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Most studies of microplastics in freshwater have investigated presence in creeks and rivers
below sewage effluents and storm drains. This study examines microplastic distribution in
surface waters, including springs and primary streams, located within small, urban Karst
watersheds, with and without sources of wastewater treatment discharge. Study locales
were in Texas, United States, either in Waco on the Brazos River or in or downstream from
San Marcos on the San Marcos River. Research teams collected 800ml surface water
from four different small watersheds and an urban pond (n = 779) and filtered them through
53 μmNitex mesh. Teams collected samples from springs or primary streams to the lower
end of creeks and across stream transects based on distance from the bank and the
presence of vegetation and debris. Teams also replicated samples seasonally. Stereo
microscopy examined each filter for microplastic particles and subsequently color and type
(i.e., fragment, fiber, or sphere). Additionally, we analyzed the influence of urbanization and
land use on the origin and transport of themicroplastics. Overall, the filters recovered 1,198
microplastic fibers and fragments. On average, 56.7% of all samples at each study locale
containedmicroplastics. Particle abundance was the highest at Proctor Springs (�x � 3.38)
and lowest at the pond (�x � 0.98), both headwaters. Local human use and runoff were
thus potentially important factors in microplastic presence, while sewage discharge was
not unilaterally the primary determinant of microplastic abundance. Peak pollution events
occurred in June, September, and October, indicating seasonality of rainfall and recreation
affected microplastic frequency and type.

Keywords: microplastics, aquatic systems, urban watersheds, karst watersheds, sewage effluent, urban springs,
urban pollution

INTRODUCTION

Since the early 1950’s, plastic production has markedly increased on a global scale (Dris et al., 2015a;
Geyer et al., 2017). The convenience, durability and versatile nature of this synthetic polymer have
contributed to an increase in its use and subsequently, post-consumer plastic waste. In 2012,
288 million tons of plastic were produced globally, consisting largely of single use containers and
packaging products (Jambeck et al., 2015). It is estimated that 80 percent of marine plastic pollution
originates as land-based trash (Andrady, 2011). Evidence of such plastic waste has been widely
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documented in both marine (do Sul and Costa, 2014; Law and
Thompson, 2014; Mathalon and Hill, 2014; Peeken et al., 2018)
and freshwater (Dris et al., 2015a; Baldwin et al., 2016) systems
worldwide (Barnes et al., 2009; Browne et al., 2011). Microplastics
are synthetic polymeric particles less than 5 mm in size (Masura
et al., 2015; Peters and Bratton, 2016). Microplastics can enter
into aquatic systems via numerous pathways including, but not
limited to improper waste management, agricultural and
stormwater runoff, industrial waste effluent (Eerkes-Medrano
et al., 2015), aerial transport (Allen et al., 2019), wastewater
treatment plant effluent (Carr et al., 2016; Mason et al., 2016;
Simon et al., 2018) and residential laundry effluent (Napper and
Thompson, 2016; De Falco et al., 2018).

Previous studies suggest plastic transport from inland waters
as a probable source of marine microplastic pollution (Thiel et al.,
2013; Eerkes-Medrano et al., 2015; Lebreton et al., 2017). An
estimated 1.15–2.41 million tons of plastic waste is transported
from rivers to the ocean annually (Lebreton et al., 2017). Hence,
microplastics in freshwater systems has been, and remains, a
trending research topic. There are numerous studies in which
microplastic pollution in lakes and rivers has been investigated
and demonstrated (Li et al., 2020), however, few studies have been
conducted within urban settings and other small watershed
systems, specifically within the central Texas, United States
region. Microplastic contamination in freshwater systems has
been reported in lakes (Wang et al., 2018; Sighicelli et al., 2018),
river and lake shore sediments (Jiang et al., 2018; Peng et al.,
2018), rivers (Lahens et al., 2018; Kapp and Yeatman, 2018), as
well as urban surface and wastewaters (Di and Wang, 2018; Yin
et al., 2019). Additional findings suggest that increased
urbanization and wastewater treatment plants serve as primary
sources of microplastic pollution within freshwater systems
(Schmidt et al., 2018; Talbot and Heejun, 2022). An
investigation of a subtropical river in southern Africa,
however, did not find a clear spatial distribution pattern of
microplastics relative to a wastewater treatment plant (Dalu
et al., 2021). A recent field sampling study of an urban creek
in Illinois concluded that concentrations of microplastics in
urban streams may be orders of magnitude greater than in
larger rivers (Noseworthy et al., 2021). A modeling study by
Meijer et al. (2021) found that more than 1,000 rivers were
contributing significantly to oceanic plastic pollution, and that
small urban rivers were among the greatest contributors to plastic
transport in freshwater systems. However, many knowledge gaps
pertaining to the characterization and abundance of microplastics
and their associated sources of origin, fate and transport within
freshwater systems remain.

The purpose of the present study was to assess and compare
microplastic pollution levels in spring-fed and runoff-fed
freshwater systems in highly urbanized, small watersheds with
and without local point-source wastewater effluents.
Additionally, we investigated general patterns in microplastic
spatial distribution across sample sites within individual study
locales as well as among different micro-habitat types within each
study system. Finally, we evaluated the influences of seasonality,
urbanization and land use type on the abundance, origin, and
transport of microplastics within small watersheds. For the

purposes of this research, microplastics were defined as
“artificial polymers (e.g., polyester or nylon), and
manufactured products (i.e., manufactured natural and non-
natural material), that range in size from 50 to 5,000 μm”
(Masura et al., 2015; Peters and Bratton, 2016). We
hypothesized the following: 1) sample sites not containing
local point source sewage effluent would have lower
microplastic pollution levels than sample sites with local point
source sewage effluent; 2) sites that are subjected to frequent
occurrences of direct human contact via recreational use would
have higher microplastic pollution levels than those sites that are
geographically isolated in comparison, or not as accessible to high
volume human recreational use and direct human contact; 3)
systems fed by groundwater and/or springs would have fewer
microplastic particles per sample, on average, than run-off fed
systems and; 4) still water micro-habitats (e.g., pools and
deposition bends), where microplastic particles have the
potential to deposit, would have more microplastics per
sample, on average, than running water micro-habitats (e.g.,
riffles).

METHODS

Study Locales
This research examined and compared microplastic pollution
levels in the surface waters of five different freshwater systems,
inclusive of two creeks, one spring, one pond and one river, with
a total number of eighteen sample sites, consisting of varying
water sources and degrees of urbanization across study locales
(Table 1; Figures 1, 2). The selected study areas are located
within the central Texas region in the cities of Waco and San
Marcos, TX, which are geologically characterized by karst
landscapes composed of limestone bedrock and spring fed
urban creeks or rivers. Waco is in the Brazos River
watershed. The sampling locales in Waco, including Proctor
Springs, Wilson’s Creek, Buena Vista Pond, and Waco Creek,
are all upstream from any sewage effluents, except the mouth of
Waco Creek (site WC1) at its confluence with the Brazos River.
Due to a dam on the Brazos, water from the river, at point below
upstream sources of treated wastewater backs into and mixes
with the water at confluence with Waco Creek (Figure 1). The
outfall from the Waco wastewater plant is downstream of the
study sites. A high-volume constellation of springs, known as
Aquarena Spring, form the headwaters of the San Marcos River,
within the City of San Marcos. The city’s wastewater plant
releases treated effluent just upstream from the confluence of
the San Marcos River and the Blanco River. Three of the study
sites (SM1-3) on the San Marcos are downstream from the plant
(Figure 2). All study locales and their respective sample sites
were selected based on geographical and hydrological
comparativeness relative to other study locales, accessibility,
permissibility and were established to reflect the most accurate
overall representation of the stream profile while also
encompassing a variety of land use and types of development
along each stream channel (e.g., commercial, recreational and
residential).
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Field Sampling Preparation and Collection
Methods
Between May 2017 and July 2018, the investigators collected a
total of 779 surface water samples across the study locales
(Table 1). All samples were collected along the stream
gradient of each study locale, beginning at the furthest point
downstream and moving in an upstream direction (Figures 1, 2).
At each study locale, two replicates of surface water samples of
800 ml each were collected from eight different micro-habitat
types per sample site using long-handled steel dippers. The
micro-habitat types examined were categorized as follows:
riffle; pool; eroding bank; deposition bend (point bar); debris;
open water 0.91 and 2.44 m from the bank; emergent vegetation;
and well or seep (collected at Proctor Springs only). Surface water
depth was generally defined as the top 0.07 m of the water
column. However, there was some variation between study

locales due to the shallow nature of some of the sample sites,
particularly first order creeks and springs, in which the maximum
depth was less than 0.07 m. Immediately following collection, the
water was filtered on-site through a 53 μmNitex nylon mesh filter
on a 7.62 cm diameter wooden embroidery hoop into a 400 ml
glass beaker. Once filtered, the filter was covered with a 10.16 cm
diameter glass round and sealed in aluminum foil to prevent
contamination during handling and transport. The remaining
filtrate in the beaker was discarded on site. The effects of rainfall
events on microplastic pollution levels were not a part of this
investigation, therefore, sample collection sequences were
scheduled to intentionally avoid rain by at least a 48 h
window, to collect as close to base flow conditions as possible.

Laboratory Analysis
All samples were removed from the foil wrapping upon return the
laboratory to prevent mold, however, the glass rounds remained
covering the filter to eliminate air contamination from the
laboratory environment. Polymer identification and
quantification protocol established by Hidalgo-Ruz et al.
(2012) was used to visually analyze each filter for the presence
of microplastics via a VWR stereomicroscope. Microplastics were
extracted by hand via metal tweezers, transferred to a microscope
slide and sealed with a glass cover slip. All natural fibers, such as
cotton or wool, and all natural materials, such as grass, twigs, or
insects, were excluded from the sample. Total microplastics
extracted was enumerated per sample and each particle was
characterized individually by particle form, color, and
condition (i.e., frayed ends and body). Microplastic forms
included fibers, spheres (or pellets), and fragments (Hidalgo-
Ruz et al., 2012). Microplastic color was characterized using the
Munsell Color System, a three-dimensional color matching
system that identifies colors by three attributes: hue, value and
chroma (Peters et al., 2017). Hue defines major color families
(e.g., red, green, blue), value measures the relative lightness or
darkness of a color and chroma measures the intensity of a color.

Although these urban watershed samples have not yet been
analyzed for chemical composition, the Bratton laboratory has
conducted an analysis of materials collected utilizing the same
visual methods and identification protocols in cooperation with a

TABLE 1 | Study locales and general descriptive of sampling sequences and basic hydrology for each locale.

General
descriptive

Waco creek
(WC)—Locale #1

Wilson’s creek
(WS)—Locale #2

Proctor springs
(PS)—Locale #3

Buena vista
pond (BV)—Locale

#4

San marcos
river (SM)—Locale

#5

Water Source Run-off Run-off, low discharge
spring

Groundwater Run-off High discharge spring
(174 ft3/s)

Catchment Size 27.2 km2 - - - 1,352 km2

No. of Sample
Sites

6 2 3 1 6

No. of Sampling
Intervals

7 4 5 4 3

Sampling Dates Sept. 2017, Oct. 2017, Mar. 2018,
Apr. 2018, Jun. 2018 and Jul. 2018

Jul. 2017, Mar. 2018,
Apr. 2018 and Jun. 2018

Jul. 2017, Mar. 2018, Apr.
2018, Jun. 2018 and Jul.
2018

Jul. 2017, Mar. 2018, Apr.
2018 and Jun. 2018

Apr. 2018, Jun. 2018
and Jul. 2018

Land Use Type Commercial, Recreational,
Residential

Recreational Recreational Recreational, Residential Recreational,
Commercial

FIGURE 1 |Waco Creek sampling map. Sites 2-6 are upstream of local
point source sewage effluent and Site 1 is downstream. Note: Sample site
number increases in upstream direction. Basedmap provided by City ofWaco
Public Works.
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laboratory utilizing pyr/GC-MS instrumentation at the
University of Minnesota Duluth (Peters et al., 2018). Samples
were analyzed using an Agilent 7890B Gas Chromatograph with
Agilent 5977A mass-selective detector (MSD) Mass Spectrometer
and Gerstel Pyrolysis/Thermal Desorption Unit (Gerstel GmbH
& Co. KG, Germany). All pyrolyzer and GC unit parameters
adhered to the protocol of Hendrickson et al. (2018). Although a
significant proportion (41.8%) remained “unknown” and some
were likely of mixed composition (many of the unknowns
produced petroleum-like chromatographs), all the identified
particles were plastics or artificial polymers or resins. Materials
detected included PVC, PET, and nylon. None of the analyzed
particles or fibers were natural materials such as wood (see Peters
et al.,. 2018).

Quality Assurance and Quality Control
(QA/QC)
Contamination prevention measures were implemented throughout
the entirety of this study. Blank filters were positioned in various
locations around the laboratory and left exposed to the open air for
24 h to examine background contamination levels. Following the
24 h period, microplastic contamination of the blanks was observed
via stereomicroscopy. After three rounds of testing blanks, visual
microscopy revealed that greater than 10% of the blanks were
contaminated with microplastics. As a result, the use of glass
round covers was employed to minimize airborne background
contamination from the hood and ventilation systems in the
laboratory. Prior to sample collection, all filters, glass covers, and
foil wrappingswere triple rinsedwith filtered, distilled, and deionized
water and visually examined viamicroscopy to ensure the absence of
contamination and stored covered until use. The research team
examined samples of the distilled deionized water from the Baylor

University distillation plant and found no evidence of plastic or
particle contamination. All filters were inspected regularly for frayed
mesh and replaced as needed. The steel dippers, glass rounds and foil
wrapping were triple rinsed in the water at the associated sample site
prior to use. Water probes and beakers were rinsed in deionized
water between sampling intervals. Lab benches and other work areas
were cleaned regularly. The colors of each field assistant’s clothing
and shoes were recorded during each sampling event as ameasure of
cross-checking for contamination from the researchers. Samples
were stored, transported, processed, and analyzed with glass covers
on at all times, except for fiber extraction in which only small
portions of the filter were exposed to air for small amounts of time.
Any minor occurrences of contamination in the field from ambient
air were considered part of the plastic present at the sample site.

Statistical Analysis
Statistical analyses were performed using non-parametric tests
(i.e., Kruskall-Wallis and Mann-Whitney) and linear regressions
via IBM SPSS Statistics for Windows, Version 23, to examine
differences in microplastic abundance within and between study
locales, sampling intervals, micro-habitat types, still vs. running
water micro-habitats and with vs. without point source sewage
effluent. The Community Analysis Program III by Pices Inc. was
used to analyze similarities in particle hue across sample sites and
sampling intervals. Statistical results p < 0.05 are identified as
significant and p ≤ 0.1 are identified as trends.

RESULTS

In total, 1,198 microplastic particles were extracted from 779
samples (623.2 L) across all study locales (Table 1), inclusive of
fibers (95.0%) and fragments (5.0%) (Figure 3). No beads,

FIGURE 2 | San Marcos River watershed and sampling site map. Sites 1-3 are downstream from local point source sewage effluent and Sites 4-6 are upstream.
Note: Sample site number increases in upstream direction, Base map provided by the Guadalupe-Blanco River Authority.
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spheres, or pellets appeared in the samples. Approximately 57%
of all samples were contaminated with microplastics, on average,
ranging from 33.3 to 80% of total samples contaminated across
individual locales. While fibers were the most recovered
microplastic form across study locales, fragments made up at
least 5% of the total particle counts for Waco Creek (WC),
Wilson’s Creek (WS) and Proctor Springs (PS) (Figure 3).

Microplastic Pollution Comparison of Sites
With and Without Local Sewage Effluent
Two of the five study locales, Waco Creek and San Marcos River,
contained sample sites both upstream of and downstream from
local point source sewage effluent. For the San Marcos River, the
mean number of microplastics per sample was significantly
higher in those sites upstream of the WWTP containing
minimal to no sewage effluent (�x � 1.51), versus the sites
downstream from the WWTP, which contain treated
discharge (�x � 0.57) (p = 0.011), where �x = mean number of
microplastics per sample. However, no such differences were
found for Waco Creek (p = 0.342), where the mean number of
microplastics per sample at sites upstream versus downstream
from local sewage effluent were 1.62 and 1.35, respectively.

Microplastics Pollution Levels Across a
Spatial Scale: A Spatial Distribution
Comparison Between Sample Sites Within
Individual Study Locales
Of the five study locales sampled, only the San Marcos River yielded
significant differences in mean number of microplastics per sample
between sample sites (p = 0.040). Out of all six sampling sites along
the river channel, site SM4 contained a significantly higher number
of microplastics per sample in comparison to the other five sites
(Table 1). At Waco Creek, we observed the pattern of a decrease in
mean number of microplastics in the upstream direction for sites
WC2-6 of Waco Creek, however, a linear regression yielded an r2 =
0.5449, indicating that there is no significant correlation between
microplastic pollution levels and direction of flow (Site 1 was

excluded from regression as it is a part of Lake Brazos, not Waco
Creek, by definition) (Figure 4). No significant difference in mean
microplastic counts was found between the sample sites alongWaco
Creek (p = 0.330). The opposite was found to be true in the case of
the San Marcos River, where we observed a pattern of an increase in
the mean number of microplastics in the upstream direction.
However, a linear regression yielded an r2 = 0.3042, indicating
that there is no significant increase in microplastic pollution
levels as you move upstream. No such significant relationships or
similar patterns were observed for sample sites alongWilson’s Creek,
Proctor Springs or Buena Vista Pond (p > 0.05).

Total Microplastic Pollution Levels: A
Comparison Within and Across Study
Locales
Individual samples collected from all study locales most
frequently contained between zero and three particles per
sample, with at least 30% of all samples per study locale
containing zero microplastics. The number of particles per
sample across study locales ranged from a minimum of zero
to a maximum of 73 particles per sample, which was found in a
single sample at Proctor Springs and is undoubtedly an outlier
within the data (Table 1). The study locales in order from overall
most polluted to least polluted were as follows: Proctor Springs
(�x � 3.38), Waco Creek (�x � 1.58), San Marcos River
(�x � 1.54), Wilson’s Creek (�x � 1.33) and Buena Vista Pond
(�x � 0.98), where �x = mean number of microplastics per sample.
Relationships between microplastic abundance and both
individual micro-habitat type and current (i.e., still vs. running
water micro-habitats) were investigated. However, these
relationships were not found to be significant (p > 0.05).

With a total count of 204 microplastics and an average of 3.38
microplastics per sample, Proctor Springs contained significantly
higher levels of microplastics in total (p = 0.000) and per sample,
on average (p = 0.000), despite its position as the point of origin
for an urban stream. Aside from Proctor Springs, the remaining
four study locales contained approximately 1 microplastic per
sample, on average.

FIGURE 3 | Frequency and percent of microplastic particle forms
recovered in samples across all study locales.

FIGURE 4 | Mean number of microplastics per sample at each Waco
Creek sample site. The dotted line indicates the exclusion of WC1 from the
regression analysis as it is part of Lake Brazos.
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Microplastic Pollution Levels Across a
Temporal Scale: A Comparison Between
Sampling Intervals
The overall average microplastic pollution levels differed
significantly between sampling intervals (p = 0.000) for both
Waco Creek and Wilson’s Creek. Peak microplastic pollution
levels were observed in September and October for Waco Creek
and March through June for all other study locales (Figure 5).
Conversely, the mean number of microplastics per sample did not
differ significantly between sampling intervals for Proctor Springs
(PS) (p = 0.060), Buena Vista Pond (BV) (p = 0.123) and the San
Marcos River (SM) (p = 0.055).

Microplastic Hue Classification: A
Comparison Across Study Locales
The highest percentage of microplastic particles recovered across
all study locales were classified within the transparent and purple-
blue hues in color followed by blue, purple, red-purple and red,
respectively (Figure 6). Less than ten percent of particles at each

study locale were classified as “Other”, inclusive of yellow-red,
yellow, green-yellow, green, blue-green, black, white and
iridescent. A color cluster analysis that groups together
similarities in microplastic hue by sample site was conducted
using the Community Analysis Program III. The resulting
dendrogram indicates possible clustering by potential inputs as
the upper watershed and springs sample sites are more closely
clustered, while the lower watershed and highly urbanized sites
are clustered together (Figure 7). The sites higher in recreational
use in both the upper and lower segments of the SanMarcos River
were also closely related. Sample sites with higher mean levels of
microplastics, or “hot spots” were found to be similar in hue as
well (Figure 7).

DISCUSSION

Overall, 1,198 microplastics were found, with fibers being the
most common particle form (Baldwin et al., 2016; Lin et al., 2018;
Baldwin et al., 2020), which is comparable to the results of urban
surface water studies conducted by Dris et al. (2015b) and Wang
et al. (2017). Differences in microplastic form between study
locales may be due to increased road run-off and direct trash
input in the more urbanized study locales. The lack of spheres
may be due to the absence of industrial discharges or due to
differences in the specific gravity of the materials, as this project
did not sample the benthos. Positive correlations between
microplastic concentration and distance downstream have
been previously reported in the literature (Schmidt et al.,
2018). Our results, however, did not exhibit such correlations
for either the San Marcos River or Waco Creek. These results
suggest widespread pollution throughout the urban aquatic
systems (Wong et al., 2020), with localized effects of surface
run-off and human activity driving subtle changes in microplastic
influx levels (Baldwin et al., 2020). Contrasting results between
systems such as these regarding the relationship between particle
count and location along the stream or river profile have been
reported in the literature. For example, in the Rhine River, while
the overall pollution levels varied with respect to location, the
maximum particle count was observed in the metropolitan area
(Mani et al., 2015). These findings are parallel to our results

FIGURE 5 |Mean number of microplastics per sample for each sampling
interval across three selected study locales displaying differences based on
the hydrology, precipitation, and human use.

FIGURE 6 | Microplastic color classification by hue for all study locales.
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regarding the San Marcos River in that the maximum average
particle count along the river was also observed within the city
rather than in the more rural land use areas downstream. Baldwin
et al. (2020) found that particle counts tended to be higher in
areas most subjected to anthropogenic activity. Therefore, the
peak in pollution at this point along the river may be explained by
the geographical location of the site, a high traffic municipal park
and popular site for tubing and canoe launching, as well as the
increased levels of concentrated human recreational use and the
associated localized, direct influx of trash.

In addition to spatial trends, the observed synchronization
between maximum particle counts and seasonal events
demonstrates the influence of seasonality on pollution levels
across all study locales. These high pollution events are parallel to
phenomena that are characteristic of the corresponding seasons such
as high run-off during spring rains (March) and increased human
recreational use during the summer months (June). Unlike the other
study locales, a sizeable stretch ofWacoCreek (sitesWC1-3) flows in

a concrete channel through the heart of Baylor University’s campus.
Therefore, an increase in the student population and high traffic
surrounding campus may be a possible explanation for the high
levels observed in Waco Creek during September and October, as
this is the time of year when students return to campus and frequent
social, sporting, and recreational events occur in and near this area.
The significant difference in average microplastic pollution between
sampling intervals at Waco Creek and Wilson’s Creek suggest that
seasonality and localized pulse events may influence short-term
fluxes of microplastic levels over time throughout the stream profile.
The peak pollution events observed in June, September and October
for this study fall within the time frame of May-October, when it is
estimated that 75% of all global riverine plastic inputs into the ocean
occur (Lebreton et al., 2017). This seasonal variation is influenced
strongly by global rainfall patterns. Specifically, for North American
rivers, global models predicted peak microplastic inputs between
June and October (Lebreton et al., 2017). Vincent and Hoellein
(2021), however, found one of the urban streams in their study had a
significantly higher concentration of microplastics in the water
column in the fall, while the other two streams investigated
displayed no differences by sampling date. The lack of significant
patterns in microplastic pollution frequency between micro-habitat
types, water types and sample sites across study locales (except for
the San Marcos River), failed to support our hypothesis that still
water micro-habitats have more microplastics per sample, on
average, than running water micro-habitats. Vincent and Hoellein
(2021) did find major differences in retention of plastics in urban
streams relative to benthic materials, with gravel as a hot spot, while
concrete, sand, and cobble retained fewer particles.

In the case of the San Marcos River, significantly higher levels
of microplastic pollution in the upper portion of the watershed
upstream of the WWTP suggest that localized inputs via sources
such as surface run-off and aerial transport (De Falco et al., 2020)
may influence microplastic pollution levels in highly urbanized
areas that are not receiving sewage discharge. These findings are
the opposite of that of the Rhine and Meuse Rivers, where high
levels of microplastics were measured in the receiving waters of
treated and untreated wastewater (Leslie et al., 2017). The
significant differences between sample sites with and without
sources of treated wastewater effluent may also be attributed to
differences in land use, development, and flow (Chen et al., 2020)
for the upper and lower segments of the river. The Aquarena
springs discharge a mean flow of 169 cubic feet per second (cfs),
which heavily influences the hydrology of the upper segment as
its main water source. Primary land and water use include urban,
residential, industry, recreation (fishing, swimming, canoeing,
and tubing), agricultural and cattle, poultry, and oil production.
Two of the three permitted WWTPs are in the upper segment of
the river: the city of San Marcos’s WWTP [permitted discharge =
9 million gallons per day (mgd)] and the Texas Parks andWildlife
Department’s A.E. Wood Fish Hatchery. The upper segment of
the river is subjected to substantially higher levels of urbanization
and direct contact with humans in comparison to the lower river.
The lower segment of the river has a median instantaneous flow
of 272 cfs. Primary land and water use include recreation (i.e.
swimming, canoeing, and tubing), farm and ranchland. The third
permitted WWTP is managed by the city of Luling, TX

FIGURE 7 | Community Analysis Program microplastic hue vs. sample
site dendrogram. The clusters, as noted by the brackets, indicate similarity of
potential inputs categorized into five main groups: the high frequency
microplastic “hot spots”, the lower watershed urban sites, the upper
watershed sites, the springs and the high recreation sites. Note: Study locales
are abbreviated as follows: Waco Creek (WC), Wilson’s Creek (WS), Proctor
Springs (PS), Buena Vista Pond (BV) and San Marcos.
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(permitted discharge = 500,000 mgd) and is in the lower segment
of the river downstream of our sampling sites (Guadalupe-Blanco
River Authority, 2008). These findings fail to support our
hypothesis that sample sites not containing local point source
sewage effluent had lower microplastic pollution levels than
sample sites with local point source sewage effluent.

A statistical ranking of all five study locales from most to least
polluted found Proctor Springs to be the most polluted, while
Buena Vista Pond was the least polluted. Despite the use of Buena
Vista Pond for recreational fishing, factors such as geographical
isolation relative to the other study locales in combination with
comparatively lower levels of urbanization and the absence of
regular, direct contact with humans (e.g., swimmers, boaters, and
tubers) may all be valid explanations as to why it is statistically
regarded at the cleanest site, on average, in terms of surface water
pollution (Baldwin et al., 2020). These findings support our
hypothesis that study locales subjected to high volume human
recreational use have higher pollution levels than those that
comparatively are not as accessible to direct human contact.
In contrast, the statistical ranking fails to support the hypothesis
that groundwater and/or spring-fed systems have fewer
microplastics per sample, on average, than run-off fed systems
as the most polluted locale was a groundwater fed spring.
Significantly higher levels of microplastics at Proctor Springs
demonstrate the variation in pollution levels between a low
discharge spring and the other study locales of varying water
sources. However, we are inclined to believe that this difference is
more of a result of local land use differences and seasonality
(Wong et al., 2020) confounded by concentrated human
recreational activity and frequent direct human contact
(Baldwin et al., 2020) and less attributed to differences in the
actual water source. Further, elevated pollution levels at Proctor
Springs may also be attributed to its concrete channelized
urbanization (Townsend et al., 2019) in combination with low
water volume and a small stream channel area relative to the
other locales potentially exhibiting a concentration effect, as
previously reported in smaller lakes (Faure et al., 2012; Free
et al., 2014). That is, higher levels of plastics being deposited at
higher frequencies into lower volumes of water would likely result
in more microplastics present per unit volume.

Hot spotting at concentrated human recreational sites and the
dendrogram results showing that similar land use type may result
in analogous input sources, plastic types and colors (e.g.,
swimsuits, plastic innertubes, rubber flip flops, etc.) are both
findings that support the concept of localized effects being a
major influence on the type of materials (Tziourrou et al., 2019).
For example, fibers may be more prominent where clothing is a
major input, whereas fragments may be more common where
there are more weathered plastic items being deposited, such as
plastic bottles. High similarity in microplastic hue among the hot
spots may be a result of a wider variety of hues recovered in the
samples due to a higher particle count.

This study specifically quantified microplastics present in
surface water samples only (i.e., buoyant plastics). Plastic
materials vary not only in buoyancy, but also in density and
sinking rate (Fazey and Ryan, 2016). Therefore, the
concentrations reported here may be an underestimate of the

total microplastic concentration within each system as higher
density plastics below the surface, throughout the water column
and settled within the sediment were not directly accounted for.
Our sample volume of 800 ml was adequate to detect microplastics
and an appropriate volume to collect for consistent samples in
shallow streams during the summermonths. A follow up project in
which the recovered microplastics are chemically analyzed and
identified by polymer type viamethods such as Fourier-transform
infrared spectroscopy (FTIR) or Pyr-GCMS may be beneficial in
obtaining more information regarding possible input sources and
common plastic types associated with land use type (e.g.,
recreational, residential, industrial, etc.).

CONCLUSION

This study investigated the effects of seasonality, type of run-off
generation and urbanization on microplastic pollution levels as
well as the spatial distribution of microplastics within freshwater
systems with and without treated effluent discharge through field
sampling and visual analysis of urban surface water samples. Over
1,000 microplastic particles were recovered from 779 samples
across five study locales, with the mean number of microplastics
per 800 ml sample ranging from 0.98–3.38 across the five study
systems. The presence of wastewater treatment plants upstream
was not a primary determinant of microplastic presence or
frequency, probably due to the use of advanced methods, such
as sand filters, to treat effluent prior to release. Sampling relative
to riffles, pools, and the location of stream banks did not indicate
major differences in microplastic frequency in surface waters.
Overall, the results suggest that seasonality and local human
activity have a stronger influence on overall microplastic
frequency within the system, while particle color and type vary
with the spatial positioning within the watershed and adjacent
land use. The results of the study have contributed to the
continually growing body of existing knowledge related to
microplastic pollution in freshwater systems and have aided in
providing a better understanding of the abundance, transport,
and origin of microplastics within the urban surface waters of
small watershed systems in the central Texas region. The global
increase of plastic production and use, in addition to the
continued overall mismanagement of waste, further support
the conclusion that continued research, effective mitigation
practices, governmental attention, and increased public
awareness are urgent needs Mathalon and Hill, 2014.
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