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Earth Surface Processes and Landforms

ABSTRACT: The morphology of the Yangtze Estuary has changed substantially at decadal time scales in response to natural pro-
cesses, local human interference and reduced sediment supply. Due to its high sediment load, the morphodynamic response time
of the estuary is short, providing a valuable semi-natural system to evaluate large-scale estuarine morphodynamic responses to inter-
ference. Previous studies primarily addressed local morphologic changes within the estuary, but since an overall sediment balance is
missing, it remains unclear whether the estuary as a whole has shifted from sedimentation to erosion in response to reduced riverine
sediment supply (e.g. resulting from construction of the Three Gorges Dam). In this paper we examine the morphological changes of
two large shoals in the mouth zone (i.e. the Hengsha flat and the Jiuduan shoal) using bathymetric data collected between 1953 and
2016 and a series of satellite images. We observe that the two shoals accreted at different rates before 2010 but reverted to erosion
thereafter. Human activities such as dredging and dumping contribute to erosion, masking the impacts of sediment source reduction.
The effects of local human intervention (such as the construction of a navigation channel) are instantaneous and are likely to have
already resulted in new dynamic equilibrium conditions. The morphodynamic response time of the mouth zone to riverine sediment
decrease is further suggested to be >30 years (starting from the mid-1980s). Accounting for the different adaptation time scales of
various human activities is essential when interpreting morphodynamic changes in large-scale estuaries and deltas. © 2019 John
Wiley & Sons, Ltd.
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individual human interventions (including sediment supply re-
duction) from natural morphological evolution is challenging.
The Yangtze Estuary (YE) in China is a large-scale alluvial sys-
tem whose morphology is influenced by a significant reduction
in sediment supply and extensive local human activities. River-
borne sediment discharges initially decreased gradually from
the mid-1980s but accelerated to the present-day amount of
~70% due to the Three Gorges Dam (constructed in 2003; Yang
etal.,2015; Luan etal.,2016; Zhao et al., 2018). Fine sands and

Introduction

Many river deltas are densely populated and connected to the
sea by tidal channels, which are progressively deepened to
provide access to increasingly larger vessels. Sustainable man-
agement of such systems (maintaining ecological and recrea-
tional functions while allowing economic development)
requires in-depth understanding of estuarine and deltaic
morphological changes, especially in view of projected sea-

level rise. Riverine sediment supply plays an important role in
controlling the morphological evolution of many estuaries. The
suspended sediment load of rivers has declined globally due to
dam construction and soil conservation (Vorosmarty et al.,
2003; Syvitski and Saito, 2007; Walling, 2009). Simultaneously,
local engineering works (e.g. construction of training walls and
jetties; dredging and dumping activities) influence channel and
shoal morphology (Sherwood et al., 1990; Thomas et al.,
2002; Lane, 2004; Blott et al., 2006; De Vriend et al., 2011;
Wang et al., 2015). Since many of these human activities take
place concurrently, isolating the morphodynamic impacts of

silts are mainly trapped in the upstream reservoirs, whereas clay
particles are flushed downstream (van Maren et al., 2013). Such
a reduced sediment supply is expected to decrease deposition
rates and possibly even lead to erosion along the sand-
dominated riverbed and in the silt-dominated estuary. Previous
work (Table ST and Figure S1) suggests that the inner estuary
has indeed eroded in the past decade. The inner estuary in-
cludes the South Branch, South Channel and North Channel
(Figure 1), and is mainly controlled by upstream river and sedi-
ment discharge (e.g. Luan et al., 2016; Zhao et al., 2018). Ero-
sion has also been observed in the subaqueous delta (e.g. Yang
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Figure 1. (A) Map of the Yangtze Estuary with the bathymetry in 2013 referencing the TLWL and (B) details of the area of interest, including the
Hengsha flat and Jiuduan shoal. The white areas are the reclaimed regions in the landward part of the Hengsha flat and the vegetated supertidal flats
of the Jiuduan shoal. NB, SB, NC, SC, NP and SP indicate the North Branch, South Branch, North Channel, South Channel, North Passage and South
Passage, respectively. ECMF indicates the eastern Chongming flat, which is located to the east of Chongming Island. The red box in (A) indicates the
area used to estimate sand volumes and hypsometry. TLWL: theoretical lowest water level. [Colour figure can be viewed at wileyonlinelibrary.com]

etal., 2003, 2011, 2018). In contrast, investigating a larger part
of the subaqueous delta, Dai et al. (2014) conclude that the delta
was still depositional (at least until 2009). This discrepancy
probably results from the definition of the study area: Yang
et al. (2011) investigated the delta front (depths from 5 to 10 to
15-30m) and prodelta (depths > 15-30 m), whereas Dai et al.
(2014) also included the delta plain (depths < 5-10 m), which
lies in the mouth zone. The mouth zone is a region under com-
bined river and tidal forcing, where accretion continued for a
long time (Wang et al., 2013; Luan et al., 2016; Zhao et al.,
2018). Interestingly, erosion of the mouth zone has been de-
tected very recently (Zhao et al., 2018), suggesting that the sub-
aqueous delta as a whole may indeed revert to erosion. These
studies highlight the need for further study of the mouth zone,
where the morphological response time may be much longer
than those in the inner estuary and subaqueous delta.

At a smaller spatial scale, the shoals and tidal flats in the
mouth zone are accreting, including the eastern Chongming flat
(Yang et al., 2008), Nanhui shoal (Fan et al., 2017; Wei et al.,
2017), Jiuduan shoal (Gao et al., 2010; Wei et al., 2015; Li
etal.,2016) and Hengsha flat (Wei et al., 2015). Although the ac-
cretion rates of some shoals and tidal flats typically decrease
(Yang et al., 2008; Wei et al., 2015), erosion has not yet been ob-
served. As a result, it remains unclear whether the mouth zone is
presently eroding or deposition still prevails.

Additionally, the mechanisms controlling bathymetric evolu-
tion remain unclear. Erosion in the subaqueous delta has been
attributed to a reduction in riverine sediment supply (Yang
et al., 2003, 2011). In addition, the subaqueous delta of the
YE has a transition from the gentle delta plain to the steep delta
front at depths of 12-15m, which is called a rollover point
(Hori et al., 2002; Eidam et al., 2017). Such a rollover depth,
along with waves, may also contribute to subaqueous erosion,
resulting in coarsening of sediment in the subaqueous delta
(Luo et al., 2017; Yang et al., 2018).

Local human activities additionally drive morphological
changes in the YE (see e.g. Wang et al., 2015). A major interven-
tion was engineering work in the North Passage (NP), involving

© 2019 John Wiley & Sons, Ltd.

the construction of a nearly 50 km-long double training wall
with groins (see Figure 1). The jetties and groins in the NP are
so large that they may induce severe erosion in the mouth of
the NP and in the region to the east of Hengsha flat (Zhu et al.,
2016). The jetties partially block regional horizontal circulation
(Zhu et al., 2016), possibly leading to sediment deposition and
accretion over the surrounding flats. In addition, intense dredg-
ing and dumping activities take place in the NP. Despite the
large dredging effort (~70 million m? year™'; Wang et al.,
2015), this sediment mass is not accounted for in previous esti-
mates of the estuarine sediment balance.

Overall, it therefore remains unclear (1) whether the mouth
zone of the YE is still accreting or has become erosive and (2)
what the impacts of local human interventions and reduced sed-
iment supply are and at what time scales they operate in. We
perform an in-depth analysis of bathymetric changes in the
mouth zone using all high-quality bed-level data available (cov-
ering a period of ~60 years until 2016) and relate these observa-
tions to changes in sediment supply, regional engineering works
and salt marsh growth. The eastern Chongming flat, which lacks
data in its northern part (see Figure S2) and has a long history of
reclamation (since the early 1960s), is omitted from this study.
Our study area includes the Hengsha flat, the Jiuduan shoal
and the NP landward of the 10-m isobaths in 1997, constituting
a total area of approximately 1740 km? (Figure 1). The data, in-
cluding bathymetric maps (1953-2016), are used to provide an
overview of the erosion and deposition patterns as well as the
long-term hypsometry changes. Satellite images (1985-2016)
are employed to study the evolution of the tidal flats and the in-
teractions between morphology and vegetation.

Data and Methods
Study area

The Yangtze River is one of the largest rivers in the world in
terms of its length (~6300 km) and catchment area (~1.9 million
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km?). The Datong station, ~640km landward of the river
mouth, is the tidal wave limit in the dry seasons. Here, the
mean river discharge is 28 200 m®> s~', and the annual
suspended sediment load is 364 million tons per year from
1951 to 2016. The river-supplied sediment has stimulated rapid
infilling of the pre-incised river valley and build-up of the delta
since the mid-Holocene (~7500 years ago). In the past 60 years,
the river discharge at Datong has remained stable, whereas the
suspended sediment load has gradually decreased since the
mid-1980s (Guo et al.,, 2018) (Figure 2). The decrease in
suspended sediment loads is mainly due to soil conservation
strategies and dam construction (e.g. Yang et al, 2015).
Suspended sediment load reduction is more dramatic (~70%)
since 2003, when the Three Gorges Dam (TGD) began opera-
tion (Figure 2). Since then, erosion has been detected in the
1200-km river reach between Yichang (approximately 40 km
downstream of TGD) and Datong (resulting in a downstream
increase in suspended sediment load; see Figure 2). On de-
cadal time scales, the sedimentation rate (1-3 cm yearq; Jia
et al., 2018) in the study area is an order of magnitude larger
than the rate of sea-level rise in the recent century (3 mmyear™'
from 1980 to 2015; SOA, 2015).

At its seaward side, the YE is forced by tides with a mean
range of 2.7 m and a maximum spring tidal range of 5.5m
(Yun, 2004). Wave energy is moderate at the mouth with a
mean wave height of 0.9 m, although wave heights can reach
6.2 m during storm conditions (Yang et al., 2001). Under com-
bined river and tidal forcing, the mouth zone of the YE is a par-
tially mixed environment with strong density currents and
lateral circulations due to water exchange between different
branches (Wu et al., 2010; Zhu et al., 2018). These lateral cir-
culations, however, are presently decreasing because of ele-
vated tidal flats and the blocking effects of the jetties
discussed in the next paragraphs (Zhu et al., 2018).

Morphologically, the YE maintains a configuration with four
outlets [i.e. the North Branch, North Channel, NP and South
Passage (SP)], discharging south-eastward into the sea (Figure 1).
This bifurcating and branching pattern develops at centennial
to millennial time scales, as suggested by a bar migration
model (Chen et al., 1985). The mouth zone (coinciding with
the maximum turbidity zone) is a morphologically active re-
gion where horizontal and vertical circulations play substantial
roles in water and sediment transport (Shen et al., 1988; Wu
et al., 2010). Tidal currents during flood or ebb peaks are up
to3ms ', and strong resuspension causes near-bed suspended
sediment concentrations as high as 10kgm > (Li and Zhang,
1998; Chen et al., 2006; Liu et al., 2010).
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Figure 2. Annual river discharge and suspended sediment load mea-
sured at Datong (the most downstream gauging station) and suspended
sediment load measured at Yichang (the gauging station immediately
downstream of the Three Gorges Dam) between 1950 and 2016.
[Colour figure can be viewed at wileyonlinelibrary.com]
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The largest local human intervention in the mouth zone is
the Deep Channel Navigation Project (DCNP) constructed in
the NP (Figure 3a). The elevation of the jetties is approximately
2.0 m above the theoretical lowest water level (TLWL), and the
elevation of the groins decreases from 2.0 m at the attachment
point to 0 m at the groin head. This elevation suggests that wa-
ter and sediment are exchanged between the NP and its sur-
rounding shoals only during spring tide high water. The
DCNP was constructed between 1998 and 2008, during which
time the channel depth was increased from 6 to 9 to 12.5m.
On average, 72 million m? of sediment was dredged annually
from the NP between 2007 and 2016 (Figure 3). The dredging
material was disposed of partly in the shallow areas between
the groins and partly offshore (Figure 3a). Some of the sediment
disposed between the groins was later transported to the land-
ward part of the Hengsha flat to reclaim land (Figure 3b). Sub-
merged dykes have been built on the landward part of the
Hengsha flat, forming an area of ~115 km?, which has trapped
sediment since 2003 (Figure 3a). Moreover, Spartina
alterniflora and Phragmites were artificially introduced to the
Jiuduan shoal in 1997 to create a reserve for endangered birds
and other species. These measures have significantly influ-
enced the morphological evolution of the mouth zone and
are analysed in more detail hereafter.

Data and methods

River discharge and suspended sediment load data were ob-
tained at Datong and Yichang stations from 1950 to 2016
(Changjiang Water Resources Commission, the Ministry of
Water Resources of China). Bathymetric data from 1953 to
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Figure 3. (a) Main human activities in the study area: land reclama-
tion, salt marsh introduction and the DCNP; #1, #2, #3 and #4 are dis-
posal stations where sediment is pumped to the flat. (b) Annual
dredging volume and the volume of sediment disposed on the flats in
the North Passage. [Colour figure can be viewed at
wileyonlinelibrary.com]
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1997 were digitized from marine charts, which record histori-
cal measurements with an accuracy of 0.2 m (Table I). The
data after 1997 are measured with echo sounders with a verti-
cal accuracy of 0.1 m. The data accuracy is acceptable for
calculation of accretion and erosion volumes on decadal time
scales (especially given the relatively large volume changes).

The marine charts were digitized into depth points using the
ArcGIS and Surfer software packages. The depth points were
interpolated to a digital elevation model (DEM) with a uniform
200 x 200m grid resolution using kriging techniques. All
bathymetric data derived from marine charts and sounding
measurements were converted to TLWL (other than for 1953).
The difference between the TLWL and the mean water level de-
creases in the landward direction due to landward decreasing
tidal range. All depths used in this study (if not otherwise spec-
ified) are positive downward and relative to TLWL.

Bed-level data became unavailable at the Jiuduan shoal (be-
cause of vegetation development at bed levels exceeding TLWL)
and the landward part of the Hengsha flat (because of land rec-
lamations). To compute volume changes for the complete study
area and period, we assumed that (1) the volumes of the Jiuduan
shoal above TLWL and (2) the reclaimed region in the landward
part of the Hengsha flat did not change after 1997.

We also collected Landsat satellite images of the mouth zone
(http://glovis.usgs.gov/) to examine changes in the salt marsh
between 1985 and 2016. Salt marshes are mainly present in
the supratidal flats and the upper parts of the intertidal flats,
whereas the lower parts and the subtidal flats are bare. The in-
terface between bare flats and salt marshes is identified using
the normalized difference vegetation index (NDVI) method
used in Gao and Zhang (2006) and Li et al. (2016). The satellite
images are georeferenced and corrected for tidal variations
(Table 11). Since the salt marsh-bare flat interface is clear and
above the water level in all images, the interface is independent
of tidal elevations. To sustain data consistency and accuracy,
only the images obtained in summer seasons (when vegetation
is most evident) are selected. Positive NDVIs indicate intertidal
wetlands and marshes occupied by vegetation. To differentiate
between vegetation and non-vegetation, a threshold of 0.1
(NDVI > 0.1) is chosen to calculate the vegetated area.

Results
Phenomenological description

In 1953, disconnected flood and ebb channels with slightly dif-
ferent channel alignments developed over a large shoal
(Tongsha shoal) in the mouth zone (Figure 4a). The flood and
ebb channels were connected in 1958, initiating a new

bifurcation and formation of the NP that split Tongsha shoal
into the Hengsha flat (the northern part) and the Jiuduan shoal
(the southern part) (Figure 4b). The changes between 1953
and 1958 are largely the result of a major river flood occurring
in 1954 (with a peak discharge of 92 000 m® s™' at Datong),
which connected the existing ebb and flood channels (Yun,
2004). Morphologically, the main channels in the mouth zone
are very wide and shallow, having width to depth ratios >1000.
The sand bars (e.g. the Jiuduan shoal) present large spatial
scales with a typical width of ~10km and length of ~50 km.
The wide and shallow features of the YE mouth zone are differ-
ent from other tide-dominated estuaries (e.g. the Fly Estuary),
and the mechanisms responsible for these large dimensions re-
main poorly known. The morphological evolution of the
Hengsha flat and the Jiuduan shoal since 1958 is characterized
by fast accretion following their separation. In the period be-
tween 1973 and 1986, the northern part of the Hengsha flat
grew rapidly (Figures 4d and e). The Jiuduan shoal also grew
rapidly after merging with a sand bar from the landward side
in 1997 (Figures 4e and f).

The DCNP in the NP significantly disturbed the morphologi-
cal evolution processes in the mouth zone. The NP narrowed
greatly, and its axial alignment was fixed due to the jetties
and groins. Lateral water and sediment exchange with adjacent
channels were partially blocked, resulting in fast accretion be-
tween the groins and over the surrounding flats. Later, the land-
ward part of the Hengsha flat was reclaimed, and the higher
part of the Jiuduan shoal (the white area in Figure 4h) became
a supratidal flat with limited tidal inundation. Overall, the re-
cent development of the Hengsha flat and the Jiuduan shoal
has been strongly influenced by extensive human interference.

Quantitative bathymetric change

The erosion and deposition patterns exhibit strong spatial vari-
ations (Figure 5). Erosion and deposition are greatest in the
channel-shoal system, reflecting lateral migration of the chan-
nels and sand bars. Most net accretion occurs on the Hengsha
flat and the Jiuduan shoal. The mouth zone displays erosion
and deposition alternating in time. As an example, deposition
prevailed east of the Hengsha flat in the periods 1958-1973,
1973-1978 and 1986-1997, whereas erosion dominated in
the intervals 1978-1986, 1997-2007, 2007-2010 and 2010~
2016 (Figures 5a-g). In the four decades between 1958 and
1997, the Jiuduan shoal accreted continuously. Heavy deposi-
tion also occurred in the region to the east of the Hengsha flat
and the Jiuduan shoal (approximately along the 10 to 20-m
isobaths) (Figure 5h). In contrast, severe erosion was observed
there from 1997 to 2016 (Figure 5i). The sheltered regions

Table I.  Information about the bathymetric data used in this study

No. Year Datum Sources Scale Survey month
1 1953 Approximate lowest low water 1:100 000 —

2 1958 1:25 000 8-10
3 1965 1:100 000 4-11
4 1973 3-11
5 1978 Shanghai Dredging Corporation, 1:50 000 3-7

6 1986 Ministry of Transport of China 5-9

7 1997 12

8 2002 10-11
9 2007 1:25 000 8

10 2010 8

11 2013 The Navigation Guarantee Department 8

12 2016 Lowest normal low water of the Chinese Navy Headquarters 8

© 2019 John Wiley & Sons, Ltd.
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Table Il. A summary of the satellite images used in this study. The tidal height references the Wusong datum, which is nearly at the lowest tidal water
level. The tidal gauge station Beicaozhong is located in the middle section of the NP

No. Sensor Acquisition date Mapping time (GMT) Tidal height at Beicaozhong (m)
1 Landsat 5 TM 1989-08-11 01:51:48.2890000Z 2.50
2 Landsat 5 TM 1995-08-12 01:28:34.6590130Z 3.96
3 Landsat 7 ETM + 2000-08-01 02:16:10.7049124Z 3.35
4 Landsat 7 ETM + 2005-08-15 02:14:20.1657199Z 1.91
5 Landsat 5 TM 2009-07-17 02:13:52.5920500Z 2.34
6 Landsat 8 OLI 2013-08-29 02:27:03.29512927 2.75
7 Landsat 8 OLI 2016-07-21 02:24:59.1270480Z 3.38

Figure 4. Bathymetric changes of the Jiuduan shoal and the Hengsha flat between 1953 and 2013. [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2019 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 44, 2319-2332 (2019)
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Figure 6.

Volume changes of (a) channels below TLWL (in the study area defined in Figure 1) and (b) the Jiuduan shoal and the Hengsha flat (the

sediment volume of the area with elevation higher than 6 m below TLWL) between 1958 and 2016. [Colour figure can be viewed at

wileyonlinelibrary.com]

between the groins within the NP were rapidly filled from 1997
to 2016 (Figures 5e—g). Deepening along the main waterway
was the result of scouring and dredging; their relative impor-
tance is evaluated hereafter.

When considering the water volume of the whole study area
(Figure 6a), we observe that the water volume below TLWL
showed a slight increase between 1997 and 2002 but was
followed by an overall decrease from 2002 to 2007. Since
2007, however, the water volume below TLWL has increased,
indicating recent erosion of the study area as a whole.

The long-term accretion rates on the Jiuduan shoal are faster
than those on the Hengsha flat from 1958 to 2007-2010,
followed by erosion until the most recent survey in 2016
(Figure 6b). Specifically, the sediment volume of the Jiuduan
shoal (defined as the sand body with a surface depth <6m,
which corresponds approximately to the mean depth of the
main channels in the mouth zone), increased continuously by
1269.8 million m® between 1958 and 2007 (26 million
m? year™") and decreased by 132 million m® until 2016. The
sediment volume of the Hengsha flat did not increase

© 2019 John Wiley & Sons, Ltd.

continuously. It decreased slightly between 1958 and 1986, ex-
cept for a temporary increase between 1973 and 1978. The in-
crease was attributed to deposition of sediment flushed
through the North Channel (Yun, 2004). The sediment volume
increased slightly (a net volume increase of 109 million m?) be-
tween 1986 and 1997. The sediment volume of the seaward part
of the Hengsha flat increased continuously (by 489 million m*
between 1958 and 2010, except for a decrease from 1997 to
2002), but then decreased by 37 million m?> between 2010 and
2016. In summary, the volume changes of the channel and the
Hengsha flat and Jiuduan shoal indicate a shift from deposition
to erosion in approximately 2010.

Hypsometry changes

The morphodynamic evolution of the shoals is analysed in
more detail with hypsometric curves, providing areal changes
over a continuum of depth classes (Figure 7). The Jiuduan shoal
grew fastest at depths below 2 m between 1958 and 1986,

Earth Surf. Process. Landforms, Vol. 44, 2319-2332 (2019)
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Figure 7.
Hengsha flat. [Colour figure can be viewed at wileyonlinelibrary.com]

followed by rapid accretion at greater depths (>6m; see
Figure 7a). Since 1997, erosion has occurred at depths below
6 m, which is mainly ascribed to deepening of the NP. As a re-
sult, the subtidal slope of the Jiuduan shoal became steeper.
From 1958 to 1997, the area enclosed by the 6-m isobath in-
creased by 61.5% (from 293.6 to 474.3 km?). A major increase
occurred in the period between 1978 and 1986 due to merging
with a sand bar (Figure 8b). Since 1997, the areal growth rate of
the flat with a depth smaller than 6 m has decreased, whereas
the growth rate of the region with a depth smaller than 0 m con-
tinued until 2007 (Figure 8). Therefore, up to 1997, the Jiuduan
shoal sustained its profile shape, but after 1997 the profile
steepened due to deposition in the upper part and erosion in
the lower part.

Because of the partial reclamation of the Hengsha flat, hyp-
sometric curves are provided for the whole flat and for the sea-
ward part only. The hypsometric curves indicate that the
shallow parts of the entire Hengsha flat eroded slightly, whereas
fast accretion occurred in the deep region between 1958 and
1978. In contrast, the shallow region accreted, whereas the
deep region eroded between 1978 and 1997 (Figure 7b). The
seaward part of the Hengsha flat developed similarly to the en-
tire Hengsha flat before 1997 and to the Jiuduan shoal after

0 500 1000 1500
Area (kmz}

2000

Hypsometry of (a) the Jiuduan shoal, (b) the entire Hengsha flat, (c) the seaward part of the Hengsha flat and (d) the Jiuduan shoal and

1997. Specifically, erosion occurred in the regions with depths
<3 m (accretion in the deeper zone) during 1958 and 1978,
whereas erosion occurred in the regions with depths
>8m (accretion in the shallower zone) between 1997 and
2010 (Figure 7c). The depth at which deposition switches to
erosion (or vice versa) was approximately 3-5m for the
Hengsha flat before 1997. For both the Hengsha flat and the
Jiuduan shoal, this transitional depth was approximately 8 m
from 1997 to 2010. The larger depth threshold is partially ex-
plained by the dredging activities in the NP influencing both
the Hengsha flat and the Jiuduan shoal. In recent years
(2010-2016), the seaward part of the Hengsha flat has been
characterized by erosion in the subtidal region at depths
>2m (Figure 7c). The flat area at the 0-m isobath was stable
at approximately 50 km? before 1997 (Figure 8a). However,
the flat area at 6 m increased until 2010, although at a lower
rate than the Jiuduan shoal (Figure 8b).

Salt marsh changes

Salt marshes were first observed on the Jiuduan shoal in the late
1980s (Yun, 2004; Shen et al., 2006). Scirpus mariqueter was a
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Figure 8.
[Colour figure can be viewed at wileyonlinelibrary.com]

© 2019 John Wiley & Sons, Ltd.

1960 1970 1980 1990
Year

2000 2010

Evolution of the flat area encircled by the (a) 0-m and (b) 6-m isobaths for the Jiuduan shoal and the Hengsha flat between 1958 and 2016.
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native pioneer species growing in the lower parts of intertidal
zones, while a Phragmites Australis community dominated
the higher parts of the intertidal zone (Li et al., 2016). Plant
growth rates increased rapidly after Spartina alterniflora, an in-
vasive species, was artificially introduced on the Jiuduan shoal.
The salt marsh area increased by 3.0 and 3.9 km? year™ ' in the
periods 1995-2000 and 2000-2016, respectively (Figure 9).
Most growth (~91%) occurred between 2000 and 2005
(Figure 10). Currently, Phragmites australis, Scirpus mariqueter
and Spartina alterniflora are distributed over the Jiuduan shoal,
and Spartina alterniflora has developed as the dominant
species.
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Figure 10. The salt marsh wetland areas of the Jiuduan shoal and the

Hengsha flat between 1995 and 2016. [Colour figure can be viewed at
wileyonlinelibrary.com]
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The Hengsha flat was sparsely vegetated before 2009
(Figures 9 and 10) because of its low elevation. In 2016, the salt
marsh area was 71.62 km? and was mainly found on the land-
ward part of the Hengsha flat. This growth was the result of the
dumping of dredged sediment in the embanked area, suffi-
ciently increasing tidal flat elevation to allow salt marsh growth
(Figure 9d). Salt marsh is absent to date in the seaward part of
the Hengsha flat because of insufficient elevation.

Overall, the different salt marsh growth patterns and temporal
behaviours between the Hengsha flat and the Jiuduan shoal are
in line with their morphological evolution patterns (Figure 10).
The expansion of salt marshes on the Jiuduan shoal has been
continuous since the mid-1990s, whereas salt marshes ex-
panded rapidly on the landward Hengsha flat after 2007.

Discussion

Differences between Hengsha flat and Jiuduan
shoal

The morphodynamic evolutions of the Hengsha flat and the
Jiuduan shoal are notably different, even though they are geo-
graphically close. The Jiuduan shoal accreted at an overall
much higher rate than the seaward part of the Hengsha flat in
the period from 1958 to 2007-2010. The hypsometric curves
of the Jiuduan shoal are more linear, while those of the
Hengsha flat are generally S-shaped (see Figure 7). The flat area
of the Hengsha flat at the 6-m depth contour increased more
than that at 0 m, whereas the flat area of the Jiuduan shoal in-
creased more at the 0-m than at the 6-m isobath (see Figure 8).
In other words, the morphodynamic evolution of the Hengsha
flat is more prominent in area (horizontal expansion) but less by
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volume (vertical accretion) (see Figures 7 and 8). Similar results
were found by Liu et al. (2010) and Jiang et al. (2012). On its east-
ern side, the Hengsha flat has a steeper bed slope (i.e. ~1/1200)
than the Jiuduan shoal (i.e. <1/4000) (Figure 11). The differences
between the two shoals regarding vegetation and the DCNP are
discussed later.

We ascribe the differences in the morphodynamic develop-
ment of the Hengsha flat and the Jiuduan shoal to multiple
mechanisms. The shape of the tidal flat is strongly influenced
by local hydrodynamics (Kirby, 2000; Le Hir et al., 2000;
Roberts et al., 2000). Wave-induced resuspension leads to a
landward increase in the sediment concentration. The cross-
sectional diffusion of this horizontal concentration gradient by
oscillating tidal currents leads to an offshore-directed sediment
flux. In the absence of waves, the tidal current favours net sed-
iment transport by settling and scour lags (van Straaten and
Kuenen, 1957; Postma, 1961). As a result, a dominance of
wave-induced resuspension produces a concave-up profile,
whereas a convex-up tidal flat shape is favoured by the domi-
nance of tidal currents (Friedrichs and Aubrey, 1996; Kirby,
2000; Le Hir et al., 2000; Roberts et al., 2000). The Hengsha flat
is exposed to stronger north-westerly winds in winter, while the
Jiuduan shoal is exposed to weaker south-easterly winds pre-
vailing in summer. As a result, the Hengsha flat should have a
more concave-up shape than the Jiuduan shoal (Figure 11).
The cross-shore profile shape depends further on the sediment
grain size, with muddier sediment tending to generate a more
convex profile (Kirby, 2000; Friedrichs, 2011; Zhou et al.,
2015). The Jiuduan shoal is muddier than the Hengsha flat
(Figure S3), which would further suggest a more convex-up
profile. However, the Jiuduan shoal is not convex upwards,
particularly in 1958 (Figure 11c). In 1958, the Jiuduan shoal
had not yet been merged, so the convex shapes located at 0
and 10 m represent two sand bars (see Figure 4). Since 1997, af-
ter the merging of these sand bars, the convex shape of the in-
tertidal zone corresponds to the hydrodynamics and sediment
type. The alternating convex and concave shape of the subtidal
zone suggests that the profile shape may be influenced by addi-
tional factors, likely related to human interventions.

The branching system distributing water and sediment to the
various outlets is another factor contributing to the differences.
The ebb tidal partition ratio of the North Channel is much larger

© 2019 John Wiley & Sons, Ltd.

than those of the SP or NP (Chen et al., 1988). In the past, de-
position prevailed in the channel and surrounding flats of a
branch that received the largest proportion (>50%) of water
and sediment (Yun, 2004). In contrast, erosion occurred in the
branch that received less sediment (Dai et al., 2014). The
branching dynamics are evidenced by the evolution of the
Hengsha flat and the Jiuduan shoal during the late 1970s (see
Figure 8). Specifically, the fast accretion of the Hengsha flat in
the late 1970s is attributed to deposition of a larger amount of
sediment flushed through the North Channel than through the
South Channel, while in the meantime the Jiuduan shoal
eroded slightly (Yun, 2004). As deposition occurred in the
North Channel, the cross-sectional area decreased, leading to
a decreasing water volume and sediment supply. This situation
provides a negative morphodynamic feedback mechanism,
eventually stabilizing the system. Seaward sediment flushing
and associated sand bar movements have been observed since
1997 in the North Channel and SP but at much smaller rates, as
the channel-shoal pattern has developed towards an equilib-
rium state (Wang et al., 2013). Similar phenomena are also ob-
served in other tidal estuaries or river deltas with branching
channel networks (Sassi et al., 2011; Buschman et al., 2013).

Effect of human intervention

Riverine sediment supply has been decreasing since the mid-
1980s, especially in response to the TGD operation since
2003. The Hengsha flat and the Jiuduan shoal sustained accre-
tion until 2007-2010 (Figure 12). A major question therefore is
to what extent flat erosion is the result of sediment decline (with
a certain time lag) or of local engineering works and/or vegeta-
tion changes. Therefore, the various impacts and system re-
sponses are summarized in Figure 12.

Effect of sediment decline

Silt and sand are deposited in the TGD reservoir, while most of
the clay is flushed seaward. The seaward sediment flux from
the Yangtze partly recovers because of along-river erosion be-
tween Yichang and Datong (Figure 2; Yang et al., 2011) and
downstream of Datong (e.g. the 600-km river reach between
Datong and the mouth zone) (Wang et al., 2009; Zhao et al.,
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Figure 12. Overview of the evolution of the Hengsha flat and the

Jiuduan shoal and changes in suspended sediment load at Datong, with
time markers of major human interventions and important morpholog-
ical changes. The shoal volume refers to the sediment volume of the
area with elevation higher than 6 m below TLWL. [Colour figure can
be viewed at wileyonlinelibrary.com]

2018). Since the riverbed downstream of Yichang is dominantly
sandy, the sand fraction achieves a new equilibrium concentra-
tion from bed exchange, whereas the silt fraction does not. The
clay fraction is relatively little impacted because it is partly
flushed through the reservoirs. Therefore, a reduction in the
supply of clay is small; the reduction in silt is large and occurs
within a relatively short time period (10-20 years with an as-
sumption of 10% silt content in the riverbed; van Maren
et al., 2013), whereas the sand supply has a much longer re-
sponse time (decades to possibly even centuries, although this
estimate is highly speculative at this point).

Erosion has been observed in the subaqueous delta of the YE
(e.g. Yang et al., 2011), even though the sediment being depos-
ited there is fine (and therefore not trapped by reservoirs). Even
more, the depocenter of the Yangtze subaqueous delta, a mud
belt with high sediment exchange, maintains a high deposition
rate (Dai et al., 2014). This result suggests that sufficient fine
sediment is still supplied from the estuary to maintain the sub-
aqueous delta.

The Hengsha flat and Jiuduan shoal are composed of sand and
silt (Figure S3) and therefore respond to suspended sediment
load reduction within one to several decades. At present, the
sediment concentration appears to have changed little in the
study area (Dai et al., 2013; Zhu et al., 2015). However, if the
study area reacts to a reduction in the suspended sediment load,
such a response would be gradual, leading to a gradual decrease
in deposition (possibly followed by a gradual increase in erosion
rates). This situation is not observed in the bed-level changes, as
discussed hereafter. We further investigate the impacts of human
interventions: salt marsh introduction and the DCNP.

Potential impacts of salt marshes

Salt marshes influence morphodynamics by attenuating incom-
ing short waves, trapping fine sediment and stabilizing the bed.
All these impacts promote sediment deposition and flat accre-
tion, which is important for coastal restoration and protection.
Accretion is further enhanced by the accumulation of biomass
in salt marshes (Morris et al.,, 2002). The introduction of S.
alterniflora in 1997 most likely facilitated salt marsh growth
on the Jiuduan shoal, since S. alterniflora expands more rapidly
than native species (Huang and Zhang, 2007). The seaward
Hengsha flat has only limited vegetation (Figure 9), and as a
result the Jiuduan shoal accretes faster than the seaward
Hengsha flat.

© 2019 John Wiley & Sons, Ltd.

The impact of the Deep Channel Navigation Project

After the construction of the DCNP started in 1997, severe sed-
imentation occurred during 2002-2007, following a rapid de-
crease in accretion. The DCNP can promote accretion by
sheltering and sediment-trapping effects induced by deepen-
ing. The two jetties along the NP largely reduce horizontal wa-
ter and sediment circulations among the North Channel, NP
and SP in the mouth zone, thereby enhancing accretion of
the surrounding flats (Jiang et al., 2012; Li et al., 2016). The em-
bankment of the landward Hengsha flat and the associated
dumping there resulted in a rapid increase in the flat elevation.
In contrast, deepening may increase the tidal range (Kerner,
2007; van Maren et al., 2015a), salt intrusion (Zhu et al.,
2006; Hu and Ding, 2009) and estuarine circulation (Ge
etal., 2011; van Maren et al., 2015b), and alter regional hydro-
dynamics (Jiang et al., 2012) and therefore residual sediment
transport. All of these changes are likely to increase sediment
concentrations, as found in many estuaries — for example the
Ems (Winterwerp et al., 2013; de Jonge et al., 2014), the Elbe
(Kerner, 2007; Winterwerp et al., 2013), the Weser (Schrottke
et al., 2006) and the Loire (Winterwerp et al., 2013). Addition-
ally, a positive feedback effect between high sediment concen-
tration and tidal amplification further enhances near-bottom
sediment trapping (Winterwerp et al., 2009, 2013; van Maren
et al., 2015a).

In contrast, the DCNP can affect morphological changes by
regulating the diversion ratio of water and sediment discharge
through the NP and SP (Jiang et al., 2012). Before construction
of the DCNP, the NP discharged more water (~60%) than the
SP, but at present the SP discharges ~60% of the water volume
(Kuang et al., 2014; Wang et al., 2015). Moreover, the sediment
discharged through the NP decreased from ~45% to ~30%,
whereas the sediment discharged through the SP increased by
15% from 1998 to 2009 (Kuang et al., 2014). Jiang et al.
(2012) reported downstream sedimentation in the SP, but ero-
sion can also be expected due to southward dispersion by
northerly winds and waves in winter and the longshore current.
As a result, the changing water and sediment diversion ratio be-
tween the NP and SP influenced erosion and sedimentation in
the study area.

Dredging

Dredging volumes along the main waterway in the NP are so
large (Figure 3) that they also influence estuarine
morphodynamics. Approximately 30% of the dredged sedi-
ment has been brought to land since 2003, and this part of
the sediment volume needs to be accounted for when
interpreting volume changes (Table Ill and Figure 13). Allowing
for some errors, we calculated dredging volumes correspond-
ing to the periods for which chart data are available. When
interpreting the bathymetric changes, we define a ‘dredging-
induced’ volume (the volume actually taken out) and a ‘natural’
volume (the observed changes compensated by dredging vol-
umes). Approximately 35% of the erosion volume in the period
2010-2013 is the result of sediment extraction for land recla-
mations (dredging-induced). This result highlights the impor-
tance of including dredging volumes in the analysis of bed-
level changes. In the period 2013-2016, the natural develop-
ment and bathymetric observations (dashed lines in Figure 13)
were depositional again, as they had been before 1997, suggest-
ing time lag effects as discussed later.

It is noted that the dredged and disposed sediment volumes
provided here refer to the undisturbed sediment with a dry den-
sity estimated as ~1200 kg m > and not to hopper densities that
are more commonly available (see e.g. van Maren et al., 2016).
This approach allows a direct comparison of volumes without
conversion to sediment mass.
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Synthesis

The response of the Yangtze Estuary to human interventions is
complicated by time lag effects; the system is so large that time
is required for a reduction in sediment supply to take effect. Lo-
cal engineering works and (human-induced) salt marsh devel-
opment take place concurrently, probably with much smaller
(or even no) time lag effects.

A crucial difference between the impacts of sediment supply
and local interventions is the type of system response. A grad-
ual decrease in sediment supply leads to a gradual change in
accretion (potentially leading to erosion). A local intervention
typically has immediate effects, with a response that gradually
decreases with time. Figure 13 reveals a very rapid change from
deposition to erosion in approximately 2007; erosion subse-
quently decreases followed by accretion comparable to that
before 1997. This observation strongly supports the interpreta-
tion that local interventions were responsible for the major
changes that took place in the mouth zone in approximately
2007 and not the reduction in sediment supply (which was also
large at approximately this time).

The observation that volume changes were approximately
50 million m* from 1958 to 1997 and from 2013 to 2016-
(Figure 13) suggests that net volume changes (without local

natural (assumed)

—- = observed bed levels
dredging

= natural (compensated)

=== |ocal interventions

time

Figure 14. Conceptual model of mouth zone evolution in response to
various human interventions according to Figure 13. Positive values in-
dicate deposition, and negative values indicate erosion. [Colour figure
can be viewed at wileyonlinelibrary.com]
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interventions) are fairly constant and not much affected by a re-
duction in sediment supply. We can simplify the effects of var-
ious interventions in the conceptual model depicted in
Figure 14 under two assumptions: (1) ‘natural” volume changes
are fairly constant and approximately 50 million m® year™"; (2)
observed bed-level changes are the result of natural volume
changes, dredging and local interventions. In Figure 14, the ob-
served bed levels (based on Figure 13) show rapid fluctuations,
whereas the dredging-induced morphological changes are al-
ways erosional. As a first step, we compensate the observed
bed levels for dredging effects (resulting in the natural, compen-
sated volume change). We can then estimate the effect of local
interventions by subtracting this compensated volume change
from the natural (assumed) volume change.

In general, the effects of local human interventions on an es-
tuary are temporary, leading to local redistribution of sedi-
ments; therefore, a new dynamic equilibrium is relatively
rapidly attained. Because sediment decline is more permanent
in nature, erosion of the estuary mouth lasts much longer (until
a new equilibrium between marine erosion and fluvial supply
is achieved). Based on our analysis in Figures 13 and 14, it is
more likely that the erosion from 2007 to 2013 was temporary
and therefore mainly caused by local human interventions.
Therefore, we suggest that the morphological adaptation time
scale of the mouth zone in response to riverine sediment de-
cline is longer than 30 years (starting from the mid-1980s).

Conclusions

Behaving as a sink of river-supplied sediment, the mouth zone
of the YE and its morphological variability are strongly influ-
enced by sediment supply and local human activities. In this
study, we use a long time series of bathymetric data and a series
of satellite images to examine the 63-year (1953-2016) mor-
phological changes of two large shoals in the YE, the Hengsha
flat and the Jiuduan shoal. We conclude that the two shoals
sustained accretion until ~2010, followed by erosion. Local hu-
man activities are important for morphodynamic changes on
the two shoals. The morphodynamic evolution in the pre-
1997 period is largely naturally controlled, while the post-
1997 evolution is dominantly anthropogenically driven. In par-
ticular, from 2002 to 2010 salt marsh introduction and the
DCNP stimulated fast accretion of surrounding flats. We also
find that the Hengsha flat and the Jiuduan shoal exhibit differ-
ent morphological behaviours, which can be explained by up-
stream water and sediment partition, local tidal dynamics and
biophysical interactions.

For the whole study area, a sudden shift from accretion to
erosion occurred in 2007, mainly in the seaward area of the
Hengsha flat and in the Jiuduan shoal. The nearly instantaneous
impact is mainly explained by local human interventions. Spe-
cifically, the DCNP initially led to heavy sedimentation,
followed by years of significant erosion. Further analyses reveal
that the disposed volume accounts for up to 35% of the volume
changes as quantified by bathymetric data, and therefore needs
to be an integral part of the interpretation of erosional and de-
positional changes. Since the dredging-induced volumes are
of the same order as morphologic changes, neglecting them
may easily lead to inconsistent conclusions; without consider-
ing the effects of dredging and dumping activities, the erosion
in the mouth zone may to a large extent be regarded as the ef-
fect of reduced sediment supply.

Although future monitoring is still needed to confirm the re-
sults, our data suggest a lagging morphological response of
the mouth zone in response to the reduction in sediment supply
at a time scale of >30 years. Local human interventions play an
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important role in masking the gradual effect, and the immediate
effect is likely to have been finished in recent years. Our results
provide further insight into interpreting morphodynamic
changes in large-scale estuaries and deltas under different hu-
man activities.
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Figure S1. Study area of previous studies (see Table S1) and this
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Figure S2. Bathymetric data points used in this study (scale
1:3,000,000) corresponding to Table 1

Figure S3. Spatial distribution of medium grain size (a), con-
tents of clay (b), silt (c) and sand (d) in bed sediment. Reference
position is shown by 5-m (dashed line) contour line. Sum of
content of clay, silt and sand is 100%. More details about the
data refer to Liu et al., (2010).
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