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Abstract

Microplastic pollution is an increasingly important environmental concern, especially in
aquatic ecosystems. However, research on microplastics has historically been skewed
towards marine systems and large freshwater systems, leading to an incomplete picture
of the potential prevalence and scope of this type of pollution. In order to understand the
potentially ubiquitous nature of freshwater microplastics, our study focused on 11 small
headwater streams in north—central Massachusetts (USA) and a small freshwater fish
species, the Blacknose dace (Rhinichthys atratulus). Microplastics were found in all sampled
streams. Considerable variation in the number of stream microplastics existed, with
concentrations ranging from 0.3 to 45.1 pieces per cubic meter of water. Microplastics were
assessed in 14-20 fish from each of five of these streams. The vast majority of all fish had
microplastics, with some individuals having over 200 pieces in their digestive tract. The
number of fish microplastics was not found to be statistically related to the amount of water
microplastics, the length of the fish, or the land use surrounding the streams. Together,
these results illustrate that microplastics are prevalent and that small freshwater ecosystems
need to be considered when assessing the full impact this source of pollution may have
on ecosystems.
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1. Introduction

Plastic contamination of aquatic and terrestrial environments is a growing concern—
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of chemical pollutants ([13] and references therein). Initial research on microplastics was
focused on the marine environment, while freshwater systems have only received attention
in the past one or two decades. (see refs. [14,15] for details about the history of microplas-
tic research). Recent reviews [6,14,16] have noted that our knowledge of the prevalence
and impacts of microplastic pollution in freshwater environments is still lacking when
compared to knowledge of microplastic pollution in marine environments. Improving our
understanding of microplastic pollution in freshwater habitats is therefore essential.

Freshwater systems comprise a diverse array of habitats, from small streams and
ponds to larger rivers and lakes, and act as critical habitat for numerous aquatic and
terrestrial animals. They also provide important ecosystem services for humans, such as
drinking water, crop irrigation, food sources, and recreation. Small freshwater systems,
especially headwater streams, are of particular importance, as they are the feeders for larger
ponds, lakes, and rivers—and ultimately the ocean. However, as Hu and colleagues [17]
note, microplastic pollution of small waterbodies and the organisms that inhabit them is
poorly understood.

The abundance of microplastics in a freshwater system may be logically expected to
relate to the amount of human development in its watershed, given that plastics derive
from anthropogenic activities and enter streams through processes such as stormwater
runoff, industrial effluent, and wastewater treatment-plant discharge. Previous studies
have reported a relationship between microplastic concentrations in aquatic systems and the
human impact on their watersheds, typically characterized in terms of population density,
land use, and/or impervious land cover. For example, Yonkos et al. [18] observed higher
microplastic concentrations in water samples from Chesapeake Bay (USA) tributaries that
had higher population densities and more urban development. Sampling locations from
reservoirs along the Colorado River (USA) showed higher abundances of microplastics
at sites experiencing a greater human impact [19]. Baldwin et al. [20] reported a positive
relationship between microplastic concentration and urban land use in Great Lakes (USA)
tributaries, as did de Carvalho et al. [21] in the Garonne River (France). Mabry and Urban-
Rich [22] found that sampling locations along the Charles River (USA) categorized as sites
of low human impact had lower microplastic abundance compared to medium- and high-
impact sites. Freitas et al. [23] observed higher concentrations of microplastics downstream
of an urban area compared to samples collected upstream.

Microplastics in freshwater may be ingested by aquatic organisms, including fish, either
directly from their habitat (i.e., suspended in the water column or deposited on the benthic
habitat) or through trophic interactions (i.e., ingesting prey that contain microplastics). It is
currently unknown which is the most common mode of ingestion of microplastics in fish, as
research has found fish species obtain microplastics in both ways [24]. There is also mixed
evidence as to whether fish that ingest microplastics directly from the water are doing so
intentionally, mistaking them for food [25,26], or if they are unintentionally consumed during
water ingestion [27]. Theoretical work by Roch and colleagues [25] suggests that ingestion
may be affected by which sense (visual versus chemosensory) is most predominantly used
during foraging, although even then, accidental uptake may occur.

A number of variables have been reported to influence the amount of microplastics
found in freshwater fish, including foraging behavior and the microplastic encounter rate [15],
as well as land use within the watersheds of streams they inhabit, e.g., [22,28]. Some studies
have observed a relationship between fish length and microplastic abundance [29,30], though
not all freshwater species show this pattern [24,31]. Therefore, large research gaps remain,
and very small fish in small freshwater streams are particularly understudied. Chen et al. [32]
called for an increased focus on small fish, as they are likely to encounter greater microplastic
exposure per unit of body mass. As these species are often critical links in the food webs and
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ecosystems that they are part of, studies that focus on small fish are necessary for a complete
understanding of the prevalence of microplastic pollution in aquatic habitats.

The goal of this study was to evaluate the prevalence of microplastic pollution in small
freshwater streams and small fish species that inhabit them. We hypothesized that the
concentration of microplastics in the water (pieces per m®) and their abundance in fish
(pieces per fish) would be positively correlated with developed land use in the watershed.
Additionally, we predicted that the abundance of microplastics in fish species would be
positively related to the concentration of microplastics in the water, as well as to the size of
the fish.

2. Material and Methods
2.1. Study Area and Study Species

The study area was a single sub-basin, the Nashua River (HUC 8-01070004) in the Gulf
of Maine Coastal Plain ecoregion of the Northeastern Coastal Plain. Water samples were
collected from eleven headwater streams, and fish samples were collected from five of those
streams without prior knowledge of the presence of microplastics (Figure 1; Supplemental
Table S1). Water and fish samples were collected contemporaneously in June and July of
2019. Streams were selected to represent a range of developed land use (5 to 60%; ref. [33]
provides detailed physical characteristics of these streams), all classified as headwater
streams (stream order of three or less [34]). Tributary streams were small (all less than 10 m
in width at the location of water and fish sampling) and slow-moving (discharge of less
than 2 m3/s at the time of water collection) and surrounded primarily by forest.

New Hampshire >, 1= Willard (Wil) (8, 43)

2= Sucker (Suc) (13, 0)
3=Reedy (Ree) (21, 2)
4=Nod (Nod) (18, 17)

5= Falulah (Fal) (11, 71)

6= Monoosnoc (Mon) (25, 100)
7= James (Jam) (25, 22)

8= Gates (Gat) (58, 0)

9= Waushacum (Wau) (17, 0)
10= Trout (Tro) (5, 0)

11= Asnebumskit (Asn) (18, 0)

Massachusetts

20 km

Figure 1. Nashua River sub-basin. The mainstem of the Nashua River, outlined in white, flows
towards the northeast within the basin. Squares indicate sites on tributary headwater streams where
only water samples were collected. Circles indicate sites where both water and fish samples were
collected. Numbers correspond to sampling locations. Stream names and three-letter abbreviations
ae shown in the top right, along with % developed land use at the watershed level and % developed
land use at the reach level in parentheses.

A small (often < 4 cm) freshwater species found in flowing water habitats, the Blac-
knose dace (Rhinichthys atratulus) is a common and abundant fish species in most of eastern
North America (see Ref. [35] for details about its distribution and post-glacial colonization).
It plays an important ecological role, as it consumes aquatic insects, small crustaceans and
plant material and, in turn, is prey for larger organisms (large fish, birds, etc.). Blacknose
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dace likely consume prey through drift feeding, as well as while foraging along the bot-
tom of their habitat [36,37]. A large-scale study of 22 streams in this watershed found
Blacknose dace to make up 61% of over 3700 captured fish [33]. Because of its prevalence
and importance as a link in the food web in our watershed, the Blacknose dace is an ideal
species to study when developing an understanding of microplastic pollution in these
headwater streams.

2.2. Sample Collection

At each sampling site, a 100 m reach was established following Shank et al. [38]. The
length of each reach was equal to 10 times the mean wetted width (determined over equally
spaced transects), with a minimum reach length of 100 m.

Water was collected once from each of 11 streams (Figure 1) during summer baseflow
levels using a 150-micron plankton net with an attached 150-micron catch cup. Each water
sample was obtained during a 10-30 min collection interval, and contents from each catch
cup were placed into a glass jar. The water was collected at the approximate downstream
point of the 100 m stream reach and marked with GPS coordinates at each stream. The
water flow velocity at the mouth of the net was measured with a Global Water (Gold River,
USA) velocity meter (Flow Probe 211). The cross section of the submerged portion of the net,
which varied depending on stream water depth, was calculated at each sampling site and,
along with the water velocity and sampling time, used to determine the volume of water
flowing through the net. The sampling design represents summer baseflow conditions,
ensuring return to baseflow after any precipitation events, and therefore is not used to
examine variability in microplastic concentration across different discharge conditions.

Five streams were selected for fish collection based on the known presence of Blacknose
dace and to represent a gradient of developed land use. At each stream, an average of
17 fish (range: 14-20) were collected over the course of a 100 m stream reach using protocols
approved by Fitchburg State University’s Institutional Animal Care and Use Committee.
Fish were collected using a backpack electroshocker unit (Smith-Root (Vancouver, USA)
Model LR-24) and dip nets. Once collected, fish were euthanized with an overdose of
buffered Tricaine mesylate (AKA MS-222) (MilliporeSigma, St. Louis, USA) and returned
to the lab for processing.

2.3. Sample Processing

Samples were analyzed for microplastics following the protocol outlined in Ref. [39],
with careful consideration to minimize plastic contamination at each step. Water samples
were passed through a 5.0 mm stainless-steel sieve, corresponding to the upper cutoff for
microplastics; particulates smaller than 5 mm were baked in an oven in a glass petri dish
at a temperature of approximately 85-90 °C for 24 h or until dry. Oxidation of organic
materials of the dried particulates was conducted in a fume hood. Twenty mL of 0.05 M Iron
Sulfate (FeSOy), a catalyst, was added to the sample in a glass beaker. Hydrogen Peroxide
(30%) was added to samples in 20 mL increments every five minutes with continuous
stirring. When no visible organic material remained and bubbling had ceased, the sample
was heated on a hot plate to 75 °C and maintained at that temperature for 30 min.

Density separation was performed on the oxidized samples after adding salt to achieve
a 5 M NaCl solution. Samples were poured into a glass funnel, with clamped rubber tubing
attached at the bottom. The funnel was covered with foil, and the sample was allowed to
settle overnight. Higher density materials settled to the bottom and were subsequently
drained and discarded, while the lower density material containing microplastics was run
through a 0.3 mm sieve, corresponding to the lower cutoff for microplastics in this study,
and placed in an oven until dry. Microplastics were initially separated from the remaining
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particulates via visual identification using light microscopy. Nile red staining (see below)
was used to identify plastic pieces.

Microplastic concentrations in fish samples were determined from the gastrointestinal
(GI) tract. Prior to lab processing, the standard length of each fish was measured to the
nearest mm, and the entire gastrointestinal tract was removed by making an incision
from the mouth to the anus on each fish. The GI tract was subject to the same drying,
oxidation, density separation, and microplastic identification procedure as described for
the water samples.

Nile red stain, a lipophilic dye, has been shown to aid in identification of plastic
particles and reduce chances of misidentification by fluorescently labeling plastic particles
but not organic material [40—42]. In our study, a Nile red stock solution was prepared by
mixing 10 mg of Nile red powder in 50 mL of acetone. A working solution was prepared
by diluting the stock solution using 1.25 mL of Nile red stock solution and mixing it with
48.75 mL of acetone to bring the final solution to a volume of 50 mL. Microplastics were
stained with the Nile red working solution using pre-combusted glass fiber filters (GFFs)
and vacuum filtration. All glass dishes and capillary tubes were pre-rinsed with acetone.
A GFF was placed on a vacuum filtration system with acetone-rinsed tweezers, and the
sample containing microplastics was transferred from the vial to the GFF by adding acetone
using a 100 pL glass capillary tube. Two hundred pL of Nile red working solution was
applied to the filter and allowed to sit for one minute. The filter was then rinsed with
acetone until the Nile red was barely visible. The filter was transferred to a clean glass
petri dish.

Filters with stained samples were viewed under a Leica MZ10 F fluorescent microscope
(Leica Microsystems, Deerfield, USA) using a Green Fluorescent Protein light filter. Nile
red stain adheres to plastic particles and allows them to illuminate under a fluorescent
microscope, making them distinguishable from undigested /unoxidized organic materials
or other non-plastic synthetic material. Particles that fluoresced noticeably more than the
background were considered microplastics, and each microplastic particle was counted.
Particle counts were completed by one of two observers, whose results were validated on
a subset of samples to ensure interobserver consistency. Our study did not distinguish
plastic particle shapes, sizes, or chemical compositions.

Control samples were created to account for potential plastic contamination from the
ambient environment. The control was made of Nile red solution applied to a clean glass
petri dish. One control was made for each day on which water or fish samples were stained.
The control sample was observed under the microscope along with the samples stained
that same day. Any plastic particles observed in the controls were counted and subtracted
from the number of plastic particles counted in the water and fish samples; the difference
was reported as the number of particles in the sample. If the difference yielded a negative
number (i.e., there were more plastic pieces in the control than the water or fish sample),
then that sample was assigned a value of zero plastic pieces (see Supplemental Table S2 for
control values).

2.4. Data Analysis

To understand the effects of land cover on microplastic pollution in both water and
fish samples, land cover was characterized and analyzed at multiple spatial scales (see
Refs. [33,43—46]). In our study, two nested spatial scales (watershed and local) were used.
“Watershed” refers to the land use of the entire watershed upstream of our sampling point.
“Local” refers to the land cover as characterized by a 50 m buffer on either side of each
stream for the entire length of the 100 m stream reach. Fifty meters was chosen because
this was the smallest extent to which land cover could be measured by remote sensing
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techniques. Although streams were chosen to represent a range of % developed land-use
values at the watershed scale, developed land-use values at the local scale do not fall
along an evenly distributed continuous gradient (see Supplemental Table S1). Each stream
watershed was delineated in StreamStats (Version 4.29.2, U.S. Geological Survey) based on
the GPS coordinates of the sampling point, which also corresponded to the downstream
point of the reach, using the % developed land use from the 2016 National Land Cover
Dataset [47].

Normality tests revealed that our data violated assumptions of normality for both
the water (Shapiro-Wilk test, W = 0.686, p < 0.001) and fish (Shapiro-Wilk test, W = 0.790,
p < 0.001) samples, which is common with count data (i.e., number of microplastics), which
guided further statistical analyses.

For the water data, Spearman’s rank correlations were used to test whether there
was a relationship between the % developed land use and the microplastic concentration
in the water. Two correlations were performed—one at each of the two spatial scales
mentioned above—in order to understand if land use at different spatial scales affects the
water microplastic concentration. Spearman’s rank correlation confidence intervals were
computed using bootstrapping based on 1000 bootstrap samples. These analyses were
performed in SPSS (v.28).

For the fish data, a single generalized linear mixed model with a negative binomial
distribution was used to test whether the amount of microplastics in the fish was affected
by (i) the number of microplastics in the water, (ii) the percent of developed land use of the
stream watershed, (iii) the percent of developed land use local to the stream reach, or (iv)
the length of the fish. The negative binomial distribution was used because the data are
overdispersed, and all factors were treated as fixed effects in the model, except stream site
(which was a random effect). The FishMicroplastics ~ WaterMicroplastics + FishLength +
Reach_Percent_Developed + WaterShed_Percent_Developed + (1 | Site) model was used.
This analysis was conducted in R (v.4.6.1) using the glmmTMB package (v.1.1.15). Due to
the small sample size because of the explorational nature of our study, only strong statistical
associations are likely to have been detected.

3. Results
3.1. Stream Water Samples

Microplastics were prevalent throughout the watershed—present in all 11 of the
sampled streams; microplastic concentrations varied between 0.3 and 45.1 pieces per
cubic meter of water (Figure 2). Most of the streams contained fewer than 15 pieces per
cubic meter, but two of the streams—Monoosnoc (Mon) and Reedy Meadow (Ree)—had
concentrations above 35 pieces per cubic meter.

We examined the relationship between % developed land use and the water microplas-
tic concentration at two spatial scales. At the watershed spatial scale, the relationship
between water microplastic concentration and watershed developed land use was posi-
tive but did not reach conventional statistical significance (Spearman’s p = 0.575, n = 11,
p = 0.064; 95% CI = —0.058, 0.878). Similarly, at the smaller spatial scale (the “local” reach
level), no statistical relations were found between the % developed land use and the amount
of microplastics in the water (Spearman’s p = 0.000, n =11, p = 1.00; 95% CI = —0.613, 0.613).
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Figure 2. Concentration of microplastics in the water from each stream. Stream abbreviations
identified in Figure 1 and Supplemental Table S1.
3.2. Fish Samples

Microplastic pieces were very common in the digestive tracts of fish in the five streams—
present in 94% of the 87 sampled fish (Figure 3; Supplemental Table S3). All fish from Asnebum-
skit (Asn), Falulah (Fal), and Monoosnoc (Mon) contained microplastics, while 94% of the fish
from Trout (Tro) and 76% from Willard (Wil) contained microplastics. There was a wide range
of microplastic abundance found in the fish from the different sites (Asn: 3-284 pieces per fish;
Fal: 24-91; Mon: 17-246; Tro: 0-234; Wil: 0-165). Across the five streams, fish ranged in length
from 4.5 to 7.8 cm.
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Figure 3. The number of microplastic pieces in fish digestive tracts from each stream. “X” denotes the
mean. Bars represent minimum and maximum values. Data points 1.5 times beyond the interquartile
range are shown as separate points outside the bars.
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The amount of microplastics in fish was not affected by the amount in the water,
the length of the fish, or the % developed land use at either spatial scale (all p > 0.05)
(Supplemental Table 54 and Supplemental Figure S1).

4. Discussion

Our results add to the growing body of literature demonstrating that microplastic
pollution is pervasive in the environment. Overall, we found that all investigated small
headwater streams contained microplastics in the water, and microplastics were found in
the digestive tract of a small fish species that inhabits these streams. However, we found
no statistical relationship between the amount of microplastics in the fish and in the water.
Additionally, we found that the developed land use surrounding the streams did not have
a statistically significant impact on the amount of microplastics in the water or fish, nor did
fish size influence the amount of microplastics found in the fish.

While microplastics were common in this watershed, there was variability between
streams. With the exception of Monoosnoc and Reedy Meadow, sampled streams had
fewer than fifteen pieces per cubic meter of water. The observed range is similar to values
measured in tributaries of the Great Lakes (USA) (0.05 to 32 pieces per cubic meter [20]) but
lower than that reported in the Charles River basin, Boston, MA [22], and several other fresh-
water systems (see Ref. [6] for a recent review). As the streams investigated in the present
study are headwater streams, lower levels may be expected. Larger streams and rivers
are likely to have more microplastics, as they are fed by smaller streams and headwater
streams. Although differences in sampling methodologies can impede direct comparison of
microplastic abundance, our research shows that even small streams that may be perceived
to be pristine are not immune from microplastic pollution. It is currently unknown whether
such low amounts are biologically meaningful, and future research should utilize such
small streams to develop a more holistic understanding of the prevalence and impact of
microplastics on the natural world.

Our study found that there was not a statistically significant relationship between
the microplastic concentration in stream samples and the percent of developed land use
in the respective watershed. Although initially an unexpected result, other studies have
similarly reported a lack of a relationship between developed land use and microplastic
concentration. Pol et al. [48] compared microplastic concentrations in rivers flowing
through two different cities in Poland and found similar concentrations despite differences
in urban characteristics. While Mabry and Urban-Rich [22] observed lower microplastic
concentrations in sections of the Charles River with lower human impact, they did note
that this relationship varied seasonally, suggesting that hydrological conditions are also
important in driving microplastic concentrations. In a study focused on the Garonne River,
de Carvalho et al. [21] concluded that both urban land use and hydrological conditions are
important in controlling microplastic abundance. Given that our samples were collected
under baseflow conditions, we were not able to assess the influence of stream discharge on
microplastic concentrations. Additional research conducted under different hydrological
conditions may help elucidate the relative importance of land use and discharge, among
other factors, in these headwater streams.

Like our water samples, microplastics were also common in the digestive tract of the
Blacknose dace in this watershed, with the majority of fish containing dozens of pieces of
microplastics. The average abundance of microplastics in the fish from our study (42-83 pieces
per fish) is similar to values reported by Tuzzio et al. [28] in Appalachian streams (USA) but
lower than that observed in Lake Mead [19]. Tuzzio and colleagues [28] also found a similarly
large range of microplastics (8274 pieces per fish) in their study species. A recent review of
marine and freshwater environments in North America by Wootton and colleagues [49] reported
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a mean of ~15 pieces per fish. As these and other prior studies have typically utilized species
larger than Blacknose dace, our results demonstrate that small fish species are encountering and
ingesting microplastic pollution.

Microplastic abundance in fish was not indicative of stream microplastic concentration
in our study. Sainio and colleagues [50] similarly found no relationship between amounts
in the water and amounts in four small marine fish species. McNeish et al. [24] determined
that microplastic concentration in the water was not a good predictor of concentration
in the fish in tributaries of Lake Michigan. In contrast, Park et al. [51] found a positive
relationship between the amount of microplastics in fish and the amount in water in Tachon
stream, one of the main tributaries of the Han River in Korea. Similarly, analysis of gut
contents of a coastal freshwater fish in an Argentinian estuary revealed that the number of
microplastics was significantly higher close to sewage discharge, suggesting the amount of
microplastics in the aquatic habitat is a driver of the amount in fish [52]. These conflicting
results could be due to environmental factors or methodological differences. For example,
similar to water microplastics, seasonal variation has also been suggested to be important in
microplastic concentrations in fish [53]. Foraging behavior may also play a role: Blacknose
dace consume a large portion of their food from the benthic environment [36,37], and there
is some evidence that fish occupying these habitats have greater microplastic abundances
compared to their pelagic counterparts (e.g., [24]; see also [15] for a review). However,
Giiven et al. [54] found more microplastics in pelagic species. One possible explanation may
be related to the variation of microplastic abundance throughout the water column. For
example, Liedermann et al. [55], studying the Danube River, reported higher concentrations
of microplastics at surface and mid-level depths in the water column compared to the
deepest waters. While the results of our study contribute to the broader understanding
of microplastics in aquatic systems and start to address gaps in our knowledge of small
streams and small fish species, it is clear that additional studies are needed to decipher
factors that influence the uptake of microplastics by fish in these habitats.

We found that the size of the fish in our study was not related to the microplastic abun-
dance in their digestive tracts. In a large 27-species study of the Nandu River, China, Chen
and colleagues [32] also found no relationship between microplastic abundance and fish
size. However, size does seem to be important in other studies conducted in both marine
and freshwater. For instance, fish size was positively related to microplastic abundance
in hardhead catfish (Ariopsis felis) and southern flounder (Paralichthys lethostigma) [56],
and a study by Tuzzio et al. [28] showed a positive relationship between fish length and
microplastic abundance in northern hogsucker (Hypentelium nigricans) in Appalachian
streams. As most of these previous studies examined larger fish, additional research should
focus on smaller fish, particularly from freshwater systems and headwater streams.

5. Conclusions

Microplastics were found to be common in the investigated small, headwater fresh-
water streams and the Blacknose dace that inhabit them. There was no clear statistical
relationship between the surrounding developed land cover and the amount of microplas-
tics in the water and the fish. As small freshwater streams and their inhabitants are a
severely understudied piece of the larger microplastic pollution puzzle, our findings repre-
sent an important first step in developing a holistic understanding of this environmental
concern. Elucidation of the factors that drive microplastic abundance in aquatic systems is
complex. Future studies that focus on additional small streams and their inhabitants would
add to our findings and help assess whether our results are representative of all smaller
freshwater streams and small fish species. Additional studies using multiple sampling time
points would help evaluate the impacts of hydrological conditions and seasonal variation
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on microplastic abundance, and characterization of microplastic morphology and chemical
composition would help elucidate sources. Finally, examining species that have different
feeding regimes may increase our understanding of the importance of foraging modes and
their relationship with microplastic pollution in these aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microplastics5030144/s1, Figure S1: Scatterplots of water mi-
croplastics and developed land use. Table S1: Sampled streams and GPS coordinates of downstream
sampling locations. Table S2: Details about controls in water and fish. Table S3: Descriptive statistics
for fish. Table S4: Results from mixed-effects analysis of fish microplastics.
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