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Substantial burial of terrestrial microplastics in the
Three Gorges Reservoir, China

Bo Gao® "*® Yalan Chen® 24, Dongyu Xu!, Ke Sun? & Baoshan Xing3

Hydropower dams impact the transport of microplastics from rivers to the ocean. The
Yangtze River is a large source of plastics to the ocean. Here, we report microplastic con-
centrations and compositions across a range of size fractions for sediment samples collected
in the upper and lower reaches of the Three Gorges Dam in 2008, 2015, 2019 and 2020. We
find a gradual increase in microplastic abundance over time, with preferential retention of
small-sized (<300 pm) microplastics in the dam reservoir sediments. Small microplastics
accounted for between approximately 44 and 90% of identified microplastics, and 82% of all
polyethylene particles, which were the dominant polymer type. Our estimate of the total
plastic mass load in reservoir sediments suggests that the Three Gorges Dam retains as
much as 8048 + 7494 tons yr~! microplastics in sediments, which is equivalent to 47 + 44%
of the Yangtze River microplastic flux to the ocean.
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e currently live in the ‘plastic epoch’ with the ubi-

quitous presence of microplastics on Earth!=>. The

marine environment is of particular concern due to its
high microplastic contamination®-8, with the global plastic input
into the ocean estimated to be ~10 million tons per year®?.
Terrestrial input is the main source of marine microplastics!?,
contributing between 64 and 90% of the total plastic input to the
oceans® 1112, Extensive dams have been constructed worldwide
for hydropower generation, flood control, and shipping, resulting
in the fragmentation of free-flowing global river systems!3:14,
Reservoirs that form upstream of the dams decrease flow velocity,
increase the hydraulic residence time, trap annually increasing
sediment amounts, and subsequently alter the footprints of
pollutants!>16. The enrichment of microplastics in reservoir
surface water close to dams!” confirms a pressing need to
determine the impact of dam construction on the mass-imbalance
between plastic debris entering into the ocean and those observed
in the ocean!. Microplastics burial in sediments is a major plastic
sink in marine and terrestrial environments>%1%, Dams are
known to exacerbate the accumulation of organic pollutants??,
heavy metals!®, nitrogen, and phosphorus?!. However, the effect
of dams on sedimentary microplastics is largely unknown.

To date, research on microplastic contamination in reservoirs
is sparse!®22-27. Only 35 out of 183 existing publications about
freshwater microplastics reported microplastic contamination in
the reservoir region until August 20212>26, Besides, the sizes and
polymer categories of microplastics are not well constrained in
most previous studies. Substantial uncertainties exist in the
assessments of microplastic load by dam interception and an
explanation for the global microplastics mass-imbalance is
inadequate. This may be due, in part, to the negligence of small-
sized microplastics, the small sample sizes, and the lack of close
integration between sizes and polymer types. A previous record
has reported the preferential accumulation of small-sized
microplastics (defined here as <300um?8-31) in riverine
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sediments?8. As such, the growing microplastic stocks in reservoir
sediments suggest that dams may selectively trap large amounts
of small-sized microplastics.

The Yangtze River is the world’s third-largest river and the
largest input of oceanic microplastics worldwide!?. The Three
Gorges Dam (TGD), located in Yichang along the Yangtze River,
is the world’s largest hydropower project. The microplastic con-
tamination data of Three Gorges Reservoir (TGR) from the initial
operation stage to the stable operation stage is very precious and
hasn’t been reported yet. Here, we carried out four sampling
campaigns in 2008, 2015, 2019 and 2020 to determine the accu-
mulation preference and reorganisation patterns of microplastics
during different water-storage stages (Supplementary Fig. 1).
During July and August 2020, a catchment-wide flooding with five
flood peaks was discharged from the TGD. To investigate the
flood-driven microplastic flushing and reorganisation, we com-
pared the microplastic contamination across all sizes and polymer
categories in 2019 and 2020!2. We then estimated the overall mass
load of the entire microplastics in the TGR. Based on these results,
our study provides new insights into the major role of dams in
regulating microplastic fluxes to the ocean. Our data over a 12-
year time span is of crucial importance for the microplastic survey.

Results and discussion
Dam promotes deposition of small-sized microplastics in
reservoir sediments. In 2020, microplastics were pervasive in all
23 sampling sites, and a total of 2275 microplastic particles were
recovered (Supplementary Table 1). The obtained polymers were
mainly identified as polyethylene (PE), polypropylene (PP), and
cellulose, with minimum diameters ranging from 30 to 3330 pm.
The microplastic concentrations at different sites ranged from
1031 to 63,081 items kg~ 1.

Great spatial heterogeneity was observed in different river
reaches within TGR (Fig. 1). Specifically, the lower reach exerted a
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Fig. 1 Size-based abundance of sedimentary microplastics in 23 sampling sites upstream and downstream of the dam in 2020. Microplastic
concentrations of the 100-300 and 300-5000 pm fractions are displayed in the main figure. The location of the dam and the division of the upstream and
downstream areas, as well as the upper, middle and lower reaches, are marked. The inset shows the size distribution based on the whole identified
microplastic particles in the upstream and downstream regions of the TGD in 2020.
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much lower microplastic concentration (17,172 + 8604 items kg—1)
than the upper (24,731+7128 items kg~!) and middle
(28,697 £21,052 items kg~!) reaches of TGR. This can be
explained by a variety of factors, including the interference by
human activities, the changes in hydrological conditions, the
pollution from agricultural activities, and the inflow of upstream
microplastics contamination from water, sediments and riparian
soils?227. Interestingly, the microplastic concentrations increased
with decreasing distance from the dam within the lower reach in
TGR (Fig. 1). This is understandable, as the TGD blocks the
discharge of microplastics and slows down the water flow in TGR,
especially for the sites near the dam. The slowed flow velocity
facilitates the deposition of microplastics in the water column close
to the dam and the piling up of sedimentary microplastics>32,
By comparing microplastic concentrations in sediments collected
from upstream and downstream of the dam in 2020, we found that
massive microplastics were trapped in the reservoir bed (Fig. 1). The
average abundance of microplastics in the sediments upstream of
the TGD was 23,018 + 14,268 items kg~! (n=1972), which was
more than 12-fold higher than that in the downstream region
(1855 + 765 items kg ™!, n=303) (p <0.01). This is consistent with
a recent study which reported extensive accumulation of micro-
plastics in the sediment behind dams!®. Moreover, the small-sized
fractions accounted for 75.7% and 55.2% of the total obtained
microplastics in the upstream and downstream sediments,
respectively. This suggests that the TGR sediments act as a
significant intermediate microplastics sink, selectively trapping
higher proportions of small-sized fractions. This is understandable,
as the dam construction formed a lake-like environment in the
reservoir region, which alters the hydrodynamic conditions and
thus affects the transport of riverine microplastics into the ocean.
The higher microplastic concentration was attributed to the dam
entrapment as indicated by the higher microplastic concentration in
the surface water in the upstream!7-33, as well as the inflow of non-
point source microplastics in the reservoir basin?’. The dam slows
down the flow of water and facilitates the deposition of
microplastics into the reservoir bed>32. In addition, the high-
calcium and algal-rich environment in the reservoir also facilitates
the deposition of microplastics, especially for the small ones32.
Other processes responsible for the higher concentration of small-
sized microplastics in the same sedimentary matrix, including
fragmentation and deposition®*, merit further investigations.
Irrespective of the small-sized fractions, the remaining microplastic
concentrations of the >300 um size fraction in the upstream were
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only 5.7-fold the concentrations of the downstream records. As
such, the negligence of small-sized microplastics would result in the
gross underestimation of microplastic contamination.

We observed a significant difference in the microplastic size
distribution between the upstream and downstream sediments
(Supplementary Table 2). The peak size distribution occurred in
the 100—300 pm size fraction, followed by the 300—1000, 10—100
and 1000—5000 pm size fractions in the upstream sediments, and
the 300—1000, 1000—5000 and 10—100 pm size fractions in the
downstream sediments. Among the small-sized fractions, both the
10—100 and 100—300 um size fractions contributed a higher
proportion in the upstream microplastics (17.1 and 58.6%) than
the downstream microplastics (5.5 and 49.6%), with higher
amounts of the 10—100 pm size fraction selectively trapped behind
the dam. Though less abundant in the small-sized fraction, the
10—100 pm size fraction was more inclined to be trapped by the
dam than the most predominant 100—300 pm size fraction.

The polymer composition of the small-sized fraction in the
reservoir bed varied from that in downstream sediments
(Supplementary Table 2). In the order of descending abundance,
upstream polymers of <300 um were mainly comprised of PE
(80.5%), PP (12.3%), cellulose (5.2%) and polyethylene terephtha-
late (PET) (0.5%), while the downstream small-sized micro-
plastics consisted of PE (54.7%), cellulose (21.5%), PP (18.2%)
and PET (2.8%). A large amount of small-sized PE was retained
in the reservoir bed, while small-sized cellulose, PP and PET were
released. As such, small-sized PE played a predominant role in
the selective entrapment of small-sized fractions by the dam.

A growing sink of microplastics in the reservoir bed
(2008-2020). To further determine whether the reservoir sedi-
ments are a major sink for small-sized microplastics, we conducted
intensive, systematic, coherent, and repeated investigations on the
abundance and distribution of microplastics in the vast and
extensive reservoir region during different water-storage stages in
2008, 2015, 2019 and 2020, respectively. Microplastics were
detected in all sampling sites, and a total of 8581 microplastic
particles were extracted in the upstream of the TGD during the
four sampling campaigns (Supplementary Table 1). The micro-
plastic concentration in the reservoir sediment accrued steadily
each year (from 3785 + 3558 items kg~! in 2008 to 23,018 + 14,268
items kg~! in 2020), manifesting the reservoir bed as a growing
microplastic sink (Fig. 2a). In addition, the most profound increase
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Fig. 2 Interannual variation of microplastics in the bed sediments of the TGR. a Abundance and polymer composition of sedimentary microplastics in
2008, 2015, 2019, and 2020. b The size distribution of microplastics in different sampling years. A total of 1804, 3718, 1087, and 1972 particles were
identified, examined, and carefully recorded each year (Supplementary Table 1). Boxes show the 25th and 75th percentiles, and error bars represent the
95th percentiles. Black squares and horizontal lines represent the arithmetic means and medians, respectively.
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of microplastic abundance from 2019 to 2020 was potentially
attributed to the flooding. Previous records have shown that fluvial
flooding plays a key role in flushing microplastics from coastal
locations and river catchments!>3>-33, Similarly, flooding would
inevitably affect the occurrence and fate of microplastics in the
reservoir region. During July and August 2020, a catchment-wide
flooding with five flood peaks was discharged from the TGD. Flood
no 5 had a peak discharge of 75,000 m3 s~! on August 17 and was
the largest flood since 1981. Instead of efficiently flushing out
microplastic particles in the reservoir sediments, the extreme flood
greatly enhanced the accumulation of microplastics behind the
dam (approximately 1.7-fold higher in 2020 than in 2019,
n=13059) (Fig. 2a). The elevated microplastics concentration in
one year (from 2019 to 2020: 9843 items kg—!) had even exceeded
the decadal increase (from 2008 to 2019: 9390 items kg~!). There
are many factors including local lifestyle and economy, waste
discharge, flooding, etc. that may contribute to this phenomenon,
among which the impact of flooding is non-neglectable. The ele-
vated scouring force and high water level from the flooding event
may lead to the flushing of massive amounts of microplastics from
both the upper reaches and ambient water-level fluctuation zone
into the reservoir bed1%27-3%. The microplastic enrichment can also
be attributed to the enhanced downward transport of microplastics
by an intensive hydraulic disturbance in the reservoir bed’.
Although flood disturbances initially cause an endogenous release
of sedimentary microplastics, the dam further blocks the transport
of microplastics in the water!”, which intensifies their mixing,
sinking, and vertical transportS.

According to our dataset from 2008 to 2020, the size-related
abundance of microplastics in the reservoir bed maintained the
descending order of 100—300>10—100>300—1000 > 1000—
5000 um (Fig. 2b). The small-sized fraction was the most
predominant and represented 55.1-78.1% of the recovered plastic
debris. The predominance of small-sized fractions across different
water-storage stages suggests that the burial of microplastics in
sediments is a size-selective process. Processes that enhance
microplastic density, such as biofilm colonisation>40-42, high-
density material bonding (e.g. suspended sediments*3, natural
organic matter** and extracellular polymeric substances*’), and
aggregate formation®®, are more prone to occur on smaller
particles with higher specific surface areas*’~4%, and appear to be
one explanation for the preferential accumulation of small-sized
microplastics in sediments. Compared to the marine environ-
ment, such processes may be more prevalent in freshwater
systems due to the lower water density of ~1 g-cm™3, which
promotes the settling of microplastics from the water columnC.
Moreover, the decreased flow velocity and enhanced hydraulic
retention time in reservoirs can enhance the homogeneous and
heterogeneous aggregation of microplastics and facilitate their
vertical transport>32, especially for smaller microplastics?3>1-53,
After sinking, these small-sized microplastic aggregates may
remain negatively buoyant and hidden beneath the surface
water®®, while larger plastic debris are at higher risks of breaking
down into smaller pieces and regaining buoyancy to migrate
upwards due to the non-uniformity of fouling®*. As such, our
understanding of the trigger mechanism of particle size on the
downward transport of microplastics is far from robust and
requires further investigation.

During the experimental impoundment stage in 2008 (operat-
ing at a high water level of 172.89 m for the first time), reservoir
sediments contained a higher proportion of the >300 um size
fraction than sediments in 2015—2020 (Fig. 2b). We attributed
this apparent mismatch in the size distribution in 2008 to the
remaining litter along the water-level fluctuation zone caused by
population migration. During the stable operating stage after
2010, the different water-storage stages had not yet significantly

modified the size distribution of microplastics. Notably, we
observed no significant changes in their size distribution, even
after the massive flooding event, which is also supported by the
minimally altered size distribution by catchment-wide flooding in
northwest England!2. Our long-term assessment of microplastic
contamination over a spatially extensive transect in the TGR
highlighted the continuously predominant occurrence of small-
sized microplastics.

PE dominates the undervalued small-sized microplastics in
reservoir beds. A total of 10 polymer types (PE, cellulose, PP,
PET, polyvinyl chloride, polyamide, polystyrene, polyacrylamide,
polyurethane and polyvinyl alcohol) were identified in sediments
by pu-FTIR (Supplementary Fig. 2). In the order of descending
abundance, the dominant polymer types, PE, cellulose, and PP,
accounted for more than 84% (84.4-97.9%) of the recovered
microplastics (Fig. 2a). PE was the most abundant and ubiquitous
polymer group, ranging from 54.5 to 82.0% during 2008—2020.
The dominance of PE is partly because it is one of the most
produced and discarded plastics globally. Our findings are con-
sistent with previous observations, in which PE dominated the
polymer compositions in sediment>>°>°, Arctic ice cores?, and the
Atlantic Ocean interior!. Interestingly, PE is of lower density than
other polymers as well as freshwater, but it could finally end up in
reservoir sediments. One explanation is that PE is mainly com-
prised of small-sized particles®, and its density can be more
readily altered by biofouling>#0-42, incorporation into microalgae
aggregates?®, and encapsulation within faecal pellets*®. Moreover,
the dam slows down the flow of water and facilitates the
deposition of microplastics into the reservoir bed. The high-
calcium and algal-rich environment in the reservoir region fur-
ther facilitates the deposition of PE#°.

The obtained polymers in 2008 were comprised of 54.5% PE,
39.4% cellulose and 3.3% PP, which significantly differed from the
composition in subsequent sampling records (Fig. 2a). As
previously mentioned, the undisposed plastic litter from popula-
tion migration may explain this discrepancy. In 2015 and 2019
during the normal dam operation stage, the microplastics
consisted of 78.7—82.0% PE, 12.1-15.0% cellulose, and
34—4.1% PP, and their contributions barely changed during
the 4 years. Even in 2020 after the flooding, the polymer
composition distribution only changed slightly, with PP increas-
ing from 3.4 to 9.9% and PE decreasing from 82.0 to 63.4%. As
such, the polymer composition in reservoir sediments has not
been significantly modified by varied hydraulic conditions or even
massive flooding!2, and appears to be mainly associated with the
surrounding economic/social development and living character-
istics along the upstream of the Yangtze River. However, we did
not observe clear evidence for the fixed use patterns of plastic
types or proportion in target areas; therefore, the associated
regional plastic consumption requires further research.

The size of all the recovered polymer groups ranged from 16 to
5000 um (Supplementary Table 1). Approximately 81.6% of PE,
5.9% of PP, 10.8% of cellulose and 0.4% of PET were <300 um
(Fig. 3a and Supplementary Fig. 3). This suggests that previous
negligence of small-sized microplastic measurements has led to
gross underestimations in the abundance of most littered PE.
With respect to the small-sized fractions, PE (68.4—91.2%) had a
higher contribution compared to cellulose (4.3—24.9%) and PP
(3.0—-12.3%) (Fig. 3b). The predominance of PE in small-sized
fractions at all our sampled locations during different years
suggests that the size-selective entrapment by the dam was closely
associated with polymer type. This is understandable, as different
polymers possess diverse surficial properties (e.g. hydrophobicity
and surface topography)®’ and exhibit varied binding abilities
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with biological and abiotic materials*>»*3. Moreover, different
polymers and their adsorbed organic matter may provide varied
carbon sources (e.g. the recalcitrant C of the plastic itself>°° and
the unstable C, such as plastic-derived dissolved organic matter
by initial photodegradation and adsorbed additives®®-%1), and
their corresponding biofilm growth can differ. For example,
biofilm formed on the surface of different microplastics had
distinctive features and led to various density changes in
microplastics*2. Thus, the negligence of small-sized microplastics
introduces serious uncertainties in the estimations of both overall
and polymer-specific abundance and risks. Due to the small
sample size, previous studies have rarely conducted integrated
analyses of polymer types and particle sizes?8. The polymer
compositions of most previous records were limited to the
>300 um microplastics (Supplementary Table 3) and are therefore
not directly comparable with our study. Therefore, investigations
based on large sample sizes across all sizes and polymer categories
are necessary to more accurately assess the size-based and
polymer-specific microplastic contamination.

Estimated load of microplastics in reservoir sediments.
According to the Yangtze River Sediment Bulletin, sediment
deposition in the TGR was 185.6, 27.8, 59.1 and 144.3 million
tons in 2008, 2015, 2019 and 2020, respectively®2, The corre-
sponding average microplastic concentrations were 3785, 6422,
13,175 and 23,018 items kg—!, respectively. By multiplying the
microplastic concentration with the annual sediment deposition,
the quantity load was estimated to be 1245 + 1410 trillion parti-
cles per year, with small-sized microplastics accounting for
932 + 1084 trillion particles per year (Table 1). Hence, dams will
significantly modify the footprints of riverine microplastics,
which helps to refresh the overall picture of global microplastic
contamination. Here, we only use the total amount of sediment
deposition for calculation, since our aim is to obtain the magni-
tude order of microplastic contamination data. Another reason is
that it’s scarcely possible to measure the sediment deposition rate
to obtain a very accurate amount of siltation, since TGR is the
world’s largest reservoir with a catchment area of 1084 km? and a
water depth of 100 m.

The annual mass load of microplastics was estimated to
be 8048 + 7494 (529 — 17,822) tons year—! (Table 1), which is
equivalent to 0.0025+0.0022% of the global annual plastic

production (245, 322, 368 million tons in 2008, 2015 and 2019,
respectively)®® and 47.3+44.1% of the largest annual plastic
outflow worldwide (17,000 tons year—! in Yangtze River)!.
However, our estimation of microplastic burial in the reservoir
bed is higher than the annual plastic outflow in the Yangtze River
based on an in-situ measurement by ref. 34. As one can readily see
remarkable amounts of microplastics are trapped by a single dam.

The microplastic mass loads in different years in the TGR
differ markedly (Table 1). This can be attributed, in part, to the
large temporal heterogeneity of the average particle mass. The
average particle mass in the bed sediments of the TGR was
calculated as 13.60, 2.96, 5.50, and 5.37 g item~! in 2008, 2015,
2019, and 2020, which had consistent order of magnitude with a
previous estimation based on in-situ measurement34. As such,
large uncertainties exist in the estimations of microplastic mass
burdens®®, and extensive measurements of average particle
masses of global microplastics are needed. Despite the diversity
in the average particle masses of all-sized microplastics, the
average particle mass of small-sized fractions was similar (0.41,
0.49, 0.44 and 0.43 pg item~! in 2008, 2015, 2019 and 2020). The
corresponding mass proportion of small-sized microplastics were
1.9, 13.0, 6.3 and 6.1 wt% (equivalent to 181.61, 68.58, 234.57 and
1082 tons annually), respectively. Although the quantity load of
small-sized microplastics in the reservoir bed is extremely high,
the mass burden is relatively low.

Comparison with global-scale freshwater sediments. By mining
and ranking the comparable datasets of microplastic con-
tamination in worldwide freshwater sediments, we found that
microplastic abundance in the TGR (23,018 + 14,268 items kg—1)
in 2020 was profoundly higher than that in most studies
(0.5—3315 items kg~!) (Fig. 4 and Supplementary Table 3),
including the riverine and marine sediments, as well as the
reservoir sediments®®0>%6, This was attributed, in part, to the
negligence of small-sized microplastics in most of the previous
observations. Exceptionally, ref. 28 reported comparable but
higher microplastic concentrations (32,947 items kg~!) in the
sediments of the Wen-Rui Tang River (in China) than in this
study, as they also considered small-sized microplastics.

A direct comparison of size distribution among different
studies is challenging due to the different sampling, analytical,
and size-division approaches applied in different studies
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Table 1 Average particle mass, quantity load and a mass load of entire and small-sized microplastics (SMPs).

Mass proportion

of SMPs

Mass load (tons)

Quantity load

Average particle

Abundance Quantity

Annual sediment
deposition (million

tons year 1)

Sampling year

(trillion items)

mass (ug item—1)

proportion
of SMPs

(items kg~ 1)

SMPs

MPs

SMPs
442
139

MPs

SMPs
0.41
0.49
0.44
0.43

MPs

1.9%
13.0%

6.3%
6.1%

82
69

1

9554
529

702
179

13.60
2.96
5.50
5.37

62.9%
77.8%
79.3%
76.2%

3785
6422

186
28
59

2008
2015

4286 272

617

779

13,175

2019

17,822 1082

2531

3321

23,018

144

2020

(Supplementary Table 3). Small-sized microplastics accounted for
75.7% (44.4—89.7.0%, n = 1972) of our recovered plastic debris in
sediments in 2020, while common sampling techniques in
previous investigations potentially ignored this huge proportion
by using a >300 um sieve®7:68, Thus, all-sized investigations are
essential to eliminate the uncertainty in microplastic contamina-
tion measurements.

Dams fragment the transport patterns of riverine microplastics
into the ocean and significantly impact terrestrial ecosystems. Our
results demonstrate that a remarkable amount of terrestrial
microplastics is not exported to the ocean due to dam
entrapment, underscoring the importance of accounting for
dams when investigating global riverine microplastic transport.
According to the International Commission on Large Dams, more
than 58,000 large dams (defined as those with a height of >15m
or between 5—15m and impounding more than 3m3) are
currently in operation, which fragment the free flow of global
rivers®®. Thus, the focus should be placed on the microplastic
burdens of global-scale reservoirs. Moreover, dam constructions
alleviate the oceanic burden of microplastics and provide a
potential opportunity for future oceanic plastic remediation.
Also, the transformation of reservoir dispatching methods
could enhance the possibility of regulating the flux of micro-
plastics to the sea. Our data also revealed the selective entrapment
phenomenon of small-sized microplastics in the reservoir bed.
The significance of investigating microplastic contamination
across all sizes and polymer categories has been suggested
previouslyl8. Our observations further stress the importance of
integrated analyses of polymer types and particle sizes based on
large sample sizes. With respect to smaller microplastics of
<10um or even <l pm, significant knowledge gaps on their
abundance, fate, and risks highlight the need for critical
investigations in the future.

Methods

Study area. This study focused on two areas around the TGD: the reservoir region
(upstream of the dam, covering a catchment area of 1084 km?) and the down-
stream area of the TGD. The operation of TGD, the world’s largest hydropower
project, has brought about significant benefits for hydropower generation, flood
control and shipping®. The total length of the dam axis is 2309.47 m, the crest
elevation is 185 m, and the designed water level is 175 m. The total storage capacity
is 39.3 billion m3, including 22.15 billion m? for flood control. The TGD is located
in the Yangtze River—the world’s third-largest river. The Yangtze River Economic
Belt is densely populated with intensified economic activities; it is also the highest
emitter of oceanic microplastics worldwide!?. To regulate fluvial flooding, the TGR
region exhibits anti-seasonal water fluctuation, which inevitably regulates the
footprints of riverine microplastics along the catchment. The sediment budget is an
important factor affecting the life cycle of a reservoir. In recent years, the sediment
burden in the TGR has been efficiently alleviated due to its operating mode of
storing clear water and discharging muddy water (Text S1)7!. The construction of
upstream cascade reservoirs is another important factor controlling the TGR
sediment budget’?.

Experimental design and bed sediment sampling. In this study, four sampling
campaigns were conducted in 2008, 2015, 2019 and 2020 to determine the inter-
annual variation of microplastic contamination in the reservoir bed. The first batch
of sediment samples were collected in 2008 during the first experimental high water
level of the TGR at 172.89 m. During this time, large amounts of litter generated by
population migration were casually discarded in the reservoir area. Moreover, the
hydro-fluctuation belt of the reservoir had not been completely formed. This batch
of sediment samples, therefore, reflected the initial microplastic contamination in
the TGR. The second batch experiment was conducted in 2015, during which a
stable high water level of 175 m (the designed maximum water level) was main-
tained since 2010. The third batch was conducted in 2019 before the massive
flooding in 2020. We then resampled the sediments in the reservoir bed in 2020 to
investigate the driving effects of flooding on microplastic reorganisation. Moreover,
the sediments downstream of the TGD in 2020 were also sampled to evaluate the
retention effects of the dam. During July and August 2020, an extraordinary and
intensified flooding event with five flood peaks affected the upstream of the
Yangtze River. Flood no 1 peaked at 53,000 m3s~! on July 2; Flood no 2 peaked at
61,000 m3s~! on July 17; Flood no 3 peaked at 60,000 m®s~! on July 26; Flood no
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Fig. 4 Global microplastic abundance in freshwater sediments. Sedimentary microplastic concentrations are mapped as the average concentration on the
global scale (a). Microplastic concentrations in the inset blue region (China) are mapped in higher detail (b). A total of 37 comparable records with
consistent units are mined and ranked (c). The size of the circles represents the average microplastic concentration. The colours of the circles and bars
represent River, Reservoir, and Lake. The axis of ordinates shows the average microplastic concentration by an exponential gradient. Detailed information
on the sampling sites, polymer compositions, and particle sizes in the literature is provided in Supplementary Table 3.

4 peaked at 59,000 m?s~! on August 15; Flood no 5 peaking at 75,000 m?s~! on
August 17, exceeding the second largest flood peak of 63,300 m3s~! in 1998.

During the four designed sampling campaigns covering different water-storage
stages, we sampled the top 20 cm of the bed sediment matrix and collected 56-bed
sediment samples. A total of 12 common sampling sites near the hydrometric
station were designed every year. The sampling sites almost evenly covered
different river reaches in the reservoir area. However, a few sampling sites were
inaccessible for several years due to the water level or velocity variation, resulting in
the failure to obtain sediment samples in certain sampling sites. In order to
investigate the effects of the dam on the microplastic composition in the upstream
and downstream of TGD, as well as in the upper, middle, and lower reaches within
the TGR, we supplemented five sampling sites on the basis of 12 sampling sites in
the upstream region, and set up another six sampling sites in the downstream
region in 2020 (Supplementary Fig. 1). The supplementary five sampling sites
barely altered the overall microplastic contamination status in the upstream region.
All the sampling sites were located near the hydrometric station and evenly covered
different reaches along the mainstream. In 2020, there were 4, 6 and 7 sampling
sites in the upper (S20-S23), middle (S14-S19) and lower (S7-S13) reaches of
TGR, respectively.

Bed sediments were collected using stainless steel grabs and retrieved manually
or with the help of a winch. At each sampling site, ~1 L of sediment (0—20 cm) was
collected with a Van Veen grab and placed in an aluminium foil bag. Three
replicates were taken randomly at each site and mixed homogeneously to form one
composite sample. The fresh samples in the aluminium foil bag were then
immediately transported to the laboratory. The sediment samples were thoroughly
mixed, air-dried, and stored in a dark and cool place.

Microplastic extraction and identification. Before microplastics extraction,
ultrapure water was added to 50 g of dried sediment samples. Then, the mixed
sample was passed through a 5-mm sieve. The sediment fractions of <5 mm were
used to extract the microplastics based on the National Oceanic and Atmospheric
Administration (NOAA) protocol with minor modification”3. The zinc chloride
(ZnCl,) solution (p=1.6 gcm~3) was filtered through a 0.45 um cellulose acetate
membrane (Milli-Q, 47 mm diameter, U.S) to remove the impurities in the reagent.
The two-step density separation was used in this study. Approximate 200 mL of
ZnCl, solution was added to 50 g dry weight of sediment samples in a glass beaker
(250 mL), stirred with a glass rod for 2 min and settled for 24 h. The suspension of
the aqueous solution was filtered via vacuum filtration through the stainless steel
sieve (10 um). The floating particles on the sieves were washed with the ultrapure
water into a beaker and subsequently covered with aluminium foil paper. The
process was repeated sequentially three times, and the supernatants were com-
bined. After the density flotation, the solution was treated with a 20 mL Fenton
reagent (acidified 0.05 M FeSO,) and 20 mL of 30% hydrogen peroxide solution to
remove the organic materials in the supernatant’4. Following organic removal, the
supernatant of the aqueous solution was filtered through silver filter paper (Milli-Q,
0.45 pm, 25 mm diameter, U.S). The filter papers were transferred to the glass Petri
dishes and dried at 50 °C for further identification.

Suspected microplastics on the filter membrane were picked up onto the barium
fluoride window (13 mm diameter, Thermo Scientific, USA), and were
photographed under a stereo microscope (SC-III, Shanghai, China) to record the
colour, sizes, and morphological types (i.e. fragment, film and fibre). Then, this
barium fluoride window was placed in the micro-Fourier transform infrared
spectrometer (p-FTIR, Nicolet iN1I0MX, USA). The transmission mode was used to
identify the spectrum of suspected particles with wave numbers from 650 to
4000 cm~!. The spectrum was at 8 cm™! resolution and 64 scans were obtained.
The obtained spectra of the suspected particles were compared with the database
on the instrument. If the matching rate exceeds 75%, the particles can be confirmed
as corresponding microplastics.

Utmost precautions were taken to prevent possible artificial contamination. All
the sampling tools were washed thoroughly with Milli-Q water prior to use in the
field. The sediment samples were transported and stored in non-plastic containers.
All stages of sample processing, extraction, and identification were performed
under a clean laminar flow cabinet in an ultra-clean laboratory. Unless stated
otherwise, the material of all laboratory wares was non-plastic (glass or stainless
steel). Prior to use, all the glassware (e.g. beakers, filtration system, glass filters and
glass dishes) were carefully rinsed with Milli-Q water and heated at 450 °C for 4h
to remove any organic material. Nitrile gloves and cotton lab coats were worn
during all laboratory activities. Aluminium foil and glass dish covers were applied
to all wares and samples to prevent contamination. Milli-Q water and air were
drawn through the clean filter to determine the potential airborne plastic
contamination. The procedure blanks were also prepared in triplicate. The
procedural blank controls were then subjected to microplastic identification to
determine background contamination. No microplastic particles were identified in
any blank samples.

Mass conversion. The mass of individual plastic particles was calculated by
multiplying morphology-specific volumes with the empirical density coefficient.
Particle volume was estimated based on particle morphology and dimensions
(length), which were recorded according to FTIR images. For fragments and films,
the particle volume was calculated as V; = L3 x a, in which a is a shape factor
(= 0.1)7>. For fibres, the particle volume was derived as V, = nr2 x L76. We used
an average microplastic density of 0.98 gcm™3 77. The calculated equations were as
follows:

Wﬁlm,ffragment =px Vl =pXx L3 xXa (1)
Wﬁbre=PXVz=P><Ttr2><L %)

n m i
;Mﬁlm + ;Mfragmem + ;Mﬁbre (3)

M

‘microplastic —

n+m+j

where W represents the mass of an individual particle; M refers to the average mass
of a microplastic particle; p is the average density of microplastics, 0.98 gcm =3 77; L
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is the length of microplastics and measured on the stereo microscope, pm; r is the
radius of the fibre microplastics and assumed to be 10 um (the median radius of
fibres)’% and n, m and j are the numbers of fibres, films and fragments,
respectively.

Estimating the load of sedimentary microplastics. The quantitative and mass
loads of microplastics were calculated using the estimates of the annual siltation
volume from the Yangtze River Sediment Bulletin, which was published by the
Changjiang Water Resources Commission of the Ministry of Water Resources®277,
Due to the application of the dam’s operating mode of storing clear water and
discharging muddy water, as well as the construction of the upstream cascade
reservoirs, the sediment budget in the reservoir bed has kept decreasing. Sediment
deposition in the TGR was 185.6, 27.8, 59.1 and 144.3 million tons in 2008, 2015,
2019 and 2020, respectively®>73. The annual quantitative microplastic load was
estimated by multiplying their particle concentrations by the annual sediment
deposition. The mass budget was calculated by multiplying the microplastic con-
centration by the accumulated sediment amount and the average particle mass was
calculated via mass conversion.

Mapping and ranking global microplastic contamination in freshwater sedi-
ments. In order to compare the microplastic contamination in this study with a
global dataset, a global inventory of microplastic contamination in freshwater sedi-
ments was collected and listed in Supplementary Table 3. The reported articles were
searched through the Web of Science, and the keywords were ‘microplastics’ and
‘sediments’. Different units have been used to describe the sedimentary microplastic
concentrations, which enhances complexity when comparing the values in the lit-
erature. Thus, from the retrieved literature, only studies with consistent or con-
vertible units (items kg~!) were screened and mapped in Fig. 4. Since no
standardised sampling and analysis methods have been established, the size range of
the focused microplastics was not well constrained. Detailed information on the
particle size distribution of identified microplastics, the extraction methodologies,
and the identification techniques were provided in Supplementary Table 3.

Statistical analysis. Statistical analyses were performed using SPSS (SPSS Inc.,
Chicago, USA). The statistical comparison of microplastic abundance in the upstream
and downstream regions and different reaches in 2020, as well as that in different
sampling years, was based on the independent samples t-test. The global dataset
collected via the Web of Science was mapped using ArcGIS 10.2. Other figures were
drawn using OriginPro 2021. Significant differences were assessed at the level of 0.05
and 0.01. All values were reported as mean + standard deviation (SD).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

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.21779846.
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