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Human activities have severely altered the Yangtze River (Changjiang) Estuary’s
pattern, beach-trough shape, and delta in recent decades. Existing research has
studied the sediment “source-sink” relationship between the Yangtze River
mainstream and estuary using gauged suspended sediment data. This method
overestimated the decline in the suspended sediment concentration in the
estuary, as riverbed scouring or deposition have not filtered out amounts
related to sand mining or waterway dredging. This study took the Yangtze
River Basin as the research subject and used spot observed runoff, sediment,
and riverbed topography data gathered between 1980 and 2020 to analyze the
sediment trapping effect of the Three Gorges Reservoir (TGR) and study the
“source-sink” relationship of suspended sediment transport in the middle-lower
reaches of the Yangtze River. The Yangtze Estuary Delta is dominated by
scouring, which shows an increasing trend. During the operation of the TGR
(2003-2020), the suspended sediment load entering the Yangtze Estuary from
the Yangtze River mainstream decreased by 68% compared to the amount prior
to operation commencing (1960-2002). However, studies have found that there
are still large amounts of bottom sand with riverbed load movement
characteristics after the operation of the Three Gorges Project and that
riverbed souring of the downstream dam has increased the degree of
deposition recharge. The amount of sediment in the Yangtze Estuary
decreased between 2003 and 2018 compared with the period 1981 to 2002,
with an annual decrease of 16.9%. The cumulative deposition of the Yichang—
Datong and Datong—-Xuliujing reaches from 1981-2002 was 3.13x10® m*® and
1.60x10®% m?®, respectively, and cumulative scouring from 2002-2018 was
28.52x10® m*® and 16.01x10® m>. This study concluded that even if the
suspended sediment load entering the estuary decreased significantly after the
operation of the TGR, the riverbed in the middle-lower reaches of the Yangtze
River has gradually transformed from the “sink” of sediment deposition to the
“source” of sediment supply.
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1 Introduction

Estuary deltas act as a “sink”, holding sediment from upstream
river basins before they flow into the sea. In recent years many
estuary deltas around the world have been shrinking, affected by a
sharp decrease in the amount of sediment supplied by river basins
(Manh et al, 2014) as a result of the construction of upstream
reservoirs and dams, and the implementation of river control
projects (Yang et al., 2011; Manh et al., 2014). Meanwhile, ground
subsidence and rising sea levels have increased the degree of delta
submergence and increased scouring power (Dai et al,, 2018;
Nienhuis et al., 2020; Paszkowski et al., 2021; Schmitt et al.,
2021). Statistics on the connectivity of 1,200x10* km rivers
globally found that only 37% of them flow freely, and 23% flow
into the sea without being uninterrupted, with interruptions mainly
due to waterway dredging and dam construction (Grill et al., 2019).

In recent decades, climate change and human activities have
had a profound impact on the sediment loads and channel
morphology of the Yangtze River in China (Li et al, 2018; Li
et al., 2019; Guo et al., 2019; Zhou et al., 2020; Zhou et al., 2021).
Waterway engineering construction and waterway dredging
excavation have changed the shape of the natural shoal and
troughs in the estuary delta (Pan et al., 2012; Dai et al., 2013; Wei
et al,, 2017; Zhao et al,, 2018; Zhu et al., 2019). For example, the
deep-water waterway project in the North Passage of the Yangtze
Estuary prompted the front edge of the estuary to extend to the sea
(Wang et al., 2017). Sediment contains life-nourishing resources for
an estuary delta because it establishes a stable platform for
vegetation growth (Nittrouer and Viparelli, 2014) and acts as a
material source for urban land resource expansion (Zhang
et al., 2018).

The construction of reservoirs and dams in the river basin
blocks the continuous process of material transport from the river
basin to the estuary (Wang et al., 2016), and affects material
exchange and estuary resource sustainability (Liu et al., 2023).
Some dams on small- and medium- sized rivers have been
demolished (East et al., 2015; Warrick et al., 2015; Collins et al.,
2017) to increase the material continuity of the rivers and alleviate
the impact of sediment decrease in the river basin on estuary deltas.
Even though there have been disputes regarding the construction of
dams on rivers with abundant water resources, (Latrubesse et al.,
2017), hydropower is perceived to be a clean energy source, and the
operation of hydropower stations has had a positive effect on
reducing global carbon emissions (Almeida et al., 2019; Bertassoli
et al,, 2021). The “source-sink” relationship of sediment traveling
from the river basin to the estuary has always been a focus of
research (Yang et al., 2015a; Gao et al, 2018; Gao et al.,, 2019).
Existing studies have focused on the “source-sink” relationship of
suspended sediment concentrations (Yang et al., 2014; Yang et al,,
2015b; Yang et al., 2015¢; Guo et al, 2019). River hydrographic
stations have measured suspended sediment concentration, but
have failed to observe the adjustment of riverbed shape and the
sediments on the surface of river channels with load transfer
characteristics. From the perspective of the “source-sink”
relationship of suspended sediment concentration from the river
basin to the estuary, the effect of bottom sand has not often been
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considered, and this has led to an overestimation of the reduction of
suspended sediment concentration in the estuary (Li et al., 2012;
Zou et al., 2012; Jing et al,, 2013; Yang et al., 2014; Yang et al., 2020),
promoting the belief that the scouring of the Yangtze Estuary will
continue or worsen (Luan et al,, 2016; Yang et al,, 2017; Dai et al,,
2018; Luan et al,, 2021; Cheng et al., 2022; Tang et al., 2022; Xu et al.,
2022). After the operation of the TGR, the middle-lower reaches of
the Yangtze River (Xia et al., 2016; Zhou et al., 2018; Yang et al,,
2019; Yang et al,, 2021a), the tidal reach (Mei et al., 2021; Xie et al,,
2021), and its South Branch (Wang et al., 2013; Luan et al.,, 20165
Zhao et al,, 2018; Zhu et al., 2019; Guo et al., 2021a) as well as other
areas were all scoured. Some of the fine particles from the riverbed
replenished the suspended sediment and entered the estuary with
the water flow, making estuarine suspended sediment concentration
drops much lower than that in the river basin (Yang et al., 2014;
Yang et al, 2015b). Other coarse sediment particles entered the
estuary in the form of riverbed bottom sand and spread, causing
partial estuary deposition (Guo et al., 2021b). In the calculation of
riverbed scouring, full consideration should be given to sand mining
(Brunier et al., 2014; Anthony et al., 2015; Bendixen et al., 2019; Xu
etal, 2021; Yang et al,, 2021a) and waterway dredging (Mossa and
Chen, 2021; Yang et al., 2021a; Yang et al., 2021b) otherwise the
riverbed scouring intensity is overestimated. Therefore, to
scientifically assess the “source-sink” relationship of sediment
from the Yangtze River Basin and the estuary, the impact of
waterway dredging and land reclamation on riverbed scouring as
well as suspended sediment and sand mining needs to
be considered.

This study took the Yangtze River Basin as the research subject
and used spot observed runoff, sediment, and riverbed topography
data gathered between 1980 and 2020 to analyze the sediment
trapping effect of the TGR and study the “source-sink” relationship
of suspended sediment transport in the middle-lower reaches of the
Yangtze River. Factors including riverbed scouring or deposition,
sand mining, waterway dredging, and shoal reclamation are
considered in this analysis of the impact of the bottom sand
“source-sink” relationship on the estuary and future evolution
trends of the Yangtze Estuary Delta are discussed.

2 Research area

The total length of the Yangtze River is approximately 6,397 km
and its basin size is about 180x10* km? (Figure 1A). The upper
reaches (4,504 km) stretch above Yichang hydrographic station, the
middle reaches (955 km) run from Yichang hydrographic station to
Hukou hydrographic station, and the lower reaches (938 km) run
below Hukou hydrographic station. The TGR was filled and opened
in June 2003, and its impoundment level reached 175 m from 2009-
2020, the total storage capacity is 39.3 billion cubic meters. The
operation of the TGR does not change the total amount of runoff,
but the regulation and storage effect reduce the peak flow and
increase the minimum flow (Zheng, 2016). On the south bank of the
downstream channel of the Three Gorges Dam, Dongting Lake,
Poyang Lake, and the Yangtze River form a complex river-lake
system. The Hanjiang River on the north bank merges into the
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FIGURE 1

Basic information relating to the Yangtze River Basin; (A) Yangtze River Basin; (B) Three Gorges Dam to estuary; (C) Three Gorges Dam; (D) Yangtze
Estuary. XLDD represents Xiluodu Dam, BHTD represents Baihetan Dam, WDDD represents Wudongde Dam, XJBD represents Xiangjiaba Dam, and

GZBD represents Gezhouba Dam.

Yangtze River from Wuhan City (Figures 1A, B). This study takes
the section from the TGD to the Yangtze Estuary, the total length of
the river’s channel is about 1,855 km (Figures 1B, C). Among them,
the Yangtze Estuary has a “three-level branching and four outlets”
river regime pattern, with Qidong shoal, Yiyuansha shoal, Hengsha
shoal, Jiuduansha shoal, Jiangyanansha shoal, Nanhui shoal, and
Deltas (Figure 1D).

3 Data collection, and
analytical methods
3.1 Data collection
The runoff and sediment load data of the Yangtze River
mainstream and tributaries covering the period from 1980-

2020 were collected, and the temporal and spatial
characteristics of runoff and sediment load changes were
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analyzed. The riverbed topography data from Yichang
hydrographic station to Yangtze Estuary in 1981, 2002, 2011,
and 2018 were collected, with a measurement scale of 1:10,000,
the vertical measurement error is less than 1.0 cm, and the
riverbed scouring volume and intensity were analyzed; the
waterway dredging volume, sand mining volume, and land
reclamation data from 1984-2020 were collected to analyze the
impact of human activities on the intensity of riverbed scouring
and bottom sand discharge. The data on the amount of waterway
dredging is formed from statistics of the amount of sediment in
waterway dredging ships year by year from Changjiang Waterway
Bureau. As there is a mixture of water and sediment in the ship,
the ratio between the volume of the ship and the amount of
excavation on the riverbed is 3:1, following the method from
Yang et al. (2021b). The amount of sand mining is the planned
amount (Changjiang Water Resources Commission (CWRC);
2004-2022). Due to the uncertainty of illegal sand mining, the
planned amount of sand mining is used to analyze the influence
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on the riverbed scouring or deposition amount. Research data are
shown in Table 1.

3.2 Analytical methods

3.2.1 Sediment exchange and
"source-sink” relationship

Treating the discharge of the TGR, riverbed souring, tributaries,
and lake exchange as the “source” of sediment and the Yangtze
Estuary as the “sink” of sediment. The processes through which
sediments travel from “source” to “sink” were analyzed, and the
impact of the sediment “source-sink” relationship change on the
estuary was studied.

Starting from Yichang hydrographic station (Syichang), We
considered the influence of Dongting Lake (Spongting Lake)> POyang
Lake (Spoyang Lake)» Hanjiang River (Syapjiang river)> and the inward
import relationship of the interval on the sediment amount and the
amount of sediment scouring or deposition of the riverbed (S)
recharge from Yichang to Datong reaches (Figure 2). Datong
hydrographic station (Spatong) is the last hydrographic station of
the Yangtze River mainstream. The calculation formula of riverbed
recharge suspended sediment from Yichang to Datong reaches is as
follows:

S= SDumng - SPoyangLuke - SHanjingRiver - SDungtingLake - SYichung (1)

TABLE 1 Research data types and sources.

10.3389/fmars.2023.1201533

The sediment quantity of Dongting Lake (Spongting Lake)> into the
Yangtze River mainstream is the difference between Chenglingji
hydrographic station (Schengiing;) and Three Outlets (Stnree Outters)-
The calculation formula is as follows:

SDongtingLuke = SChenglingji - SThree outlets (2)

The Three Outlets at which Dongting Lake diverts sediment
from the Yangtze River are Songzikou (Ssongzikou)s Taipingkou
(STaipingkouw)> and Ouchikou (Souchikon). That is, the formula for
calculating the amount of sediment at the three mouths of Dongting
Lake is as follows:

SThree outlets = SSongzikou + STaipingkou + SOuchikou (3)

The hydrographic station where Poyang Lake merges into the
Yangtze River is the Hukou station (Sgpk0,,). Namely:

SPoyungLake = SHukou (4)

The hydrographic station where the Hanjiang River merges into
the Yangtze River is the Huangzhuang station (Spuangzhuang)-
Namely:

SHunjiangRiver = SHuungzhuang (5)

There is no sediment monitoring station in Datong-Xuliujing
reaches. A topographic method should be used to calculate the
suspended sediment recharge in this section. The river sediment test

Data type Period Data characteristics Data source
Runoff and 1980- Mainstream and tributaries of the Yangtze River,
sediment 2020 Dongting Lake, and Poyang Lake
Riverbed 1981- .
) h 2018 Scale is 1:10,000
opography Changjiang Waterway Bureau, Hydrology Bureau of Changjiang Water Resources
1984 Committee, Changjiang Hydrographic Survey Center
Sand mining Planning sand production
2020
Waterwa 1980-
X Y Amount of channel dredged
dredging 2020
® Hydrographic station Hanjiang River
—» —> Direction of water flow
i i . - Huangzhuang
Yichang Zhicheng Shashi  Jianli Hankou Datong Xuliujing .
.
7
—_ — —»> —T> ——» Yangtze River——p — —_— f
S
=t f 2
2 2 H s
o4 by ™ Luoshan >
5y 8 <= Chenglingji Hukou
g K- H . o
3 = IS) Xiushui River l l Raohe River
Xiangjiang River| Lishui River Xinjiang River
— ) «— «—
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FIGURE 2

Key hydrographic stations and reaches for the calculation of suspended sediment load budget.
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primarily aimed to analyze the suspended sediments, and there was an
unmeasured area at a certain thickness at the bottom. This part of the
sediment has traction load movement characteristics, part of which
exchanges with the riverbed sand in the suspended sediment, and most
of which is transported downstream along the riverbed surface (Wang
et al, 2020; Yang et al, 2021b). The bottom sand exchange was
measured by the bottom-supported system at the Yangtze Estuary
and was concentrated in the deep-water waterway of the North Passage
(Liu et al, 2011). Meanwhile, according to the estimate using the
Rousse formula, the sediment content of the unmeasured area at the
bottom is significantly higher than the suspended sediment
concentration (Wang et al., 2020). At the same time, there is a large
amount of waterway dredging (V,,4), sand mining (Vy,,), and land
reclamation (V},) in the river channels, as well as riverbed scouring or
deposition. The suspended sediment transport balance and the amount
of sediment entering the representative section can be estimated using

the following calculation formula:
Vlr - de (6)

Where V,iverpedsana 18 the amount of sediment replenished

Viiverbed — sand = Votal — Vem —

riverbed scouring; Vi, is the total amount of riverbed scouring.

3.2.2 Calculation method of riverbed
scouring or deposition

The cross-sectional areas are calculated from the topographic
cross-sections along the river (Figure 3A), and the watercourses
upstream and downstream of the river channels, according to Eq.

(7):

(hij + hij + /hijhig) < b (

3
=0,1,2,3...n)

i i=0,1,2,3...mj

%

Where i is the number of points at which the elevation of a
transverse of the river is measured; j is the number of rivers profiles;
A; is the cross-sectional area (m”); h;,, h; and h;,, are the water
depths at two consecutive points of a section (m); and b; is the width
at two consecutive points (m).

The volume of the rivers channel V; (Figure 3B) between the up
and downstream sections at the corresponding water level is
calculated according to Eq. (8). Subsequently, the total river
channel volume is obtained via Eq. (8):

10.3389/fmars.2023.1201533

V- (Ajj + Ajjir +/AijAij) X L

] 3
=0,1,2,3...n)

(i=0,1,2 3...mj

(8)

V=3V )

Where V; is the volume of the channel between adjacent
sections (m?), A;j and A;j,, are the areas of adjacent sections
(m?), and L; is the distance between adjacent sections (m).

Sand mining in the Yangtze River, which increases riverbed
scouring, is mainly used to scour for construction materials. The
sediment from waterway dredging of the Yangtze River channel is
mainly used for reclamation of shoals or land, and will also increase
riverbed scouring after waterway dredging. To facilitate the
comparison between the amount of riverbed scouring or
deposition, the measurement unit of the suspended sediment load
from the river basin, the amount of riverbed scouring or deposition,
the amount of sand mining, and the amount of waterway dredging
are all converted to t/y (tons/year).

4 Results and discussion

4.1 The impact of the TGR's
sediment interception on the
“source-sink” of sediments

In the period between 2003 and 2020, both the sediment inflow
from the Jinshajiang, Minjiang, Yalongjiang, Wujiang, and
Jialingjiang Rivers in the upper reaches of the Yangtze River to
the TGR area and the sediment outflow from the TGR decreased,
from 4.25x10° t/y in 1980-2002 to 1.45x10° t/y, a decrease of 65.9%
(Figure 4A). From 2003 to 2020 sediment inflow to the TGR from
the Jinshajiang, Minjiang, Yalongjiang, Wujiang, and Jialingjiang
Rivers in the upper reaches of the Yangtze River was 26.15x10° t,
the sediment outflow from the reservoir was 6.26x10° t, and the
accumulated sediment in the reservoirs area was 19.89x10° t
(Figure 4B). In other words, the TGR and upstream cascade
reservoir, soil and water conservation, climate change, and sand
mining intercepted 76% of the incoming sediment from the upper
reaches of the Yangtze River Basin (Figure 4C).

FIGURE 3

An anabraching river channel according to (A) areas of the cross-sectional, and (B) river channel capacity calculation models.
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4.2 The source-sink relationship sediment
in the runoff control section of the
middle—lower reaches Yangtze River

4.2.1 Composition of the runoff and sediments in
the middle-lower reaches of the Yangtze River

According to the operation time of Gezhouba Dam, Three
Gorges Dam, and cascade reservoirs in the upper reaches of the
Yangtze River, the study period is divided into 1980-2002, 2003-
2011, and 2012-2020.

Due to the diversion of Dongting Lake, the runoff at Yichang,
Zhicheng, Shashi, and Jianli hydrographic stations decreased, and
the rate of decrease slowed down from upstream to downstream.
Affected by the inflow of Dongting Lake, Hanjiang River, and
Poyang Lake, the runoff at Luoshan, Hankou, and Datong
hydrographic stations increased. In general, the operation of the
TGR and changes in the relationship between rivers and lakes in the
lower reaches of the Yangtze River mainstream has not changed the
characteristics of the runoff and had little impact on the total
amount of runoff. Around 47% of the runoff entering the Yangtze
Estuary from 1980-2020 came from the area above Yichang
hydrographic stations (Figure 5A; Table 2). From 1980-2002, the
amount of sediment at each hydrographic station first decreased
and then increased, and from 2003-2020, it increased along the way
(Figure 5B; Table 2). From 1980 until 2002, 2003-2011, and 2012-
2020, the runoff and sediment of the three mouths of Dongting Lake
all decreased, and the decrease of the sediment was significantly
higher than that of the runoff (Figures 5C; D, Table 3). Both the
runoff and sediments of the Dongting Lake discharged into the
Yangtze River decreased first before increasing, and the amount was
smaller after the TGR went into operation. The runoff of Poyang
Lake discharged into the Yangtze River first decreased and then
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increased, the amount of sediment first increased and then
decreased. Conversely, the amount of runoff and sediment from
the Hanjiang River discharged into the Yangtze River decreased
throughout this time.

In the periods of 1980-2002, 2003-2011, and 2012-2020, the
runoft at the Datong hydrographic station came from Yichang
hydrographic station, Dongting Lake, Hanjiang River, and Poyang
Lake; the confluence proportion was 47-48%, 21-24%, 3-5%, 16—
18%, and 7-10% respectively, indicating that the composition of the
runoff into the Yangtze Estuary before and after the operation of the
TGR was stable (Figure 6A). From 1980-2002, the sediment
amount at Yichang hydrographic station was higher than that at
Datong hydrographic station; the riverbed at Dongting Lake and
from Yichang-Datong reaches were all deposition, only 4% of the
sediments at Datong hydrographic station came from Poyang Lake
and Hanjiang River. From 2002-2011, the sediments at Datong
hydrographic station came from Yichang, Dongting Lake, Hanjiang
River, and Poyang Lake, with proportions of 34%, 4%, 12%, 8%, and
42%, respectively. These proportions changed in the period from
2012-2020 to 17%, 10%, 4%, 7%, and 62%. From 2012-2020
compared with 2003-2011, the proportion of suspended sediment
in Datong hydrographic station in Yichang hydrographic station
decreased by 17%, and the proportion of deposition recharge by
riverbed scouring in Datong hydrographic station increased by
20% (Figure 6B).

4.2.2 Exchange characteristics between
suspended sediment and riverbed sand in the
middle-lower reaches of the Yangtze River

The reach from Yichang-Dabujie (120 km) has a sandy pebble
riverbed, transitioning to a purely sandy riverbed below Dabujie,
with a great riverbed anti-scouring ability. Under the background of
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Runoff of the tributaries and lakes; (D) Sediment of the tributaries and lakes.

20032011 2012-2020

Time

1980-2002

TABLE 2 Variation of runoff and sediment at the hydrographic station of the Yangtze River mainstream.

Type Hydrographic station ~ Yichang = Zhicheng Shashi Jianli Luoshan = Hankou Jiujiang Datong
1980-2002 4364 4460 4049 3855 6539 7254 7522 9273
2003-2011 3903 4023 3706 3585 5763 6596 6811 8194
Runoff
s 3 2012-2020 4472 4542 4109 3974 6682 7263 7449 9370
(10° m*/y)
2003-2020 4188 4283 3907 3779 6222 6929 7130 8782
Amplitude variation (%) -4.05 -3.98 -3.51 -1.96 -4.84 -4.48 521 -5.30
1980-2002 46278 46877 41026 37565 39326 36143 NA 37696
2003-2011 4884 5956 7012 8461 9630 11273 10263 14329
Sediment
(0* ty) 2012-2020 2104 2474 3421 5216 7258 8061 7828 12468
2003-2020 3494 4215 5217 6838 8444 9667 9046 13398
Amplitude variation (%) -92.45 -91.01 -87.28 -81.80 -78.53 -73.25 NA -64.46

reduced sediment discharge from the TGR, the sediment scouring
of the alluvial riverbed shows good exchange and sorting
characteristics. The main characteristic is that the fine sediment
in the riverbed first compensates for the suspended sediment and
thus causes the riverbed to be in a scouring state, while the relatively
coarse sediment will remain in the riverbed and only start to
transport in a flood period. In the scouring process of the sandy
riverbed in the middle-lower reaches of the Yangtze River, the fine
sediment (d < 0.125 mm) washed by the riverbed surface fed the
suspended sediment, causing an increase in the amount of fine
sediment in the suspended sediment (Figure 7A). Coarse sediment
(d>0.125 mm) was recharged from the reaches between Yichang-
Jianli reaches. The coarse sediment showed an increasing trend
along the rivers from 2003-2021 (Figure 7B), which is also the area
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with the greatest scouring intensity in the riverbed downstream of
the TGR (Yang et al., 2022a; Yang et al., 2023a; Yang et al., 2023b;
Yang et al., 2023c). In the reach of the sandy and cobble-riverbed,
due to the small thickness of the sandy overburden of the riverbed,
the scouring of fine sediment in the riverbed is complete at present
(Figure 7C), and the anti-scouring of the riverbed is in a quasi-
equilibrium state due to the significant coarsening of the riverbed.
The median particle size of suspended sediment at the Yichang
hydrographic station during 1987-2002, 2003-2012, and 2013-
2021 was 0.022 mm, 0.005 mm, and 0.009 mm, respectively, and
that at Hankou hydrographic station was 0.018 mm, 0.014 mm, and
0.015mm. At Datong hydrographic station, the values are
0.017 mm, 0.010 mm, and 0.015 mm. The median particle size of
suspended sediment decreases first and then increases (Figure 7D),
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TABLE 3 Variation of runoff and sediment at the hydrographic station in the tributaries and lakes of the Yangtze River.

Three outlets Chenglingji Hanjiang River
1980-2002 696 2758 1602 392
2003-2011 475 2229 1324 403
jig
Runoff, 2012-2020 520 2735 1696 208
(10° m>/y)
2003-2020 498 2482 1510 350
Amplitude variation (%) -28.49 -9.99 -5.77 -10.58
1980-2002 8804 2851 821 2020
2003-2011 1113 1656 1220 1680
Sediment
4 2012-2020 633 1899 871 465
(10% t/y)
2003-2020 873 1778 1046 1072
Amplitude variation (%) -90.09 -37.65 27.35 -46.92
e e
(a-1) 1980-2002 (a-2)2003-2011 (a-3)2012-2020
mYichang  mDongtinghu Lake  wHanjiang River Poyang Lake  mIntervals produce confluence or small tributaries
10
3% "
8% H
(b-1) 1980-2002 (b-2)2003-2011 (b-3)2012-2020
mYichang  mDongtinghu Lake  wHanjiang River Poyang Lake  mRiverbed
FIGURE 6

Composition of runoff and sediment at the Datong hydrographic station of the Yangtze River. (A) Composition of runoff; (B) Composition of

sediment.

that is, the coarse sediment scoured by the riverbed gradually
recharges the suspended sediment. Therefore, under the
background of riverbed scouring, the sediment on the riverbed
surface near the dam section is significantly coarsened, while the
sediment coarsening phenomenon is not significant when it enters
the sandy riverbed.

4.2.3 Calculation of sediment source-sink
relationships of the Yichang—Datong reaches

After the operation of the TGR, the riverbeds between Yichang-
Zhicheng, Jingjiang (Zhicheng-Chenglingji), Chenglingji-Hankou,
Hankou-Hukou, Hukou-Datong reaches all experienced
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cumulative scouring. Since 2012, this scouring intensity has
increased (Figure 8A). The cumulative deposition of the Yichang-
Datong reaches from 1981-2002 was 3.13x10° m’, respectively
(Figure 8B). The cumulative scouring of the Yichang-Datong
reaches from 2002-2018 was 28.52x10% m>. In the periods of
1981-2002, 2003-2011, and 2012-2018, the amounts of
sediments passing through the Datong section of the Yangtze
River Basin decreased. Based on the topographic difference
calculation, the amount of riverbed scouring increased (switching
from deposition to scouring). The amount of scouring after sand
mining and waterway dredging deducted also increased, indicating
a switch from deposition to scouring (Figure 8C). In the 1981-2002,

frontiersin.org


https://doi.org/10.3389/fmars.2023.1201533
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al. 10.3389/fmars.2023.1201533

A
5 0.5
~ 4 _ 04
2 2
fé 3 */\‘\‘\_”___‘_/4 73 0.3
E ~*-1990-2002 E
E 29 —*°2003-2012 E02
B —-2013-2021 3
7] 172]
1 0.1
0 0
YC ZC SS JL LS HK DT YC zC SS JL LS HK DT
¢ Hydrological station Hydrological station
1007 —e— October 2002 g 0.025 D %1987-2002
—o—October2012 . 0.020 #2003-2012
—— a =2013-2021
_ October 2021 : 0.015
E S
E; 101 ; 0.010
- =
g £ 0.005
8 A |
f " Yichang Hankou Datong
CEERE Hydrographic station
E "
-9
0.1 T T T r T T . T T )
0 100 200 300 400 500 600 700 800 900
Distance to Yichang station (km)
FIGURE 7
Condition of transport of particle size and grouped sediment in the middle—lower reaches of the Yangtze River. (A) Amount of suspended sediment
d < 0.125 mm; (B) Amount of suspended sediment d > 0.125 mm; (C) Median sediment particle size of the riverbed surface; (D) Median particle size
of suspended sediment at the main hydrographic stations.

s 61A =%
S 4 S 12 TGD
< z —>
g 7] g N
= P‘ s 0
‘5 9 0202 16975 1 1985 1990 1995 2000 5 2010 2015 2020
-2 O -
£ £
3 3
& -6 &-18
‘g 84 —o—inch.;.mg*Zhicheng reach ‘g 24
5.10] —o—ngJlar'lg r.e.ach 5 .30
b —e—Chenglingji-Hankou reach s
=-121 >.-36
= 14 ~¢~Hankou-Hukou reach & 4 S ded sedi . tent
= -141 _ € - ==Suspended sediment conten
s | —e—Hukou-Datong reach S P b =Bottom sand amount
o&-16 o - ==Suspended sediment content
4.001C X . 2 4 and Bottom sand amount
Riverbed changing from <
3.5 siltation to scouring - 1981-2002 ?—..’ 3
23.01 = 2003-2011 52
o ] f— -
;?; e Significant decrease of SIS DL g 1
Z 2.0 suspended sediment S0
2 | s ) E | 1981-2002 2003-2011 2012-2018
5 . Riverbed changes from 2-1 Time
E 1.0 deposition to scouring supply » Dredging quantity caused
£ (.5 by channel scale increase
E i
0.5 Suspended sediment content  Riv. scouring amount Ri sediment supply Sand mining quantity Dredging volume
-1.0°
FIGURE 8
Changes in riverbed scouring or deposition along the Yichang—Datong reaches of the Yangtze River; (A) Cumulative scouring or deposition of
riverbed sections based on river channel topography data; (B) Total amount of riverbed scouring or deposition; (C) Sediment source-sink
relationship in the Yichang—Datong reaches.

Frontiers in Marine Science 09 frontiersin.org


https://doi.org/10.3389/fmars.2023.1201533
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yang et al.

2003-2011, and 2012-2018 periods, the amount of suspended
sediment passing through the Datong section were 3.73x10° t/y,
1.43x10° t/y, and 1.22x10° t/y, respectively. From 1981-2002,
2003-2011 and 2012-2018, the riverbed scouring or deposition of
the Yichang-Datong reaches were -0.25 x 10% t/y, 1.98 x 10° t/y,
and 3.45 x 10° t/y, the amount of sand mining was 0.50 x 10° t/y,
0.40 x 10° t/y and 0.40 x 10° t/y, the waterway dredging amount was
0, 40 x10* t/y and 0.13x10® t/y, respectively. The amount that
entered the bottom sediment of the tidal reach of the Yangtze River
through the Datong section was -0.20x10% t/y, (suspended
sediments deposition in the riverbed and no bottom sand
migrated downstream) 0.98x10® t/y, and 2.14x10% t/y,
respectively (Figure 8D). The total amount of suspended and
bottom sand that entered the Datong section was 3.56x10° t/y,
2.41x10° t/y, and 3.36x10® t/y, respectively, which first decreased
and then increased, in the periods 1981-2002, 2003-2011, and
2012-2018, respectively (Figure 8D).

4.3 Effect of riverbed scouring in tidal
reach on estuary “source-sink”

4.3.1 Relationship of suspended sediment
concentration in the tidal reach of the
Yangtze River

Whether the suspended sediment concentration in the Yangtze
Estuary will decrease or not is still under debate (Yang et al., 2014;
Yang et al, 2015b). Most studies believe that the estuarine
suspended sediment concentration will decrease (Li et al., 2012;
Zou et al, 2012; Jing et al.,, 2013; Yang et al,, 2014; Yang et al,,
2015b), and some even overestimated the reduction in suspended

10.3389/fmars.2023.1201533

sediment (Yao et al,, 2015), as it provides direct evidence of delta
scouring (Luan et al., 2016; Zhu et al,, 2016; Yang et al., 2017; Dai
et al,, 2018; Luan et al,, 2021);, front tidal flat scouring (Wei et al.,
2015) and riverbed scouring (Pan et al., 2012; Dai et al.,, 2013; Wei
et al, 2017). The suspended sediment concentrations at Xuliujing,
Sheshan, and Hengsha stations did not reduce between 1998 and
2001, which can be attributed to the resuspension effect (Jin et al.,
2006). The suspended sediment concentration in the flood and dry
seasons of 2003 and 2004 did not decrease when compared with
their corresponding annual averages (between 1950 and 2002 at the
Datong hydrographic station) (Zhai, 2006). From 1980-2020, the
runoff at the Xuliujing hydrographic section was equal to that at
Datong hydrographic station (Figure 9A) and was related to the
quasi-balanced runoff at the interval branch (Zhang et al., 2011).
The sediment concentration in the Yangtze Estuary from 1980-
2020 was similar to the value of the Datong hydrographic station,
with a consistent decreasing trend (Figure 9B). In 2002-2011 and
2012-2018, the amount of sediment deposition on the inner edge
was equivalent to the amount of sediment compensation in the
riverbed along the way, indicating in a quasi-balanced state. Due to
the decrease in the amount of sediment from the Yangtze River
mainstream, the degree of unsaturation in the stream flow in the
Datong-Xuliujing reaches increased, increasing the transport
intensity of bottom sediments. Therefore, the sediment entering
the Yangtze Estuary through the Xuliujing section was composed of
suspended sediment in the drainage basin and bottom sand
scouring from the riverbed in the hydrographic section between
Datong and Xuliujing. Comparing 2003-2020 with 1980-2002, the
vertical suspended sediment concentration from outside the
Yangtze Estuary decreased by 21.4% (Figure 9C), which is
consistent with existing research findings (Jing et al., 2013; Yang
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et al, 2014; Yang et al, 2015b). The peak area of horizontal
suspended sediment has been gradually moving to the north and
expanding to the deep-water waterway of the North Passage
(Figure 9D). This is one of the reasons why the North Passage
has required waterway dredging and maintenance in recent years
(Dai et al., 2013; Luan et al., 2016; Luan et al., 2018).

4.3.2 Analysis of transport relationship
between suspended sediment and riverbed
sand in the tidal reach

According to Changjiang Sediment Bulletin (Changjiang Water
Resources Commission (CWRC), 2004-2022), few stations test
riverbed load sediment in the middle-lower reaches of the Yangtze
River, and the amount of riverbed load sediment is much smaller
than that of suspended sediment. In the middle-lower reaches of the
Yangtze River, only the Yichang-Dabujie reaches have a sandy and
cobbly bed with a certain amount of bedload. Below the Dabujie, the
riverbed load sediment of the sandy riverbed is small (Yao et al,
2017), but the development of sediment wave is significant (Zheng
etal, 2022). In July 2021, suspended sediment and bottom sand were
monitored by way of sitting bottom-mounted observation
(Figure 10A), in the straight reach of the Yangtze River tidal reach.
The sediment concentration above the 1.0 m of the riverbed surface
was significantly higher than that below the 1.0 m of the riverbed
surface (Figure 10B), with an average ratio of 2.21 (Figure 10C).
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Under the influence of hydrodynamic environments such as
runoff, tidal currents, water waves, and salt water in the Yangtze
Estuary, the sediment deposited by saltwater action flocculation in
the mouth bar area is fine particles. In the other areas, the surface
sediment of the riverbed is the same as that in the tidal reach (Yan
et al., 2009; Yan et al., 2011; Luo et al., 2012; Chen et al., 2021), and
there is a good relationship between sediment particle changes and
riverbed scouring or deposition (Chen et al., 2021). Therefore, the
sediment from the Yangtze River Basin into the estuarine includes
two parts, fine grained sediment in the river water body and bottom
sand in the riverbed surface. The composition of deposition
sediment in the estuary is different due to the differences in the
hydrodynamic environment.

The high sand-bearing water (bottom sand) in the above 1.0 m
of the riverbed surface links the areas of the suspended sediment
and the areas of riverbed scouring or deposition, with the exchange
of bed sediment between the riverbed and the water body. The grain
size of the sediment in this area is significantly coarser than the
suspended sediment in the water body (Figure 10D). After
the operation of the TGR, the suspended sediment particles in the
estuary were refined (Yang et al,, 2018; Yang et al,, 2022b), and
the sediment in the riverbed was slightly coarse (Luo et al., 2012).
The grain size characteristics of sediments in different areas of the
Yangtze Estuary are significantly different. The surface sediment
particles in the mouth groin dam area are fine, and the surface
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sediment particles in the south branch and South channel are the
same as those in the tidal reach (Zhang and Zhao, 2016).

4.3.3 Calculation of sediment source-sink
relationships of the Datong—Xuliujing reaches
After the operation of the TGR, the riverbeds between Datong-
Jiangyin and Jiangyin-Xuliujing reaches all experienced cumulative
scouring. Since 2012, this scouring intensity has increased
(Figure 11A). The cumulative deposition of the Datong—Xuliujing
reaches from 1981-2002 was 1.60x10° m?, respectively
(Figure 10B). The cumulative scouring of the Datong-Xuliujing
reaches from 2002-2018 was 16.01x10® m?, respectively
(Figure 11B). The total amount of suspended and bottom sand
that entered the Datong section were 3.56x10° t/y, 2.41x10® t/y, and
3.36x10° t/y, respectively, which first decreased and then increased.
In the periods 1981-2002, 2003-2011, and 2012-2018, the total
sediment passing through the Xuliujing section in the upper reaches
of the river basin decreased. Based on topographic difference
calculation, the amount of riverbed scouring increased (switching
from deposition to scouring). The amount of scouring after sand
mining and waterway dredging also increased (switching from
deposition to scouring) (Figure 11C). Suspended sediment
passing through the Xuliujing section in the periods from 1981-
2002, 2003-2011, and 2012-2018 were 3.73x10° tly, 1.43x10° tly,
and 1.22x10° t/y, respectively, showing decreasing trends; the
amount of bottom sand entering the Yangtze Estuary through the
Xuliujing section were -0.61x10° t/y (suspended sediments
deposition in the riverbed and no bottom sand migrated
downstream), 0.89x10° t/y, and 1.51x10°® t/y (Figure 11D). From

10.3389/fmars.2023.1201533

1981-2002, 2003-2011, and 2012-2018, the riverbed scouring or
deposition of the Datong-Xuliujing reaches were —0.11 x 10° t/y,
L.11 x 10° t/y and 1.98 x 10® t/y, the amount of sand mining was
0.50 x 10® t/y, 0.22 x 10° t/y, and 0.37 x 10® t/y, and the waterway
dredging amount was 0, 20 x10* t/y and 0.11x10® t/y, respectively.
The total amount of suspended and bottom sand entering the
Yangtze Estuary was 3.12x10%/y, 2.32x10%/y, and 2.73x10%/y,
respectively, which first decreased and then increased. This study
believes that the total sediment passing through the Datong-
Xuliujing reaches from 2003-2020 did not show a continuous
decreasing trend due to the reduction in suspended sediment
load, while the supply from bottom sand volume exhibited an
increasing trend and the “sink” of sediment scouring or deposition
turned into the “source” of sediment replenishing.

4.4 Contribution of watershed sediment to
the Yangtze Estuary

4.4.1 Distribution of riverbed scouring or
deposition and variation in the shoal rear
of the Yangtze Estuary

The north branch of the Yangtze Estuary was dominated by
deposition between 2002-2018, and the south branch, north channel,
and south channel mainly scouring. The high shoal area of the front
tidal flat mainly experienced deposition, and the front of the delta
mainly experienced scouring (Figures 12A, B). In the Yangtze River
Estuary, the continent body is at the condition of sediment
deposition, which is caused by the “sink” of the sediment after
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Distribution characteristics of riverbed scouring or deposition in the Yangtze Estuary; (A) Terrain in 2002, data from Yu and Zhang (2021); (B) Terrain
in 2018, data from Yu and Zhang (2021); (C) Distribution of riverbed scouring or deposition; (D) Shoal area.

entering the Yangtze Estuary. The waterway area is scouring due to
the regulation of buildings, and the deltas area scouring (Figure 12C).
Simultaneously, all the areas of the front tidal flat increased at first
and then decreased. During 2002-2011, the areas at the water depths
of 0 m, 2 m, and 5 m were 22.12%, 12.67%, and 9.35% respectively,
while during 2011-2018 it became -7.13%, —17.58%, and -14.67%
respectively (Figure 12D). During 2002-2018, the changes of the
areas at the water depths of 0 m were -21.09%, +47.63%, —0.57%,
+35.91%, and -7.23% for Yiyuansha shoal, Chongming shoal,
Hengsha shoal, Jiuduansha shoal, and Nanhui shoal respectively,
with an increased total area of 13.41% (Figure 12D).

4.4.2 Calculation of sediment source-sink
relationships in the Yangtze Estuary

From 1982-2018, both the north and south branches
experienced cumulative scouring, but the total amount of riverbed
sand in the Yangtze Estuary was relatively small, which means that
without considering the impact of riverbed scouring or deposition
in engineering areas such as land reclamation, waterway dredging,
the Yangtze Estuary was in a quasi-balanced state between scouring
or deposition (Figure 13A). The cumulative waterway dredging
volume of the North Passage of the Yangtze Estuary between 1982
and 2018 was 11.07x10® m® (ship volume/topographic
volume=1.30, sediment wet bulk density/dry bulk density=1.65,
converted to a weight of 14.05x10° t) (Figure 13B). During this
period, the land reclamation area of the Yangtze Estuary was 820.57
km?, and the amount of deposition caused by the reclamation was
12.31x10* m’ (sediment wet bulk density/dry bulk density=1.65,
and the average thickness of waterway dredging filling was
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calculated as 1.5 m (Figure 13B), and the converted sediment
weight was 20.31x10% t) (Figures 13C, D). The total amount of
suspended and bottom sand entering the estuary area through the
Xuliujing section in the 1982-2002, 2003-2011, and 2012-2018
periods was 3.12x10° t/y, 2.32x10° t/y, and 2.73x10° t/y, a decrease
of 16.9% in 2003-2018 compared with 1984-2002. In the above
periods, after deducting the amount of riverbed scouring or
deposition, land reclamation, and waterway dredging, through
the Yangtze Estuary, the amount of dispersed sediment was
2.82x10° t/y, 1.81x10° t/y, and 1.28x10° t/y, respectively.

4.5 Sediment supplies from the riverbed as
a new source to sustain the Yangtze
Estuary Deltas

Calculated by the measured topographic data of 1958-2015
(The years are 1958, 1978, 1997, 2002, 2007, 2010, 2012, and 2015),
the critical suspended sediment volume for the balance of scouring
or deposition of the front tidal shoals and deltas at the Yangtze
Estuary was calculated as 2.18x10® t/y (Luan et al, 2021). A large
amount of waterway dredging has been carried out in the
construction of the north channel of the Yangtze Estuary deep-
water waterway, and the waterway regulation structures have
interfered with the local geomorphic evolution characteristics,
after deducting the impact of the estuary project from 1997-2010,
the corresponding critical suspended sediment volume was
2.34x10% t/y (Luan et al, 2021). However, the amount of
sediment at Datong hydrographic station from 2003-2011 was
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significantly lower than before the TGR began to operate, with an
average value of 1.29x10° t/y, which was significantly lower than the
critical amount of sediment for scouring or deposition balance.
Many studies during this period believed that the deltas were
dominated by scouring (Wei et al, 2015; Luan et al., 2016; Zhu
et al,, 2016; Yang et al., 2017; Dai et al., 2018; Luan et al., 2021).
Simultaneously, the construction of dams on the upper reaches of
the Yangtze River and lakes may cause the interruption of sediment
supply to the lower reaches. It is possible that in the near future, the
Yangtze Estuary landform system will experience large-scale
scouring (Dai et al., 2018). Regarding the amount of sediment in
the Yangtze Estuary, when only considering the balance of
suspended sediment exchange, the amount of sediment at Datong
hydrographic station in the 1980s and 2000s was calculated to be
4.51x10° t/y and 1.51x10® t/y, respectively, and the amount of
suspended sediment entering the estuary through Xuliujing section
were 4.06x10° t/y and 1.72x10% t/y respectively, and the amount
entering the deltas area was 3.70x10° t/y and 1.75x10% t/y (Yang
2015a; Xie et al., 2017a). This significantly reduced the
suspended sediment concentration in the estuary, which will
cause the delta area to switch to scouring. Taking human

et al,

activities into account like sand mining and waterway dredging,
through the comprehensive calculation of suspended sediment
transport and riverbed scouring or deposition, the total amount
of suspended and bottom sand in the Yangtze River Basin that
entered the estuary through the Xuliujing section during the 2003-
2011 and 2012-2018 periods were calculated as 2.32x10° t/y and
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2.73x10® t/y, respectively. The riverbed scouring intensity of the
reach from the Yichang-Xuliujing reaches was increasing, which
was beneficial to safeguarding the sediment resources of the Yangtze
Estuary. Recent studies have also proven that Jiuduansha shoal
deposition is, significantly, in its natural state (Wei et al., 2016; Wei
et al., 2017; Zhao et al., 2018; Zhu et al,, 2019; Zhang et al., 2021).
Meanwhile, in the deposition center of the Yangtze Estuary Delta,
the deposition rate remained at 10 cm/y from 1958-2009 (Dai et al.,
2014): between 1997-2015, only the net scouring depth from 2011-
2013 was 10.76 cm/y, and the net scouring depth was 0.91-3.48 cm/
y in other years (Sun, 2018). In 2021, the amount of river sediment
outside of the Xinliuhesha and Qingcaosha Reservoirs did not
decrease but instead started to increase, representing the first
natural increase in recent years (https://view.inews.qq.com/a/
20211114V02W9E00). In addition, the decrease in the amount of
sediment entering the sea from the Yangtze River has no significant
impact on the landform evolution of Hangzhou Bay, mainly due to
the buffering effect of existing sediment outside the Yangtze Estuary
(Xie et al., 2017b).

Human activities have put tremendous pressure on global rivers
(Best, 2019). The overall water connectivity of the Yangtze River
Basin is still maintained. However, several studies have proposed
that blocking sediment through dams and relative sea level rise will
result in the submersion of the estuary delta and front tidal flats. In
nearly 1,000 deltas around the world, dam construction has led to a
severe reduction of anthropogenic sediment flux (by more than
50%), forcing an annual loss of delta land of about 12 + 3.5 km?. Not
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all estuary deltas lose land resources due to dams (Nienhuis et al.,
2020). For example, the supply of sand from the Mississippi River is
stable and sustainable (Edmonds and Slingerland, 2010; Nittrouer
and Viparelli, 2014), and these sediments can form deltas through
engineering measures capturing sediment from the Mississippi
River. The thickness of the sand layer from the Dabujie section to
the estuary of the Yangtze River is more than 100 m (Cao et al,
2012; Mei et al., 2021). The ancient river channel has a wide range of
lateral swing space, and a large amount of fine-grained sediment
remains (Song et al., 2013). In the future, regardless of whether the
amount of suspended sediment in the Yangtze River Basin
decreases, the riverbed scouring of the Yichang-Xuliujing reaches
will have abundant bottom sand to replenish, and this amount will
show an increasing trend due to the continuous decrease in the
amount of sediment in the river basin, which can guarantee the
amount of sediment entering the Yangtze Estuary from the river
basin. Comprehensive analysis suggests that the Yichang-Datong
and Datong-Xuliujing reaches have gradually transformed from
the condition of sediment deposition to the condition of sediment
scouring, which provide an important sediment source for the
deposition of estuary shoals, and stability of deltas and
land resources.

Although the supply of suspended sediments from the Yangtze
Estuary has been significantly reduced, the amount of bottom sand
in the riverbed is still abundant, with its replenishment capacity and
supply increasing. A comprehensive analysis has shown that even if
the amount of suspended sediment entering the estuary after the
TGR went into operation are significantly reduced, the riverbed will
gradually transform from a “sink” of deposition to a “source” of
sediment supply, which will still provide a rich scouring of
sediments for the Yangtze Estuary. Therefore, the Yangtze
Estuary Delta, front tidal flats, and urban land resources are likely
to be sustained.

5 Conclusions

Since the TGR began operating, the “source-sink” relationship
of sediments from the middle-lower reaches of the Yangtze River
has been significantly adjusted, which has directly affected the
sustainability of the estuary. Based on the analysis of in-situ
observed runoff, sediment load, and riverbed topography from
1981 to 2018, the present study examined the influence of the
adjustment of the Yangtze River sediment “source-sink”
relationship of the Yangtze River Basin on the estuary delta.

The TGR stored 76% of the sediment in the upper reaches of the
Yangtze River and caused a decline of 68-97% in sediment load in
the middle-lower reaches. These sharp declines in sediment supplies
resulted in a decrease of 21.4% in the suspended sediment
concentration in the estuary delta. From 2003-2020, cumulative
river channel scouring occurred in the Yichang-Xuliujing reaches
of the Yangtze River, and the riverbed transformed from being the
“sink” of sediment to the “source” of sediment transport into the
sea. The river basin to the estuary also experienced an adjustment in
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the sediment “source-sink” relationship, which released more
sediment “sources” for those entering the sea. From 2012 to 2018,
the amount of sediment at the Xuliujing section of the upper
reaches of the river mouth exhibited an increasing trend. In the
periods of 1980-2002, 2003-2011, and 2012-2018, the total amount
of suspended and bottom sand entering the delta in the Yangtze
River Basin first decreased and then increased. During 2012-2018,
the total amount of suspended sediment and riverbed sediment
entering the estuary of the Yangtze River Basin was equivalent to
the critical sediment amount of the delta from deposition to
flushing, but the total sediment entering the estuary of the
Yangtze River Basin did not decrease significantly.
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