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a b s t r a c t 

The Three Gorges Dam (TGD) is the world’s largest hydropower construction. It can significantly impact 

contaminant transport in the Yangtze River–East China Sea Continuum (YR–ECSC). In addition to evaluat- 

ing the impact of the TGD on the deposition of contaminants in the reservoir, we also address their cycles 

in the river below the dam and in the coastal East China Sea. A comprehensive study of metal contami- 

nant transport along the YR–ECSC has not been previously attempted. We quantified the fates of mercury 

(Hg), arsenic (As), lead (Pb), cadmium (Cd) and chromium (Cr) within the YR–ECSC, and the impacts of 

the TGD, by sampling water and suspended particles along the Yangtze River during spring, summer, fall, 

and winter and by modeling. We found that the Yangtze River transports substantial amounts of heavy 

metals into the coastal ocean. In 2016, riverine transport amounted to 48, 590 0, 11,0 0 0, 230, and 15,0 0 0 

megagrams (Mg) for Hg, As, Pb, Cd, and Cr, respectively, while other terrestrial contributions were negli- 

gible. Metal flux into the coastal ocean was primarily derived from the downstream portion of the river 

(84–97%), while metals transported from upstream were largely trapped in the Three Gorges Reservoir 

(TGR, 72%–96%). For example, 34 Mg of Hg accumulated in the TGR owing to river damming, large-scale 

soil erosion, and anthropogenic point source releases, while 21 Mg of Hg was depleted from the riverbed 

downstream owing to the altered river hydrology caused by the TGD. Overall the construction of TGD 

resulted in a 6.9% net decrease in the Hg burden of the East China Sea, compared to the pre-TGD period. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The pollution of the environment with heavy metals poses se-

ere threats to wildlife and human health when these metals

re bioavailable and assimilate into the food web ( Cheng, 2003 ;

olesky and Holan, 1995 ). Among the diverse range of heavy

etal contaminants that enter the aquatic environment, mercury
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Hg), arsenic (As), lead (Pb), cadmium (Cd) and chromium (Cr) are

he most toxic to organisms, and are therefore the most studied

y environmental researchers ( Duruibe et al., 20 07 ; Järup, 20 03 ;

riagu and Pacyna, 1988 ). The cycling of heavy metals in the

nvironment has been the subject of various studies, primarily

ocusing on the atmosphere ( Nriagu, 1989 ; Pacyna et al., 2006 ;

irrone et al., 2010 ; Streets et al., 2011 ; Wai et al., 2016 ). How-

ver, rivers can serve as the primary delivery routes of these

eavy metals, as well as other contaminants, to the coastal ocean

 Amos et al., 2014 ; Matschullat, 20 0 0 ; Schartup et al., 2015 ). Ac-

ording to previous research, 54–61 Gg/yr of As and 0.3–5.5 Gg/yr

https://doi.org/10.1016/j.watres.2020.116295
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Fig. 1. Location of sampling sites across the Yangtze River Basin. Orange and gray dots represent sampling sites in the main stream and major tributaries of the river 

basin, respectively. R, River; L, Lake; 1, Nanjing; 2, Wuhan; 3, Yichang; 4, Chongqing; and 5, Yibin. 
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g  
of Hg are exported by rivers to the global ocean ( Amos et al.,

2014 ; Matschullat, 20 0 0 ; Outridge et al., 2018 ) but the contribu-

tions of individual rivers remain unknown. The impact of regional-

scale variation in river hydrology, owing to anthropogenic or nat-

ural environmental change, has been shown to dramatically im-

pact metal transport, as well as the biogeochemical processes in

the associated terrestrial and ocean environments, both regionally

and globally, and this impact is of global significance ( Poff et al.,

2007 ; Regnier et al., 2013 ; Syvitski et al., 2005 ). Specifically, the

construction and operation of hydroelectric dams can significantly

alter element transport ( Humborg et al., 1997 ; Ittekkot et al., 20 0 0 ;

Maavara et al., 2017 ). Globally, river damming has induced sub-

stantial amounts of phosphorous (P) and organic carbon (C) accu-

mulation in reservoirs ( Maavara et al., 2017 ; Maavara et al., 2015 ),

but the impact of damming on toxic heavy metal transport is not

well understood. Upon their entry into riverine ecosystems, highly

particle-reactive elements, such as Hg, Pb, Cd, Cr, and (less so) As,

are scavenged by suspended particles and transported downstream

toward the sea in the particulate phase. Therefore, any obstruc-

tion to river flow, such as that caused by dams, might substan-

tially impact the transport of these elements, and must be con-

sidered when evaluating metal inventories and fluxes, and when

assessing environmental risks in both freshwater and their linked

marine ecosystems. 

Worldwide, there are ~50,0 0 0 dams that are defined as “large,”

based on height (i.e., ≥15 m) or reservoir capacity (i.e., > 3 km 

3 )

( Lempérière, 2006 ). The Three Gorges Dam (TGD, Fig. S1, Support-

ing Information, SI), situated halfway along the Yangtze River, pro-

vides a dramatic example of the impact of large reservoirs. It is the

largest dam (i.e., 185 m high × 2,335 m long) in the world in terms

of the amount of hydroelectricity that it can generate ( Stone, 2008 ;

Wu et al., 2003 ). The Yangtze River, supports a human population

of 500 million, is known both for having a large geographic span,

and being one of the most developed industrial areas in the world

( Fig. 1 ). As the third longest river in the world, it is also classified

as the fourth largest in its delivery of both riverine water and sus-

pended sediment into the sea ( Dai et al., 2008 ; Yang et al., 2002 ).

A rapid shift in upstream sediment deposition and downstream el-

evated sediment transport dynamics has occurred in the Yangtze

River owing to the construction of the TGD ( Müller et al., 2008 ;

Wu et al., 2003 ; Yang et al., 2014 ). Before the construction of the

TGD (1956–2002), the upper portion of the Yangtze River, which

t  
e define as upstream of the TGD, yielded 490 Tg/yr of sediment

o the lower portion, while sedimentation in the lower portion oc-

urred at a rate of 78 Tg/yr ( Yang et al., 2014 ). In contrast, during

he post-TGD decade, the annual deposition of suspended sediment

n the Three Gorges Reservoir (TGR) was 190 Tg, while the water

eleased from the TGR annually eroded 63 Tg of sediment from

he river downstream ( Yang et al., 2014 ). While selected studies

ave focused on heavy metal contamination in the TGR ( Gao et al.,

019 ; Zhu et al., 2019 ), the impacts of the reservoir on levels in the

angtze River–East China Sea Continuum (YR–ECSC) post-TGD con-

truction have thus far received little attention. The lack of knowl-

dge of the impact of sediment trapping by the TGR and down-

tream erosion during the post-construction period on heavy metal

ransport, motivated the present study. 

Therefore, in this study we aimed to evaluate the impact of the

GD on fluxes of Hg, As, Pb, Cd, and Cr, in their particulate and

issolved phases, from the Yangtze River into the East China Sea.

ur study combined field observations and diverse modeling ap-

roaches. To obtain estimates of heavy metal concentrations, in-

luding their partitioning between the dissolved and particulate

hases, we collected water samples from different locations in the

angtze River Basin ( Fig. 1 ), covering 3,300 km of the river across

our seasons in 2016. The water samples were filtered to separate

he particulate and dissolved phases. We then modeled the fate of

eavy metals in the YR–ECSC during the period from 1990–2016

y integrating long-term observations of metal concentrations and

reshwater and suspended sediment discharges before and after

he construction of the TGD, using previously generated data (Table

1, SI). The overall aim of this study is to elucidate the magnitude

f the impact of a large dam on the cycling and transport of toxic

etal contaminants in a large river–ocean continuum, and to pro-

ide support for the assessment of health risks to people who rely

n seafood harvested from impacted Asian coastlines. 

. Materials and Methods 

.1. Sample collection 

To calculate the transport of heavy metals in the Yangtze River,

e collected samples from different sites that were located near

auging stations in the main stream, and from the major tribu-

aries along the river ( Fig. 1 ). We sampled during four seasons
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n 2016 using previously published techniques ( Buck et al., 2015 ;

iu et al., 2019b ). For the main stream of the river ( Fig. 1 ), sam-

les were collected in four different seasons. For the major tribu-

aries, which were characterized by the largest amounts of fresh-

ater or sediment discharges into the main stream of the river

 MWR, 2016b ), samples were collected during the dry (Oct and

an) and wet (Jun and July) seasons ( Liu et al., 2019b ). Detailed

nformation about the sampling sites is provided in our previous

tudy ( Liu et al., 2019b ). The influence of the tide at our sampling

ites in the river mouth was assumed to be negligible as freshwa-

er flux dominates in those areas ( Liu et al., 2019b ). At each sam-

ling site, 1,0 0 0 mL of water was sampled in triplicate or quadru-

licate from the central portion of the river. During each season,

he sampling of the sites in the Yangtze River mouth occurred over

 period of 3–4 consecutive days. 

During sampling, diverse boats were utilized, based on avail-

ble opportunities, and high-speed trains or long-distance buses

ere employed to travel to the sampling sites. Water sampling

as conducted only on days with no precipitation ( Liu et al.,

017 ). As described in our previous study, river water was sampled

rom 1 m below the surface into acid-cleaned amber-glass bot-

les ( Liu et al., 2019b ). To avoid contamination during sampling, we

sed the “clean hands / dirty hands” technique ( Emmerton et al.,

013 ; Liu et al., 2019b ). To collect the suspended sediment, a vol-

me ranging from 30 0–1,0 0 0 mL of bulk water was filtered in trip-

icate or quadruplicate through a 0.45- μm pore size cellulose ni-

rate membrane (Whatman, product code 10401170). The filtrate

as preserved via acidification by adding 4 mL (equal to a volume-

ased concentration of 0.4%) of 11.6 M trace-metal-grade HCl in the

eld. The preserved water samples and filters were stored in incu-

ators under cool, dark conditions, and delivered to the lab within

4 h. Prior to analysis, the preserved, filtered water samples were

tored at 4 °C and in dark conditions, while the filters were kept

t -20 °C and then dried at approximately 60 °C to determine their

articulate mass, prior to digestion and analysis ( Liu et al., 2019b ). 

.2. Analytical methodology 

The analyses for dissolved total Hg (referred throughout the rest

f the manuscript as dissolved Hg) were made in duplicate, follow-

ng U.S. EPA method 1631E. Briefly, to determine the dissolved Hg,

e added BrCl to all samples to oxidize the organic matter and all

orms of Hg. Next, we added NH 2 OH 

•HCl to the digested samples

o degrade any remaining free halogens. Finally, to convert Hg(II)

nto Hg(0), we added SnCl 2 and vigorously shook each sealed vial

efore analysis. All samples for dissolved Hg were analyzed at the

nstitute of Tibetan Plateau Research using a cold vapor atomic flu-

rescence spectrometer (Tekran model 2600). To gain particulate

g concentration data, the filters were analyzed in duplicate using

 direct mercury analyzer, the DMA80 (U.S. EPA method 7473), at

eking University ( Hammerschmidt et al., 2006 ). The detection lim-

ts for the dissolved and particulate Hg analyses were 0.1 ng/L and

.05 ng/g, respectively. The recoveries for the dissolved and partic-

late Hg analyses were 92 ± 7% and 97 ± 5%, respectively. 

The analyses of the other metals, i.e., As, Pb, Cd, and Cr, were

onducted using an inductively coupled plasma mass spectrom-

ter at the Institute of Geographic Sciences and Natural Resources

esearch . We digested the filters with their suspended sediment

amples, using an HNO 3 /HClO 4 /HF mixture, in Teflon vessels in a

raphite oven at approximately 140 °C overnight, as previously de-

cribed ( Liu et al., 2018a ). We dried and dissolved the digestion

olutions using dilute 5% vol./vol. HNO 3 . Both the dissolved and

articulate samples for these four metals were measured in du-

licate. The detection limits were 0.08, 0.003, 0.003, and 0.07 μg/L

or As, Pb, Cd, and Cr, respectively, and the recoveries for the above

etals were 96 ± 3%, 85 ± 17%, 95 ± 10%, and 94 ± 7%, respec-
ively. The data on the dissolved organic C (DOC) concentrations in

he same water samples, were taken from a previously published

ataset ( Liu et al., 2019b ). 

.3. Heavy metal transport in the Yangtze River 

To characterize the transport patterns of the five elements, in-

luding their dissolved and particulate phases, in the Yangtze River,

 previously published modeling framework that considers the

ource–sink processes of each contaminant was adopted ( Liu et al.,

019b ). Probabilistic distributions for the concentrations of heavy

etals were computed by Monte Carlo simulation. Fluxes of heavy

etals at the main stream and major tributary sampling sites were

alculated as shown below: 

 ( x, y ) = 

∑ 

i 

( C ( x ) i × M i × K i ) + 

∑ 

j 

(
C ( y ) i × V j × K j 

)
(1) 

here F ( x,y ) is the probabilistic distribution of the transport flux

f each heavy metal in each sampling site (unit: Gg/yr), C ( x ) is

he probabilistic distribution of the dissolved concentration of each

eavy metal ( μg/L), C ( y ) is the probabilistic distributions of the

articulate concentration of each heavy metal ( μg/g), V is the an-

ual transport volume of riverine water or wastewater (km 

3 /yr), M

s the annual transport mass of suspended sediment (Tg/yr), and K

s the unit conversion factor. Other heavy metal export pathways

rom land to sea were acknowledged in our calculations (descrip-

ion to follow). Hence, i represents different dissolved-phase dis-

harge pathways, and j represents different particulate-phase dis-

harge fractions. 

In our previous study, we estimated the extent of the lat-

ral transport of heavy metals induced by soil erosion in China

 Liu et al., 2019c ). However, quantification of the discharge of select

etals (i.e., As, Pb, Cd, and Cr) from anthropogenic point sources

nto the waters of the Yangtze River is lacking. This lack of knowl-

dge makes it difficult to quantify the impacts of the TGD on this

ransport during the post-TGD period. To gain insight into the im-

act made by the TGD on metal transport across the river, we fo-

us on Hg in this study. Therefore, we quantify both the impact of

he TGD and those of external sources, including soil erosion and

ndustrial and municipal wastewater discharges ( Liu et al., 2019c ;

iu et al., 2018b ; Liu et al., 2016b ). The method of source appor-

ionment in the Yangtze River was discussed in detail in our previ-

us study ( Liu et al., 2019b ). Briefly, the analysis was begun by es-

imating the Hg discharges from the major tributaries and external

ources to the main stream, followed by evaluating Hg transport

n the main stream. In the final step, Hg export into the coastal

ast China Sea or net accumulation in the riverbed was assessed

 Liu et al., 2019b ). Consistent with our previous study, we did not

onsider the contribution of the direct deposition of atmospheric

g, as this source is negligible ( Liu et al., 2019b ). 

.4. Heavy metal transport from land to sea 

We constructed an inventory of present-day heavy metal (Hg,

s, Pb, Cd, and Cr) export from mainland China to the East China

ea, including inputs from rivers, wastewater, groundwater, soil

rosion, and coastal erosion (in all five pathways, heavy metals are

ischarged into the coastal ocean directly), as reported in a previ-

us study ( Liu et al., 2016a ). The calculation method for these five

athways is the same as described by eq. (1) . The heavy metal con-

entrations in riverine water were obtained from published litera-

ure and our measurements (Table S1, SI). The heavy metal concen-

rations in wastewater were obtained from Zhao et al. ( Zhao et al.,

014 ). The heavy metal concentrations in groundwater and coastal

oils are provided in Table S2 and Table S3 in the SI. The coastal
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soil erosion rates and moduli were also updated in this study and

are provided in Tables S4 and S5. 

To obtain heavy metal concentration variations at the Yangtze

River mouth, a one-dimensional, normal distribution function was

applied to estimate the variation following a previous study, as in-

dicated below ( Streets et al., 2011 ): 

y m,t = 

(
a m 

± SE 

( σm 

± SE ) ±
√ 

2 π

)
× e −( t−p m 

σm ±SE ) 
2 

+ ( b m 

± SE ) (2)

where y represents the concentration of the heavy metal, a is a

constant term representing the highest point of the fitted normal

distribution, σ is the shape parameter of the curve, л is the ratio

of the circumference of a circle to its diameter, t represents the

time series (depending on the time scale of the measurement data

of each heavy metal), p is the time of peak concentration based

on the measurement data, b represents the baseline of the fitted

normal distribution, m represents each heavy metal, and SE is the

standard error of each parameter. This normal curve has been pre-

viously applied to simulate the dynamics of pollution change in

terms of pollution emission factors ( Streets et al., 2011 ) and energy

and emission control technology ( Grübler et al., 1999 ), and can be

used to estimate both the historical and future release trends of

pollution at any point in time ( Bond et al., 2007 ; Streets et al.,

2004 ). The parameter values for each heavy metal are provided be-

low: 

y Hg,t = 

(
10 0 0 ± 350 

( 4 . 1 ± 1 . 4 ) ±
√ 

2 π

)
× e −( t−2010 

4 . 1 ±1 . 4 ) 
2 

+ ( 72 ± 21 ) , 

R 

2 = 0 . 78 (3)

y As,t = 

(
15 ± 5 . 7 

( 2 . 7 ± 1 . 1 ) ±
√ 

2 π

)
× e −( t−2006 

2 . 7 ±1 . 1 ) 
2 

+ ( 4 . 6 ± 0 . 39 ) , 

R 

2 = 0 . 68 (4)

y Pb,t = 

(
180 ± 99 

( 5 . 0 ± 2 . 7 ) ±
√ 

2 π

)
× e −( t−2002 

5 . 0 ±2 . 7 ) 
2 

+ ( 13 ± 3 . 4 ) , 

R 

2 = 0 . 56 (5)

y Cd,t = 

(
3 . 7 ± 2 . 2 

( 7 . 5 ± 4 . 1 ) ±
√ 

2 π

)
× e −( t−2005 

7 . 5 ±4 . 1 ) 
2 

+ ( 0 . 20 ± 0 . 0 6 6 ) , 

R 

2 = 0 . 32 (6)

y Cr,t = 

(
1600 ± 410 

( 14 ± 3 . 5 ) ±
√ 

2 π

)
× e −( t−1988 

14 ±3 . 5 ) 
2 

+ ( 10 ± 7 . 3 ) , 

R 

2 = 0 . 88 (7)

all the SE values of each equation were considered in the uncer-

tainty analysis. 

2.5. Mass balance model 

To gain insight into the impacts of the TGD on the fate of heavy

metals in the coastal ocean, we developed marine mass balances

for the five heavy metals of interest ( Liu et al., 2016a ). The ma-

jor source terms in this mass balance model included the river,

wastewater, groundwater, soil erosion, coastal erosion, ocean cur-

rents, and dry and wet deposition, while the major sinks included

sedimentation of settling particles, gas evasion into the atmo-

sphere, bioaccumulation in fish and fishing, and oceanward trans-

port via ocean currents. The parameters of the model are provided

in Table S6, SI. Seven major rivers (Fig. S2, SI) flowing into the East

China Sea, i.e., the Yangtze River, Min River, Qiantang River, Jiu-

long River, Huangpu River, Jin River, and Huotong River, were in-

cluded in the inventory of the estimated riverine heavy metal con-
ributions to the sea. The freshwater discharge from these seven

ajor rivers accounts for more than 95% of all the contributions

f rivers to the sea ( MWR, 2016b ). If a data source provided only

issolved- or particulate-phase information, eq. (8) was applied to

alculate the other concentration, as described in a previous study

 Amos et al., 2014 ): 

 o g 10 K D = l o g 10 

(
C P × 10 0 0 

C D 

)
(8)

here log 10 K D is the log-transformed partition coefficient, C P is the

oncentration of the particulate metal ( μg/g), and C D is that of the

issolved phase ( μg/L). 

To evaluate the long-term impact of the TGD on heavy metal

uxes to the East China Sea, we divided the 1990–2016 data se-

ies of annual discharge from the Yangtze River into pre- (before

003) and post-TGD (after 2003) periods. Additionally, the mod-

ling considered two scenarios for the post-TGD period. The first

cenario tested for the influence of the TGD on heavy metal dis-

harge from the Yangtze River following 2003, while the second

cenario assumed that the TGD was never constructed (no-TGD),

o gain further insight into the impact of the TGD. To gain initial

nsight into the magnitude of heavy metal discharge for the no-

GD scenario, we assumed that heavy metal concentrations at the

outh of the Yangtze River (marine end-member) would be sim-

lar in both these scenarios, given limited biogeochemical data for

he period prior to TGD construction. We excluded any influence

f DOC in our simulations owing to the absence of any significant

elationships between DOC and the concentrations of these heavy

etals in our measurements. This assumption is consistent with

 previous study, which argued that DOC was not suitable for the

stimation of the riverine Hg transport in industrialized or con-

aminated basins, where perturbation by anthropogenic Hg input

as independent of DOC ( Amos et al., 2014 ). Furthermore, the sus-

ended sediment loads discharged from the Yangtze River into the

ast China Sea in the no-TGD scenario were estimated based on

he sediment transport estimates of Yang et al. ( Yang et al., 2014 ). 

.6. Structural equation model 

The structural equation model (SEM) framework is a modeling

echnique that can be used as an effective analytical tool to explore

he relationships between variables and to test different direct and

ndirect causal hypotheses (Fig. S3, SI) ( Mayor et al., 2017 ). We ap-

lied a piecewise SEM to examine the direction and magnitude of

our explanatory variables on the heavy metal discharges from the

angtze River into the East China Sea: precipitation, surface tem-

erature, water impoundment by the TGD, and the gross domes-

ic product (GDP) of the Yangtze River Basin. Annual precipitation

nd surface temperatures were used to represent regional climate

onditions. Water impoundment, known to strongly decrease the

ransport of sediment (sediment flux) to the sea ( Yang et al., 2014 ),

as used as a proxy for the impact of the TGD. Riverine metal

uxes are also influenced by anthropogenic point source releases

nto inland waters. However, long-term inventories of the point

ource releases of these metals are not available. Given that the

uantities of wastewater released are mainly driven by economic

evelopment in developing countries ( Chen et al., 2016 ; Raschid-

ally and Jayakody, 2009 ), we used GDP as a proxy for the impacts

f human activities on metal fluxes. To examine the robustness of

he SEM, we used Shipley’s test of directed separation , Fisher’s C

tatistic and the AIC value to test the goodness-of-fit of the SEM

 Shipley, 2013 ). We reported the standardized coefficient for each

ath (all the variables are scaled by mean and variance) and the

arginal R 

2 for each component of the SEM ( Lefcheck, 2016 ). All

tatistical analyses were conducted using R version 3.3.3. 
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Fig. 2. Heavy metal transport in the Yangtze River Basin in 2016. Panels (A) to (E) represent Hg, As, Pb, Cd, and Cr, respectively. For illustrative purposes, we use log 

transformations to draw the arrows. 
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.7. Uncertainty analysis 

A Monte Carlo simulation (10,0 0 0 runs) was applied to analyze

he robustness of all the inventories and material flows of the five

arine mass balance models. The concentrations of heavy met-

ls are assumed to follow log-normal distributions based on pre-

iously published measurements ( An et al., 2010 ; Lin et al., 20 0 0 ).

e calculated the median values and P10–90 confidence intervals

f the statistical distributions of the heavy metal fluxes or concen-

rations to represent the uncertainty of the individual heavy metal

p  
uxes. Furthermore, we compared the results with observational

ata from previous studies to ensure the rationality of the model

esults. For the SEM modeling results, we report the standard er-

ors of the standardized coefficients in Fig. S4, SI. 

.8. Data availability 

The freshwater and suspended sediment discharge data for

hese rivers were derived from yearbooks ( MWR, 2016b ). The

recipitation and surface temperature data were obtained from
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Fig. 3. Seasonal changes of heavy metal discharges from the Yangtze River into 

the East China Sea and their concentrations in the river mouth in 2016. Panels 

(A) to (E) represent Hg, As, Pb, Cd, and Cr, respectively. Shaded areas and error bars 

represent the standard deviations of the measurement. 
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the National Meteorological Information Center ( www.nmic.gov.

cn ). The TGD water impoundment data were acquired from

Yang et al. (2014) . The GDPs of the provinces in the river basin

were obtained from the China Statistical Yearbook ( NBS, 2014 ). Data

regarding inputs from external sources into the water column were

taken from our previous studies ( Liu et al., 2019c ; Liu et al., 2018b ;

Liu et al., 2016b ). The sources of the heavy metal concentrations

and model parameters are provided in the SI. 

3. Results and discussion 

3.1. Heavy metal discharge from the Yangtze River to the adjacent sea

In this study, we found that the Yangtze River could transport

substantial amounts of heavy metals into the coastal ocean. In to-

tal, 32 Gg of heavy metals were discharged from the Yangtze River

into the East China Sea in 2016. As for individual metals, 0.048 Gg

of Hg, 5.9 Gg of As, 11 Gg of Pb, 0.23 Gg of Cd, and 15 Gg of Cr

were discharged from the river into the sea ( Fig. 2 ). The Yangtze

River, therefore, serves as a significant source of heavy metal pollu-

tion for the East China Sea (Fig. S5, SI) and the global ocean (Table

S7, SI). This is primarily driven by the massive transport of sed-

iment and freshwater from the river into the sea ( Syvitski et al.,

2005 ; Yang et al., 2014 ). 

Wet seasons, with their higher discharge, are responsible for a

surprisingly large proportion of the annual heavy metal fluxes from

the Yangtze River into the East China Sea. For example, 0.039 Gg of

Hg, 4.3 Gg of As, 10 Gg of Pb, 0.20 Gg of Cd, and 14 Gg of Cr were

discharged from the river into the coastal zone in the wet season

in 2016, accounting for 82%, 73%, 94%, 85%, and 91% of their annual

fluxes, respectively ( Fig. 3 ). Previous studies have suggested that

there is a significant positive relationship between contaminant

concentration and riverine freshwater discharge ( Lawson et al.,

2001 ; Raymond et al., 2016 ; Sonke et al., 2018 ), similar to As, Cd,

and Cr in the study area ( Fig. 3 ). In contrast, the Hg and Pb concen-

trations in the Yangtze River mouth in spring were slightly higher

than those of the other three seasons, which might be influenced

by anthropogenic point source releases. 

3.2. Impacts of the TGD on heavy metal transport in the Yangtze 

River Basin 

Based on the results of our modeling, we argue that heavy

metal transport throughout the Yangtze River has been signifi-

cantly altered by the TGD. Rivers that are not hydrologically al-

tered (i.e., no dams) transport sediment eroded from the upstream

areas to depositional areas downstream ( Brandt, 20 0 0 ), a trans-

port pattern included in the “no-TGD” scenario in the Yangtze

River ( Yang et al., 2014 ). Moreover, in 2016, 15 Gg of heavy met-

als (0.026 Gg of Hg, 2.9 Gg of As, 2.4 Gg of Pb, 0.21 Gg of Cd, and

9.5 Gg of Cr) were transported from the upstream portion of the

river to the TGR ( Fig. 2 ), owing to severe soil erosion in the up-

stream regions of the Yangtze River Basin, as showed in our recent

studies ( Liu et al., 2019c ; Liu et al., 2018b ). A previous study by

Yang et al. (2014) showed that up to 98% of the suspended parti-

cles that enter the reservoir can be removed from the water col-

umn via particle settling, owing to the reduced flow rate induced

by the TGD ( Yang et al., 2014 ). Accordingly, a large mass of the

heavy metals that enter the TGR are subsequently deposited in

the TGR. This deposition accounted for 72–96% of the total im-

ports from rivers to the TGR in 2016. These values are similar

to those of the deposition of suspended particles (i.e., 98%) that

enter the reservoir. Subsequently, only a relatively small fraction

of these metals is discharged into the downstream region from

the reservoir, accounting for 3.2–16% of the river-related fluxes in
he coastal ocean ( Fig. 2 ). This pattern of diminished loads reach-

ng the sea has been previously described for P and organic C

 Maavara et al., 2017 ; Maavara et al., 2015 ). 

Nevertheless, metal concentrations in the downstream portion

f the Yangtze River increased, resulting in 0.029, 1.3, 8.9, 0.18,

nd 8.2 Gg fluxes for Hg, As, Pb, Cd, and Cr, respectively. These

oads account for 61%, 22%, 81%, 80%, and 54% of their fluxes in the

oastal ocean, respectively ( Fig. 2 ), suggesting input from sources

ther than downstream tributaries. Moreover, with the exception

f As (R = 0.27, P = 0.11, n = 41), the significant positive relation-

hips between total suspended sediment (TSS) and metal concen-

ration (Hg: R = 0.68, P < 0.01 ∗∗; Pb: R = 0.75, P < 0.01 ∗∗; Cd:

 = 0.69, P < 0.01 ∗∗; and Cr: R = 0.73, P < 0.01 ∗∗, Table S8, SI)

n the river water suggest that hydrological events, such as precip-

tation, dominate the dynamics of these heavy metals at a large,

atershed scale ( Fig. 3 and Fig. S6, SI). This is similar to the mech-

http://www.nmic.gov.cn
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Fig. 4. Hg transport in the Yangtze River Basin. (A) is the external source of Hg in the river basin. (B) is the impact of the TGD on Hg transport. Data on Hg imports from 

external sources were obtained from the published literature ( Liu et al., 2019c ; Liu et al., 2018b ; Liu et al., 2016b ). 
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nism controlling organic matter transport ( Raymond et al., 2016 ).

ccording to Yang et al. (2014) , the TSS concentrations in the water

olumn increased 8-fold in the downstream section of the Yangtze

iver, and this is attributed mainly to the downstream hydrolog-

cal impact of the TGD (which contributes 80% to the total im-

orts), followed by flux from the six major tributaries (16%), and

oil erosion (4%) ( Yang et al., 2014 ). Based on the water samples

hat we collected from the central portion of the Yangtze River,

ownstream of the TGD, fluxes of Hg, Pb, Cd, and Cr were primarily

ound by particulate matter (82%, 81%, 69%, and 83%, respectively),

hile As remained predominantly in the dissolved phase (65%).

herefore, the impact that the operation of the TGD has on hy-

rology and sediment erosion can significantly influence the metal

uxes in the East China Sea. 

Further focusing on Hg, we quantified the impact of the TGD

n Hg transport in the downstream portion of the Yangtze River.

ased on the material flow analysis, soil erosion (120 Mg/yr includ-

ng main stream and tributary basins) accounted for the majority

f Hg in the entire Yangtze River Basin, followed by industrial (22

g/yr) and municipal wastewater (4.4 Mg/yr) ( Fig. 4 A). Soil erosion

ccounted for 92% and 72% of external Hg import in the upstream

ection of the river and the TGR ( Fig. 4 ), respectively, and was at-

ributed to intensive agriculture and the relatively steep slopes of

he landforms in Southwest China ( Liu et al., 2019c ). In the down-

tream section of the Yangtze River, where soil erosion is less in-

ense, the contribution of soil erosion to Hg was slightly smaller

17% of the total imports) than those in the upstream section of

he river and the TGR ( Liu et al., 2018b ). 

Based on our analyses, in 2016, 34 Mg of Hg accumulated

n the TGR, and 22 Mg of Hg was depleted from the riverbed
ownstream, owing to the altered hydrology caused by the TGD

 Fig. 4 B). Consequently, the flux of Hg from the TGD to the river

outh increased by a factor of 11, while the Hg concentration

ncreased 3.4-fold. These increases are mainly attributed to TGD-

nduced downstream bank and riverbed erosion (22 Mg/yr), with

dditional inputs contributed by external sources (16, 3.6, and 2.4

g/yr by major tributaries, soil erosion, and point source releases,

espectively; Fig. 4 B). Previous studies have shown that water re-

eased from large reservoirs has a high transport capacity and rela-

ively low TSS concentration, and is capable of enhancing riverbed

rosion downstream of the dam ( Brandt, 20 0 0 ; Yang et al., 2014 ).

his effect is also associated with the higher erodibility of the

iver bank and riverbed in this region, as verified by hydrologi-

al gauging stations in the Yangtze River (riverbed erosion rates

f 0.1–1.4 m/yr in the downstream portion after the construction

f the TGD) ( MWR, 2016a ). During the flood season, Hg and other

etals already deposited in the reservoir might be re-suspended

wing to high water discharge from the reservoir ( Brandt, 20 0 0 ;

ukovic et al., 2014 ). Based on our calculations, however, this phe-

omenon was not significant in the Yangtze River ( Figs. 2 and 4 ). 

Fluxes of As, Pb, Cd, and Cr, including their particulate and dis-

olved phases, in the main stream of the Yangtze River showed

imilar trends to Hg ( Figs. 2 and 3 ), i.e., decreased upstream of

he dam and general increasing downstream during their transport.

his suggests that the TGD has similar impacts on them. Moreover,

ased on our measurements, the average water-particulate parti-

ion coefficient (logK D ) values for Pb and As were 5.3 ± 1.3 and 4.1

0.36, respectively, throughout the Yangtze River in 2016, showing

hat the level of Pb particle enrichment is an order of magnitude

igher than that of As. 
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Fig. 5. Heavy metal discharges from the Yangtze River into the East China Sea from 1990–2016 and in scenarios of absence of the Three Gorges Dam. Panels (A) to (E) 

represent Hg, As, Pb, Cd, and Cr discharges from the river, respectively. Panels (F) to (J) represent the amounts of net-accumulations of Hg, As, Pb, Cd, and Cr in the riverbed, 

respectively. Panel (K) shows the modeling trends of the fractions of dissolved heavy metals to the riverine heavy metal fluxes from 1990–2016. Pre-TGD and Post-TGD 

represent the periods before and after the construction of the TGD, respectively. Dots in (A) to (E) are observation data and are presented in Table S1, SI. Shaded areas in (A) 

to (J) represent the P10–90 confidence intervals of the modeling. The line in (K) represents the TGD construction year, 2003. 
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3.3. Impacts of the TGD on heavy metal discharges from the Yangtze 

River into the East China Sea 

We estimated the annual discharge amounts for Hg, As, Pb, Cd,

and Cr prior to (1990–2002), and following (2003–2016), the con-

struction of the TGD. A comparison of river metal discharges in

20 0 0 and 2016 showed 28%, 56%, 25%, and 51% decreases for Hg,

Pb, Cd, and Cr, respectively, while As discharges remained almost

unchanged ( Figs. 5 A–5 E). The construction of the TGD appears to

have promoted a net decrease of heavy metal discharge into the

sea. This decrease results from the increased sediment deposition

upstream of the TGD, especially within the TGR, being greater than

the increased erosion of the channel deposits downstream of the

TGD ( Figs. 2 and 4 ). The differences in the results for As com-

pared to those of the other metals are mainly a result of the dif-

ferences in particulate partitioning, as indicated above. In the pre-

GD period (1990–2002), an overwhelming proportion of the heavy

metals delivered by the Yangtze River to the East China Sea were

particle-bound, representing 83%, 68%, 98%, 90%, and 97% of the

Hg, As, Pb, Cd, and Cr fluxes, respectively ( Fig. 5 K). Owing to TGD-

driven perturbations of sediment transport, the particle-associated

metal fluxes for Hg, As, Pb, Cd, and Cr decreased to 70%, 48%,

95%, 81%, and 94% in the post-TGD period, i.e., from 2003–2016

( Fig. 5 K). The relatively high percentage of Hg present in the dis-

solved phase (30%) could be related to the 6-fold increase in the

concentration of DOC in the downstream waters of the river when

compared to the river upstream ( Müller et al., 2008 ), or to analytic
rrors in previously published dissolved Hg concentrations (Table

1, SI). 

Our results suggest that, in the absence of the TGD, the base-

ine levels of Cr in the Yangtze River Basin would have decreased

rom 1990–2016 ( Fig. 5 E), while the initial decrease of As, Pb, and

d would have been followed by their increase in 20 05, 20 02, and

003, respectively ( Figs. 5 B–5 D). It is thought that the declines in

eavy metals loads in Chinese rivers, including the Yangtze River,

eflect the implementation of new Chinese environmental policies,

hich have led to a reduction in the direct anthropogenic release

f heavy metals into aquatic environments in recent years, as re-

orted by the government ( MEP, 2014 ). The model-predicted Hg

oad in the unaltered Yangtze River would have peaked in 2010

 Fig. 5 A). This is consistent with its increased usage in industrial

pplications, such as the production of vinyl chloride monomers,

rom 2005–2011 and the increase of erosion-induced lateral Hg

ransport into freshwater ecosystems between the 1990s and early

010s ( Lin et al., 2016 ; Liu et al., 2018b ). 

To explore the direct and indirect relationships that could drive

eavy metal discharges from the Yangtze River into the East China

ea ( Fig. 6 ), climate-related factors (i.e., precipitation and surface

emperature) and human activities (approximated based on the

DP as a predictor of industrial and urban development), together

ith the influences of the TGD (primarily sediment transport dy-

amics), were incorporated into a piecewise SEM. The SEM results

oint to the substantial negative influence of the TGD on sediment

ischarge into the East China Sea (it contributed a 24% weighted
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Fig. 6. Structural equation model of heavy metal discharges from the Yangtze 

River into the East China Sea, with climate and human activities as driving fac- 

tors. Solid arrows represent significant paths ( P < 0.05, piecewise SEM), dotted ar- 

rows represent non-significant paths ( P > 0.05, piecewise SEM), and R 2 represents 

the coefficient of determination. ∗P < 0.05, ∗∗P < 0.01. Path coefficients are reported 

as standardized effect sizes. GDP is the gross domestic product, SSD is the sus- 

pended sediment discharge, and THM is the total flux of heavy metals into the East 

China Sea. The standard errors of the standardized coefficients are presented in Fig. 

S4, SI. 
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verage path coefficient to the discharge variation). This is con-

istent with the source–sink transport result above. The transport

f heavy metals via the Yangtze River is also shown to be influ-

nced by climate-related factors and industrial and urban devel-

pment ( Fig. 6 ). The positive relationship between freshwater dis-

harge from the river into the East China Sea and precipitation are

ikely climate driven. A previous study predicted that future sea-

onal mean precipitation in East Asia would be enhanced by global

arming ( Qu et al., 2014 ). Nevertheless, according to the Bulletin

f Ecology and Environment for the Three Gorge Project , the precip-

tation in the TGR region has decreased slightly in recent years.

ence, it is too early to conclude that climate change will be an

mportant contributing factor in the overall system, driving heavy

etal discharge into the sea ( Trenberth, 1998 ). The positive cor-

elation between GDP and surface temperature indicates that lo-

al surface temperature can be significantly influenced by regional

evelopment, such as urbanization ( Zhou et al., 2004 ), which has

een attributed to the decrease of vegetation coverage and the in-

rease of urban heat island effects ( Yao et al., 2017 ). Elevated sur-

ace temperatures may also influence freshwater discharge directly

hrough enhanced evaporation in the Yangtze River Basin (Fig. S3,

I) ( Monteith, 1981 ), but the results of the SEM model suggest that

he surface temperature is not a major factor ( Fig. 6 ). 

.4. Fate of heavy metals in the East China Sea and impacts of the 

GD 

Through the incorporation of these results into a marine mass

alance model, we have identified that, despite TGD construction,

he Yangtze River was the main terrestrial source of heavy metal

Hg: 58%, As: 73%, Pb: 74%, Cd: 50%, Cr: 74%) in the East China

ea in 2016, while the other terrestrial sources, e.g., other rivers,

astewater, groundwater, soil erosion, and coastal erosion, were

ess significant ( Fig. 7 ). Previous studies have suggested that Hg

ischarge from the Yangtze River significantly influences Hg cy-

ling in the coastal seawater and enhances the air–sea exchange

f gaseous Hg for the East China Sea ( Liu et al., 2019a ; Wang et al.,

016 ). Furthermore, in 2016, the export of Hg and Pb from main-

and China was the main source for the East China Sea and ac-

ounted for 53% and 71% of total ocean inputs, respectively. How-

ver, the majority of these heavy metals that were transported
rom the land into the East China Sea were deposited in the sed-

ments of the sea, especially in the estuary and along the shelf,

hich are characterized by intense flocculation and rapid sedimen-

ation. According to our model, a total of 0.096, 21, 7.6, 0.99, and

4 Gg of Hg, As, Pb, Cd, and Cr were deposited in the estuarine and

helf sediments. The other sources of Hg and Pb were atmospheric

eposition, with 14% and 4% contributions, respectively, and ocean

urrents from the South China and Yellow Seas, which contributed

2% and 25%, respectively. Owing to the relatively recent economic

rowth and industrialization of China, atmospheric emissions of

eavy metals have been increasing in recent years ( Cheng et al.,

014 ), but are still not a substantial source (e.g., As: 0.91%, Cd:

1%, and Cr: 9.3%) for the East China Sea via atmospheric deposi-

ion. Mass balance modeling for 2016 revealed that metal transport

ith ocean currents from adjacent coastal seas accounted for 44%,

5%, 31%, 54%, and 45% of the Hg, As, Pb, Cd, and Cr transported

rom the East China Sea to the North Pacific Ocean. Furthermore,

ost of the metals transported to the open ocean originated from

he Yellow and South China Seas ( Fig. 7 ), and not from riverine

ources. Overall, the North Pacific Ocean is a critical sink for metal

ontaminants transported into the East China Sea. 

Owing to the construction of the TGD, metal burdens in the

ast China Sea have decreased since the year 2003. According to

ur model, if the TGD had not been constructed, the estimated

asses of metals stored in the water column in 2016 would have

een 0.37, 270, 68, 4.8, and 170 Gg of Hg, As, Pb, Cd, and Cr, re-

pectively; 6.9%, 0.99%, 5.1%, 3.8%, and 4.0% higher than that with

he TGD ( Fig. 8 A). These results suggest that, while the operation

f the TGD has many impacts on the Yangtze River ecosystem, the

argest impact is related to the location of removal of heavy metals,

nd the relative inputs, via sedimentation, into the East China Sea

 Fig. 8 D). In 2016, the presence of the TGD decreased fluxes via

he sedimentation of particulate heavy metals, by 18%, 1.8%, 34%,

.0% and 17% for Hg, As, Pb, Cd and Cr, respectively. Transport to

ther sinks (e.g., removal from the sea by fishing, exports to the

orth Pacific Ocean, and evasion from the sea surface) decreased

y between 1.1% and 9.8% in 2013 ( Figs. 8 B, 8 C, and 8 E). We con-

lude that, currently, the presence of the TGD has decreased the

eavy metal burden of the East China Sea. However, a previous

tudy forecasted that the current net accumulation of suspended

ediment in the Yangtze River will switch to net depletion from

030–2100, because: (1) the suspended sediment concentrations in

he upstream freshwater discharge will continue to decrease ow-

ng to forest protection programs; and (2) there is a plethora of

rodible depositions (approximately 10 0,0 0 0 Tg of sediment) along

he mid-lower stretches of the river, deposited since the Holocene

 Yang et al., 2014 ). With such a large amount of erodible sediment,

he legacy heavy metals accumulated in the river section down-

tream of the TGD might have a persistent impact on the ecology

f the river and sea. 

.5. Uncertainty analysis 

The uncertainties of the heavy metal estimates directly ex-

orted from rivers, wastewater, groundwater, soil erosion, and

oastal erosion into the East China Sea are also provided in Fig.

7, SI. The uncertainties of the heavy metal discharges from the

angtze River were -31% to 49% (P10–90 confidence interval), -31%

o 45%, -32 to 47%, -32% to 50%, and -33% to 52% for Hg, As, Pb,

d, and Cr, respectively, in 2016 ( Figs. 5 A to 5 E). Most of the re-

ults fall within acceptable ranges, compared with previous stud-

es ( Cheng et al., 2014 ; Wang et al., 2012 ). It should be noted that

he uncertainties for some sectors seem to be large. Some previous

tudies have used 50% or 60% of the confidence interval to repre-

ent the uncertainty ( Wang et al., 2012 ; Wu et al., 2012 ). In this

tudy, 80% of the confidence interval was selected to clearly repre-
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Fig. 7. Mass balances of heavy metals in the East China Sea in 2016. Source, flux of heavy metals into the seawater; sink, loss of heavy metals from the seawater. 
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sent the distribution of results ( Wu et al., 2010 ). The overall uncer-

tainties of the mass balance model are summarized based on the

model results of the heavy metal concentrations in the seawater of

the East China Sea ( Fig. 8 F). The uncertainties of the mass balance

models were estimated to be -42% to 44%, -63% to 71%, -36% to

68%, -45% to 47%, and -53% to 56% for the concentrations of Hg, As,

Pb, Cd, and Cr, respectively, in 2013. Overall, the observational data

from previous studies and the results of the mass balance models

are comparable ( Fig. 8 F). The overall uncertainties of the mass bal-

ance models are not insignificant, especially for the estimates of

the amounts of heavy metal being exchanged by ocean currents,

and they range from -130% to 230%, primarily owing to a lack of

data. Additionally, the analytical errors associated with the heavy

metal concentration measurements in the published literature and

the present study, as well as errors in the data used for the riverine

freshwater and suspended sediment discharge inventories in this

study, contribute to the uncertainty of the modeling results. How-

ever, despite these uncertainties, the similarity between the ob-

servations and the modeled riverine metal fluxes ( Figs. 5 A–5 E), as

well as the model estimates of oceanic heavy metal concentrations

( Fig. 8 F), indicate that the model results are reasonable. Based on

sedimentary records, previous studies found that sedimentary ra-

tios of Hg and Pb in the East China Sea peaked in the early 20 0 0s,

while that for As changed little before the 20 0 0s but also increased

slightly in the last decade ( Chen et al., 2014 ; Dong et al., 2012 ;

Duan et al., 2015 ; Zhang et al., 2018 ); this similar to our estimates

( Figs. 5 A–5 E). Nevertheless, the sedimentary records of heavy met-

als in the results of different studies vary widely, probably owing

to the heterogeneity of sediment distributions. Therefore, these re-

sults need further verification. 

3.6. Implications for future study 

This study is the first attempt to quantitatively evaluate the im-

pact that a large dam, such as the TGD, has on heavy metal fluxes

across the river–ocean continuum. Operation of the TGD could sub-

stantially decrease fluvial fluxes of heavy metals by impounding

them within the dam reservoir, i.e., the TGR, and in other seg-

ments of the river that are located upstream of the dam. In con-

trast, heavy metal fluxes into the coastal ocean could be increased
hrough the downstream depletion of legacy metals from riverbed

nd bank erosion. Therefore, a decreased flux of heavy metals up-

tream and their increase downstream could occur simultaneously,

ith a variable net impact on the fluxes of different constituents

nto the East China Sea over time. In many cases, materials trapped

n reservoirs have been investigated, albeit omitting the signifi-

ance of reservoir construction on sediment erosion downstream

f the dam ( Yang et al., 2014 ). Our analysis provides additional

vidence that large dams substantially alter contaminant fluxes

hroughout the river, and not just above the reservoir. Our eval-

ation, using a combination of previous studies, our own measure-

ents, and model analyses, shows that the impacts of large dams,

uch as the TGD, can have a long spatial range, e.g., ~2,0 0 0 km

n the case of the TGD ( Yang et al., 2014 ). Moreover, heavy met-

ls bound to suspended sediment transported by the Yangtze River

nto the sea can be further transported hundreds of kilometers off-

hore via ocean currents. 

Although our results provide different predictions for the vari-

us metals examined, we acknowledge that it is challenging to de-

cribe exactly how large dams influence the fluxes of metal con-

aminants, and there are several caveats and limitations to our

tudy. In addressing these limitations, we included the calculation

f uncertainties and details of such uncertainty analyses in this pa-

er. In this study, the samples were mainly collected in one year.

lthough more time-series observational data are needed, collec-

ions are labor-intensive and costly. We have therefore relied on

eavy metal fluxes calculated from the available data, based on the

elatively constant conditions in recent years, in terms of freshwa-

er discharge and suspended sediment. We have considered sea-

onal changes in the heavy metal concentrations in the water col-

mn at each sampling site and incorporated this into our esti-

ates. Our research relied on subsurface water sampling, given

he difficulty of sampling at many locations where there were ex-

remely strong currents. Other studies have also relied on sub-

urface water samples ( Buck et al., 2015 ; Emmerton et al., 2013 ;

üller et al., 2008 ). 

Notably, our modeling of heavy metal discharges from the

angtze River in the absence of the TGD is subject to large uncer-

ainty, since we were unable to consider biogeochemical changes

n the heavy metals in the no-TGD scenario. The inclusion of bio-
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Fig. 8. Changes to heavy metal concentrations and sinks in the East China Sea owing to the Three Gorges Dam in 2016 ((A) to (E)) and the uncertainties of the heavy 

metal concentrations in the model (F). Panel (A): changes of heavy metal concentrations in the East China Sea. Panel (B): heavy metal removal from the sea by fishing. 

Panel (C): export of heavy metals by ocean currents to the North Pacific Ocean. Panel (D): removal of heavy metals by sedimentation onto the seabed. Panel (E): Hg evasion 

from the sea surface. In Panels (A) to (E), bars indicate the P10–90 confidence intervals given by the uncertainty analysis. In panel (F), the thick black horizontal lines are 

the modeled concentrations, and the gray bars are the uncertainties of the concentrations of heavy metals in the East China Sea in 2013 (P10–90 confidence intervals). Other 

symbols (diamonds, circles, and triangles) in panel (F) are the observational data of heavy metals in the East China Sea from previous studies ( Cheng et al., 2006 ; Ci et al., 

2016 ; Jiann et al., 2009 ; Li, 2008 ; Lin et al., 2000 ; Ren et al., 2007 ; Wang et al., 2010 ; Wu et al., 2015 ; Zhang, 2013 ). 
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eochemical processes was outside the scope of this study and

dditional research is required to study the biogeochemical trans-

ormation of metals in the water and their interactions with par-

icles along the river and within the estuary. Another level of

ncertainty is related to analytical errors in the previously pub-

ished heavy metal concentrations. Hence, our estimates of the

eavy metal fluxes along the Yangtze River and into the sea should

e further updated. Additionally, the river–ocean continuum (i.e.,

iver–estuary–shelf–open ocean) is a complex and rapidly chang-

ng system, owing to both natural and human-driven impacts. For

nstance, our model cannot account for differences in the extent of

occulation owing to the lack of field data, which is a motivation

or such studies in the future. 

This study aimed to shed light on the potential influence

hat large dams have on contaminant cycling in the environment.

s noted earlier, approximately 50,0 0 0 large dams are operating

orldwide ( Lempérière, 2006 ); therefore, the case made by the

resent study is of relevance to many other areas where rivers

re obstructed by large dams. River damming is increasing in the

iver basins of Asia, South America, and Africa, and the Amazon,

angtze, and Ganges Basins may become primary hotspots for pol-

ution accumulation and depletion in the world ( Latrubesse et al.,

017 ; Maavara et al., 2017 ). Further research should be conducted
n these river basins and their adjacent seas, to examine the sub-

tantial impacts caused by large dams on contaminant biogeo-

hemical cycles. 

. Conclusions 

In this study, we found that the TGD can significantly impact

etal contaminant transport in the Yangtze River–East China Sea

ontinuum. The Yangtze River discharges substantial amounts of

eavy metals into the coastal ocean, and the wet seasons are re-

ponsible for a large proportion of the annual heavy metal fluxes.

lthough substantial amounts of these metals were impounded in

he TGR and only a relatively small fraction was discharged into

he Yangtze River downstream of the reservoir, the operation of

he TGD induced remarkable resuspension of these metals in the

ownstream section of the river and their delivery into the coastal

cean. Metal flux alteration was primarily attributed to the al-

ered hydrology caused by the operation of the TGD. Therefore,

etal fluxes to the coastal ocean were primarily derived from the

ownstream portion of the river, while the contributions of addi-

ional sources were relatively small. Currently, the presence of the

GD decreases the heavy metal burdens on the East China Sea.

owever, this may change in future because there is a plethora
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of erodible deposition along the mid-lower stretches of the river

that have been deposited since the Holocene. Overall, we con-

clude that the world’s largest hydropower construction, the TGD,

has had a significant impact on pollutant transport throughout the

Yangtze River and into the East China Sea. The results of our re-

search should be considered in other geographic locations where

large dams are constructed on large rivers. 
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