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a b s t r a c t

Microplastics are a global concern for their threat to marine ecosystems. Recent studies report a lack of
smaller microplastics (<300 mm) in oceans attributed to a “loss in ocean”. Several hypotheses have been
proposed to explain the absence of smaller microplastics, but their fate and transport remain an enigma.
Our study recovered high concentrations of microplastics (32947± 15342 items kg�1 dry sediment) from
sediments of a coastal plain river network in eastern China, with the <300 mm fraction accounting for
~85% of total microplastic particles. Microplastic concentrations were generally higher in sediments from
tributary streams and streams surrounded by industrial land use. The high variability of microplastics
within the watershed indicates that the distribution of microplastics is regulated by several factors, such
as distance to source(s), river flow characteristics, buoyancy behavior, degradation, etc. Fragment and
foam forms dominated the small microplastics, while fibers were less prevalent in the <300 mm fraction
and more abundant in downstream sites. The dominance of small microplastics in riverine sediments in
this study provides a possible mechanism to explain the relative absence of small microplastics in the
ocean, and advocates for quantification of the whole size spectrum of microplastics in future studies of
riverine microplastic fluxes.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Since development of modern plastics in the early 1900s, these
incredibly versatile materials became an indispensable component
of human life. Plastics are inexpensive, strong, lightweight, durable,
and chemically resistive, with high thermal and electrical insu-
lation properties. All these advantages make plastics widely used
throughout the world with annual plastic production increasing
from 1.5 million tonnes in the 1950s to more than 320 million
tonnes per year currently (Plastics Europe, 2016). Only a small
proportion of plastic waste is recycled resulting in large quantities
being disposed of in landfills (Barnes et al., 2009) or ending up in
the environment as a pollutant (Cole et al., 2011). It is estimated
that 4.8 to 12.7 million tonnes of plastic wastes end up annually in
oceans through river inputs, and a steady increase is expected in
the future (Jambeck et al., 2015). Micro-scale plastic particles of
industrial origin, like those used in cleaning and cosmetic products,
are suggested as a primary microplastic (MP) source, while plastic
debris undergoing mechanical, chemical and biological degrada-
tion can result in fragmentation to form secondary MPs (Andrady,
2011; Zettler et al., 2013). MPs are pervasive across global envi-
ronments (Wright et al., 2013), but there is particular concern about
the threat of MPs to aquatic organisms and ecosystems, and even
human health (Eerkes-Medrano et al., 2015; Wright and Kelly,
2017).

Size is an important feature regulating the potential hazards of
MPs, with small MPs considered an extreme threat to aquatic or-
ganisms due to ease of ingestion and the potential to retain other
pollutants on their large surface area (Auta et al., 2017). Although
the relative absence of small MPs in the surface ocean was previ-
ously reported (C�ozar et al., 2014; Eriksen et al., 2014), a study in the
South China Sea showed that small particles dominated the MPs in
the surface water (Cai et al., 2018). These inconsistencies make the
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fate and transport of small MPs in aquatic systems critical to un-
derstand. The size distribution of plastic debris on the ocean surface
shows peak abundance around 2mm and a remarkable absence
below 1mm (C�ozar et al., 2014). While few studies have found MPs
smaller than 200 mm in the surface ocean, others found small MPs
in coastal region sediments (Hidalgo-Ruz et al., 2012) implying a
possible sedimentation removal mechanism. Sedimentation of
small MPs may be enhanced by biofouling (Fazey and Ryan, 2016;
Kooi et al., 2017) or ingestion/fecal pellet deposition by marine
organisms (Andrady, 2011; Vianello et al., 2013). For example, the
MPs “lost” from the surface ocean match the size of common prey
for zooplanktivorous fish (Foekema et al., 2013). Further, small MPs
can be ingested by zooplankton and deposited with fecal pellets
(Cole et al., 2013, 2016). Other factors, such as wind mixing, might
also contribute to the suspension/sedimentation dynamics of small
MPs within the ocean (Reisser et al., 2015).

Sedimentationmechanisms can partly explain themissing small
MP fraction in the surface ocean and this mechanism may also be
active in freshwater systems, which are the source of most marine
MPs (Hidalgo-Ruz et al., 2012). MPs should preferentially settle in
freshwater systems compared to marine systems due to the lower
buoyancy of freshwaters and therefore may contribute to the low
abundance of small MPs in oceans. Rivers act as the primary vector
for plastics entering the ocean (Lechner et al., 2014; Klein et al.,
2015). Unlike large continental rivers which carry massive partic-
ulate loads from land to ocean, small low-gradient river systems in
coastal plains display much less capacity and competence, which
likely facilitates sedimentation of MP particles to riverine sedi-
ments. Given the high population of urban areas and their promi-
nent use of plastics, these large coastal urban centers may act as the
main source of MPs, especially in developing countries where
lagging infrastructure often leads to a lack of sewage and trash
collection/treatment (Eerkes-Medrano et al., 2015). However, MP
sedimentation in these coastal plain river networks may provide an
effective retention mechanism that attenuates small MP transport
Fig. 1. Location of sampling sites and major land-u
to oceans. While MPs have been found in freshwaters of Europe,
North America, and Asia, the environmental behavior (fate and
transport) of MPs in freshwater systems has received little research
compared to marine systems (Eerkes-Medrano et al., 2015; Wagner
et al., 2014).

In this study, we examine MP abundance and size-class distri-
bution in a highly polluted coastal plain river network associated
with a large urban population (~9.2 million). We hypothesize that
the lack of stream capacity and competence in coastal plain river
systems favors MP sedimentation attenuating the transport of
small MPs (<300 mm) to the ocean. Retention of small MPs in river
sediments might provide amechanism to explain themissing small
MP size fraction in oceans.

2. Materials and methods

2.1. Study area

The study was conducted in the Wen-Rui Tang River watershed,
a low-gradient urban river located on the coastal plain inWenzhou,
Zhejiang Province, southeast China (Fig. 1). This area is one of the
most rapidly developing regions in China. Rapid development and
industrialization have attributed to severe water pollution caused
by discharge of large volumes of untreated domestic and industrial
wastewater directly into the river system (Yang et al., 2013; Mei
et al., 2014).

Waters of the Wen-Rui Tang River are nearly quiescence for
several periods of the year as the outlet connections to the much
larger Ou River are closed to maintain sufficient water for river
transportation and prevent salt water intrusion. Gates to the Ou
River are seldom open except during heavy rainfall events, such as
during the monsoon season, resulting in diminished hydraulic
power to transport the particulate load. We chose 12 sampling sites
within the Wen-Rui Tang River watershed to represent the com-
mon land use/land cover areas as the river flows though residential,
se units in the Wen-Rui Tang River watershed.



Fig. 2. Average microplastic abundance in river sediments categorized by (A) size and
(B) morphological type.
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industrial, transportation corridors, farmland, and wetland areas
(Fig. 1). Among these sites, 3 sites (A2, A5, A8) are located on the
main stream, 4 sites (B2, B10, N3, N4) on major tributaries, and 5
sites (C1, C5, N7, W3, L1) on secondary tributaries. Site A2, A5, B2,
B10, C1, C5 and N7 are located in densely populated urban areas, N3
is located near a major highway corridor, N4 and L1 are located in
two different industrial districts, W3 is located in a suburban
wetland, and A8 is surrounded by farmland. The flow velocity at all
sites was <0.05m s�1 during our surveys, but the maximum flow
velocity can exceed 2m s�1 during typhoon events, especially at the
downstream sites (B10, C5) near the gates to the Ou River. The
sediment thickness at the sampling sites ranged from ~0.5m to
more than 1m.

2.2. Field and laboratory methods

Sampling was carried out in August 2016 before the onset of the
typhoon season. At each of the 12 sampling sites, triplicate surface
sediment samples were collected using a Peterson grab sampler
(32 cm length� 20 cm width� 15 cm depth). A sediment core
subsampled from the grab sample (representative of 0e15 cm
depth) was placed in pre-washed 500ml glass bottles for transport
to the laboratory. The sampler was rinsed free of sediments be-
tween samples to assure no cross contamination.

After thorough mixing, 500 g wet sediment from each sample
was dried at 60 �C for 48 h, and the triplicate samples from each site
were combined giving a total of 12 composite samples. Extraction
of MPs from sediments followed the NOAA protocol, but omitted
wet sieving through a 0.3mm sieve so that the <0.3mm fraction
was included in our study. A 100 g well-mixed, dried sediment
sample from each site was sieved through a 5-mm stainless-steel
mesh to remove large debris and isolate the <5mm particle-size
fraction for further analysis. The <5-mm fraction was treated by
wet peroxide oxidation at 70 �C with 30% hydrogen peroxide to
digest natural organic matter present in the sediments (Masura
et al., 2015). Following organic matter removal, a salt-water den-
sity separation using a ZnCl2 solution (density¼ 1.7 gml�1) was
utilized to separate MPs through floatation. The density separation
step was repeated and the supernatants combined. The superna-
tant with isolated MPs was filtered through a 0.4 mm polycarbonate
membrane filter (HTTP04700, Millipore). To avoid contamination
from airborne MPs, the extraction processes were performed in a
laminar-flow hood, and all glassware was thoroughly cleaned
before use. Laboratory blanks of distilled water were used as
“negative control” during extraction and identification processes
and no MPs were found on the filters of the duplicate blanks,
confirming that background contamination was negligible.

A set (50 items) of randomly selected suspectedMPs covering all
visual categories of items on each filter were examined to verify
polymer composition using a Micro-Fourier Transform Infrared
Spectrometer (m-FT-IR; VERTEX 70 plus HYPERION, 2000; Bruker)
to establish a general rule for excluding non-plastic items in the
visual examination using a microscope. After that MPs on the filter
were stained carefully with 3 drops of 5 mgmL�1 Nile Red (NR) for
30min (Shim et al., 2016), then photographed using a fluorescence
stereo microscope (M165FC, Leica) at up to 120�magnification
(Maes et al., 2017). Both fluorescent and non-fluorescent items
were enumerated and measured in the images using Image J
(https://imagej.nih.gov/ij/). The detailed protocol for identifying,
measuring and quantifying MPs based on NR staining is available in
Supporting Information.

MP content was converted to a whole sample dry-weight
equivalent. MPs were identified based on morphological features
of MPs derived from literature data (Nor�en, 2008; Peng et al., 2017),
and classified according to their morphology as fragment (fragment
of large plastic waste), fiber (thin or fibrous plastic), pellet (indus-
trial plastic pellet), and foam (lightweight, sponge-like plastic).
Because MPs smaller than 20 mmwere difficult to identify via m-FT-
IR, MP quantification by NR staining method considered only those
particles in the 20e5000 mm range andwe report the results in four
size classes (mm-based on longest particle dimension): 20e100,
100e300, 300e1000, and 1000e5000. MPs larger than 300 mm are
generally considered as “normal” microplastics (NMPs) consistent
with MPs reported in most other studies. MPs between 100 and
300 mmare on the threshold of the “missing”MP fraction in oceans;
we consider the MP fraction <300 mm the “small” microplastic
fraction (SMPs).

3. Results

3.1. Abundance, size composition and distribution of microplastics

Microplastics were found in all sediments collected from the 12
sites in the Wen-Rui Tang River watershed (Table S1). MPs
accounted for about 10e50% of the total items collected on the
filters after staining with Nile Red (Table S1, Fig. S1), and the result
were validated by m-FT-IR analysis (Fig. S2). Mean concentration of
total MPs (20e5000 mm) was 32947± 15342 (mean± std dev)
items kg�1 sediment, while the average concentration of “normal”
microplastics (NMPs 300e5000 mm) was 7-fold less at 4635± 2107
items kg�1 sediment. Mean concentration of “small” microplastics
(SMPs 20e300 mm) that are generally not reported in most studies
was 28312± 14996 items kg�1 sediment. Overall, SMPs accounted
for 84.6% of total MPs, while NMPs accounted for the remaining
15.4% (Fig. 2A). Polyethylene (PE), polypropylene (PP), polystyrene
(PS), and polyester (PES) were the dominant polymer types iden-
tified at most sites based on m-FT-IR analysis (Table S2). Other
common polymer materials included nylon (PA), polyurethane
(PU), polyvinyl chloride (PVC), and polyethylene terephthalate
(PET).

MP abundance in the river network was highly variable among
sites ranging from 18690 items kg�1 sediment at A2 to 74800 items
kg�1 sediment at L1. MP concentrations were slightly lower in the
highly populated urban region (28947 items kg�1 sediment)
compared to the average concentration (32947± 15342 items kg�1

sediment) for all sites. While MP concentrations in the L1 highly
industrialized area was high, the N4 industrial area had average
levels. Similarly, MP concentrations in sediment at the A8 suburban
agricultural area had lower concentrations compared to the W3

https://imagej.nih.gov/ij/


Fig. 4. Microplastic abundance (mean± std dev) in sediments of different class river
channels. MS: Main stream; MT: Main tributary; ST: Secondary tributary.
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suburban site (Fig. 3). The spatial distribution pattern of MP
abundance in river sediments of different class channels followed
(items kg�1 sediment): main stream (22683 ± 4481)<main tribu-
tary (29090± 4589)< secondary tributary (42190± 20512) (Fig. 4).

The “small” MP (<300 mm) fraction constituted 68.3e94.8% of
total MPs. Sites B10 and C5 located at downstream sites near the
main outlet gates to the Ou River had the lowest percentages of
SMPs largely due to high NMPs at B10 and low SMP concentrations
at C5. The low abundance of NMPs at N3 and high abundance of
SMPs at L1 resulted in the percentage of SMPs being much higher
(>90%) at these sites, although SMPs at N3 and NMPs concentra-
tions at L1 were similar to the average for all sites (Fig. 4).

3.2. Morphological type composition and distribution of
microplastics

All four morphological types of MPs were found in sediments at
all sites (Fig. S3). Fragments (6290e28070, average 15129± 6866
items kg�1 sediment) were the most common at all sites and
contributed 45.9% of total MPs. Foams (4850e31360, average
9717± 7113 items kg�1 sediment), pellets (490e11650, average
4232± 2706 items kg�1 sediment), and fibers (1390e7710, average
3869± 1632 items kg�1 sediment) were also widespread and
contributed 29.5%, 12.8%, and 11.7% of total MPs, respectively
(Table S3; Fig. 2B). The percentage contribution of fragments, fibers,
pellets, and foams to total MPs varied across sites: fragments 33.7%
(A2) to 60.6% (C1), fibers 4.9% (N3) to 23.0% (B10), pellets 2.5% (C5)
to 17.7% (N3), and foams 17.4% (C1) to 41.9% (L1) (Fig. 5).

The percentage of fragments was highest in the small micro-
plastic fraction (51.8% in 20e100 mm and 34.8% in 100e300 mm),
but less important in the normal microplastic fractions (15.8% in
300e1000 mm and 6.9% in 1000e5000 mm). On the contrary, fibers
constituted the majority of NMPs (46.4% in 300e1000 mm and
55.9% in 1000e5000 mm), but were a minor component of the SMP
fraction (4.8% in 20e100 mm and 13.1% in 100e300 mm) (Fig. 6A).
Fig. 3. Microplastic concentrations (items kg�1 dry sediment) and percentages of small
(SMP, 20e300 mm) and normal (NMP, 300e5000 mm) MP size classes in river
sediments.

Fig. 5. Microplastic concentrations (items kg�1 dry sediment) and the percentage of
each morphological type in river sediments.
A total of 68.5% of fragments were <100 mm, while 64.5% of
pellets and 63.1% of foams were found in the <100 mm size fraction.
Over 90% of MPs in the pellet, foam and fragment morphological
classes were SMPs. The size spectrum of fibers was very different
from the other morphological classes. About half of fibers were
larger than 300 mm, and the fiber contents of the 100e300 mm and
20e100 mm fractions accounted for 28.5% and 22.2% of total fibers,
respectively (Fig. 6B).
4. Discussion

4.1. Distribution of microplastics in sediments of the Wen-Rui Tang
River network

Microplastics are ubiquitous in sediments from sea floor and
coastal beaches in marine environments (Browne et al., 2011;
Woodall et al., 2014; Van Cauwenberghe et al., 2015), and rivers and
lakes in freshwater environments (Imhof et al., 2013; Eerkes-



Fig. 6. Composition of microplastics by morphological type (A) and size fraction (B).
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Medrano et al., 2015; Klein et al., 2015). However, there are few
studies on MP distribution in sediments of semi-closed, coastal
plain river systems in densely populated urban areas like the Wen-
Rui Tang River. Similar to the accumulation of MPs in low-energy
coastal areas (Claessens et al., 2011; Vianello et al., 2013), the
unique hydrological dynamics in low energy coastal plain rivers
enhance the potential for suspended particle retention in riverine
sediments (Noe and Hupp, 2009). In this study, the abundance of
MPs in sediments of the Wen-Rui Tang River were up to ~70000
items kg�1 sediment, revealing heavy MP pollution in this typical
coastal plain river system of eastern China. Although theMPs in this
study included the “small” MP fraction (20e300 mm), which is
rarely quantified in other studies, the abundance of “normal” size
(>300 mm) MPs in Wen-Rui Tang River sediments is still among the
highest MP densities reported in freshwater sediments worldwide
(Table S4). Among the items recovered from sediment, MPs only
account for average 23.6% of total suspected microplastics
(Table S1). While the ZnCl2 flotation solution (1.7 gmL�1) used for
density separation can isolate heavy plastic materials like PVC, it
also suspends more non-plastic items from sediment than lower
density flotation solutions. m-FTIR identification shows these
suspected items typically composed of carbon black, pitch, natural
fibers, plant detritus, tire wear particles, etc. As m-FTIR was too slow
and difficult for identifying the thousands of items on each filter,
the Nile Red staining method couple with fluorescent image pro-
cessing was developed as an effective and efficient method for
identification, measurement and quantification of the small MP
fraction.

Several factors are suggested to influence the distribution of
MPs in freshwater environments, including population density,
distance to urban center or industrial activities, amount of sewage/
wastewater overflow, etc. (Eriksen et al., 2013; Free et al., 2014;
Eerkes-Medrano et al., 2015). Our study showed MP abundance in
sediments from urban sites (i.e., densely populated areas) was not
higher than the average values for the entire watershed. Although
site in highly industrialized region (L1) had high MP concentra-
tions, the other highly industrialized area (N4) had much lower MP
concentrations. The abundance of MPs in river sediments associ-
ated with farmlands was low, but sediments from the suburban
wetland had average MP values. In general, MP abundance in
sediments of different river-order classes showed a tendency of
secondary tributaries higher than main tributaries higher than
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main stream. The complex MP distribution in sediments of the
Wen-Rui Tang River network implies that not only the sources, but
also other physical, chemical and biological environmental factors
are important determinants of MP distribution (fate and transport)
in this river network. Water residence time, wind turbulence, and
biofouling/defouling are considered important factors affecting the
distribution of MPs (Andrady, 2011; Imhof et al., 2013; Fazey and
Ryan, 2016). After release into the water column, the buoyancy of
MPs allows them to disperse and be driven by wind, rainfall or gate
operations. Properties of the particles themselves (e.g. density, size,
and shape), flow velocity, biofouling, and ingestion by aquatic an-
imals likely all play important roles in the fate and transport of MPs
at the watershed scale (Eerkes-Medrano et al., 2015).

4.2. Size distribution of microplastics in sediments of the Wen-Rui
Tang River

There are no standard methods for the isolation and quantifi-
cation of MPs from sediments (Rocha-Santos and Duarte, 2015;
Horton et al., 2017), whereas the common procedures tend to
combine size and density separation (Hidalgo-Ruz et al., 2012; Van
Cauwenberghe et al., 2015). Given thewide range of MP definitions,
from 1 mm to 5mm, typical sieve apertures used in aquatic
ecological studies (53e333 mm) result in the loss of information
concerning the entire size spectrum. As a result, the reported size
spectrum of MPs is difficult to compare among studies (Hidalgo-
Ruz et al., 2012), especially concerning the small-sized MP frac-
tion (<300 mm). The NOAA protocol uses a 300 mm sieve to separate
MPs from sediment (Masura et al., 2015), however, sieves of similar
or larger size are also commonly used (Rocha-Santos and Duarte,
2015). Therefore, most studies report MPs based on the
300e5000 mm operationally-defined size range while ignoring the
“small” MPs in the <300 mm size range. Some recent studies found
that the “small” microplastic fraction occurs in much higher
abundance than the “large” microplastics. For example, a 63 mm
sieve was used in a study of MPs in the sediments of the Rhine-
Main Area demonstrating that most MPs occurred in the smallest
size fraction (63e200 mm) (Klein et al., 2015). Similarly, a study of
sediments from two lakes in central Italy showed a dominance of
small MPs (<300 mm) based on a minimum filter pore diameter of
5e13 mm (Fischer et al., 2016). Likewise, most MPs recovered from
sediments in an Italian subalpine lake were smaller than 300 mm
based on the use of a quartz fiber filter having a retention efficiency
of 98% at 2.2 mm (Imhof et al., 2016). In this study, about 85 percent
of MPs in the Wen-Rui Tang River sediments were smaller than
300 mm providing additional support for the dominance of SMPs in
sediments of freshwater systems. Although the numerical abun-
dance of SMPs is much higher than larger MPs, the contribution of
SMPs to the mass or volume of total MPs is limited (Klein et al.,
2015). However, the reactivity and ecological risks associated
with the SMP fraction maybe disproportionate to their absolute
mass/volume as they represent a highly reactive fraction, as smaller
plastic particles (nano-size) are reported to have much higher po-
tential to sorb hazardous chemicals resulting in a higher toxicity to
aquatic organisms and humans (Velzeboer et al., 2014;
Bouwmeester et al., 2015).

Hypotheses for the removal of plastic debris from surfacewaters
include ingestion by marine organisms (Boerger et al., 2010;
Foekema et al., 2013), sinking following biofouling (Zettler et al.,
2013; Long et al., 2015; Fazey and Ryan, 2016), vertical transport
by wind mixing (Reisser et al., 2015), rapid degradation to nano-
size particles (C�ozar et al., 2014), and most likely a combination
of these mechanisms. The effect of biofouling on sedimentation of
SMPs has received considerable attention in recent years (Fazey and
Ryan, 2016; Kooi et al., 2017). Biofouling leads to the accumulation
of organisms and detrital materials on the plastic surface (e.g.,
biofilms), which in turn affects its hydrophobicity and buoyancy (Ye
and Andrady, 1991; Long et al., 2015). The size and shape of floating
plastic debris are modified by biofouling as a function of distance
from its sourcewith small fragments sink faster than large ones as a
result of their higher surface area to volume ratios (Ryan, 2015;
Fazey and Ryan, 2016). The eutrophic and low energy water envi-
ronment in the Wen-Rui Tang River network may enhance sedi-
mentation of SMPs as these two factors both facilitate the
development of fouling communities on the surface of MPs.
Therefore, the SMPs with a high degree of biofouling would be
expected to settle from the water column more quickly than larger
materials (Fazey and Ryan, 2016) resulting in their preferential
accumulation in sediments. Ingestion by aquatic animals and
deposition in fecal pellets may also enhance sedimentation of
SMPs, especially given the tremendous zooplankton biomass
associated with eutrophic waters (Cole et al., 2016). Compared to
large MPs, SMPs are closer to the size of diatoms (mainly
20e200 mm), the main prey of zooplankton facilitating preferential
capture and ingestion of the SMP size fraction.

4.3. Morphological characteristics of microplastics in sediments of
the Wen-Rui Tang River

Microplastics comprise either manufactured plastics of micro-
scopic size typically used in personal care products or industrial
pellets that serve as precursors for manufactured plastic products
(primary sources) (Cole et al., 2011; Auta et al., 2017), or fragments
or fibers of plastics derived from breakdown of larger plastic
products (secondary sources) (Cole et al., 2011; Hidalgo-Ruz et al.,
2012; Auta et al., 2017). Plastic fragments were the most abun-
dant among the four types of MPs classified in this study and were
especially prominent in the <300-mm fraction. Micro-size frag-
ments are often the product of fragmentation of all kinds of plastic
wastes. The percentage of fragments among the various size classes
was more evenly distributed than for other MP types implying that
the formation/degradation model for fragments is different from
foams and pellets (Fig. 7A) (Lambert and Wagner, 2016).

Foams were also abundant in the sediments of Wen-Rui Tang
River. The foam to total MPs ratio was positively related to the SMPs
to total MPs ratio (Fig. 7D). Foams are one of the most widely used
plastics and are typically easy to decompose/degrade under expo-
sure to environmental factors such as UV radiation and mechanical
abrasion (Song et al., 2017). Although the density of foams
(0.05e0.4 g cm�3) is much lower than water, the buoyancy of
micro-size foam can significantly decrease after biofouling and
adsorption of sediments, especially in eutrophic and low turbulent
waters as found in the Wen-Rui Tang River network. The abundant
small foams in the river maybe attributed to runoff of fragmented
foam waste degraded on land, or degradation of large foam debris
as it is transported downstream in the water column. Because SMPs
are more susceptible to sedimentation, the abundance of small
foams found in the sediment most likely originates from the
biofouling/sediment adsorption mechanisms. The lack of large
foam debris in the river sediments implies high buoyancy and a
small increase in weight by biofouling (due to low external surface
area) that makes deposition more difficult. Thus, the larger foam
debris tends to settle on river banks or be transported to the
downstream estuary.

The density of plastics comprising micro-size pellets (poly-
ethylene, polyester, and acrylic, typically >0.9 g cm�3) are typically
much higher than foams resulting in a higher sedimentation po-
tential. Moreover, small plastic pellets are used as abrasives in in-
dustry or as exfoliating agents in personal care products, so they are
often more resistant to environmental forces and difficult to



Fig. 7. Relationship between the ratio of microplastic morphological types and small microplastics to total microplastics in river sediments. A: Fragment; B: Fiber; C: Pellet; D: Foam.
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degrade. Although the proportion of pellets to total MPs was
positively related to the SMPs to total MPs ratio (Fig. 7C), similar to
foams, the reason for the size distribution of pellets may differ from
foams and depend primarily on their source(s).

In contrast to the three MP types dominated by SMPs
(<300 mm), the fibers isolated from river sediments were domi-
nated by fibers >300 mm (Fig. 7B). These findings are consistent
with those from Lake Chiusi sediments that showed a much higher
abundance of fibers >300 mm compared to those <300 mm (Fischer
et al., 2016). Similar to marine phytoplankton, cylindrical phyto-
plankton with a higher length/diameter ratio are advantageous as
the long filament species resist sinking facilitating their dominance
in the upper ocean (Padis�ak et al., 2003). Microplastic fibers may
benefit from the same mechanism allowing them to float in the
water column longer thereby facilitating their downstream trans-
port. The higher percentage of fibers relative to total MPs at
downstream sites (C5 and B10) supports more efficient down-
stream transport of fibers relative to the foam, pellet and fragment
forms that decrease in abundance with downstream transport.
Thus, in addition to their widespread domestic source (Salvador
et al., 2017), the efficient transport behavior of plastic fibers in
riverine systems may explain the high recovery of fiber MPs in
sediments from estuarine and coastal areas (Qiu et al., 2015; Ling
et al., 2017; Peng et al., 2017).

4.4. Implications of contrasting MP distribution patterns between
freshwater and marine systems

The negative impacts of MPs on marine ecosystems have
received extensive attention (Barnes et al., 2009; Cole et al., 2011;
Ivar do Sul and Costa, 2014). In recent years, research on the
behavior of MPs in freshwater environments has slowly informed
the source of MPs from terrestrial systems (Wagner et al., 2014;
Eerkes-Medrano et al., 2015; Horton et al., 2017). However, little is
known about the details of MP transport from land to oceans,
despite river systems being implicated as important transport
pathways (Jambeck et al., 2015; Besseling et al., 2017). Although the
ocean floor is considered to be the ultimate fate of marine MPs
(Woodall et al., 2014), terrestrial environments such as river and
lake sediments might also be a terminal or transient sink for MPs
(Imhof et al., 2013; Free et al., 2014). The environmental behavior of
different types and sizes of MPs changes during their transport
from land to ocean leading to longitudinal variations in the spatial
distribution of MPs. The phenomenon of the “missing small
microplastic fraction” in the surface ocean has received extensive
attention, and some explanation include size-specific sedimenta-
tion due to the ballasting effect of biofouling (Fazey and Ryan, 2016;
Kooi et al., 2017), zooplankton ingestion (Cole et al., 2013, 2016),
wind mixing (Reisser et al., 2015), and rapid decomposition (C�ozar
et al., 2014) may contribute to the downward transport of SMPs
from the surface ocean. Although a recent study in the South China
Sea showed a dominant of SMPs in the surface ocean (Cai et al.,
2018), the fate of SMPs across the freshwater-seawater interface
is still unclear. The abundance of SMP in various size fractions was
directly related to their size (i.e., 500 mm> 100 mm>20 mm) in sed-
iments from coastal regions, such as in Changjiang Estuary (Peng
et al., 2017) and southeastern Australia (Ling et al., 2017). The lack
of SMPs in ocean sediments, coupled with the suspected missing
SMPs in ocean surface creates an enigma concerning the absence of
SMPs in marine environments.

Our study demonstrated the ubiquitous nature of SMPs in sed-
iments of a coastal plain river network. TheMPs recovered from the
sediments included both primary and secondary MPs. The primary
MPs consisted largely of plastic particles manufactured for indus-
trial and domestic applications and were microscopic in size. The
secondaryMPswere comprised of fragmentation products fromMP
debris. Long hydraulic residence time and rapid biofouling caused
by severe eutrophication appear to facilitate the retention of MPs in
this coastal river network, especially for the SMP fraction
(<300 mm). A modeling study demonstrated the potential for river
hydrodynamics to affect MP size distributions with profound im-
plications for MP transport to marine systems and retention of
some MP size fractions in river systems (Besseling et al., 2017).
Although turbulence generated by heavy rainfall during periodic
storm events may resuspend some MPs from the sediments, the
widespread occurrence of deep sediment layers (50 to >100 cm
depth) indicates the potential for persistent storage capacity of MPs
in theWen-Rui Tang River network. However, removal of deposited
MPs during channel dredging activities may result in transport to
the ocean, as ocean disposal is a common fate for the dredge
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materials. Additionally, SMPs may be generated from larger MPs
due to in situ degradation of retained MPs in riverine sediments.
Preferential degradation of larger MPs to SMPs would further
enhance the dominance of SMPs relative to total MPs. Thus, the
dominance of SMPs in sediments of Wen-Rui Tang River network
may not only reflect external inputs, but also result from in situ
degradation of MPs within the watershed. The accumulation of
large SMP concentrations in coastal plain river systems and other
freshwater environments may explain, in part, the “missing” SMP
fraction in the surface ocean and marine sediments. Additional
research is warranted to determine the fate and transport of MPs
from terrestrial to marine systems and to test the hypothesis that
SMP sedimentation in freshwater sediments limits their transport
to oceans (Besseling et al., 2017).

5. Conclusions

The abundance of MPs found in sediments from a typical coastal
plain river network demonstrates an important sink for MPs in
riverine sediments. The high proportion of SMPs in freshwater
sediments provides a possible mechanism to explain the missing
SMP fraction in the surface ocean and marine sediments. The
watershed-scale spatial distribution of different MP sizes and types
results from the interplay among pollutant sources, plastic chem-
ical composition, shapes, densities, environmental degradation,
biological fouling, migration behaviors, etc. China is the largest
source of MPs to the ocean (Jambeck et al., 2015). The role of
terrestrial water bodies in highly populated and developed areas of
southeast China in retaining MPs as a terminal or transient sink for
these persistent pollutants, like Lake Taihu (Su et al., 2016) and the
Wen-Rui Tang River network, may have a profound effect on SMP
transport to oceans. Thus, a more detailed mass balance of riverine
MP loads and their fate during transport to the ocean is strongly
warranted. The ubiquitous existence of SMPs in freshwater systems
and their relative absence in marine systems suggest that future
studies in both freshwater and marine systems should consider the
whole size spectrum of MPs, especially given the high chemical
reactivity and ecological risks associated with the SMP fraction.
Moreover, standardmethods for sampling and separatingMPs from
sediments should be revised to include quantification of the small
microplastic fraction (<300 mm), with the Nile Red staining method
showing excellent potential to identify and track this easily lost MP
fraction.
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