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Rivers are major pathways for terrigenous plastics to the ocean, yet the spatio-temporal variability of
plastic flux remains poorly quantified. Here, we conducted annual field monitoring of plastic particle
fluxes in the Yangtze River, accounting for both vertical and horizontal variations in plastic distribution
within the estuary. Microplastics were ubiquitous but exhibited spatial and temporal heterogeneity.
Microplastics abundance declined with increasing depth, and the central channel exhibited lower
microplastic abundance compared to the left and right channels. Monthly trends were consistent
across channels within the same water layer. Hydrological patterns primarily regulated microplastic
occurrence, with microplastic abundance decreasing at higher flow rates, while particle size correlated
positively with flow. We estimated an annual flux of 5.20x10' microplastic particles, of which 74.6%
were small particles, posing substantial ecological risks due to their high toxicity and ingestion

potential.

Rivers serve as vital arteries connecting land and sea, acting as crucial
channels for the exchange of various pollutants'. A matter of increasing
concern is the release of plastic waste from land-based sources, such as rivers
and coastal runoff, into the oceans, which accounts for approximately 80%
of marine plastic inputs™. Recognizing the gravity of this issue, the fifth
United Nations Environment Assembly adopted a landmark resolution in
2022 to negotiate a legally binding international agreement that addresses
the entire lifecycle of plastics, from production to disposal, with the goal of
substantially reducing plastic pollution’. Understanding the fluxes of riv-
erine microplastics into the marine environment is an important scientific
step that can inform effective management strategies and support evidence-
based policymaking to tackle this global challenge.

However, current estimates of riverine microplastic fluxes are sub-
ject to major uncertainties’. Early model-based studies on microplastic
fluxes encountered problems related to overestimation and
underestimation"®’. The primary issue stemmed from the very limited
availability of actual measured microplastic data at river estuaries,
resulting in uncertainties in model predictions. Relying exclusively on a
model that utilizes socioeconomic data such as population figures, plastic
production rates, and plastic waste emissions has contributed to con-
siderable fluctuations in the model’s estimates of riverine microplastic
flux into the ocean. These variations have been observed across different
studies and span several orders of magnitude’. Additionally, this

approach overlooks the impacts of numerous artificial barriers, which
can obstruct 65% of the plastic waste before it reaches the ocean"*.

The second error arises from the choice of sampling strategy. Widely
used trawling or net-based methods tend to capture only the large-sized
microplastics (>300 um), excluding smaller fractions'’. However, recent
studies show that small-sized microplastics (<300 pm) can dominate both
the number and mass of particles in riverine environment™'"", indicating
that excluding these smaller particles may substantially underestimate
microplastic fluxes to the ocean. Their small size facilitates ingestion by
plankton, bivalves, fish larvae, and other filter-feeding organisms, leading to
physical blockage, reduced feeding efficiency, impaired growth, and
reproductive disruption'*'*. Furthermore, microplastics can adsorb and
transport hydrophobic organic pollutants and heavy metals, acting as vec-
tors for toxic substances that bioaccumulate through the food web™™". In
estuarine systems, where salinity gradients and hydrodynamic mixing are
pronounced, these particles may accumulate in sediments or benthic
habitats, posing long-term risks to benthic communities'®. Consequently,
accurately quantifying riverine microplastic fluxes is not only essential for
estimating plastic inputs to the ocean but also for assessing potential eco-
logical impacts on coastal and marine ecosystems.

The third error originates from the spatiotemporal heterogeneity in the
distribution profile of microplastics. Past studies have indicated that large
quantities of plastic debris remain concealed beneath the ocean’s surface,
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and the thermal stratification process can impact the vertical stratification of
microplastics'>*. Moreover, flow velocities exhibit variations across distinct
positions within the river estuary due to factors like channel topography, bed
morphology, fluid dynamics, and potential human interventions™. Conse-
quently, microplastic concentrations vary substantially in time and space
due to hydrodynamic complexity, including vertical stratification and lateral
heterogeneity influenced by bathymetry, flow velocity, and anthropogenic
structures. Depending solely on a single surface water sampling for
microplastic concentration to estimate the annual microplastic fluxes at the
river estuary is an unreliable approach.

To overcome these limitations, this study conducted a year-round,
high-resolution investigation of microplastic distribution and fluxes in the
Yangtze River estuary. By integrating vertical and horizontal distribution
data with synchronous flow measurements from November 2021 to
October 2022 (Fig. 1), we provide an empirically grounded estimate of
microplastic discharge. Understanding the complexities of microplastic
transport is pivotal for developing sustainable strategies to safeguard the
vital interconnectedness between land and sea.

Results and discussion

Hydrological regimes impact microplastic particle abundance
Microplastics were detected in all samples during the one-year monitoring
period. The monthly average microplastic abundance at the river estuary
was recorded at 9745 + 3995 nm™ (Fig. 2a and Table S1), which was 57%
higher than the microplastic abundance in the upstream of the Yangtze

River utilizing a similar sampling and analytical methodology”. Notably, the
presence of microplastics at the river estuary displayed substantial variation
across different months, spanning from 1043 + 1354 nm™ in October to
26,457 34,216 nm™ in January (Fig. 2a-c and Table S1). Such high
variability of microplastic abundance was potentially attributed to spatio-
temporal heterogeneity driven by hydrological regimes, particle resuspen-
sion, and anthropogenic inputs™.

Our results further suggested that the hydrological regime of the
Yangtze River influenced the distribution of microplastics, as substantiated
by the anticipated negative association between microplastic abundance and
hydrological flow rates (p < 0.1, Figs. 2a and 3). For instance, in June, there
was a relatively low microplastic abundance of 3986 + 1829 nm juxtaposed
with a high flow rate of 50,600 m~ s (TableS1). Conversely, in January, the
highest microplastic abundance of 26,457 nm™ was recorded, whereas the
flow rate remained markedly low at 14,000 m™s™ (Table S1).

This inverse relationship can be primarily driven by a balance between
mobilization of microplastics from sediments under certain conditions and
dilution with increasing discharge’. During low-flow periods, the reduced
current velocity may limit hydrodynamic energy, thereby reducing the
transfer of microplastics from sediments into the water column”’. How-
ever, sediment disturbance (e.g., by wind, boat traffic, or other physical
processes) during low flow may still cause resuspension of particles,
including previously deposited microplastics®*. Additionally, the pro-
longed hydraulic residence time under low discharge conditions allows for
the accumulation of suspended particles, including microplastics”. This

Fig. 1 | Sampling locations at the Xuliujing mon-

itoring section of the Yangtze River Estuary,
showing three vertical layers (upper, middle, and
lower) and three lateral channels (left, central, and
right). Surface samples were taken 0.5 m below the
water surface, bottom samples 0.5 m above the riv-
erbed, and middle samples from the mid-depth of
the central channel.
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Fig. 2 | Spatial and temporal distribution of microplastics at the Yangtze River
estuary. a Variations of monthly average microplastic abundance and hydrological
flow rates. b-c Variations of monthly average microplastic abundance in the surface,
middle, and bottom layers (b), as well as within the left, central, and right channels

(). d Relative ranking of monthly average microplastic abundances (%) across
different water periods (dry, normal, and wet), layers (upper, middle, and lower),
and channels (left, central, and right). Percentages indicate comparative abundance
levels rather than actual contributions to total microplastic flux.

effect is especially pronounced in tidal estuarine zones, where periodic
current velocity inversions caused by tidal cycles interact with riverine flow,
leading to complex sediment dynamics and weak net flushing capacity’*™.
Such tidal processes can trap microplastics within the estuary, promoting
their local retention and accumulation before eventual downstream
export™”. Conversely, heightened river flow not only dilutes microplastics
but also accelerates their transport and deposition, thereby reducing their
presence in the water body’*”".

This correlation was further underscored by variations in microplastic
abundance during different hydrological periods (Fig. 2d and Table S2).
Specifically, during both the dry and normal periods, the average micro-
plastic abundance was substantially higher, with values of
10,338 + 7384 nm™ and 11,174 + 6067 nm™>, respectively, in contrast to the
wet period, which exhibited a much lower average abundance of only
3407 +902 nm™ (p < 0.05, Fig. 2d and Table S2). While high flows during

wet periods dilute microplastic concentrations in the water column, they
may simultaneously enhance long-range transport of microplastics to
coastal and offshore regions™. Such transport can increase the exposure risk
to marine ecosystems, as microplastics can serve as vectors for harmful
pollutants and pose direct threats to marine organisms'*"".

High spatial heterogeneity in microplastic distribution through-
out the water column profile

The distribution of microplastics in the upper, middle, and lower layers of
the river, as well as in the left, central, and right channels, exhibited pro-
nounced heterogeneity, with abundance variations spanning three orders of
magnitude, ranging from 100 to 99,600 nm™ (Fig. 2b, c). The coefficient of
variation across the sites ranged from 46% to 130% for each month, high-
lighting substantial spatial heterogeneity (Table S1). Although a general
similarity in the monthly trends of microplastic abundance was observed
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within the same water layer, pronounced variations in abundance were
evident between the different water layers (Fig. 4). These pronounced ver-
tical and horizontal differences indicate that relying solely on surface water
measurements can substantially miscalculate total microplastic flux in river
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Fig. 3 | Correlation between monthly average microplastic abundance and
monthly flow rates at the Yangtze River estuary. The shaded area represents the
95% confidence interval around the regression line.

estuaries”*'. Therefore, both vertical stratification and lateral heterogeneity
must be accounted for to obtain accurate flux estimates.

Upon observing the vertical distribution within the river’s central
channel, we discovered that the abundance of microplastics gradually
decreased as water depth increased (Fig. 2b and Table S1). The annual mean
abundance of microplastics in the surface water was 8110 + 12,400 nm™,
which subsequently decreased to 6878 +7761 nm™ in the middle layer.
Finally, in the bottom layer, near the riverbed, the abundance of micro-
plastics further decreased to 4730 + 4005 nm™. This differs sharply from
lentic reservoirs and inland rivers, where factors such as low flow rates,
thermal stratification, and the interaction of microplastics with algae and
metals facilitate their deposition, leading to higher microplastic abundance
in deeper layers™™*>*. In fast-moving rivers, microplastics predominantly
remain on the surface layer due to the substantial disturbances that prevent
their smooth settling“*. These results indicate that changes in the hydro-
logical regime can strongly influence the vertical migration of microplastics.
In estuarine systems, this process is further shaped by the maximum tur-
bidity zone, where riverine and tidal currents converge, causing suspended
sediments and microplastics to accumulate®’. Acting as a dynamic retention
area, the maximum turbidity zone traps fine particles and promotes local
deposition before they are exported to coastal waters’. The location and
strength of the maximum turbidity zone vary seasonally with shifts in
freshwater discharge and tidal forcing, which in turn regulate the vertical
distribution and ultimate fate of microplastics within the estuary’’. This
quantification also underscores the critical importance of vertical sampling
in generating robust and defensible flux estimates, particularly in highly
dynamic riverine systems where physical stratification, including potential
salinity gradients, may influence microplastic distribution®. Future work
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Fig. 4 | Monthly variation in microplastic abundance in the surface, middle, and bottom layers, as well as within the left, central, and right channels at the Xuliujing
monitoring section of the Yangtze River Estuary. Annual average abundance (n m™) and total particle count (n) for each location are provided.
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Fig. 5 | Size distribution of microplastics. a Size distribution of total microplastics
and the three dominant polymer types: polypropylene (PP), polyethylene (PE), and
the co-polymer of PP and PE (EPM). b Monthly variation in the average mean size
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incorporating salinity profiles would provide deeper insights into the
mechanisms driving vertical heterogeneity.

Regarding the horizontal distribution of microplastics, the total average
abundance of microplastics in the left channel (11,075 + 14,889 nm™) and
right channel (11,610 + 21,790 nm™) was 69-77% greater than that in the
central channel (6573 + 7733 nm™) (Fig. 2c and Table S1). The left and right
channels are characterized by shallow water, high turbulence, substantial
friction, and slow flow rates, which are more conducive to the accumulation
of microplastics*>*’. In contrast, the central channel features deeper water
and faster flow rates, which promote downstream transport and reduce local
retention, consistent with observations from other estuarine systems™”".

Furthermore, anthropogenic activities may partly explain the lateral
heterogeneity observed in microplastic distribution. Microplastics from
terrestrial sources are more likely to enter the shallower left and right
channels due to their proximity to human settlements, municipal sewage
outfalls, port facilities, and ship traffic lanes™ . Such localized inputs can
increase both the abundance and retention of microplastics in these chan-
nels. To verify this hypothesis, future work could incorporate surrounding
land-use data—including industrial zones, wastewater treatment infra-
structure, and vessel density maps—to explore possible spatial correlations
with microplastic hotspots™.

Small polyethylene and polypropylene (<300 pm) dominate
microplastics in the river estuary

Observed microplastic particle sizes ranged between 15 and 3600 um, with
an average mean size of 223 um (Fig. 5a and Table S3). Approximately
82% of the particles were within the size range of <300 um, defined here as
small-sized microplastics. It is worth highlighting that the commonly
employed trawling sampling technique employs mesh sizes ranging from

50 to 300 um™, potentially overlooking the substantial contamination and
associated risks posed by these small-sized microplastics. Laboratory
studies have shown that particles in this size range exhibit 3-5 times
higher adsorption capacity for persistent organic pollutants compared to

57,58

larger fragments due to their increased surface area-to-volume ratio’
Furthermore, field observations in the East China Sea indicate that 68% of
zooplankton species examined contained ingested microplastics pre-
dominantly in the 20-300 pum range’*”. This highlights the critical need to
prioritize particle-number flux metrics in ecological risk assessments,
even if mass-based values appear less alarming®.

Neglecting small microplastics can distort our understanding of overall
microplastic composition. Of the 6505 identified plastic debris items, a total
of 13 distinct plastic polymers were identified in the river estuary (Table S3).
Polyethylene (PE), polypropylene (PP), and their copolymers constituted
75%, 18%, and 4.5% of the total composition, respectively (Table S3 and
Fig. S1). Notably, these three predominant polymers predominantly man-
ifested as small-sized particles (<300 pm), with average particle dimensions
of 226, 195, and 222 pm, respectively (Fig. 5a). Consequently, the omission
of these small particles can result in an underestimation of the proportions
of certain polymer types, such as PE and PP, which pose a threat to marine
organisms. The ecological risks associated with these small PE and PP
microplastics are particularly concerning in marine environments™®.
Furthermore, processes such as mineralization and oxidative fragmentation
disintegrate larger plastic particles into smaller fragments”. Ocean
hydrology is stratified and intricate, with a pronounced tendency for the
selective deposition of small-sized microplastics in high-calcium and high-
salt environments, posing irrevocable threats to benthic ecology'®. Due to
the relatively low densities of PE and PP, both polymers are neutrally or
positively buoyant in seawater, enabling them to remain suspended in the
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water column for extended periods”. This prolonged residence time
increases the likelihood of ingestion by plankton and other filter-feeding
organisms, thereby enhancing their potential for bioaccumulation and
trophic transfer”. Studies have demonstrated that <300 um microplastics
are readily consumed by copepods, bivalves, and fish larvae, disrupting
feeding, energy allocation, and reproduction®*’.

Interestingly, this study revealed a dominant proportion of PE and
PP exceeding 90% across the entire cross-section, with proportions of
96%, 96%, and 94% in the surface, middle, and bottom layers, respec-
tively (Table S3). In the surface layer, this proportion was notably higher
than that observed upstream under comparable methodologies, where
PP and PE together constituted less than 70%*>°*”. These findings
provide insights into the selective settling and fragmentation of micro-
plastics during transport. Several factors may account for this down-
stream enrichment of buoyant polymers. First, the low density of PE and
PP facilitates their transport over long distances under hydrodynamic
conditions, while denser polymers are more likely to settle upstream®.
Second, these polymers are commonly used in domestic packaging and
cleaning products, and their prevalence in treated and untreated was-
tewater discharges from urban areas—particularly downstream mega-
cities such as Shanghai—may further increase their downstream
concentration®. Third, increasing salinity gradients towards the estuary
mouth reduce water density differences relative to these polymers,
enhancing their floatability and further promoting their downstream
retention and accumulation®. Collectively, these findings imply that
polymer-specific characteristics, land use, human activity, and salinity
dynamics jointly influence spatial trends in polymer distribution.

The particle size distribution of microplastics exhibited pronounced
spatial and temporal heterogeneity (Figs. 5b, ¢ and S2-3). Notably, the
average particle size of microplastics in the central channel exceeded those in
the left and right channels (Figs. 5¢c and S4). Within the central channel, the
bottom layer exhibited the largest particle size, followed by the surface and
middle layers (Figs. 5d and S4). One possible explanation is that weaker
bottom turbulence and increased deposition near the riverbed allow larger
particles to settle, especially in the deeper central channel, where shear stress
may fall below the critical threshold for resuspension”*”’. Sediment—
microplastic interaction studies have shown that larger microplastics are
more likely to be trapped in bed sediments or aggregate with particulate
matter under low-energy conditions”**”°. This could explain the observed
accumulation of large microplastic particles in the bottom layer of the
central channel.

Furthermore, the particle size of microplastics was positively cor-
related with the hydrological flow rates (p < 0.05) (Fig. 5b), suggesting
that the hydrological regime strongly influenced the distribution and
stratification of microplastics. The microplastic particle size averaged
279.29 um during the wet period, 235.37 pm during the normal period,
and 210.25 pm during the dry period. This trend suggests that higher
river flow allows larger microplastic debris to enter the river system from
surrounding terrestrial sources but also enhances the remobilization of
previously deposited microplastics, facilitating their downstream
transport toward the estuary (Figs. 5¢c and S4).

Focusing on the vertical distribution within the central channel, the size
patterns varied among water layers and hydrological periods
(Figs. 5d and S4). Specifically, the particle size of microplastics in the bottom
layer was the largest during the dry period, whereas that in the surface and
middle layer reached its peak during the wet period. This suggests that as
hydrological flow rates increase, microplastics with larger particle sizes tend
to accumulate in surface water. One possible explanation is that during
high-flow periods, runoff and stronger turbulence transport greater quan-
tities of large fragments of low-density polymers such as PE and PP from
upstream into the river system®. Given their lower buoyancy, these poly-
mers are more likely to remain suspended near the surface rather than
settling, thereby contributing to the observed enrichment of larger particles
in the surface layer during the wet period™.

Estimation of the fluxes of microplastic in the river estuary

The annual particle flux of microplastics was calculated to be 5.20 x 10"
particles, with the monthly microplastic flux ranging from 2.67 x 10" to
1.38 x 10" particles (Table S1). The annual fluxes of PP and PE were found
to be 3.83 x 10" and 9.96 x 10** particles, respectively, with the remaining
polymer types contributing 3.78 x 10™ particles. Notably, the annual flux of
small-sized microplastics was determined to be 3.88 x 10" particles, con-
stituting 74.6% of the total particle flux.

Regarding the vertical distribution of microplastics, exclusively relying
on microplastic abundance in the surface layer for estimating microplastic
flux, we calculated an annual particle flux of 2.26 x 10% (Table S4). This
result represents an overestimation of approximately four orders of mag-
nitude compared to the calculation using the average microplastic abun-
dance in the river estuary cross-section (5.20 x 10"°). Horizontally, the
central channel of the river estuary contributed an annual emission of
2.85 x 10" particles into the marine environment, surpassing the combined
particle fluxes observed in both the left and right channels (2.35 x 10"
particles) (Table S5). This disparity is primarily attributed to the much larger
water volume passing through the central channel compared with the left
and right channels.

The peak total number of microplastic particles transported from the
Yangtze River estuary to the ocean occurs during the normal water period
(2.28 x 10" particles), accounting for 44.4% of the annual total (Table S2).
The wet period followed, with a total microplastic particle flux of 1.59 x 10"
particles (31.1%). The lowest flux occurred during the dry period, with a
microplastic particle flux of 1.26 x 10" particles, representing only 24.5% of
the annual total. For context, the wet period represents 40% of the annual
water discharge but occurs over only two months. This indicates that nearly
one-third of the annual microplastic loading to the ocean is delivered within
a very short time frame, resulting in highly episodic transport events. In
contrast, the normal water period extends 5 months, during which mod-
erate but sustained river flows deliver a slightly higher total microplastic flux.
Although the increased water volume during the wet period has a dilution
effect on microplastic abundance, the elevated flow velocity greatly
enhances downstream transport capacity and dispersal. This means that
while local abundance and flux may appear reduced, high-discharge events
can carry microplastics further offshore®”"”, extending their spatial reach
and increasing ecological risks to pelagic ecosystems and marine organisms
beyond the estuarine boundary”. Similar hydrodynamic-driven offshore
transport has been observed in other large river systems under high-flow
events, underscoring the need to assess the ecological implications beyond
estuarine boundaries™’*”.

Following mass conversion, our estimations indicate that the Yangtze
River annually transports approximately 9216 + 600 tons of microplastics
into the ocean based on whole water column measurements (Table S4).
Based on morphological classification, an estimated 4.08 x 10" non-fiber
particlesand 1.12 x 10" fiber particles were transported annually (Table S6).
Despite the high numerical abundance of fibers, they contributed only 1.7%
(160 tons) to the total annual mass flux (9216 tons), whereas non-fiber
microplastics accounted for 98.3% (9056 tons) (Table S6), underscoring the
dominance of denser, non-fibrous particles in total mass transport. Notably,
if flux were estimated using only surface layer abundance, the value would
rise to 84,010 tons, representing an overestimation of approximately 8 times
(Table S4). This highlights the importance of incorporating vertical
microplastic distribution when quantifying riverine plastic export. For
comparison with previous studies that relied on surface-layer data, our
surface-layer measurement-based assessments are comparatively lower
than previous model predictions (3.33 x 10° tons)'. Although their model
does include dams and artificial barriers as sinks for plastic particles, our
lower value likely reflects additional retention in terrestrial environments,
localized sediment trapping, differences in plastic size classes considered,
and other hydrodynamic retention processes not fully resolved in large-scale
models’. Conversely, our surface-layer estimation falls one order of mag-
nitude above the previous findings using the trawling sampling approach
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(538-906 tons) based on several months field research’. The length and
continuity of sampling strategy have a major impact on the estimation of
flux. Our study has shown that the abundance of microplastics and water
flow rate varied in different hydrological periods. Therefore, studies based
on short-term sampling may miss peak events or underestimate back-
ground variability. Our surface-layer estimation aligns more closely with the
estimation by a recent study based on actual measurements (6750~
33,600 tons)°, positioning our findings towards the lower end of this range.

The mass of microplastic was estimated using the particle size for each
particle and assuming a simplified spherical geometry, combined with the
literature-reported densities of the dominant polymers (see “Methods”).
However, this approach, like those used in previous studies, faces substantial
challenges in accurately estimating the mass abundance of microplastics,
primarily due to uncertainties in volume and density determination. The p-
FTIR technique provides only two-dimensional measurements of particle
length and width, without information on thickness, which can lead to
substantial errors in volume estimation, particularly for small or thin, planar
particles. Natural microplastics also exhibit highly irregular and fragmented
shapes, and environmental processes such as prolonged water immersion,
biofouling, and weathering can alter their density. Because particle mass
scales with the cube of the radius, even minor measurement errors can result
in large uncertainties. While direct weighing of individual microplastics is
often impractical, future studies employing advanced 3D imaging or micro-
CT techniques could greatly improve the precision of microplastic mass and
shape characterization’””", thereby enabling more accurate assessments of
microplastic mass fluxes.

Conclusion

This study revealed a substantial discharge of microplastics from the
Yangtze River into the ocean and highlighted pronounced spatial and
temporal heterogeneity in their distribution within the estuary. Microplastic
abundance exhibited a tentative inverse correlation with flow rate. Larger
particles generally accumulated in deeper layers of the central channel,
whereas higher flow rates promoted their redistribution toward shallower
layers. The annual microplastic particle flux was estimated at 5.20 x 10
particles (9216 + 600 tons), with 31.1% of particles transported during the
two-month wet period. Notably, relying solely on surface-layer measure-
ments overestimated particle and mass flux by 43 and 8 times, respectively.
These findings underscore the importance of spatially and temporally
resolved sampling for accurately quantifying microplastic fluxes.

Methods

Study area

The Yangtze River is the longest river in China, spanning over 6300 km in
length, with a basin area of approximately 1.8 x 10°km”. The average annual
flow is approximately 29,300 m’s”, contributing to a yearly runoff of
9.051 x 10" m’. The Yangtze River Basin has a high population density,
diverse land use patterns, and a developed economy, resulting in a strong
demand for plastic products, and consequently, high volumes of plastic
waste are discharged into the environment’.

The Yangtze River Estuary is located in northern Shanghai. The
Xuliujing monitoring section, situated along its main stem, features a
distinctive topography. It is a typical compound-section riverbed divided into
a central main channel and side banks on the left and right sides. The annual
average water depth of the main channel is approximately 40 m, whereas the
side banks on both shores have an average water depth of approximately 10 m.

Sampling method

Three sampling channels were established in the Xuliujing monitoring
section of the Yangtze River estuary: left, central, and right (Fig. 1). Surface
water samples were collected at 0.5 m below the water surface, bottom water
samples were collected at 0.5m above the riverbed, and middle water
samples were collected from the midpoint of the central channel. Surface
and bottom water samples were collected from both the left and right banks
of Xuliujing, whereas surface, middle, and bottom water samples were

collected from the central channel. Water samples were collected using a
calibrated depth sampler (model HAQCC15-5L; Beijing Heng Odd
Instrument Co., Ltd., China). At each sampling location, two 5 L subsamples
were collected and combined into a single composite sample. Depth mea-
surements were obtained using a graduated sounding rod prior to sample
collection, enabling precise positioning of the sampler at 0.5 m above the
riverbed. All samples were transported to the laboratory in stainless steel
containers without filtration during sample collection. Continuous monthly
monitoring was conducted from November 2021 to October 2022, span-
ning one year. Sampling was not performed in April and May due to
COVID-19 travel restrictions, but data from the remaining ten months
sufficiently captured seasonal variations. During each sampling campaign,
seven locations were sampled to represent the cross-sectional distribution of
microplastics. At each location, two subsamples were collected and thor-
oughly mixed to form one composite sample, improving representativeness
and reducing local variability. In total, seven composite samples were col-
lected each month, resulting in 70 samples across 10 months. All sampling
was conducted during ebb tide, when freshwater discharge is dominant and
tidal backflow from the sea is minimal, to reduce the risk of particle retention
or seawater intrusion influencing the results”. Hydrological data for the
Xuliujing monitoring section were obtained from the Changjiang Water
Resources Commission of the Ministry of Water Resources (http://www.
cjw.gov.cn/zwzc/zjgb/). Based on the monthly river flow volume, December,
January, September, and October were classified as dry periods. November,
February, March, and August were designated as normal periods, while June
and July were classified as wet periods. This sampling design captured both
temporal variability across hydrological periods and spatial heterogeneity
within the cross-section. Compared to previous studies that often relied on
only a few discrete sampling events or focused solely on surface water, our
approach represents a substantially larger sampling effort, consistent with
recommendations for high-resolution monitoring in large river
systems'«l(),g(),éﬁl.

Microplastic extraction

Sample pretreatment was conducted according to the method described in
previous research®™". The collected water samples were initially filtered using
avacuum filtration pump through a stainless-steel membrane with a pore size
of 0.01 mm. This filtration process retained substances from the water on a
stainless-steel filter membrane. The stainless-steel filter membrane containing
the filtered material was then placed in a 250 mL glass beaker.

A 30% hydrogen peroxide (H,0O,) solution was used to digest organic
matter. The sample solution, containing 20 mL of 30% H,O,, was placed on
a temperature-controlled hotplate set at 60 °C to remove organic materials*.
This process generated bubbles. After the complete reaction of the bubbles,
the organic matter was still visible, and an additional 20 mL of 30% H,O,
was added. In general, two rounds of H,O, were added. After the absence of
bubbles and visible organic matter indicated the completion of dissolution,
the sample was transferred to an ultrasonic water bath to subject the sub-
stances onto a stainless-steel filter membrane for ultrasonic treatment,
thereby shaking them in an aqueous solution. After the ultrasonic treatment,
any remaining substances on the stainless-steel filter membrane were rinsed
in the sample solution in a beaker using ultrapure water. A saturated NaCl
solution (density = 1.2 g cm™) was used for flotation at 60 °C for 12-24 h.

After flotation, the supernatant of the sample solution was filtered
through a 0.45 um membrane. The filter membrane was placed in a petri
dish and dried in an oven at 60 °C. Finally, the test samples were sealed with
aluminum foil for subsequent analyses.

Microplastic identification

All samples were observed and photographed using a high-definition
microscope (SC-III, Shanghai, China). The suspected microplastic particles
were carefully isolated using a sampling needle and transferred onto barium
fluoride windows (13 mm diameter, Thermo Scientific, USA) for spectro-
scopic analysis®. Each window contained approximately 50-1471 suspected
particles, a density chosen to prevent particle overlap and ensure accurate
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individual identification. A micro-fourier transform infrared spectrometer
(u-FTIR, Nicolet iN10MX, USA) was used to detect and identify the poly-
mer types of the samples.

The polymer type of the detected particles was identified by comparing
the spectra of the tested samples with those of standard materials in the
spectral library of the instrument. If the match exceeded 70%, the particle
was identified as a microplastic, and its quantity, type, size, shape, and other
characteristics were manually recorded.

In total, 9892 suspected particles were initially suspected, of which 6505
were conclusively identified as microplastics using micro-FTIR, resulting in
a detection rate of 65.8%. Microplastic abundance is expressed as nm™. The
particle sizes were categorized into small microplastics (15-300 um) and
large-sized microplastics (300-3600 um). The morphologies of the micro-
plastics were primarily fibrous or non-fibrous.

Quality insurance and quality control

A series of measures was implemented to prevent sample contamination.
No plastic material was used during the preprocessing. All the experimental
tools and instruments were washed with ultrapure water at least three times
before use. During the experiments, the researchers wore masks and cotton
lab coats. The samples were sealed with aluminum foil to prevent air pol-
lution. The experimental analyses were conducted in a laboratory that was
cleaned daily. To assess potential contamination, one procedural blank was
included for each batch processed on the same day. The blanks consisted of
ultrapure water that was handled identically to the field samples, including
being left uncovered near the samples during processing to monitor air-
borne contamination. No plastic particles were detected in any blank
samples, indicating that laboratory contamination was negligible.

Mass conversion

The conversion of the microplastic mass concentration was achieved by
distinguishing between two morphologies: fibrous and non-fibrous. Fibrous
microplastics are treated as small cylinders, and their particle mass is cal-
culated as follows:

My = it x hx1.04 (1)

where Mg, is the mass of fibrous microplastics (g particle™), r is the radius
of the fibrous microplastic (cm), / is the length of the fiber (cm), and 1.04 is
the average density of the microplastics (g cm™)™.

Non-fibrous microplastics are treated as flattened spheres, and the
particle mass is calculated as follows:

M =4/3xar’x1.04xa )

nonfiber
where Myonfiber i the mass of non-fibrous microplastics (g particle™), r is the
radius of the sphere (cm), 1.04 is the average density of the microplastics
(gem™)®, and « is the shape factor with a value of 0.17.

Estimation of microplastic fluxes from river to sea

Owing to the unique topography of the Xuliujing monitoring section on the
main stem of the Yangtze River Estuary, which constitutes a typical com-
pound section, the annual average water depth of the central channel was
approximately 40 m, whereas the average water depth on the left and right
banks was only approximately 10 m. Consequently, the microplastic flux
from the left, central, and right channels into the ocean for the i month was
calculated as follows:

Filp = Cispep X Mi_1eq X QX by (3)
Fi—central = Ci—cenrml x Mi—central X Qi X bcent'ral (4)
Fi_vight = Cizright X Mi_yighy X Q; % bright (5)

where Fijeft, Fi-central 21d Fiighe represent the total microplastic flux into the
ocean from the left, central, and right channels for the i month (tons),
respectively, Ci jeft> Ci-central> a1d Ci.right is the microplastic abundance on the
left, central, and right channels for the i month (particle m™), respectively,
M. 1efis Micentrals a1d Mi_igh is the particle mass of microplastics on the left,
central, and right channels for the i month (g particle™), respectively, Q;
stands for the river’s discharge for the i month (m®), and the flow coefficients
for the left, central, and right channels, bieg, beentral and byign: are 0.22, 0.67,
and 0.11, respectively. These coefficients were determined based on the
cross-sectional area®.

The total microplastic flux from the Yangtze River Estuary into the sea
in the i month (F;) was calculated as follows:

Fy = Fi 5 + Fi_ppiaaie + Fi—rigt ©

The annual microplastic flux into the Yangtze River estuary is calcu-
lated as:

i=12

F=S F, %
i=1

Statistical analysis

A two-way analysis of variance (ANOVA) was performed to evaluate spatial
and temporal variations in microplastic abundance and flux. Pearson cor-
relation analysis was used to explore the relationship between microplastic
flux and hydrological parameters (e.g., discharge, turbidity). All statistical
analyses were conducted using R software (v4.2.1), and significance was
accepted at p < 0.05.

Data availability

The data used in this study are included in the article and are publicly
available through Figshare at https://doi.org/10.6084/m9.figshare.
26196122.v1. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.
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