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Riverbed erosion of the final 565 
kilometers of the Yangtze River 
(Changjiang) following construction 
of the Three Gorges Dam
Shuwei Zheng1,2, Y. Jun Xu   2, Heqin Cheng1, Bo Wang2, Wei Xu1 & Shuaihu Wu1

The world’s largest hydropower dam, the Three Gorges Dam (TGD), spans the upper Yangtze River in 
China, creating a 660-km long and 1.1-km wide reservoir upstream. Several recent studies reported a 
considerable decline in sediment load of the Lowermost Yangtze River (LmYR) and a rapid erosion in 
the subaqueous delta of the river mouth after the closure of the TGD in 2003. However, it is unknown 
if the TGD construction has also affected river channel and bed formation of the LmYR. In this study, 
we compared bathymetric data of the last 565 kilometers of the Yangtze River’s channel between 1998 
and 2013. We found severe channel erosion following the TGD closure, with local riverbed erosion up to 
10 m deep. The total volume of net erosion from the 565-km channel amounted to 1.85 billion m3, an 
equivalent of 2.59 billion metric tons of sediment, assuming a bulk density of 1.4 t/m3 for the riverbed 
material. The largest erosion occurred in a 100-km reach close to the Yangtze River mouth, contributing 
up to 73% of the total net eroded channel volume.

Riverine sediment reduction due to human activities is a phenomenon observed in many river systems around 
the world in the past several decades1–4. For instance, Yang and others5 reported a 100 megatons (MT)/year 
decline in sediment load of the Yangtze River from the 1950 s to the 1990 s; Meade and Moody6 found a 3.5 times 
decrease in sediment load of the Mississippi River from the early to the late 1900 s. The coastal land loss of many 
river deltas, especially large river deltas such as the Nile7, Yangtze5, Mississippi6, Yellow8, and Mekong9 deltas, has 
been attributed to sediment reduction, together with subsidence and sea level rise. These large river deltas are 
densely populated and are transportation hubs and industrial and commercial centers. Continuous land loss of 
the deltas is a risk to the sustainability of national economy and global commerce.

Riverine sediment reduction and sea level rise may also affect channel and riverbed dynamics of alluvial rivers 
in their tide-affected reaches8,10. Excessive changes in channel formation possess a threat to the long-term stability 
of the river delta and its continental shelf. A recent study found that the subaqueous delta of the Yangtze River is 
undergoing severe erosion owing to the drastic decline of sediment discharge11. The Yangtze River used to deliver 
500 Mt sediment annually (before the 1970 s) to its 20,000 km2 delta plain system12,13. Dam construction in the 
river basin is one of the main reasons that have led to sediment reduction3,14,15. In the past half-century, more 
than 50,000 dams and reservoirs were built in the river’s headwaters and tributaries16. During the period between 
the 1980 s and 1990 s, the world’s largest hydropower dam, the Three Gorges Dam (TGD), was constructed in 
the upper Yangtze River. As a result, riverbed deformation has been observed in some short reaches downstream 
of the TGD in recent years. Studies have reported various significant downstream changes following the clo-
sure of the TGD, such as sediment reduction17, channel adjustment18,19, delta recession11, flood pulse reduc-
tion12, and decline of riverine wetland and lake areas20. Although a recent study showed that the new long-term 
hydro-morphological equilibrium may have been established in the middle and lower Yangtze21, it is largely 
unknown how the sediment reduction may have affected channel morphology and sediment transport through-
out the Lowermost Yangtze River, which flows through China’s most densely populated and most industrialized 
region before entering the East China Sea.
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The Lowermost Yangtze River (LmYR), starting at Datong (river kilometer, or RK 565) and ending at the river 
mouth Wusongkou (RK 0), is a tide-affected river reach. Datong has the most seaward gauging station of the 
Yangtze River with long-term hydrological records, and both water and sediment discharges at this station have 
been considered as the final input into the East China Sea22,23. A few recent studies reported different erosion and 
deposition patterns near the river mouth, attributing the changes to the reduction in riverine sediment following 
the Three Gorges Dam closure in 200324. It is important to understand how sediment decline may have influenced 
the entire channel morphology of the tide-affected river reach from the river’s mouth to Datong. Such knowledge 
is crucial for predicting long-term stability of the large alluvial river and its deltaic and nearshore continental shelf 
development.

With the above in mind, this study utilized two sets of channel bathymetric charts of the Lowermost Yangtze 
River from Datong to Wusongkou, produced 5 years before and 10 years after the TGD closure, to investigate 
changes in channel morphology and riverbed deformation. Our primary goal was to quantify spatially-explicit 
erosion and deposition rates along this 565-km long alluvial river reach, in order to elucidate the possible future 
trend of the TGD effects on the Lowermost Yangtze River.

Study Area
The Yangtze River originates in Tibet and enters the East China Sea with a total length of 6300 km. Its upstream, 
midstream, and downstream reaches extend, respectively, from the headwater to Yichang, from Yichang to 
Hukou, and from Hukou to the river mouth (Fig. 1). This study investigated the final 565-km river reach of the 
Yangtze River from Datong to Wusongkou near the river’s mouth to the East China Sea (Fig. 1). The Ghiangnania 
and Huaiyang shields controlled the main geological structure and a series of fracture zones exist in the study 
area. Thus, the river morphology and movement trend were controlled by these geological structures25. In addi-
tion to carrying the flow from the upper Yangtze River basin, this river reach also drains approximately 6% of the 
entire 1.8 million km2 Yangtze River Basin area with a mean precipitation of approximately 1200 mm per year13. 
This region is one of the most densely populated and industrialized areas in China, contributing 24% of China’s 
national GDP.

Datong is the most seaward gauging station, and discharge at the location is generally considered as the final 
freshwater flow into the East China Sea (Fig. 1). The annual average discharge at Datong for the period of 1950–
2002 is 905 × 109 m3 (or 905 km3), with an average annual sediment load of 0.38 × 109 tons (or 368 million tons) 
(www.cjh.com.cn/pages/nsgb). Due to dam construction and soil conservation in the upper Yangtze River Basin, 
the annual sediment load has declined sharply11, particularly after the closure of the Three Gorges Dam (TGD) in 
2003. The average annual sediment load during 2003–2015 was 0.14 × 109 tons which is only about one-third of 
the long-term average sediment load before 2003, while the average annual river flow during 2003–2015 remained 
similar to the previous long-term average river flow.

Materials and Methods
Datasets.  We collected 52 navigational charts of 1998 and 2013 surveyed by the Chang Jiang Waterway 
Bureau (CJWB) from Datong to Wusongkou. Each chart covered approximately 11 km of the river channel. 
These navigation charts included water depth points with 500 m distance between two adjacent points (Fig. 2 
and Supplementary Fig. S1). The water depth data for 1998 were generated from the charts of 1994, 1995 and 
1998, and the scales of these maps were 1:40,000 and 1:60,000 (Supplementary Tables S1 and S2) which collected 
according to Specifications for Port and Waterway Engineering Survey published in 1994 (JTJ203-94). The water 
depth data for 2013 were derived from the charts of 2012 and 2013, and the scales of these maps were 1:20,000 to 
1:40,000 according to Specifications for Port and Waterway Engineering Survey published in 2012 (JTS131-2012). 
All bathymetry data were carried out with a vertical error of about ± 0.2 m when water depth (H) was ≤20 m and 
of ± 0.01 H when water depth was >20 m.

The reference datum used in the 1998 and 2013 charts are same. For example, the reference datum upstream 
of Jiangyin (RK 160–565) is the navigational datum of the Lower Yangtze River; The reference datum downstream 
of Jiangyin (RK 0–160) is the theoretical lowest tide level. Sediment load and river discharge data at Datong 
Station from 1998 to 2015 were collected from the Changjiang Water Resources Commission of the Ministry of 
Water Resources (http://www.cjw.gov.cn). All the navigation chart maps were processed in ArcGIS 10.4 (ESRI, 
Redlands, CA).

Estimation of channel width changes.  Channel width along the Lowermost Yangtze River could have 
extensively changed during the past two decades due to extensive river engineering work (i.e., shoreline protec-
tion and coastal reclamation). Previous studies found that human modifications of a large alluvial river channel 
could lead to considerable adjustments of bed morphology26. Therefore, we first assessed the channel width from 
Datong to Wusongkou in 1998 and in 2013 using the DEMs data. A total of 167 cross sections were selected along 
the 565-km river reach (Fig. 1). Downstream RK 70, the channel width is the top width of the cross section when 
the water level is equal to the theoretical lowest tide level, while upstream RK 70, the channel width is the top 
width of the cross section when the water level is equal to the navigation datum (Supplementary Fig. S2).

Assessment of bed deformation.  With the same reference datum, changes of water depth are caused 
by riverbed elevation changes body27,28. Therefore, by comparing the changes in water depth between 1998 and 
2013, we can estimate the sediment deposition and erosion on the bed. For instance, the decreased water depth 
indicates sediment deposition, while the increased water depth indicates eroded riverbed.

In this study, the navigational charts were georeferenced using 5–9 fixed landmarks with an error less than 
0.01 cm in ArcGIS 10.4. For generating high-quality digital elevation models (DEMs), in addition to original 
water depth points, depth points were also extracted from the isobaths of 0 m, −2 m, −5 m, and −10 m with a 
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spacing of 80–150 m between two points. As a result, each digitized navigational chart has an average density of 
90–100 depth points per square kilometer. The water depth data were interpolated to DEMs in 1998 and 2013 
with 25 m × 25 m spatial resolution using kriging interpolation technique. For a detailed interpretation of the riv-
erbed elevation changes, the 565-km long DEM of the study reach was further divided into 57 sub-reaches, each 
presenting a 10-km long channel. The change of average bed elevation and average deposition/erosion depth were 
quantified for each subreach from RK0 to RK560. The last segment was a 5-km long subreach, i.e., from RK 560  
to RK 565.

The error of the estimated results is mainly from navigational charts data and the interpolation, which was 
estimated to be less than 10%29,30.

Multi-beam data.  Riverbed bedforms along the main navigation channel from Wusongkou to Datong 
were examined using a SeaBat 7125 multi-beam echo sounder system (Teledyne Reson, Slangerup, Denmark) 
under a discharge of 47,000–30,000 m3 s−1 during July 27 and August 14, 2015, and 31,000–23,000 m3 s−1 dur-
ing September 09 and 18, 2016. The SeaBat 7125 multi-beam echo sounder system contains a compass, motion 

Figure 1.  Maps of the study reach of the Lowermost Yangtze River. (a) The Yangtze River Basin in China. (b) 
The Middle and Lower Yangtze River. (c) The final 565 kilometers of the YR from Datong to Wusongkou with 
167 cross sections and the multi-beam bathymetry data collected along the main navigation channel. These 
cross-sectional measurements were used to assess changes in river channel width and depth between 1998 and 
2013. RK: river kilometer. Wusongkou: the 0-km point of the YR, i.e., RK 0. Note: the maps were created using 
ArcGIS 10.4 (www.esri.com) and CorelDRAW Graphics Suite 2017 (www.coreldraw.com).
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sensor, positioning system, depth sensor, and sound velocity to control the data accuracy. The compass is used 
to get a heading. The motion sensor measures the attitude (roll, pitch, and heave) of the boat. An external access 
DGPS positioning system was used to collect the position information. The depth sensor is used in the sea level 
computation for two purposes. One is to obtain the sea level and the other is obtain the depth of the boat. The 
sound velocity sensors are used to obtain a sound velocity in time. The principle of multi-beam is a proper phase 
or time delay for signals received from different sources in the acoustic array which can guide the main lobe to a 
specific direction. This sounder had an operational working frequency of 200 kHz/400 kHz. Under the mode of 
400 kHz, the central beam angle is 0.5° and the maximum ping rate is (50 ± 1) Hz. It has 512 beams at 400 kHz and 
256 beams at 200 kHz. The theoretical depth resolution is 6 mm, and typical measurement depth is 0.5 m to 150 m 
at 400 kHz. Under the mode of 400 kHz, the along-track transmit beam-width is 1° and the across-track receive 
beam-width is 0.5°. During the surveying, a Trimble real-time differential global positioning system (Trimble 
Inc., Sunnyvale, CA) was used to control the position accuracy at the decimeter level. The traveling speed of 
measuring boat was controlled to be as constant as possible at 1–3.5 m s−1. The threshold of maximum ping rate 
was 20 Hz which can automatically adjust with water depth. The real Ping rate was not less 9 times per second. 
Thus, the precision of the successive measurements along the direction of the boat during 0.1–0.4 m. The swath 
width can cover more than 5–6 times of the water depth. The maximum water depth is about 50 m in the lower 
Yangtze along the main navigation channel. The 400 kHz work mode was chosen in the field, thus the swath width 
was no more than 300 m with 512 beams. As a result, the precision of the successive measurements perpendic-
ular to the direction of the boat is 0.6 m. The final point cloud data were processed by sound speed correction. 
Meanwhile, the calibrations of the roll, pitch, and yaw were conducted. Abnormal beams were removed in the 
editing module using the PDS 2000 software (Version 3.9.1.7). Finally, the mapping of riverbed bedforms was 
directly built by the processed point cloud data, and the resolution was set to 1 m × 1 m.

Results
Changes in channel width and bed elevation.  Based on 167 cross-sectional measurements in 1998 and 
2013, we found that on average, the 565-km Lowermost Yangtze River has narrowed by 370 m in the past 15 years. 
The change in channel width mainly occurred in the lower reach of the Lowermost Yangtze River. Specifically, 
the channel width of the river reach from RK 130 to RK 30 decreased by 1609 m (i.e., from 8070 m to 6461 m) 
(Fig. 3B), while the channel width between RK 565 and RK 130 only slightly reduced, i.e., from 2410 m in 1998 
to 2317 m in 2013. The river reach below RK 30 showed little change in its channel width, i.e., from 11,300 m in 
1998 to 11,220 m in 2013.

There was a significant reduction in bed elevation from 1998 to 2013 along the entire 565-km Lowermost 
Yangtze River (Fig. 3A). Overall, the average bed elevation decreased by 1.2 m from −7 m to −8.2 m during 
1998–2013. The largest bed degradation occurred in the reach from RK 130 to RK 30, specifically, a 2.4 m depth 
degradation from −5.5 m in 1998 to −7.9 m in 2013. There was relatively much smaller bed degradation for the 
reach upstream of RK 130, i.e., a 0.9 m degradation from −7.4 m to −8.3 m for the same period. Bed aggradation 
mainly occurred in two short reaches, RK 145–155 and RK 395–425.

Figure 2.  Digitized water depth points and isobaths from the 1998 navigation charts. The water depth data 
cover bank to bank along the 565-km channel from Datong to Wusongkou. The digitized navigation charts have 
an average data density of 90–100 depth points per square kilometer.
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Multi-beam riverbed measurements.  The 681-km multi-beam measurements along the main navigation 
channel of the Lowermost Yangtze River were used to verify the current riverbed topography. Approximately 
63.3% of the surveyed reach developed dunes, 21.8% showed eroded surface, and 14.9% was a flat riverbed31. 
Dunes distributed along the entire studied reach and the distribution density of very large dunes (wavelength 
greater than 100 m) showed a decreasing trend from Datong to the river mouth. Statistics data show that the 
flat riverbed mainly developed downstream of Xuliujing (RK 70–0). In this segment, the length of flat riverbed 
accounted for 72.2% of the total flat riverbed length in the 565-km Lowermost Yangtze River. More than 10-m 
deep riverbed erosion was observed at several segments (Fig. 4). For instance, an average erosion depth of 11.5 m 
was found at RK 470 (Fig. 4B), whereby the riverbed depth surrounding the erosional holes was 8.9 m, while 
the maximum depth of the erosional holes was 20.4 m with a discharge of 25,000 m3 s−1 recorded at the Datong 
station. Similar large erosional phenomena were also found in other river segments, e.g., RK 490, RK 160, and 
RK 65 (Fig. 4).

Riverbed erosion and deposition estimates.  The findings from this study show that the final 565 km 
of the Lowermost Yangtze River has undergone excess riverbed erosion in the past 15 years (Fig. 5), resulting 
in an average erosion of 0.05 m per year in the Lowermost Yangtze River (Fig. 5A). However, the erosion rates 
varied largely from 0.01 to 0.19 m per year along the river reach. The average bed degradation is 0.04 m per year 
in the upstream 465 km, while the value increases to 0.08 m per year in the final 100 km (Fig. 5B). Based on the 
changes in river width and bed elevation, we quantified a total erosion volume of 2.157 × 109 m3. The deposition 
was found only in two reaches, i.e., RK 100–150 and RK 380–480, with a range of 0–0.17 m. The total deposition 
volume was much smaller (0.310 × 109 m3) than that of erosion (Fig. 5B). Hence, a net change in volume of the 
riverbed was 1.847 × 109 m3 from 1998 to 2013, i.e., 3.3 × 106 m3/km. This enormous erosion would represent an 
equivalent of 2.59 billion metric tons of sediment, assuming a bulk density of 1.4 t/m3 for the riverbed material. 
It is worth noting that the erosion volume downstream of RK 100 accounted for 72.7% (or 1.342 × 109 m3) of the 
entire net erosion volume (1.847 × 109 m3) of the Lowermost Yangtze River.
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Figure 3.  Average bed elevation (A) and average river width (B). (A) The average bed elevation in 1998 (black 
solid line) and 2013 (red solid line), which were calculated through dividing the estimated channel volume 
change for each subreach by the subreach surface area. (B) Average river width of the Lowermost Yangtze River 
in 1998 (black solid line) and 2013 (red solid line). The black and red dotted lines are the average river width 
in 1998 and 2013 from RK 565 to RK 130, RK 130 to RK 30, and RK 30 to RK 0, respectively. The reference 
datum was kept same for 1998 and 2013. The navigational datum of the Lowermost Yangtze River was used as 
a reference datum for the reach upstream of Jiangyin (RK 160–565) and the theoretical lowest tide level was 
used as a reference datum for the reach downstream of Jiangyin (RK 0–160). Black and red dotted lines are the 
average river width in 1998 and 2013 from RK 565 to RK 130, RK 130 to RK 30, and RK 30 to RK 0, respectively. 
The blue boxes show the locations of the multi-beam photos in Fig. 3. Blue circles indicate the reaches with bed 
aggradation.
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Discussion
Impact factors of riverbed deformation.  Riverbed deformation of an alluvial river is subject to govern-
ing conditions that include human activities and changes of sediment load, river discharge, and climate32–34. As a 
large alluvial river, the final 565 kilometers of the Yangtze River can be affected by many factors and the riverbed 
deformation mechanism is complicated35–37. The results from this study demonstrate that the Lowermost 565-
km Yangtze River experienced excess riverbed erosion from 1998 to 2013. Before the construction of the Three 
Gorges Dam (TGD), channel bed erosion downstream of it was predicted extending to the river mouth (i.e., 1600-
km long channel). However, a recent study found that the bed erosion downstream of the TGD would very likely 
cease at the point about 400 km downstream of the dam21. Much coarser bed sediment and significantly reduced 
bed slope are main contributors to the cessation of the further downstream erosion. A previous 1-D modeling 
analysis of bed profiles downstream of dams also revealed that the bed erosion owning to sudden sediment reduc-
tion propagates extremely slow (i.e., several centuries) to the downstream in a large alluvial river38. Located about 
1000 km downstream of the TGD, the observed excess bed erosion in this study seems unlikely to be caused solely 
by the closure of the TGD in 2003.

The largest deepening of riverbed occurred between RK 130 and RK 30, where the channel also narrowed 
greatly. Narrowing channels leading to bed erosion has been observed in many alluvial river systems throughout 
the world39–41. In fact, the river channel width of the entire Lowermost Yangtze River reduced by 9.1% from 1998 
to 2013 (Fig. 3B) because of channel bar growth, reclamation of shoreline, and construction of dikes and revet-
ments (Supplementary Tables S3 and S4). Between RK 130 and RK 30, the channel width reduced by nearly 20% 
(or 1609 m). This should have significantly increased the flow velocity, resulting in the bed degradation in this 
river reach.

In terms of erosion volume, our result shows that the channel bed downstream of RK 100 was mostly eroded, 
accounting for 72.7% (or 1.342 × 109 m3) of the entire net erosion (1.847 × 109 m3) of the Lowermost Yangtze 
River. Except for the channel width reduction, the bed degradation could also be closely related to the backwater 
effects. In large alluvial rivers, the Lowermost reaches tend to be scoured during high flow due to the drowdown 
effects. This can be seen from the modeling studies42,43 and the recently observed bed erosion in the Lowermost 
Mississippi River44. In fact, the channel bed in the last 50 km of the Yangtze has experienced erosion since 1978, 
according to a long-term bathymetry study by Luan et al.45. The largest erosion was found between 1986 and 
1997 when frequent floods occurred. Therefore, the flood effects on bed morphology in this reach could not be 
neglected. Particularly, historical floods occurred in 1998 and 1999 with the peak discharge over 80,000 m3/s. 
These floods may have also contributed to the bed erosion downstream of RK 100. In addition, this reach is 
influenced by both channel flow and tide current in the same direction during ebb tide46. This can aggravate the 

Figure 4.  Multibeam measurements in 2015 and 2016 showing riverbed morphology of the main channel from 
Wusongkou to Datong of the Lowermost Yangtze River. (A) Layered erosion structure at the segment of RK 490. 
(B) Erosional flutes with the block residues at the segment of RK 470. (C) Erosional holes with the block residues 
in Jiangyin, dunes development with wavelength of 7–12 m, height of 0.4–0.7 m, and (D) Xuliujing, between RK 
160 and RK 65. The values near white dots show the deepest bed elevation in erosional holes or flutes. The values 
near black dots show the bed elevation of residue (i.e., the current elevation). The maximum scour depth was 
calculated as the difference of bed elevation between erosional holes (flutes) and residue. All bed elevation values 
in this figure were calculated according to the water surface under a discharge of 31,000 m3 s−1 during August 
13–14, 2015, and 25,000 m3 s−1 on September 17, 2016. Note: the maps were created using PDS 2000 3.9.1.7 
(www.teledyne-pds.com) and CorelDRAW Graphics Suite 2017 (www.coreldraw.com).

http://www.teledyne-pds.com
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channel erosion. Finnally, although it has been reported that the average sea level rise rate is 2.9 mm/yr along the 
Chinese coasts btween 1950 and 2013 (SOA, 2013). It is not clear how much the bed erosion near the river mouth 
was affected by the sea level rise. The slightly degrading in the reach between RK 565 and RK 130 is consistent 
with the bed erosion upstream between Hankou and Datong47. In-channel sand mining can be a possible reason 
for this trend48.

The 1.847 × 109 m3 eroded sediment in the Lowermost Yangtze River may have deposited in the river mouth 
and submerged delta front. Dai and others (2014) found that the Yangtze River submerged delta experienced high 
sediment accumulation during 2002–2009, although large reduction of suspended sediment occurred after the 
closure of Three Gorges Dam in 2003 (i.e., from 4.33 × 108 t during 1950–2000 to 1.39 × 108 t during 2003–2015, 
Supplementary Fig. S3). The large eroded amount of sediment in the Lowermost Yangtze River should have 
been an important source for the accumulation. It is also plausible that sediments eroded from the riverbed are 
coarser and heavier than suspended sediment, making them more likely to deposit near the river mouth. This was 
recently observed by Yang et al.49, whereby they found that the average median size of the sediment in the river 
mouth increased from 8.0 µm in 1982 to 15.4 µm in 2012.

While average channel width of the reach RK 130–100 reduced by 20% (or 1,609 m) from 1998 to 2013 
(Fig. 3B), a deposition of 0.121 × 109 m3 occurred in the 30-km reach (Fig. 5B). Several engineering projects in the 
past 15 years (Supplementary S4) may have contributed to the deposition. For instance, a sandbar consolidation 
project at Rugaoqunsha (Supplementary S3) caused kilometers of sedimentation along the left bank of the 30-km 
reach. As a result, the right bank occurred excess riverbed erosion up to 3 m (Fig. 3A). A recent study on founda-
tion scours of the large bridges in the studied river reach pointed out that the riverbed erosion phenomenon after 
the TGD closure has been stronger31. Although we are unable to do any comparison on grain size before and after 
the TGD construction, a study by Luo et al.11 has reported such a change and has suggested that the impact of the 
Three Gorges Dam on grain size in the middle and lower Yangtze River would continue after 2011. It is therefore 
likely that excess bed erosion in this river reach would continue in the future.

Channel evolution mechanism response to natural and human activities.  The sedimentation 
mechanism of upstream erosion and downstream-ward aggradations is weakened in the Lowermost Yangtze 
River in the past 15 years. This reach is influenced by both channel flow and tide current in the same direction 
during46. However, the erosion and deposition pattern found in our study shows that the volume of erosion in 
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upstream reach is 1.5–9.3 times than the volume of deposition in its downstream (Table 1). This phenomenon 
suggests that scoured sediment from the riverbed became the source of suspended sediment in the LmYR. Hence, 
a large amount of sediment was eroded from upstream and just part of them deposited in the downstream river 
channel. As a result, the sedimentation mechanism of upstream erosion and downstream-ward aggradations in 
the LmYR is weakened owing to the sediment decline in recent years.

A detailed analysis of the erosion and deposition process in different water levels shows that the river reaches 
of deeper than 10 m (Fig. 6) in the last 100 km were the main erosion areas in the Lowermost Yangtze River in the 
past 15 years, accounting for 49% of the total erosion volume (Table 2). Detailed erosion and deposition volume 
data of 0 – −5 m, −5 – −10 m, and below −10 m also showed similar results (Fig. 7). This suggests that reaches 
deeper than 10 m were the main erosion areas of the riverbed.

Contributors to the riverbed erosion in the last 565-km Low most Yangtze River can include channel width 
reduction, backwater effects, tide and wave, and in-channel sand mining activities. In addition, due to the con-
struction of TGD, a large amount of sediment was trapped in the upstream of the YR after 2003, which could con-
tribute to increasing sediment transport capacity in the downstream river reach45,50,51. It is not clear, however, how 
long it will take until a new hydromorphological equilibrium is reached in the Lowermost Yangtze River under 
such a complex of human and natural impacts. Modeling analysis in the future could probably help answer the 
questions of how channel width change can affect bed morphology and at what point bed grain size distribution 
will become stable enough to withstand further scouring tendencies in this large alluvial river.
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Year

Area Volume

0 to −5 m −5 to −10 m below −10 m 0 to −5 m −5 to −10 m below −10 m

(x 109 m2) (x 109 m2) (x 109 m2) (x 109 m3) (x 109 m3) (x 109 m3)

1998 1.02 0.52 0.73 7.82 4.87 1.7

2013 0.72 0.57 0.78 8.35 5.31 2.61

1998–2013 0.3 −0.05 −0.05 −0.5 −0.44 −0.91

Table 2.  The river channel surface area and volume changes of the Lowermost Yangtze River during 1998–2013. 
Note: Positive values indicate riverbed deposition while negative values indicate riverbed erosion.

Reach
RK 
565–390

RK 
390–330

RK 
330–260

RK 
260–220

RK 
220–110

RK 
110–0

Erosion volume (x 109 m3) 0.263 0.107 0.102 0.096 0.249 1.342

Deposition volume (x 109 m3) 0.083 0.016 0.011 0.030 0.17 —

Erosion/Deposition 3.2 6.7 9.3 3.2 1.5 —

Table 1.  The erosion and deposition volume along the Lowermost Yangtze River.
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Conclusions
This study assessed river width and bathymetric changes in the last 565 kilometers of the Lowermost Yangtze 
River between 1998 and 2013. The assessment is the first comprehensive analysis of channel deformation of 
this large alluvial river following the Three Gorges Dam closure in 2003, after which riverine sediment loading 
declined significantly. We found that on average, the river reach reduced by approximately 370 m (or 9.1%) in 
width and scoured about 1.2 m in bed elevation from 1998 to 2013. The total net erosion volume from the 565-km 
riverbed amounted to 1.85 billion m3, an equivalent of 2.59 billion metric tons of sediment assuming a bulk den-
sity of 1.4 t/m3 for the riverbed material in the past 15 years. Of the entire studied river reach, 425 kilometers have 
undergone substantial erosion (2.16 billion m3, annual average erosion rate ranging between 0.01 and 0.19 m) 
while the other 140 kilometers have experienced marginal deposition (0.31 billion m3, annual average deposition 
rate ranging between 0 and 0.17 m). We attribute this excess erosion to the rapid reduction in sediment load 
following the closure of the Three Gorges Dam in 2003. The average bed elevation and deepest trough curves 
changed following the erosion and deposition patterns. Severe channel erosion up to 10 m deep was observed at 
many locations, especially in the last downstream 100 kilometers, showing the seriousness of channel erosion of 
the Lowermost Yangtze River in the recent 15 years. The findings strongly indicate that the channel erosion will 
continue progressing, potentially threatening the long-term stability of this large alluvial river and its deltaic and 
continental shelf development.

References
	 1.	 Vörösmarty, C. J. et al. Anthropogenic sediment retention: major global impact from registered river impoundments. Global and 

Planetary Change. 39, 169–190 (2003).
	 2.	 Tessler, Z. D. et al. Environmental Science. Profiling risk and sustainability in coastal deltas of the world. SCIENCE. 349, 638–643 (2015).
	 3.	 Williams, G. P. & Gordon, W. M. Downstream effects of dams on alluvial rivers. Usgs Professional Paper. 1286, (1984).
	 4.	 Brandt, S. A. Classification of geomorphological effects downstream of dams. CATENA. 40, 375–401 (2000).
	 5.	 Yang, S. L. et al. Delta response to decline in sediment supply from the Yangtze River: evidence of the recent four decades and 

expectations for the next half-century. Estuarine, Coastal and Shelf Science. 57, 689–699 (2003).
	 6.	 Meade, R. H. & Moody, J. A. Causes for the decline of suspended-sediment discharge in the Mississippi River system, 1940–2007. 

Hydrological Processes. 24, 35–49 (2009).
	 7.	 Stanley, D. J. Nile delta: extreme case of sediment entrapment on a delta plain and consequent coastal land loss. Marine Geology. 129, 

189–195 (1996).
	 8.	 Wang, H. et al. Recent changes in sediment delivery by the Huanghe (Yellow River) to the sea: Causes and environmental 

implications in its estuary. Journal of Hydrology. 391, 302–313 (2010).
	 9.	 Anthony, E. J. et al. Linking rapid erosion of the Mekong River delta to human activities. Scientific Reports. 5, 14745 (2015).
	10.	 Kirwan, M. L. & Megonigal, J. P. Tidal wetland stability in the face of human impacts and sea-level rise. Nature. 504, 53–60 (2013).
	11.	 Luo, X. X., Yang, S. L., Wang, R. S., Zhang, C. Y. & Li, P. New evidence of Yangtze delta recession after closing of the Three Gorges 

Dam. Scientific Reports. 7, 41735 (2017).

-150.0

-110.0

-70.0

-30.0

10.0

50.0

90.0

0306090120150180210240270300330360390420450480510540

-150.0

-110.0

-70.0

-30.0

10.0

50.0

90.0

0306090120150180210240270300330360390420450480510540

-150.0

-110.0

-70.0

-30.0

10.0

50.0

90.0

0306090120150180210240270300330360390420450480510540

0 
m

 to
 -5

 m
 (x

 1
06

m
3 )

 
-5

m
 to

 -1
0 

m
 (x

 1
06

m
3 )

 
be

lo
w

 -1
0 

m
 (x

 1
06

m
3 )

 

River Kilometer (RK)

Net erosion 500 x 106 m3

Net erosion 440 x 106 m3

Net erosion 910 x 106 m3

A

B

C

Figure 7.  Erosion, deposition, and net change (i.e. erosion – deposition) of channel volume along the final 565 
kilometers of the Yangtze River. Blue and red histograms indicate erosion and deposition volumes, respectively, 
between 0 m to −5 m (A), between −5 m to −10 m (B), and below −10 m (C) in the Lowermost Yangtze River 
during 1998–2013.



www.nature.com/scientificreports/

1 0Scientific REPOrts |  (2018) 8:11917  | DOI:10.1038/s41598-018-30441-6

	12.	 Yang, S. L., Xu, K. H., Milliman, J. D., Yang, H. F. & Wu, C. S. Decline of Yangtze River water and sediment discharge: Impact from 
natural and anthropogenic changes. Scientific Reports. 5 (2015).

	13.	 Milliman, J. D., Farnsworth, K. L., Jones, P. D., Xu, K. H. & Smith, L. C. Climatic and anthropogenic factors affecting river discharge 
to the global ocean, 1951–2000. Global and Planetary Change. 62, 187–194 (2008).

	14.	 Andrews, E. D. Downstream effects of Flaming Gorge Reservoir on the Green River, Colorado and Utah. Geological Society of 
America Bulletin. 97, 1012–1023 (1986).

	15.	 Engelund, F. A. & Hansen, E. A Monograph on Sediment Transport in Alluvial Sreams. Hydrotechnical. Construction. 33, 699–703 
(1967).

	16.	 Yang, S. L., Milliman, J. D., Li, P. & Xu, K. 50,000 dams later: Erosion of the Yangtze River and its delta. Global and Planetary Change. 
75, 14–20 (2011).

	17.	 Yang, S. L., Zhang, J., Dai, S. B., Li, M. & Xu, X. J. Effect of deposition and erosion within the main river channel and large lakes on 
sediment delivery to the estuary of the Yangtze River. Journal of Geophysical Research. 112 (2007).

	18.	 Xia, J. et al. Dynamic channel adjustments in the Jingjiang Reach of the Middle Yangtze River. Scientific Reports. 6, 22802 (2016).
	19.	 Chen, Z. et al. Acoustic Doppler current profiler surveys along the Yangtze River. Geomorphology. 85, 155–165 (2007).
	20.	 Zhou, Y., Jeppesen, E., Li, J., Zhang, Y., Zhang, X. & Li, X. Impacts of Three Gorges Reservoir on the sedimentation regimes in the 

downstream-linked two largest Chinese freshwater lakes. Scientific Reports. 6, 35396 (2016).
	21.	 Lai, X., et al. Will river erosion below the Three Gorges Dam stop in the middle Yangtze? Journal of Hydrology (2017).
	22.	 Gao, S., Wang, Y. P. & Gao, J. Sediment retention at the Changjiang sub-aqueous delta over a 57 year period, in response to catchment 

changes. Estuarine, Coastal and Shelf Science. 95, 29–38 (2011).
	23.	 Walling, D. E. Human impact on land–ocean sediment transfer by the world’s rivers. Geomorphology. 79, 192–216 (2006).
	24.	 Chen, Z. & Zhao, Y. Impact on the Yangtze (Changjiang) Estuary from its drainage basin: Sediment load and discharge. Chinese 

Science Bulletin. 46, 73–80 (2001).
	25.	 Qu, G. X. The Characteristics and Explanations of Channel Change in the Datong-Jiangyin Reach of the Lower Yangtze 

River:1958–2008 (in Chinese). Nanjing: Nanjing University, 2014.
	26.	 Harmar, O. P., Clifford, N. J., Thorne, C. R. & Biedenharn, D. S. Morphological changes of the Lower Mississippi River: 

geomorphological response to engineering intervention. River Research & Applications. 21, 1107–1131 (2005).
	27.	 Dai, Z., Liu, J. T., Wei, W. & Chen, J. Detection of the Three Gorges Dam influence on the Changjiang (Yangtze River) submerged 

delta. Scientific Reports. 4 (2015).
	28.	 Blott, S. J., Pye, K., Wal, D. V. D. & Neal, A. Long-term morphological change and its causes in the Mersey Estuary, NW England. 

Geomorphology. 81, 185–206 (2006).
	29.	 Jiang, C., Li, J. & Swart, H. E. D. Effects of navigational works on morphological changes in the bar area of the Yangtze Estuary. 

Geomorphology. s 139–140, 205–219 (2012).
	30.	 Wu, S., Cheng, H., Xu, Y. J., Li, J. & Zheng, S. Decadal changes in bathymetry of the Yangtze River Estuary: Human impacts and 

potential saltwater intrusion. Estuarine Coastal & Shelf Science. 182, 158–169 (2016).
	31.	 Shuwei, Z. et al. Morphology and mechanism of the very large dunes in the tidal reach of the Yangtze River, China. Continental Shelf 

Research. 139, 54–61 (2017).
	32.	 Church, M. & Ferguson, R. I. Morphodynamics: Rivers beyond steady state. Water Resources Research. 51, 1883–1897 (2015).
	33.	 Ashworth, P. J. & Lewin, J. How do big rivers come to be different? Earth-Science Reviews. 114, 84–107 (2012).
	34.	 Nittrouer, J. A., Allison, M. A. & Campanella, R. Bedform transport rates for the lowermost Mississippi River. Journal of Geophysical 

Research. 113 (2008).
	35.	 Chen, Z., Li, J., Shen, H. & Zhanghua, W. Yangtze River of China: historical analysis of discharge variability and sediment flux. 

Geomorphology. 41, 77–91 (2001).
	36.	 Yuan, W., Yin, D., Finlayson, B. & Chen, Z. Assessing the potential for change in the middle Yangtze River channel following 

impoundment of the Three Gorges Dam. Geomorphology. 147-148, 27–34 (2012).
	37.	 Chen, Z., Wang, Z., Finlayson, B., Chen, J. & Yin, D. Implications of flow control by the Three Gorges Dam on sediment and channel 

dynamics of the middle Yangtze (Changjiang) River, China. Geology. 38, 1043–1046 (2010).
	38.	 Nittrouer, J. A. & Viparelli, E. Sand as a stable and sustainable resource for nourishing the Mississippi River delta. Nature Geoscience. 

7, 350–354 (2014).
	39.	 Surian, N. & Rinaldi, M. Morphological response to river engineering and management in alluvial channels in Italy. Geomorphology. 

50, 307–326 (2003).
	40.	 Surian, N. Channel changes due to river regulation: the case of the Piave River, Italy. Earth Surface Processes & Landforms. 24, 

1135–1151 (2015).
	41.	 Rinaldi, M. Recent channel adjustments in alluvial rivers of Tuscany, central Italy. Earth Surface Processes and Landforms. 28, 

587–608 (2003).
	42.	 Nittrouer, J. A., Shaw, J., Lamb, M. P. & Mohrig, D. Spatial and temporal trends for water-flow velocity and bed-material sediment 

transport in the lower Mississippi River. Geological Society of America Bulletin. 124, 400–414 (2012).
	43.	 Lamb, M. P., Nittrouer, J. A., Mohrig, D. & Shaw, J. Backwater and river plume controls on scour upstream of river mouths: 

Implications for fluvio‐deltaic morphodynamics. Journal of Geophysical Research Earth Surface. 117 (2012).
	44.	 Wang, B. & Xu, Y. J. Decadal-scale riverbed deformation and sand budget of the last 500 km of the Mississippi River: Insights into 

natural and river engineering effects on a large alluvial river. Journal of Geophysical Research: Earth Surface. 123, (2017).
	45.	 Luan, H. L., Ding, P. X., Wang, Z. B., Ge, J. Z. & Yang, S. L. Decadal morphological evolution of the Yangtze Estuary in response to 

river input changes and estuarine engineering projects. Geomorphology. 265, 12–23 (2016).
	46.	 Wang, J. et al. Channel sedimentation and erosion of the Jiangsu reach of the Yangtze River during the last 44 years. Earth Surface 

Processes & Landforms. 34, 1587–1593 (2009).
	47.	 Hassan, M. A., Church, M., Yan, Y. & Slaymaker, O. Spatial and temporal variation of in‐reach suspended sediment dynamics along 

the mainstem of Changjiang (Yangtze River), China. Water Resources Research. 46 (2010).
	48.	 Chu, Z. X. et al. A quantitative assessment of human impacts on decrease in sediment flux from major Chinese rivers entering the 

western Pacific Ocean. Geophysical Research Letters. 36, 446–449 (2009).
	49.	 Yang, H. F., Yang, S. L. & Xu, K. H. River-sea transitions of sediment dynamics: A case study of the tide-impacted Yangtze River 

estuary. Estuarine, Coastal and Shelf Science. 196, 207–216 (2017).
	50.	 Tian, S., Wang, W., Xie, B. & Zhang, M. Fluvial processes of the downstream reaches of the reservoirs in the Lower Yellow River. 

Journal of Geographical Sciences. 26, 1321–1336 (2016).
	51.	 Han, J., Zhang, W., Fan, Y. & Yu, M. Interacting effects of multiple factors on the morphological evolution of the meandering reaches 

downstream the Three Gorges Dam. Journal of Geographical Sciences. 27, 1268–1278 (2017).

Acknowledgements
This study was financially supported by the Natural Science Foundation of China (Grant No. 41476075) and the 
Impact of Major Projects on the geological environment of the Yangtze River (Grant No. DD20160246). During 
preparation of this manuscript, S.W.Z. was supported by an award from the China Scholarship Council (File 
No. 201606140126). The study was also benefited from a U.S. Department of Agriculture Hatch Fund project 



www.nature.com/scientificreports/

1 1Scientific REPOrts |  (2018) 8:11917  | DOI:10.1038/s41598-018-30441-6

(project number: LAB94230) and a U.S. National Science Foundation project (award 1212112). The statements, 
findings, and conclusions are those of the authors and do not necessarily reflect the views of the funding agencies. 
We are also grateful to Dr. Michael Church and another anonymous referee for their insightful comments and 
suggestions, which have helped to improve the manuscript considerably.

Author Contributions
Y.J.X. conceived the study and contributed to the structuring and writing of the manuscript. S.W.Z. analyzed the 
data and wrote the 1st draft of the manuscript. H.Q.C. directed field measurements and provided the raw data. 
B.W. contributed to the methodological improvement in data analysis as well as manuscript draft preparation. 
W.X. processed the multi-beam data. S.H.W. contributed to partial data analysis. All authors reviewed the 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30441-6.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-30441-6
http://creativecommons.org/licenses/by/4.0/

	Riverbed erosion of the final 565 kilometers of the Yangtze River (Changjiang) following construction of the Three Gorges D ...
	Study Area

	Materials and Methods

	Datasets. 
	Estimation of channel width changes. 
	Assessment of bed deformation. 
	Multi-beam data. 

	Results

	Changes in channel width and bed elevation. 
	Multi-beam riverbed measurements. 
	Riverbed erosion and deposition estimates. 

	Discussion

	Impact factors of riverbed deformation. 
	Channel evolution mechanism response to natural and human activities. 

	Conclusions

	Acknowledgements

	Figure 1 Maps of the study reach of the Lowermost Yangtze River.
	Figure 2 Digitized water depth points and isobaths from the 1998 navigation charts.
	Figure 3 Average bed elevation (A) and average river width (B).
	Figure 4 Multibeam measurements in 2015 and 2016 showing riverbed morphology of the main channel from Wusongkou to Datong of the Lowermost Yangtze River.
	Figure 5 Average channel volume change (A) and average annual erosion and deposition rate (B).
	Figure 6 Two channel cross sections of the Yangtze River at RK30 and RK160.
	Figure 7 Erosion, deposition, and net change (i.
	Table 1 The erosion and deposition volume along the Lowermost Yangtze River.
	Table 2 The river channel surface area and volume changes of the Lowermost Yangtze River during 1998–2013.




