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Abstract 30 

Knowledge of the transfer of sediment through river systems is essential for 31 

understanding a key control on the physical, chemical and biological processes on the 32 

Earth’s surface. Based on a new analysis of long-term records of water discharge, 33 

sediment transport, riverbed morphology and estuarine hydrology, here we quantify 34 

and interpret fluvial sediment fluxes along the Changjiang River. We show that the 35 

establishment of the TGD has directly changed the fluvial sediment-transport process 36 

by annually trapping 1.23×10
8
 t sediments. As a result of the loss of this trapped 37 

material the upper Changjiang reach has switched from being the main sediment 38 

source before 2003 to a depositional sink of fluvial sediment subsequently. 39 

Furthermore, major lakes such as Dongting Lake and Poyang Lake have shifted from 40 

being local sediment sinks before 2003 to sediment sources thereafter, such that they 41 

now provide sediment to the Changjiang River. Since the 2003 closure of the TGD the 42 

riverbed of the middle-lower Changjiang reach has switched to become the major 43 

source of sediment being transmitted downstream, now providing almost 50% of the 44 

material entering the estuary. Moreover, shoals in the estuarine channels and landward 45 

sediment transport from the sea have also become major new sediment sources for the 46 

river estuary following the construction of the TGD. We conclude that dams that are 47 

currently in preparation along the upper Changjiang reach and adjacent lakes may 48 

cause the cessation of sediment supply to downstream reaches. Meanwhile, rising sea 49 

levels and frequent storms may terminate landward sediment transport, aggravating 50 

estuary erosion and inducing seaward sediment transport. It can therefore be expected 51 

that substantial erosion could occur in the near future in the Changjiang estuary 52 

system. 53 

Keywords: Sediment discharge; river-estuary depositional system; sediment transfer; 54 

Changjiang River. 55 

 56 

  57 
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1 Introduction 58 

The Earth’s surface is a key interface over which many physical, chemical and 59 

biological processes that are associated with fluvial sediment transport can strongly 60 

shape the landscape (Allen, 2008). A number of factors, including tectonic uplift, 61 

climate, base level and anthropogenic factors, can affect the movement of fluvial 62 

sediment (Florsheim et al., 1991; Liu et al., 2016; Romans et al., 2016; Wang and Xu, 63 

2018). The Industrial Revolution and associated human activities have significantly 64 

affected the Earth’s surface, changing global sediment transport regimes across the 65 

planet (Milliman & Farnsworth, 2011; Syvitski & Green, 2005), with the potential to 66 

seriously disturb sedimentation and associated biogeochemical cycles on the Earth’s 67 

surface. A fundamental question, therefore, concerns the extent to which sediment 68 

transport processes have been impacted by human interference in a range of fluvial 69 

sediment transfer systems around the world (Kuehl et al., 2016; Walsh et al., 2016). 70 

The world’s rivers are estimated to contribute over 20 billion tonnes of particulate 71 

sediment to the ocean annually (Milliman et al., 1985). The parts of river systems 72 

which mark the transition zone between the land and the coastal ocean are a 73 

particularly critical interface for human resources and serve as key repositories of 74 

geological information (Walsh et al., 2016; Liu et al., 2016). Indeed, it is believed that 75 

the majority of fluvial sediment is sequestered in estuaries or around the edges of the 76 

continental shelf, with only 5-10% entering the deep sea (Meade, 1996; Liu et al., 77 

2007). Meanwhile, sediment transfer pathways are much more complicated in 78 

estuarine areas compared to those in the ocean because of the complexity arising from 79 

the combined influence of river discharge, tidal flow, wave action, and associated 80 

gravitational circulation (Bianchi & Allison, 2009; Uncles & Stephens, 1997), tidal 81 

pumping (Mitchell et al., 2003) and flocculation because of mixing between salt and 82 

fresh water (Liu et al., 2016; Walling & Fang, 2003; Syvitski et al., 2005).  83 

In recent decades there has been growing interest in quantifying the transfer of 84 

fluvial sediment from source to sink (Walsh et al., 2016; Liu et al., 2016; Blum et al., 85 

2009; Allen, 2008). For example, Bentley et al. (2016) assessed the effects of tectonic, 86 

climatic, and anthropogenic influences on the fluvial-marine sediment-dispersal 87 

system of the Mississippi River and demonstrated that the upstream control of the 88 

sediment supply dominated the downstream morphology. Darby et al. (2016) showed 89 

that tropical cyclones play a key role in controlling sediment transfer in the Lower 90 

Mekong River. Recent studies on the Waipaoa River (New Zealand) and Fly River 91 

(Papua New Guinea) also have provided a holistic perspective of the sediment transfer 92 

processes that have generated, transported and preserved sedimentary information 93 

since the Late Quaternary (Canestrelli et al., 2010, 2014; Kuehl et al., 2016). Related 94 

research on sediment transmission has also been conducted for the Amazon (Nittrouer 95 

& DeMaster, 1996; Jr et al., 2015), Mississippi (Meade & Moody, 2010), Eel 96 
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(Warrick, 2014), Ganges-Brahmaputra (Barua, 1990), Yellow (Liu et al., 2009; Wang 97 

et al., 2011; Saito et al., 2001), Red (Gao et al., 2015; Dang et al., 2010), Pearl (Luo et 98 

al., 2007; Wu et al., 2012), Colorado (Carriquiry et al., 2001), Danube (Matenco & 99 

Andriessen, 2013), Po (Fox et al., 2004), and Ebro (Rovira et al., 2015) River systems. 100 

Additionally, research has also been conducted on the transport of sediment from 101 

mountainous rivers to coastal zones, such as the Lanyang, Zhuoshui, and Gaoping 102 

rivers in Taiwan (Liu et al., 2008; Dadson et al., 2003; Liu et al., 2016). 103 

While these previous studies have focused on a wide range of fluvial sediment 104 

transfer systems, equivalent work on the Changjiang River, which is the longest river 105 

in Eurasia, has instead mainly focused on studying the provenance of Holocene 106 

sediments (Bi et al., 2017) and identifying historical declines in the fluvial suspended 107 

sediment discharge (SSD) and suspended sediment concentration (SSC) (Xu et al., 108 

2009; Hu et al., 2009; Wang et al., 2011; Dai & Lu, 2014; Dai et al., 2016a). Previous 109 

work on the Changjiang has also investigated the influence of upstream reservoirs on 110 

downstream geomorphology and sedimentation (Luo et al., 2012; Dai & Liu, 2013a; 111 

Yang et al., 2014), as well as the effects of upstream hydrological processes on 112 

sediment transmission to coastal and continental-shelf regions (Milliman et al., 1985; 113 

Yang et al., 2007; Dai et al., 2014). To date, however, a holistic synthesis of the fluvial 114 

sediment dispersal system of the Changjiang River has not been undertaken, 115 

especially in reference to the effects of intensive human activities. Such a synthesis is 116 

both necessary and vital to fully assess fluvial sediment transfer from the Changjiang 117 

River to the East China Sea. The main goals of this paper are, therefore, to:  118 

(1) Assess sediment transmission along the Changjiang River from its headwaters to 119 

the downstream estuary during the period from the 1950s to the 2010s; 120 

(2) Identify the drivers of sediment-transport variations in this reach, and; 121 

(3) Discern the interconnections between sediment transfer processes in the 122 

Changjiang River and estuarine morphodynamic processes.  123 

The remainder of this paper is structured as follows. First, we provide a 124 

description of the Changjiang River in section 2 before summarizing the data sources 125 

and methods employed in section 3. In section 4 we analyze the sediment transition 126 

between the upper and middle Changjiang River, the exchange of sediments between 127 

the major lakes and river in the middle Changjiang River reach, and sediment transfer 128 

within the Changjiang estuarine area. In section 5 we seek to detect the influence of 129 

factors driving sediment transfer along the Changjiang River. Finally, we conclude by 130 

presenting an outlook of sediment transfer processes along the Changjiang River 131 

(section 6). 132 

 133 
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2 Background 134 

The Changjiang River stretches 6300 km from the Qinghai-Tibet Plateau to the East 135 

China Sea, making it the longest river in Eurasia, with a catchment area of 1.8×10
6
 136 

km
2
 (Chen et al., 2010). The river bed slope decreases along the river course, with the 137 

highest value occurring in the upstream areas between Cuntan and Yichang (0.18‰), 138 

declining to 0.026‰ in the reach from Yichang to the estuary, reaching a slope of 139 

0.005‰ within the estuary itself (Figure 1A). Generally, the upper reach of the 140 

Changjiang River is considered to end at Yichang, covering an area of 1×10
6
 km

2
; 141 

thereafter, the middle reach extends from Yichang to Hankou, encompassing the 142 

Hanjiang river as well as Dongting and Poyang Lakes, while the lower reach stretches 143 

from Hankou to the river mouth (Figure 1B-D). The hydrometric stations at Yichang, 144 

Hankou and Datong were, therefore, selected here to reflect the hydrological 145 

characteristics of the upper, middle and lower reaches of the Changjiang River, 146 

respectively (Figure 1A). The landward limit of the tidal current is located around 147 

Datong (Dai et al., 2016a).  148 

The Changjiang River basin is dominated by the Asian monsoon circulation with 149 

abundant rainfall being recorded during the northern hemisphere summer. The annual 150 

mean precipitation over the catchment is 1100 mm, which generally diminishes from 151 

the southeast to the northwest (Wei et al., 2014). When averaged over the period 152 

1950-2000 the river discharged 905×10
9 

m
3
 of water and 0.42×10

9 
t of sediment to the 153 

estuary each year (BCRS, 2010, 2011, 2012, 2013 and 2014). However, 50,000 dams 154 

and reservoirs have been built in the river basin over the past 50 years (Yang et al., 155 

2011) and these have greatly changed the river’s hydrological and sediment 156 

transmission processes (Dai & Liu, 2013a). Since the world’s largest 157 

river-engineering project, the Three Gorges Dam (TGD), was completed in 2003, the 158 

SSD has reduced to less than 1.0×10
9
 t/yr compared with 4.2×10

9
 t/yr during the 159 

period 1950-2002 (Yang et al., 2011), a decrease of approximately 70% (Dai et al., 160 

2014). The SSD values recorded in 2006 and 2011 were as low as 0.84×10
8
 t and 161 

0.72×10
8
 t, respectively (BRCS, 2010, 2011). Moreover, the Changjiang has 162 

gradually changed from being a quasi-natural river to one which is effectively 163 

manually controlled because of the extensive effects of reservoir regulation, alongside 164 

water withdrawal and consumption for industrial and agricultural purposes (Mei et al., 165 

2015). 166 

 167 

3 Data collection and methods 168 

A series of data sets were used to aid in the characterization of the fluvial sediment 169 

transfer system along the Changjiang River. Specifically, we collated monthly river 170 

runoff and Suspended Sediment Discharge (SSD) data for the period between 171 
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1950s-2014, alongside estimates of erosion and deposition of the Yichang-Nanjing 172 

reach between 1957-1980, 1980-2002, 2002-2010 as compiled by the Changjiang 173 

Water Resources Commission (CWRC). The datasets employed are based on records 174 

from the hydrometric stations located at Pingshan, Gaochang, Beibei, Wulong, Cuntan, 175 

Yichang, Luoshan, Chenglingji, Hankou, Huangzhuang, Hukou and Datong (Figure 176 

1A) (Supplementary information, Table S1). Pingshan is the control station of 177 

Jinshajiang, whereas the stations at Cuntan and Yichang reflect the hydrological 178 

conditions with and without the TGD’s influence in the upper Changjiang reach, 179 

respectively. The stations at Gaochang, Beibei and Wulong are the control stations of 180 

Minjiang, Jianglingjia and Wujiang, respectively (Figure 1A). Chenglingji and Hukou 181 

indicate the contributions from Dongting Lake and Poyang Lake to the Changjiang 182 

River (Figures 1B and 1C), while Hankou is the control station of the middle 183 

Changjiang River. Finally, Datong station provides insight into the fluxes of water and 184 

sediment being delivered to the estuary. 185 

Monthly water discharge and SSD in the main tributaries (Three Inlets and Four 186 

Waters) of Dongting Lake and Poyang Lake from the 1950s to the 2010s were also 187 

collated from the Bulletin of China River Sediment (BCRS) (BCRS, 2010, 2011, 188 

2012, 2013, 2014) (Supplementary information, Table S1). Estuarine bathymetric 189 

maps between 1958 and the 2010s were also obtained (Supplementary information, 190 

Table S2). Additional records, including suspended sediment concentration (SSC) and 191 

tidal-flow records, were collected from related publications (Dai and Liu, 2013a; Dai 192 

et al., 2013b, 2016b). Occasional missing data were reconstructed through regression. 193 

The sediment deposition/erosion volumes along the Changjiang River course was 194 

calculated from analyses of bathymetric map (ranging in scale from 1:50,000 to 195 

1:10,000) through ArcGIS. Additionally, the volume change of the riverbed sediment 196 

was converted to weight assuming a bulk density of 1200 kg/m
3
. When bathymetric 197 

charts were not available, the corresponding deposition/erosion volume was estimated 198 

through the sediment budget. Trends in the long-term water discharge and SSD series 199 

were detected through first-order linear regression. The sediment budget was also 200 

used to calculate the net SSD contribution of Dongting Lake and Poyang Lake in 201 

reference to the Changjiang River. The ratio between the peak tidal discharge during 202 

ebbs and the sum of the peak tidal discharge during ebbs and floods, namely, the 203 

coefficient of flow dominance, was used to indicate the relative strength of the ebb 204 

tidal currents (Simmons, 1955). When this coefficient is over 50%, the flow is 205 

ebb-dominated. 206 

 207 
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4 Sediment transfer fluxes and their implications for the Changjiang 208 

river-estuary depositional system 209 

4.1. Suspended Sediment Discharge in the Upper Changjiang 210 

Our data analysis shows that the mean annual water discharge during the 1950s 211 

to 2000 at Pingshan, Cuntan and Yichang was 4731 m
3
/s, 10982 m

3
/s and 13870 m

3
/s, 212 

respectively (Figures 2A, 2C, and 2E), while the corresponding SSD was 2.53×10
8
 213 

t/yr, 4.37×10
8
 t/yr, and 5.01×10

8
 t/yr, respectively (Figures 2B, 2D, and 2F). In terms 214 

of annual time series, there is no apparent trend in the water discharge during this 215 

period (Figures 2A, 2C, 2E, and 2G), but large variations were detected in the annual 216 

SSD, with an abrupt decline after 2003 (Figures 2B, 2D, and 2F). Specifically, the 217 

average annual SSD at Pingshan, Cuntan and Yichang was 1.39×10
8
 t, 1.71×10

8
 t and 218 

0.43×10
8
, respectively, during the period 2003-2014, a reduction of 45%, 60% and 85% 219 

compared to the SSD values observed during the period 1951-2000 (Figure 2H). 220 

Furthermore, Yichang is the most downstream of the three stations considered 221 

above and may therefore be regarded as a control station for the Upper Changjiang 222 

reach (Figure 1A). The total SSD being delivered to Yichang was therefore 223 

determined by summing the contributions from: (i) the upper stream from the river 224 

source to Pingshan; (ii) three major tributaries (Minjiang, Jialingjiang and Wujiang), 225 

and; (iii) riverbed sediment erosion along the Pingshan-Yichang reach (Figure 1A; 226 

Figure S1). The riverbed between Pingshan and Cuntan, which is 447 km in length, 227 

was in an erosional state before 2003 with an annual erosion rate of 0.17×10
8
 t/yr, but 228 

it has since transitioned to become a depositional reach, retaining some 0.17×10
6
 t/km 229 

yearly since 2003 (Figure 3A). The riverbed from Cuntan to Yichang, which covers a 230 

length of 638 km, also experienced a similar transition, switching from a yearly 231 

erosion rate of 0.06×10
6
 t/km before 2003 to a yearly deposition rate of 0.18×10

6
 t/km 232 

thereafter (Figure 3B). The upper Changjiang River has therefore changed from being 233 

a sediment source that provided approximately 1.2×10
8
 t of sediment to downstream 234 

reaches each year before 2003, to a sediment sink that has received 2.3×10
8
 t of SSD 235 

annually thereafter (Figures 3A and 3B). 236 

The scale of change of SSD through Yichang can be illustrated by comparing the 237 

SSD at Yichang with that at Datong, the station located closest to the estuary. During 238 

the period 1951-2000 the SSD at Yichang varied between 83%-160% of that through 239 

Datong, with a mean value of 116% (Figure 3C); thus, the SSD from the upper reach 240 

dominated the SSD that entered the sea. Since 2003, however, the annual SSD 241 

contribution from Yichang has dramatically decreased to a value less than 50% 242 

(except for a value of 51% in 2005), with an annual mean contribution of 28% during 243 

the period 2003-2014 (Figure 3C). The SSD supplied from the upper reach comprised 244 

less than 9% of that passing through Datong in 2011 and 2014. As such, since 2003 245 
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the upper reach can no longer be regarded as the main sediment source for the 246 

downstream area. 247 

 248 

  249 
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4.2. Sediment exchanges with Dongting and Poyang Lakes and their contribution 250 

to downstream sediment flux 251 

4.2.1 Dongting Lake 252 

Dongting Lake is a key component of the Changjiang River system, exchanging 253 

significant volumes of water and SSD to the river (Zhu et al., 2014). However, the 254 

lake’s water and sediment sources have undergone major changes since the 1950s. 255 

Previously, water and SSD was discharged into Dongting Lake by the Three Inlets 256 

and Four Rivers (Figure 1B). The proportion derived from the Four Rivers has 257 

gradually increased in recent decades, with the contribution for the water discharge 258 

increasing from 53% during 1951-1959, to its present value of 76%; meanwhile the 259 

contribution for the SSD has increased from 15% to 48% (Figure S2). Accordingly, 260 

the main SSD source for Dongting Lake has switched from being dominated by the 261 

Three Outlets to a more even split between the Three Outlets and the Four Rivers.  262 

The sediment budget of Dongting Lake also indicates that there was a long-term 263 

phase of deposition within the lake during the period 1951-2002 (Figure 4A), albeit 264 

the mean sediment deposition has been declining from 1.9×10
8
 t/yr to 1.7×10

8
 t/yr and 265 

then 0.6×10
8
 t/yr for the periods 1951-1959, 1960-1969 and 1990-2002, respectively 266 

(Figures 4A and 4B). Subsequently, this prior depositional state ceased entirely from 267 

2003, after which date the lake shifted to an erosional status, exporting 0.4×10
6
 t of 268 

sediment each year (Figure 4A). As Figure 4C indicates, the lake generally stored 269 

sediments during the flood season and provided sediment through erosion during the 270 

dry season; the accretion rate during the flood seasons being much larger than the 271 

erosion rate during the dry season (Figure 4C). Since 2003, however, the deposition 272 

rate during the flood season has decreased to only 0.067×10
8
 t/yr, while the lake bed 273 

scouring rate during the dry season has increased to 0.072×10
8
 t/yr. Furthermore, the 274 

proportional contribution of suspended sediment passing from Dongting Lake to the 275 

downstream area of the Changjiang River estuary has exhibited a downward trend 276 

since the 1950s, decreasing from 14% to 7% in 2002, but significantly increasing 277 

thereafter to 19% in 2014 (Figure 4D).  278 

4.2.2. Poyang Lake  279 

Exchanges of water between Poyang Lake and the Changjiang River have exhibited 280 

only slight variations in the pre-TGD (1960-2002) versus post-TGD periods, with 281 

both the output and input flows decreasing by only around 5% (Figures S3A, 3C, and 282 

3E). However, Poyang Lake has undergone a dramatic change in its sediment budget 283 

(Figures S3B, 3D, and 3F). Specifically, in the period 1960-2002, Poyang Lake 284 

received 12.9×10
6
 t/yr of SSD from its five tributaries and discharged 9.22×10

6
 t/yr to 285 

the Changjiang River, so that the output flux comprised around 70% of the input flux 286 

(Figures S3B and 3D). Subsequently (2003-2012), however, the lake received 287 
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5.77×10
6
 t/yr of sediment but released more than 12.52×10

6
 t/yr: therefore the output 288 

flux is now almost double the input flux. In other words, while almost 4×10
6
 t/yr of 289 

sediment was deposited in Poyang Lake during 1960-2002 (Figures 5A), since 2003 290 

the lake has had to provide around 6.75×10
6
 t/yr to maintain the sediment budget 291 

(Figure 5A-C).  292 

In terms of the relative proportion of sediment being contributed from Poyang 293 

Lake to the Changjiang’s downstream reaches, the lake previously contributed only 294 

around the equivalent of 2% of the sediment load passing through Datong, but this 295 

proportion increased to 9% during the period 2003-2012 (Figure 5D). Since the 296 

overall magnitude of the sediment output from Poyang Lake has exhibited no 297 

observable variations during 1960-2012, the increase in the proportional contribution 298 

of sediment from Poyang Lake to the downstream reaches can be attributed to the 299 

decrease in fluvial sediment from the upper Changjiang River (Figure 3). Thus, while 300 

the Changjiang’s overall SSD declines, the relative importance of different sources of 301 

sediment to downstream reaches is growing – in this case the Dongting and Poyang 302 

Lakes are now much more significant as a source of sediment for the estuary than 303 

they were before. 304 

4.2.3 Sediment contribution from the Hanjiang River 305 

As the longest tributary of the Changjiang River, the Hanjiang is a key potential 306 

source of water and sediment discharge into the East China Sea (Dai & Liu, 2013a). 307 

During the period 1951-2014 the Hanjiang delivered 1480 m
3
/s of water each year to 308 

the Changjiang (with a range from 550 to 2500 m
3
/s) (Figure S4), with no statistically 309 

significant changes over time. The annual sediment flux exported from the Hanjiang 310 

into the Changjiang, however, has experienced a significant declining trend with an 311 

overall reduction of 95% (P<0.01) during this time, with the maximum and minimum 312 

recorded values occurring in 1964 (2.61×10
8
 t) and 2014 (0.007×10

8
 t), respectively 313 

(Figure S4). Specifically, the mean annual sediment load of the Hanjiang River was 314 

1.31×10
8
 t/yr during 1951-1959 but decreased to 0.96×10

8
 t/yr during 1960-1969 and 315 

further to 0.245×10
8
 t/yr during 1970-1979 (Figure S4). This decrease continued into 316 

the 2000s, by which time the annual mean sediment load was as low as 0.065×10
8
 t/yr, 317 

just 5% of that observed during the 1950s (Figure S4). 318 

In terms of its proportional contribution to sediment reaching the estuary, the 319 

sediment flux from the Hanjiang tributary was equivalent to around 15% of the 320 

sediment load passing through Datong during the 1960s, but it has significantly 321 

decreased afterwards, reaching a minimum of 6% in 2000. This proportional decline 322 

subsequently then reversed, with an increased value of 12% from 2000-2011. 323 

However, the sediment-contribution ratio from Hanjiang to Datong then abruptly 324 
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declined to just 2% between 2012 and 2014, presumably as a result of a further 325 

increase, in the year 2013, in the Danjiakou reservoir’s height on the Hanjiang River. 326 

4.3 Sediment transfer along the middle-lower Changjiang River course 327 

The Changjiang downstream of Yichang first interacts with Dongting Lake, 328 

confluences with the Hanjiang and Poyang Lake, and eventually reaches the tidal 329 

limit of the river at Datong (Figure 1A). While the annual water discharge along the 330 

Changjiang River has experienced no major changes, as shown from the behavior of 331 

the control stations of Jiangli, Luoshan, Hankou and Datong (Figures 6A, 6C, 6E, and 332 

6G), the SSD has exhibited significant variations, with the most obvious changes 333 

occurring since 2003 (Figures 6B, 6D, 6F, and 6H). For example, compared to the 334 

period from the 1950s to 2000, the annual mean SSD along the main course has 335 

decreased by 80% at Jianli, 78% at Luoshan, 73% Hankou and 68% at Datong 336 

(Figures 6B, 6D, 6F, and 6H).  337 

Furthermore, the SSD budget along the Yichang-Luoshan reach has clearly been in 338 

a net erosional status during most of this time, except during the extreme flood years 339 

of 1954 and 1998 (Figure 7A). The SSD loss in the pre- and post-2003 periods was 340 

0.41×10
8
 t/yr and 0.47×10

8
 t/yr, respectively, indicating that the reach provided 341 

slightly more sediment through riverbed erosion after 2003. The SSD budget along 342 

the Luoshan-Hankou reach shifted from a net depositional status of 0.6×10
8
 t/yr 343 

before 2003 to a condition of mild net erosion (0.1×10
8
 t/yr) thereafter (Figure 7B). 344 

Thus, although the Luoshan-Hankou reach was in a depositional state before 2003, 345 

since that date it has subsequently switched to an erosional state and has supplied 346 

sediment to the downstream area. Moreover, the SSD budget along the 347 

Hankou-Datong reach is also erosional, with that reach providing 0.11×10
8
 t/yr of 348 

in-channel sediment to the downstream area before 2003 (Figure 7C), increasing to 349 

0.3×10
8
 t/yr thereafter.  350 

Prior to 2003, the SSD budget along the main Changjiang stream between 351 

Yichang and Datong indicates that historically the Yichang-Luoshan reach continually 352 

provided sediment to the downstream area through channel erosion (Figure 8), the 353 

Luoshan-Hankou reach acted as a sediment-sink, and the Hankou-Datong reach 354 

intermittently received sediment while providing sediment in other years. After 2003, 355 

however, the Yichang-Luoshan reach transmitted more sediment downstream, and 356 

both the Luoshan-Hankou and Hankou-Datong reaches have become net sediment 357 

sources of downstream sediment transmission. The sediment contributions from these 358 

three reaches decreased as their distance to the upstream area increased (Figure 8).  359 

  360 
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4.4. Variations in water and sediment flows to the estuary and associated delta 361 

sedimentation 362 

4.4.1. Variations in the fluvial water discharge and SSD to the sea 363 

Datong, which is the most downstream hydrological station with long-term records, is 364 

representative of the variations in riverine water and sediment discharge being 365 

supplied to the head of the Changjiang estuary (BCRS, 2014). From 1950 to 2014, the 366 

fluvial water discharge supplied by the Changjiang catchment and passing through 367 

Datong showed no obvious variations, with an annual mean flow of 28000 m
3
/s 368 

(Figures 6G and 9A). However, inter-seasonal variations in water discharge have 369 

become slightly more pronounced after 2003, with the overall proportion of flow 370 

passing during the flood season (May-October) decreasing slightly from 72% 371 

(1950-2002) to 68% (2003-2014), while the proportion of flow passing in the dry 372 

season has increased from 28% to 32% (Figures 9C and 9E).  373 

In contrast to the water discharge trends, the fluvial suspended sediment discharge 374 

through Datong has exhibited a substantial decrease over recent decades (Figures 6H 375 

and 9B). This decline began around the 1970s but became more intense since the 376 

closure of the TGD in 2003 (Figure 10H) (Dai et al., 2016a). The annual mean SSD 377 

during the period 1950-1959 was around 4.76×10
8
 t/yr, decreasing to 4.24×10

8
 t/yr 378 

during 1970-1979 and falling again to just 1.4×10
8
 t/yr during 2003-2014 (Figure 9B). 379 

In terms of seasonal variations in the SSD, during the flood season around 88% of the 380 

total annual SSD was previously (1950-2002) passed (Figure 9F), but since 2003 this 381 

has reduced to 80% of the total annual SSD. 382 

4.4.2. Volume variations in the Changjiang Estuary 383 

Volume variations in the Changjiang Estuary mainly occur in the submarine delta 384 

and estuarine channels, and these are now briefly analyzed. The Changjiang estuarine 385 

submarine delta (CESD) experienced net deposition during the period 1958-1997, 386 

with strong siltation of over 140 × 10
6
 m

3
/yr during the period 1958-1978, slow 387 

deposition of approximately 2 × 10
6
 m

3
/yr during 1978-1989 and 18 ×10

6
 m

3
/yr 388 

during 1989-1997, prior to the onset of slight erosion of around 40 × 10
6
 m

3
/yr during 389 

1997-2002 (Figures 10A-10d). The CESD regained a depositional state during 390 

2002-2013 (Figures 10E-H), during which time the -10-m isobath extended seaward 391 

at an accumulation rate of 25-50 cm/yr (Figure 10).  392 

Furthermore, the channel volumes below the 0-m isobath for the NB (North 393 

Branch) and South Passage (SP) are described in Figure 11. The volume capacity of 394 

the SP gradually decreased during 1958-2012, with an overall loss of approximately 395 

13% (Figure 11A). Specifically, the volume decreased from 0.69×10
9
 m

3
 in 1987 to 396 

0.59×10
9
 m

3
 in 1994, a reduction of 14% (Figure 11), which suggests a period of 397 

X1
高亮



13 

 

infilling. During 1994-1996, the capacity increased by 0.04×10
9
 m

3
. After 1998, the 398 

capacity continued to decrease. During 2001-2006, the capacity increased again. 399 

However, the capacity drastically declined by 0.06×10
9
 m

3
 and then gradually but 400 

slightly increased during 2006-2008 (Figure 11A). Meanwhile, the channel volume 401 

below 0 m in the NB dramatically decreased by 53% from 1.17×10
9
 m

3
 in 1958 to 402 

0.54×10
9
 m

3
 in 2013 (Figure 11B), at a mean deposition rate of 11.4×10

6
 m

3
/yr. 403 

Meanwhile, the channel volume below 0 m exhibited a statistically significant 404 

decrease (p<0.05) (Figure 11B). This response is reflected in the elevation changes in 405 

the middle of the channel along the NB, which became shallower and flatter during 406 

the 2000s (Dai et al., 2016b). 407 

It is noteworthy that, despite the obvious decline in riverine sediment load 408 

supplied from upstream, the Changjiang Estuary has exhibited no obvious responses 409 

such as shoreline erosion or channel down-cutting in the same period. Thus, the driver 410 

and sediment source for estuarine deposition/erosion likely changed, as discussed in 411 

the next section. 412 

 413 

5 Influences on the Changjiang river-estuary sediment transfer system 414 

5.1. Soil erosion and dam regulation along the Changjiang River 415 

Soil erosion in the Changjiang’s catchment is an important driver of sediment supply 416 

to the Changjiang River. Severe deforestation along the river is estimated to have 417 

caused a total soil loss of 364×10
3
 km

2
 during the 1950s (Shi, 1999; Zhang & Zhu, 418 

2001), as a result of a decline of the forest cover in the catchment from 60-80% prior 419 

to the 1950s to just 22% in 1957 (Zhang & Zhu, 2001). This inappropriate land-use 420 

change resulted in 1.76×10
8
 t/yr of SSD being delivered to the channel system during 421 

the 1950s (Yang et al., 2004), directly inducing sediment deposition in the upper 422 

Changjiang River (Figure 7), when the annual mean SSD at Yichang reached 5.4×10
8
 423 

t/yr (Figure 2F). 424 

Importantly, only a small number of reservoirs were present along the 425 

Changjiang River during the period 1950-1970, so the potential for trapping of 426 

riverine sediment was low at this time. During 1970-2002, however, the total reservoir 427 

storage capacity increased to 170×10
9
 m

3 
(Figure 12A), a sufficiently significant 428 

increase to retain large volumes of sediment behind the dams. Meanwhile, ongoing 429 

land use change resulted in the catchment area being affected by severe erosion 430 

increasing to 707×10
3
 km

2
 by 2001. The enhanced soil erosion triggered by land use 431 

change in the Changjiang basin between 1971 and 2002 could have partially mitigated 432 

the effects of sediment trapping by dams (Dai et al., 2016a). For example, the SSD at 433 

Yichang and Datong remained at roughly stable values of around 4.65×10
8
 t/yr and 434 
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3.89×10
8
 t/yr, respectively, at this time without significant variations during 435 

1950-2002 (Figures 2F and 12B). Accordingly, the basic sediment source-sink process 436 

within the Changjiang River itself did not significantly change over this period, when 437 

the upper reach was still the main sediment source, providing 115% of the SSD 438 

compared to that of the downstream area (Figure 13). 439 

The dominant driver of recent sediment transfer variations along the Changjiang 440 

River is likely to have been the TGD, which is currently the world’s largest 441 

hydrologic engineering project and was completed in 2003. In early 2003, the TGD’s 442 

reservoir water level was 135 m, with an estimated 1.23×10
8
 t/yr of sediment being 443 

trapped (Figure 12B). This cut off in the sediment supply from upstream sharply 444 

decreased the SSD observed at Yichang, from 2.28×10
8
 t/yr in 2002 to 0.97×10

8
 t/yr 445 

thereafter (Figure 2F), while the corresponding SSD at Datong was 2.06×10
8
 t/yr 446 

(Figure 9B). During 2003-2005, the TGD stored 1.25×10
8
 t/yr of sediment in the 447 

reservoir, when the SSD at Yichang was 0.91×10
8
 t/yr, while the SSD at Datong 448 

dropped further to 1.89×10
8
 t/yr (Figure 6H). In 2006, the water level within the TGD 449 

rose to 156 m because of continuous water storage, and the SSD at Datong declined 450 

further to 0.85×10
8
 t/yr (Figure 6H). The huge amount of trapped sediment behind the 451 

TGD (Figure 12B) may be reflected in the SSD variation at Yichang, where the SSD 452 

was less than that at Datong in 2003.   453 

5.2. Deepwater navigation channel project along the North Passage of the 454 

Changjiang Estuary  455 

A major decrease in fluvial sediment entering the estuary could potentially induce 456 

estuary scouring (Syvitski et al., 2009). Among the four outlets of the Changjiang 457 

Estuary, the North Passage (NP) has experienced erosion (Figure 10) (Luan et al., 458 

2016), although this phenomenon had no direct relationship with the decrease in 459 

sediment supply from the upstream area (Dai et al., 2014). The riverbed erosion along 460 

the NP can instead be completely attributed to the artificial deep-water navigation 461 

channel project (DNC) (Jiang et al., 2012), which decreased the water depth from less 462 

than 7 m below the MLLWL (mean lowest low-water level) to 10.5 m below the 463 

MLLWL through intensive dredging (Dai and Liu, 2013b) (Figure 14A). For example, 464 

0.5×10
8
 m

3
 of sediment was dredged annually to maintain the DNC during the period 465 

1999-2014. However, siltation of sediment in the DNC reached 0.8×10
8
 m

3
/yr during 466 

2010-2014, even though there is manual dredging ongoing (Figure 14B), which is 467 

inconsistent with the dramatic decrease in fluvial sediment. Thus, the erosion along 468 

the NP was dominated by artificial dredging to maintain the DNC. The severe back 469 

siltation can be explained by landward sediment transport from the sea because the 470 

upstream area cannot easily provide such a large amount of sediment.  471 
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5.3. Local tidal forces in the Changjiang Estuary 472 

The Changjiang experiences average tidal-current velocities in excess of 1 m/s 473 

(Figure 15). The four bifurcated estuaries have distinctive runoff and tidal-current 474 

interactions because of the geomorphological differences between them (Dai et al., 475 

2013b, 2014, 2016b). Additionally, a submarine delta of over 10000-km
2
 exists 476 

around the river mouth, with the majority distributed shallower than -50 m (Chen et 477 

al., 1985), and the sediments stored in the delta may enter the Changjiang Estuary in 478 

cases when the transmission of sediment from upstream is insufficient, or under 479 

certain tidal conditions (Dai et al., 2014). 480 

According to Swenson et al. (2005), landward sediment transport may increase 481 

when the riverine water discharge decreases, which would induce submarine-delta 482 

siltation. For the Changjiang Estuary, the fluvial flood peak substantially decreased 483 

(Figures 9E and 9F), which increased the dynamic effects of tidal currents. As shown 484 

in Figure 15, the SSC in the inner side of the mouth bar decreased with the declining 485 

fluvial sediment loads from upstream, while the SSC around the mouth bar remained 486 

constant or even increased under the coupled effects of a turbidity maximum and an 487 

increase in waves and tidal currents. This phenomenon may well explain the 488 

deposition of a submarine delta in the Changjiang Estuary even under declining 489 

fluvial SSD (Dai et al., 2014). Meanwhile, the decrease in riverine flood discharge 490 

and associated land reclamation has also induced channel narrowing, which 491 

significantly strengthened the tidal currents (Figure 16A), resulting in gradual 492 

deposition along the tidally-dominant portions of the estuary, such as the NB, where 493 

the riverine SSD is less than 1% of the total sediment load entering the East China Sea 494 

(Dai et al., 2016b). Therefore, landward sediment transport from the sea area was 495 

another new sediment source. Additionally, deposition was detected in the SP as ebb 496 

flow increased, which can be explained by the sediment input from shoal erosion 497 

around the upstream opening of the SP (Figure 16B), indicating that the shoals in the 498 

Changjiang Estuary have also turned into new sediment sources.  499 

 500 

6 Summary and Prospects   501 

The 6300-km-long Changjiang River links the Qinghan-Tibet Plateau to the East 502 

China Sea, delivering large volumes of water and sediment, which have vital 503 

significance to the estuarine ecosystem. While upstream soil erosion and deforestation 504 

have historically had some effect on the transmission of fluvial sediment along the 505 

Changjiang River, the regulation of the TGD since 2003 has now fundamentally 506 

changed the Changjiang’s sediment transfer system (Figure 8). Specifically, the upper 507 

Changjiang River currently only provides less than 28% of the total sediment that 508 
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enters the estuary and is no longer the main sediment source. In contrast, Dongting 509 

Lake has changed from being a sediment sink to a source. Similarly, Poyang Lake 510 

previously transported the sediment load supplied by its major tributaries to the 511 

Changjiang but now, as a result of lake-bed erosion, Poyang Lake now transmits its 512 

own stored sediment to the river. Consequently the two lakes now provide 22% of the 513 

SSD passing through Datong (Figure 13). In addition, the Danjiangkou Reservoir, 514 

which was constructed in the Hanjiang River in 1973, and which was further 515 

heightened in 2012, also now intercepts additional sediment, decreasing the SSD 516 

contribution from the Hanjiang to the Changjiang Estuary to less than 2% (Figure S4). 517 

As a result of major in-channel erosion, the middle-lower Changjiang River itself now 518 

contributes almost 50% of the SSD passing through Datong and has thus superseded 519 

the upper reach as the major source of sediment transmitted to the sea (Figure 13). 520 

In the coming decades additional dams will likely be constructed in the Upper 521 

Changjiang, which may have the counter-intuitive effect of causing a decrease in 522 

sediment trapping behind the TGD (Figure 12B). This is because the sediment starved 523 

water released from the upstream reservoirs may well cause channel erosion in the 524 

reach from Cuntan to the TGD, potentially providing sediment to the downstream 525 

area below the TGD. Nevertheless, the transmission of SSD along the main course of 526 

the Changjiang River would be further disrupted. Stronger flow discharge during dry 527 

seasons (Figures 9C and 9E) and lower SSC (Dai et al., 2016a) would intensify 528 

riverbed erosion even further. Accelerated channel down-cutting along the Changjiang 529 

River would further decouple the Changjiang from Dongting and Poyang Lakes by 530 

enlarging the elevation difference between the lakes and river, forcing the lakes to 531 

discharge more water and sediment to the river. Decreased riverine SSD with a 532 

relatively constant water discharge would also seriously affect the SSC at the river 533 

estuary even if the adjacent sea area may well continue to provide sediment to the 534 

estuary. Additionally, land reclamation in the Changjiang Estuary is continuing. When 535 

the estuarine SSC can no longer support the channel and tidal-flat deposition, the 536 

Changjiang Estuary, which is currently experiencing a sediment source-sink transition, 537 

may be at risk of comprehensive erosion against a background of an annual sea-level 538 

rise of 3-4 mm and the occurrence of frequent storms. 539 
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Figure Captions 757 

Figure 1. Overview of the Changjiang River basin showing the main hydrometric 758 

stations and zones that are the focus of this study: A. Changjiang area, B. 759 

Dongting area, C. Poyang area, D. Changjiang Estuary area. 760 

Figure 2. Variations in the water discharge and Suspended Sediment Discharge (SSD) 761 

of the mainstream area in the upper Changjiang reach. 762 

Figure 3. Yearly Suspended Sediment Discharge (SSD) budget in the upper 763 

Changjiang reach: A. net sediment budget of the Pingshan-Cuntan reach (SSD at 764 

Cuntan minus that from the upper reach at Pingshan and the tributaries at Beibei 765 

and Gaochang); B. net sediment budget of the Cuntan-Yichang reach (SSD at 766 

Yichang minus that from the upper reach at Cuntan and the tributary at Wulong); 767 

C. SSD ratio between Yichang and Datong. 768 

Figure 4. Sediment budget of Dongting Lake and its contribution to the Suspended 769 

Sediment Discharge (SSD) that enters the sea. A, B, and C indicate the yearly, 770 

decadal and monthly SSD budgets, respectively; D denotes the ratio of the 771 

sediment contributions between Dongting Lake at Chenglingji and Datong. 772 

Figure 5. Sediment budget of the Poyang Lake and its contribution to the Suspended 773 

Sediment Discharge (SSD) that entered the sea. A, B, and C indicate the yearly, 774 

decadal and monthly SSD budgets, respectively; D denotes the ratio of the 775 

sediment contributions between Poyang Lake and Datong.  776 

Figure 6. Changes in the water discharge and Suspended Sediment Discharge (SSD) 777 

along the mid-lower Changjiang River. 778 

Figure 7. Sediment budget along the main stream of the Changjiang River: A 779 

Yichang-Luoshan reach; B. Luoshan-Hankou reach; C. Hankou-Datong reach. 780 

Figure 8. Sediment transfer shifts along the middle-lower Changjiang reach (Revision 781 

after Dai and Liu (2013)) 782 

Figure 9. Variations in the water discharge and Suspended Sediment Discharge at the 783 

Datong station. 784 

Figure 10. Erosion/deposition variations in the submarine delta in the Changjiang 785 

Estuary. 786 

Figure 11. Volume variation below the 0-m isobaths in the North Branch and South 787 

Passage 788 

Figure 12. A. Reservoir capacity of the Changjiang River; B. trapped sediment 789 
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Figure 13. Sediment-contribution ratios from various sediment sources to the total 791 

sediment that entered the sea. 792 

Figure 14. Dredging and siltation volumes along the North Passage. 793 

Figure 15. Mean tidal-current variation in the Changjiang Estuary (Synchronous 794 

survey data: 22 Sept. 2002), also showing the variations in mean suspended 795 
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Figure 16. Coefficient of flow dominance along the Changjiang Estuary 797 
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