smaller volumes capturing greater morphological
diversity (Fig. S1).

These results suggest that studies sampling with a smaller mesh size capture higher concentrations
than samples taken with large mesh sizes. This is most likely because these methods capture smaller
particles, and a broader spectrum of size classes. The result regarding morphologies is not consistent
with Hung et al. (2021) who report more diversity of microplastic size and morphologies in trawl
samples (with larger mesh size) compared to water samples (filtered through a finer mesh) sampled
from the same sites in San Francisco Bay. The greater diversity of morphologies observed in smaller
mesh sampling here is likely due to where in the water column and how samples were taken in the dif-
ferent pathways – typically from smaller water bodies or directly from wastewater effluent tanks and
stormwater retention ponds. Other factors, such as the location, could also play a role in the different

Fig. 5. Reported mean microplastic concentrations in water samples collected by different sampling methods (A).
Reported proportions of microplastic morphologies observed using each sampling method (B).
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microplastic concentrations and morphologies reported. In this study, sampling nets with larger mesh
size were mainly used to sample microplastics in the river, typically downstream of an effluent pipe.

Finally, we explored whether the minimum microplastic size analyzed (explained by minimum
microplastic size reported because studies did not report a method detection limit), the minimum
microplastic size sampled (explained by mesh size or minimum filter size for bulk water), and the
volume of water sampled affects concentrations reported (expressed as the mean microplastic concen-
tration reported in each study). We found a significant negative relationship between the minimum
microplastic size reported and the mean microplastic concentrations observed (Fig. 6A). We did
not find a significant relationship between minimum mesh size and the mean microplastic concentra-
tions observed (Fig. 6B). Similar to minimum size reported, we found a significant negative relation-
ship between the volume of water sampled and the mean microplastic concentrations observed
(Fig. 6C). In other words, concentrations of microplastics were higher when smaller particles were
reported, and lower volumes of water were sampled.

Similar patterns and results have also been reported in Lorenz et al. (2019), which illustrate an
exponential increase in microplastic abundance as the detectable particle size decreases. This is
consistent with our results above regarding <200 μm and >200 μm sampling methods. Capturing
smaller microplastics is not easy, but needed to estimate total concentration of microplastics across
wide size gradients. Overall, we recognize the complementarity in taking samples with different size

Fig. 6. Logarithmic regressions showing how mean microplastic concentrations are related to the minimum reported particle size (A), how mean microplastic
concentrations are related to the minimum mesh/filter size (B), and how mean microplastic concentrations are related to the sampling volume (C). Extreme out-
liers (n = 1) were removed (Mean = 3862 microplastic particles/Liter), but the overall trend did not change (Fig. S2).
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meshes. The mesh size used should be chosen based on the objective of the research and capabilities of
the laboratory. The trend we observed in Fig. 6B may have been due to the method detection limit in
the laboratory not being comparable to the size of the mesh used in the field (i.e., sampling smaller
microplastics than can be measured in the lab). Fig. 6C suggests that a smaller sampling volume is
also associated with an increase in the concentration of microplastic, consistent with studies elsewhere
(Covernton et al. 2019), suggesting the increase of sampling volume is associated with the decrease in
sampled microplastics concentrations. However, this result is probably confounded by the use of grab
sampling, which has a lower volume and lower mesh size than other sampling approaches. We do not
suggest taking a smaller volume, as taking larger volumes reduces the variability and more accurately
represents the environment (Hung et al. 2021).

While sampling method may impact microplastic concentrations, the relationship revealed by our
analyses explained a modest amount of variation (i.e., 11%–13%). Many other factors drive variation
in microplastic concentrations, including season, location, and matrix (i.e., stormwater retention
ponds and wastewater effluent tanks). For example, we may expect the stormwater retention ponds
to show higher concentration of microplastics than rivers receiving urban runoff due to dilution in
the river. Furthermore, results may be affected by laboratory methods for extraction and analysis
which were not explored here. Finally, our regression results were skewed by extreme values, so more
research which spans a wider gradient of methods and particles will resolve relationships between vol-
ume, mesh size, and particle concentrations.

Conclusions and implications for management
Overall, more studies are needed to expand data collection to a greater diversity of microplastic path-
ways into freshwater ecosystems. Stormwater runoff, industrial effluent/runoff, and agricultural run-
off showed microplastic concentrations that were in the same range or higher than those recorded
in WWTPs effluent. Our results also suggest the potential use of unique morphologies in each path-
way to act as a signature for some particle types (e.g., rubbery particles in stormwater runoff), which
can help inform monitoring and mitigation strategies. The morphologies detected can also indicate
sources that might be key contributors to a particular pathway, informing upstream solutions.
Finally, our study assessed sampling methodologies and how mesh size, volume, and detection limits
for size impacted concentration and diversity of microplastics. We did not find any clear trend sug-
gesting how samples should be taken and processed. Instead, we recommend consistent sampling
protocols (to facilitate meta-analysis and synthesis) that align with the objective of the research. For
example, research directed at measuring microplastic toxicity may want to sample smaller particles
via bulk water samples filtered through a fine mesh. Research targeting pellets in industrial runoff
would benefit from using nets with larger mesh to sample more volume to capture a representative
sample of 3 mm pellets. Multiple pathways contribute microplastics to aquatic ecosystems and further
research should consider a broader spectrum of transport pathways, including stormwater runoff,
industrial effluent/runoff and agricultural runoff, in addition to WWTP effluent. Taking a more holis-
tic approach will improve our understanding of plastic pollution dynamics and inform more effective
policies for monitoring and mitigation.
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