
 
 

Delft University of Technology

Accretion-erosion conversion in the subaqueous Yangtze Delta in response to fluvial
sediment decline

 Luan, Hua Long; Ding, Ping Xing; Yang, Shi Lun; Wang, Zheng Bing

DOI
10.1016/j.geomorph.2021.107680
Publication date
2021
Document Version
Final published version
Published in
Geomorphology

Citation (APA)
Luan, H. L., Ding, P. X., Yang, S. L., & Wang, Z. B. (2021). Accretion-erosion conversion in the subaqueous
Yangtze Delta in response to fluvial sediment decline. Geomorphology, 382, 1-10. Article 107680.
https://doi.org/10.1016/j.geomorph.2021.107680

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.geomorph.2021.107680
https://doi.org/10.1016/j.geomorph.2021.107680


Geomorphology 382 (2021) 107680

Contents lists available at ScienceDirect

Geomorphology

j ourna l homepage: www.e lsev ie r .com/ locate /geomorph
Accretion-erosion conversion in the subaqueous Yangtze Delta in
response to fluvial sediment decline
Hua Long Luan a,b,⁎, Ping Xing Ding a,⁎⁎, Shi Lun Yang a, Zheng Bing Wang a,c,d

a State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai 200062, China
b Changjiang River Scientific Research Institute, Wuhan 430010, China
c Delft University of Technology, Faculty of Civil Engineering and Geosciences, 2628 CN Delft, the Netherlands
d Deltares, 2600 MH Delft, the Netherlands
⁎ Correspondence to: H.L. Luan, Changjiang River Scien
430010, China.
⁎⁎ Corresponding author.

E-mail addresses: hlluan@mail.crsri.cn (H.L. Luan), pxd
(P.X. Ding).

https://doi.org/10.1016/j.geomorph.2021.107680
0169-555X/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 September 2019
Received in revised form 23 February 2021
Accepted 25 February 2021
Available online 2 March 2021

Keywords:
Accretion-erosion conversion
Fluvial sediment decline
Estuarine engineering projects
Yangtze Delta
Identifying the pattern of deltamorphological change under decreasing sediment flux due to dam construction is
essential for sustainable management in such densely populated coastal areas. In this study, we investigated the
morphological processes of the Yangtze mouth bar and prodelta based on bathymetric data on a decadal-
interannual scale (1958, 1978, 1997, 2002, 2007, 2010, 2013 and 2015). We found that strong accretion (205.1
Mm3 yr−1) occurred during 1958–1978, when a high sediment load (465Mt yr−1) was supplied by the Yangtze.
Afterwards, the net accumulation rate decreased to 31.9 Mm3 yr−1 in 1978–1997 and 114.6 Mm3 yr−1 in 1997–
2002 as a result of riverine sediment loads decreasing to 390Mt yr−1 and 314Mt yr−1, respectively. Surprisingly,
the net accumulation rate increased to 130.8 Mm3 yr−1 in 2002–2007, though the sediment load sharply de-
creased to 177 Mt yr−1. This anomaly was attributed to the construction of training walls within the mouth
bar area, which induced significant accretion in groyne-sheltered areas and nearby regions. Along with a further
decrease in sediment load, the entire study area converted to net erosion of−200.4Mm3 yr−1 in 2007–2010 and
−152.2 Mm3 yr−1 in 2010–2013. Stronger erosion in the former period was partly caused by intensive dredging
activities in themouth bar area. The critical sediment discharge for the Yangtzemouth bar and prodelta to retain
net accretion was estimated to be ca. 218 Mt yr−1. If deducting the impacts of estuarine engineering projects on
accretion/erosion during 1997–2010, the critical sediment discharge is adjusted to ca. 234 Mt yr−1. In combina-
tion with previously reported accretion-erosion conversion elsewhere in the Yangtze Delta, we inferred that
most portion of the subaqueous delta has most likely converted from net accretion to net erosion in response
to fluvial sediment decline, and the mouth bar area showed the latest conversion among portions of the delta.
Integrated assessment and adaptive strategies are urgently required for the Yangtze Delta to survive the coming
erosional stage.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

River deltas hold both social-economic and environmental signifi-
cance due to the dense population and productive ecosystems within
these dynamic systems (Syvitski and Saito, 2007). As the river-ocean in-
terface, terrestrially derived sediments accumulate at river mouths,
forming one of the most active deposition sites on Earth (Wright,
1977). Morphodynamics of river mouths are of high importance in
terms of infrastructure safety, resource utilization, navigation mainte-
nance and ecological service function. However, most of the world's
tific Research Institute, Wuhan

ing@sklec.ecnu.edu.cn
river mouths are at risk of or currently suffering from erosion and
flooding due to insufficient sediment supply and relative sea-level rise
(Syvitski et al., 2009). To copewith this risk, understandingmorpholog-
ical patterns of river mouths in response to fluvial sediment decline and
the evolution trends has recently become an issue of global concern
(Giosan et al., 2014; Tessler et al., 2015; Day et al., 2016).

Previous studies have widely identified river delta degradation
under diminishing sediment supply in terms of shoreline recession
(White and El Asmar, 1999; Chu et al., 2006; Anthony et al., 2015) and
intertidal wetland loss (Morton et al., 2005; Yang et al., 2005), whereas
knowledge on the morphological response of mouth bar areas and sub-
aqueous deltas is limited. Because of different natural conditions and
human interventions, river deltasmay showdiversemorphological pat-
terns under fluvial sediment decline. For instance, sediment trapping in
the Mississippi River basin has induced severe drowning of the delta
plain and subaqueous delta retrogradation (Blum and Roberts, 2012;
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Maloney et al., 2018), while the Danube delta and São Francisco delta
switched from seaward expansion to downdrift migration with sub-
stantial decline of depositional rates after sediment entrapment in up-
stream reservoirs (Bittencourt et al., 2007; Preoteasa et al., 2016).
Large river deltas in China also showed various patterns under human
interventions. For instance, both the Yellow River delta and the Pearl
River delta converted to net erosion at the subaqueous deltas due to in-
sufficient sediment supply (Jiang et al., 2017; Wu et al., 2018), while
land reclamation played an important role in subaqueous topographic
changes in the Qiantang Estuary (Xie et al., 2017). Therefore, a number
of case studies of river mouth bars and subaqueous deltas are required
to better understand the processes of morphological evolution under
fluvial sediment decline.

As one of the world's most important social-economic centers, the
large-scale Yangtze Delta experienced a sharp reduction in river sediment
discharge in recent decades, particularly after the closure of the Three
Fig. 1. (a)Map of the Yangtze River Basin and the location of the Yangtze Estuary (rectangle); (b
into the mouth bar area (MBA) and adjacent subaqueous delta (ASD) by the 10 m isobath. T
Wudongde dams, respectively; ECM: East Chongming Mudflat; EHS: East Hengsha Shoal; JS: J
QCSR: Qingcaosha Reservoir; and EHLR: East Hengsha Land Reclamation.
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Gorges Dam (TGD) in 2003 (Yang et al., 2015). Thus, this area provides
a typical example to address this issue (Fig. 1). Several studies have re-
vealed accretion-erosion conversion of the mouth bar area and subaque-
ous delta due to fluvial sediment decline. For instance, Yang et al. (2011)
and Du et al. (2016) demonstrated that a rectangular portion (~1800
km2) of the subaqueous delta had converted from accretion to erosion
since 2000, and Luo et al. (2017) found delta recession within a domain
of less than 1000 km2 at the northernmost outlet of the delta. Because
the Yangtze mouth bar area and subaqueous delta have an area of nearly
10,000 km2 (Chen et al., 1985), the study areas considered above are too
small to represent the overall pattern of the Yangtze Delta. Although Dai
et al. (2014) defined a larger study area spanning from the mouth bar
to the adjacent subaqueous delta, they used only the bathymetric dataset
before 2009 and concluded that the Yangtze mouth bar retained high ac-
cumulation until 2009. The amount of sediment accumulation in 2002–
2009 was much higher than the river sediment discharge (SD), whereas
) map of the Yangtze Estuarywith bathymetry observed in 2010. The study area is divided
GD, XJD, XD, BD and WD represent the Three Gorges, Xiangjiaba, Xiluodu, Baihetan, and
iuduansha Shoal; ENM: East Nanhui Mudflat; CX: Changxing Island; HS: Hengsha Island;
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Fig. 2.Variations in annual river runoff (black line) and sediment load (red line) at Datong
station (tidal limit) since 1950. The shaded area denotes the period since the closure of the
Three Gorges Dam (TGD) in 2003.
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the provenance of the excess sediment remained unknown. Therefore, it
is imperative to further investigate themorphological response of a larger
domain and use up-to-date data.

Our previous study on decadal morphological evolution of the Yang-
tze Estuary indicated that the mouth bar area was still characterized by
net accretion in 1997–2010 (Luan et al., 2016). However, the morpho-
logical processes during this 13-year periodwere less revealed. Notably,
the Deep Navigation Channel Project (DNCP), as one of the largest estu-
arine engineering projects in theworld, was just implemented along the
North Passage (NP) in this period (Fig. 1b). The superimposed impacts
of fluvial sediment decline and large-scale estuarine engineering pro-
jects in the mouth bar area may complicate the morphological pattern
at an interannual scale, which have been investigated in many recent
studies using multiple approaches. Dai et al. (2013) used a multivariate
technique to analyze bathymetric changes of the NP during 1998–2011
and found that the dredging-induced deepening of the thalweg and the
construction of the T-shaped groin fields along the NP to improve and
maintain the navigation channel was the predominant cause (85%) of
bathymetric changes within the NP. By coupling GIS, geostatistics and
remote sensing techniques, Li et al. (2016) demonstrated that the
DNCP had substantial effects on the geometry of the adjacent
Jiuduansha Shoal (JS). Wei et al. (2016) analyzed morphological evolu-
tion of the JS in 1998–2014, which showed that the DNCP induced con-
tinuous northward shoal expansion. Wei et al. (2017, 2019) also
pointed out that the retreat in the north and progradation around the
cusp of the East Nanhui Mudflat (ENM) resulted from the DNCP-
induced increase in ebb flow intensity in the South Passage (SP). Be-
sides, Zhu et al. (2016) set up a hydrodynamic model and indicated
that the recent erosion of the southern subaqueous delta can be related
to the DNCP. Previously, we conducted a process-based morphological
modeling study and identified the physical mechanism between the
DNCP and the accretion/erosion patterns at adjacent shoals and the sub-
aqueous delta (Luan et al., 2017, 2018). A recent study by Zhu et al.
(2019) examined the morphological changes of the East Hengsha
Shoal (EHS) and JS in the mouth bar area and suggested that the
morphodynamic response time of the mouth bar area to fluvial sedi-
ment declinewas over 30 years (starting from themid-1980s). They ar-
gued that the study area can retain net accretion under fluvial sediment
decline since the observed accretion rate in 2013–2016was at the same
level with that in the 1980s, and attributed erosion in 2007–2013 to
dredging activities and the construction of the trainingwalls. This view-
point was probably tenable for the shoals rather than the entire mouth
bar area. Furthermore, the dredging amount in 2002–2013 only
accounted to limited proportion of observed erosion volumes as
showed by Zhu et al. (2019). These previous studies indicated that
human interventions resulted in highly variablemorphological patterns
within different parts of themouth bar area (Supplementary Fig. S1, on-
line), whereas the accretion/erosion status of the major mouth bar sys-
tem and different sensitivities within the entire subaqueous delta to
fluvial sediment decline were poorly investigated. Moreover, rare stud-
ies have quantitatively separated the interference of estuarine engineer-
ing projects from observedmorphological pattern, particularly in terms
of the morphological tipping point of the mouth bar system.

This study analyzes the bathymetric data at a decadal-interannual
scale (1958, 1978, 1997, 2002, 2007, 2010, 2013 and 2015) covering
the major Yangtze mouth bar and prodelta with a total area of over
4900 km2. Our major objective is to determine whether the delta has
converted from net accretion to net erosion on a large spatial scale,
and to quantify the relationship between the net accumulation rate
and SD with/without the impacts of estuarine engineering projects.
The critical SD for the accretion-erosion conversion is estimated and
discussed. Understanding the patterns of morphological evolution of
the Yangtze Delta provides not only scientific support for the sustain-
able management of this large-scale dynamic system, but can also
shed light on the evolutionary mechanisms of other tidal-influenced
river deltas under changing fluvial sediment supplies.
3

2. Yangtze Delta and its mouth bar area

The Yangtze River, which is the third largest river in the world
(Milliman and Farnsworth, 2011), reaches its mouth near Shanghai
City and enters the inner shelf of the East China Sea. The Yangtze
Delta is an actively depositional and progradational system that has
had an abundant fluvial fine sediment supply over the past 5000 years
(Hori et al., 2001), resulting in the present large-scale deltaic system
(Fig. 1a). Currently, the Yangtze Delta is approximately 90 km wide
spanning from the North Branch to the SP and extends seaward for
nearly 100 km to the ancient valley (~50 m) with a slope of the delta
front of 0.6‰–1.0‰ (Hori et al., 2001). The mouth bar area, which is
characterized by straight andwide channels adjacent to extensive inter-
tidal flats, connects to the subaqueous delta from the channel outlets
(Fig. 1b). The mean depth of the mouth bar crests is approximately 6
m,which is shallower than those of both the upstream anddownstream
channels (Chen et al., 1999). The seabed in the mouth bar area is dom-
inated by cohesive mud, which is frequently resuspended by tidal cur-
rents (Liu et al., 2010; Luo et al., 2012). This area behaves as both the
estuarine turbidity maxima and the depocenter of the river mouth
(Chen et al., 1985; Dai et al., 2014).

Prior to the 1970s, huge amounts of fresh water (900 km3 yr−1) and
fluvial sediment (470 Mt yr−1) reached the Yangtze Delta, ranking 4th
and 5th around the world in these two categories, respectively
(Milliman and Farnsworth, 2011). No significant variation trend has
been observed for the annual water runoff in the past half-century,
while the annual sediment load has gradually decreased since the
1970s (Fig. 2). The mean SD during the first decade after the closure of
the TGD in 2003 dropped to a relatively low level (145 Mt yr−1),
which was only approximately 30% of the value in 1950–1968 (Yang
et al., 2015). The river water and sediment discharge showed strong
seasonal variations, with approximately 71% of the annual runoff and
87% of the annual sediment load delivered to the mouth during the
flood season fromMay to October (Chen et al., 2007). The astronomical
tide around the Yangtze mouth bar area is irregular and semidiurnal,
with mean and maximum tidal ranges of 2.66 and 4.62 m, respectively
(Yun, 2004). The mean height of wind-induced waves around the
mouth bar area is 0.9 m under normal weather conditions. Fluvial sedi-
ment mainly includes fine suspensions, with a median grain size of ~10
μm (Yang et al., 2018a).

Morphodynamics of the Yangtze Delta are primarily controlled by
combined river and tidal forcing (Guo, 2014), while wind waves only
seasonally shape the morphology of shallow shoals at the delta front
(Zhang et al., 2018). Although the Yangtze Delta has maintained its
three-level bifurcation and four-outlet configuration under fluvial sedi-
ment decline since the 1950s, remarkable erosion and accretion oc-
curred in the bifurcation channels and intertidal flats (Yun, 2004;
Yang et al., 2005; Luan et al., 2016). Human interventions, including al-
tering river water and sediment discharge in the catchment and con-
structing engineering projects in the estuary, have played an
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increasingly important role in recent decades (De Vriend et al., 2011;
Wang et al., 2015). One of the largest estuarine engineering projects is
the DNCP, which was constructed along the NP to improve the naviga-
tion capacity (Fig. 1b). The DNCP was implemented from 1998 to
2010 including three phases and involved the construction of twin
dikes and 19 perpendicular groynes with a total length of 100.7 km.
The upstream half of the training walls were constructed along the NP
in Phase I (1998–2001) and then extended to the present configuration
in Phase II (2002–2005). Intensive dredging was carried out to deepen
the navigation channel from 6.5 m in 1997 to 8.5 m in 2001, to 10 m
in 2005 and finally to 12.5 m in 2011. Thus, the mouth bar in the NP
was cut through artificially. Other engineering projects within the
mouth bar area include land reclamation at the EHS and the ENM (Sup-
plementary Fig. S2, online).

3. Methods

Bathymetric data observed in various years (1958, 1978, 1997, 2002,
2007, 2010, 2013 and 2015) were collected (Supplementary Table S1,
online). Though the measuring time was 1976– 1978 for the bathyme-
try map 1978, most of the study domain was recorded in 1978 and the
periods 1958–1978 and 1978–1997 were much longer than the follow-
ing periods. The soundings of each year, referenced to the theoretical
lowest-tide datum at Wusong, were interpolated into a grid through
the Surfer mapping software package. Subsequently, a digital elevation
model (DEM)was generated for each year of bathymetric data (Supple-
mentary Fig. S3, online). The erosion/deposition patternswere obtained
by subtracting a later DEM from an earlier one. Since the North Branch
received less than 5% of river discharge and sediment load in the
study period, and bathymetric data at the mouth of the North Branch
before the 1990s was unavailable, the North Branch was excluded in
the present study. A polygonal domain was defined as the study area
for erosion/deposition calculations (Fig. 1b). The concerned domain
covers the mouth bar area and prodelta, which were bounded by the
10m isobath in 1997 and analyzed separately. Changes in sediment vol-
ume and thickness were calculated based on the differences between
DEMs. Three typical sections were extracted from the DEM to describe
the amplitudes of bed-level changes at subaqueous slopes.

The calculation error is primarily determined by the measurement
accuracy and density, grid size and interpolation method (Duan,
2012). The bathymetry measurements were implemented by echo
sounder with a vertical error of approximately 0.1 m. The sounding po-
sitionswere recorded by a theodolite for the 1958 and 1978 charts and a
GPS (Trimble Navigation Limited, California, USA) for the remaining
years, and the corresponding errors were 50 m and <1 m, respectively.
Generally, these errors are acceptable for calculating erosion and accre-
tion volume because of significant bed-level changes over decadal time
scales (Luan et al., 2016). The bathymetry map scales range from
1:10,000 to 1:130,000 (Supplementary Table S1, online) and are mostly
higher than 1:50,000. The density of depth samples is sufficient for the
calculation of morphological changes (Dai et al., 2014; Luo et al.,
2017). The Kriging interpolation was applied in Surfer. Many previous
studies have verified that this method was optimal among all other
methods and thismethod has beenwidely used for calculatingmorpho-
logical evolution of deltas and estuarine regions (Van der Wal et al.,
2002; Blott et al., 2006; Jaffe et al., 2007). The grid size should be smaller
than the distance of adjacent depth points, and a 50 × 50 m grid was
chosen after a series of interpolation tests. Because of land reclamation
at the EHS and ENM, areas with available bathymetric data vary from
4904 km2 in 1958 to 4574 km2 in 2013 (Supplementary Fig. S3,
Table S2, online). The total area for the period of 2007–2013 was the
smallest which was only ~6.7% lower than the largest area in 1958–
1997. Most of decreased area were intertidal flats (EHS and JS), and
bed-level changes at theses flats were usually slow. Therefore, it is sug-
gested that the impact of the area difference on the analysis of sediment
volume changes and morphological patterns is negligible. Due to the
4

data availability, the area of the bathymetry data in 2015 was only
62% of that in 2013, and sediment volume change in 2013–2015 was
not compared with others.

4. Results

4.1. Erosion/deposition patterns during 1958–2015

The study area includes three outlets, viz. North Channel, NP and SP,
and adjacent intertidal mudflats, viz. East Chongming Mudflat (ECM),
EHS, JS and ENM (Fig. 1b). The morphology characterized by channels
and intertidal shoals/mudflats in the Yangtze mouth bar area has been
maintained since 1958, although local changeswere remarkable (Supple-
mentary Fig. S3, Table S2, online). Land reclamation at the ECM, EHS and
ENM significantly decreased the intertidal areas within the mouth bar
area. A deep navigation channel along the NP was formed after 2002
due to the construction of trainingwalls and intensive dredging activities.

The erosion/deposition patterns during 1958–2013 indicate that the
Yangtze mouth bar and delta-front system show apparent accretion-
erosion conversion (Fig. 3). Under high river sediment discharge in
1958–1978, strong deposition occurred in the shallow shoals and the sub-
aqueous delta,while erosionwas only found in limited areas (Fig. 3a). The
pattern in 1978–1997 featured distinct spatial variations (Fig. 3b). The in-
tertidal shoals (ECM, EHS and JS) and the subaqueous delta near the EHS
continued to accrete, whereas the main channels and the northern sub-
aqueous delta experienced erosion. The evolution pattern in 1997–2013
was produced to retain the decadal timescale as the first two periods.
The pattern showed that significant accretion occurred in the groyne-
sheltered areas and on the intertidal flats, while erosion was found at
the subaqueous delta along the delta front (Fig. 3c). Themain contributor
for these evolution features is the construction of training walls overlap-
ping fluvial sediment decline (Luan et al., 2018).

Considering the construction phases of the DNCP, the decadal period
1997–2015 was divided into five short periods to capture the
engineering-induced interferences on the medium-term bed-level
changes. In 1997–2002, the upper part of both the NP and SP showed
erosion as the first phase of the DNCP was completed in 2001
(Fig. 3d). Meanwhile, the northern subaqueous delta rebounded to ac-
cretion, and the southern areawas under a state of transitionwith slight
erosion (Fig. 3d). As the training walls were extended to the present lo-
cation in 2005 in the second phase, severe deposition occurred in
groyne-sheltered areas along both sides of the NP in 2002–2007
(Fig. 3e). Accretion at the EHS peaked in 2002–2007 and decreased af-
terwards. Intensive dredging activities in the third phase induced re-
markable deepening along the navigation channel as shown in the
evolution pattern during 2007–2010 (Fig. 3f). The area experiencing
erosion showed a gradual increase after 1997. The mouth bar area and
prodelta have been dominated by overall erosion since 2007 (Fig. 3f–h).

Three typical sections, as shown in Fig. 1b, represent the subaqueous
slopes at the EHS (Sec. N), the ENM and SP (Sec. S) and the delta front
(Sec. H). Variations of Sec. N and Sec. H indicate that the EHS grew
higher during 1997–2013 (Fig. 4a, c), and the depths at its center area
and southeast end decreased by approximately 2 m and 3.5 m, respec-
tively (Fig. 4d). The variation of Sec. S indicates that the high intertidal
flat at the ENM (<2 m) accreted continuously, while its lower part (2–
6 m) converted from accretion to erosion after 2010 (Fig. 4b). The vari-
ation of Sec. H indicates that the navigation channel at themouth of the
NP was deepened by more than 5 m from 1997 to 2013 (Fig. 4c, d). The
subaqueous delta at the mouths of both the North Channel and SP
underwent erosion, and the water depths increased by nearly 2 m in
the northern area and 2.5 m in the southern area (Fig. 4d).

4.2. Sediment accumulation rates

Sediment accumulation rates within the study area can provide a
quantitative assessment of morphological changes. The calculation



Fig. 3. Erosion/deposition patterns of the Yangtzemouth bar area and subaqueous delta in different periods during 1958–2015. The isobaths in the latter year are presented in each panel.
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result of the Yangtze mouth bar and prodelta as defined in Fig. 1b was
205.1 Mm3 yr−1 in 1958–1978, which was the highest during the
study period (Fig. 5a; Supplementary Table S2, online). In the following
periods, the accumulation rate decreased sharply to 31.9 Mm3 yr−1 in
1978–1997 and 16.8Mm3 yr−1 in 1997–2013. During the four short pe-
riods after 1997, the accumulation rate increased to 114.6 Mm3 yr−1 in
1997–2002 and 130.8 Mm3 yr−1 2002–2007. Afterwards, the entire
study area converted to strong erosionwith the sediment accumulation
rate of−200.4Mm3 yr−1 in 2007–2010 and−152.2Mm3 yr−1 in 2010–
2013 as the SD decreased to a low level (141Mt yr−1 in 2007–2010 and
134Mt yr−1 in 2010–2013). In 2013–2015, the SD further decreased to
118 Mt yr−1, and 62% of the entire study area still showed net erosion
(−64.4Mm3 yr−1). Thus, though the entire study area was under a sta-
tus of net sediment accumulation at a decadal interval (1997–2013), the
accretion-erosion conversion has already occurred since 2007. Notably,
relative sea-level rise since the 1950s at the Yangtze Delta ranged from
4.8 mm/a to 6.5 mm/a after synthesizing published China Sea Level
Bulletin and previous studies on land subsidence and sea-level rise
(Wu et al., 2003; Wang et al., 2012). This range only accounted to
3.6%–9.6% of mean erosion thickness and 3.9%–9.1% of mean deposition
thickness (Supplementary Table S2). It is suggested that relative sea-
level rise cannot produce substantial effect on the accuracy of results.

Considering the strong spatial variation of the morphological
changes, the study area was divided into the mouth bar area and adja-
cent subaqueous delta by the 10 m isobath (Fig. 1b). The mouth bar
area experienced gradual decrease in net accretion rate at a decadal
5

timescale during 1958–2013 (Fig. 5b), which was consistent with the
variation trend of the entire study area. The accumulation rate in
1958–1978 was 125.5 Mm3 yr−1, accounting for over 61% of the net ac-
cretion volume of the entire study area. Afterwards, the accumulation
rate dropped to 46.0 Mm3 yr−1 in 1978–1997 and 21.7 Mm3 yr−1 in
1997–2013. In shorter time spans after 1997, the mouth bar area was
nearly at an equilibrium status (0.5 Mm3 yr−1) in 1997–2002, and
then rebounded to strong accretion (171.0 Mm3 yr−1) in 2002–2007.
Over 95% of accretion occurred in the groyne-sheltered areas within
theNP (94.1Mm3 yr−1) and at the EHS (68.7Mm3 yr−1) due to the con-
struction of training walls (Fig. 3e). Overall erosion occurred in the
mouth bar area after 2007 with the net accumulation rate of −139.9
Mm3 yr−1 in 2007–2010 and−64.0Mm3 yr−1 in 2010–2013. Intensive
dredging activities induced −43.0 Mm3 yr−1 of erosion in 2007–2010
along the navigation channel, and the latter partly explained the higher
net erosion rate in 2007–2010 than that in the latter period.

Adjacent subaqueous delta also showed strong accretion in 1958–
1978 (79.6 Mm3 yr−1), and converted to slight erosion in 1978–1997
and 1997–2013 (Fig. 5b). Notably, remarkable net accretion occurred
in 1997–2002., Afterwards, the adjacent subaqueous delta experienced
increasing erosion under low fluvial sediment supply. The net erosion
rate was 40.3 Mm3 yr−1 in 2002–2007 and increased to 60.5 Mm3

yr−1 in 2007–2010 and 88.2 Mm3 yr−1 in 2010–2013. Besides, the net
erosion thickness of the adjacent subaqueous delta was larger than
the value of the mouth bar area in 2007–2010 and 2010–2013 (Supple-
mentary Table S2, online), suggesting stronger erosion intensity of the



Fig. 4. (a–c) Variations in three typical sections from 1997 to 2013; (d) differences in the
sections between 1997 and 2013. The locations of the sections are shown in Fig. 1b. Sec. N
and Sec. S are heading seaward and Sec. H is heading southward. The depth refers to the
theoretical lowest tidal datum. Positive values represent accretion, and negative values
represent erosion in (d).
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subaqueous delta than the mouth bar area. The above results also indi-
cate that the adjacent subaqueous delta converted from net accretion to
erosion around 2002, which was earlier than the conversion of the
mouth bar area (Fig. 5b).

5. Discussion

5.1. Primary cause of the accretion-erosion conversion in the Yangtze
mouth bar area

Our results support previous studies in that the accumulation rate in
the Yangtze subaqueous delta decreased during 1977–1997 (Yang et al.,
2003) and the accretion-erosion conversion occurred after the closure
of the TGD in 2003 (Yang et al., 2011; Du et al., 2016). Moreover, we
find that the major mouth bar and prodelta (nearly 5000 km2 in area)
converted from net accretion to net erosion since 2007. Several abnor-
mal changes in sediment accumulation rates were identified in the
accretion-erosion conversion process. For instance, the accumulation
rate in 1978–1997 was lower than that of the following period (1997–
2002). This was probably attributable to the typhoon event in 1997
(Dai et al., 2014), since the bathymetric data of 1997 was observed by
the end of the year and recorded the morphological impacts of the No.
9711 typhoon, which passed through the Yangtze Delta in Aug. 1997.
The adjacent subaqueous delta rebounded to intensive net accretion
in 1997–2002, and this was probably because of the rapid recovery
from typhoon-induced erosion. Although the study area showed net
6

sediment accumulation during 1997–2013, the accretion mainly oc-
curred in 2002–2007 immediately after the construction of training
walls. As the morphological impacts of training walls on the local and
adjacent areas gradually diminished after 2007, erosion became domi-
nant (Fig. 3f, g) under low fluvial sediment supply (<150 Mt yr−1).
The overall erosion in the entire study area was unlikely to reflect a
short-term adjustment process.

Generally, progradation or regression of river deltas depends on the
sediment budget between the riverine supply and offshore dispersal
(Syvitski and Saito, 2007; Canestrelli et al., 2010). Previous studies
based on seismic profiles and sediment cores have demonstrated that
the Yangtzemouth bar and delta-front systemwas a sediment accumu-
lation area in the Holocene (Stanley and Chen, 1993; Liu et al., 2007). A
recent observation-based study byDeng et al. (2017) suggested that the
coastal currents passing through the Yangtze Delta are estimated to de-
liver approximately 270 Mt yr−1 of sediment southward, which was
much higher than the present SD. Tidal currents at the delta front pro-
duced higher bed shear stress during peak tidal phases than the critical
shear stress required for surficial sediment erosion, resulting in an erod-
ible seabed (Yang et al., 2017). The deposition flux decreased with de-
creasing suspended sediment concentration due to fluvial sediment
decline, and the deposition fluxwas lower than the erosion flux that ini-
tiated delta erosion. A recent study by Yang et al. (2020) also demon-
strated delta-front erosion in 2003–2013 in terms of cross-shore
elevation profiles and sediment budget in the Yangtze Delta, and they
found that eroded sediment from the delta front compensated the ef-
fects of fluvial sediment decline on salt marshes. Therefore, it can be
concluded that the primary cause of accretion-erosion conversion is
that fluvial sediment supplied to the mouth bar area decreased to
below the amount of sediment carried away by coastal currents. Erosion
of the major Yangtze mouth bar and prodelta seems to be an inevitable
tendency.

5.2. Interference of estuarine engineering projects

Large-scale estuarine engineering projects within the mouth bar
area, i.e. the DNCP, affectedmorphological changes in both local and ad-
jacent areas (Luan et al., 2016). Accretion within the groyne-sheltered
areas along both sides of the NP was clearly due to the construction of
the training walls, which induced a significant decrease in flow velocity
and subsequent sediment settling during 2002–2007 (Fig. 3e). After-
wards, accretion within all groyne-sheltered areas was significantly de-
creased or even vanished in some areas, as shown in the erosion/
deposition patterns in 2007–2010 and 2010–2013 (Fig. 3f, g). Therefore,
the accretion amount within the groyne-sheltered areas in 2002–2007
(94.1 Mm3 yr−1) is considered as the DNCP-induced (Fig. 5b). Mean-
while, intensive dredging activities induced−9.9 Mm3 yr−1 of erosion
in 2002–2007 and −43.0 Mm3 yr−1 of erosion in 2007–2010 along
the navigation channel (Fig. 5b).

The adjacent intertidal shoals and the subaqueous delta were also
heavily impacted by the DNCP. The nearest intertidal shoals to the train-
ing walls are the EHS and JS in the northern and southern sides, respec-
tively. Before 2002, most seaward parts of both the EHS and JS involved
erosion (Fig. 3d). During 2002–2007, the training walls were extended
to the present configuration and remarkable accretion occurred at the
EHS and JS (Fig. 3e). After 2007, both shoals converted back to
erosion-dominant (Fig. 3f). Continuous northward expanding of the JS
was also induced by the DNCP (Wei et al., 2016), which has already
been included in the groyne-sheltered areas. The retreat in the north
and progradation around the cusp of the ENM resulted from the
DNCP-induced increase in ebb flow intensity (Wei et al., 2017, 2019).
Previous studies by Zhu et al. (2016) revealed that the presence of the
training walls accelerated erosion at the southern subaqueous delta.
Therefore, morphological impacts of the DNCP on adjacent areas in
2002–2007 included the EHS, JS, ENM and adjacent subaqueous delta.
Quantification the DNCP-induced accretion/erosion refers to the
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difference of bathymetry changes with and without training walls.
Based on the above analysis of observed morphological changes, the
process-based numericalmodel (Delft3D)was applied to simulatemor-
phological changes of the Yangtze Estuary, and details of the model
setup have been described in our recent research (Luan et al., 2018). Ac-
cording to the model results for the Phase II of the DNCP (2002–2007),
the DNCP-induced accretion volumes at the EHS, JS and ENMwere cal-
culated as 25.7 Mm3 yr−1, 13.6 Mm3 yr−1 and 12.2 Mm3 yr−1, respec-
tively, and the DNCP-induced erosion volume at southern adjacent
subaqueous deltawas calculated as−20.7Mm3 yr−1 (Fig. 5b). Themor-
phological impact of the training walls constructed during the Phase I
(1997–2002) was simulated additionally. Model results showed that
the training walls mainly enhanced accretion in the entrance of the NP
and erosion in the entrance of the SP. The net volume differencewas cal-
culated as 19.9 Mm3 yr−1 (Fig. 5b).

One important issue for delta protection and restoration is to charac-
terize themorphological tipping points to avoid unfavorable changes in
advance (Renaud et al., 2013). Here, we estimate the critical SD of the
Yangtzemouth bar and prodelta to retain net accretion based on the re-
lationship between the net accumulation rate and the SD at Datong sta-
tion (the tidal limit). Considering the data in all study periods, a
logarithmic fitting line was produced (correlation coefficient R2 =
0.58), and the critical SD corresponding to neither accretion nor ero-
sion was ca. 218 Mt yr−1 (Fig. 6). If deducting the DNCP-induced ac-
cretion/erosion (including dredging) in 1997–2010 as calculated
above, the net accumulation rates of the entire study area in 1997–
2002, 2002–2007 and 2007–2010 would be changed to 94.7 Mm3

yr−1, 15.7 Mm3 yr−1 and − 157.4 Mm3 yr−1, respectively. Another
logarithmic fitting line with an R2 of 0.81 was derived using themod-
ified data (Fig. 6), and the critical SD was adjusted to ca. 234 Mt yr−1.
It is suggested that estuarine engineering projects increased the re-
sistance of the Yangtze mouth bar and prodelta against erosion
under fluvial sediment decline. Therefore, the interference of estua-
rine engineering projects on delta response to fluvial sediment de-
cline was quantified in terms of the occurrence time and the critical
SD of accretion-erosion conversion.
7

A series of land reclamation projects had been carried out at the ENM
and EHS since 1997 (Supplementary Fig. S2b, online). The accumulated
sediment in reclaimed intertidal areas was not considered due to a lack
of bathymetric data in these areas (Supplementary Fig. S3, online). Liu
and Cui (2019) calculated the total siltation volume at the ENM,
i.e., 60 Mm3 in 2002–2007 and 34.9 Mm3 in 2007–2013, and approxi-
mately 150 Mm3 of dredged sediment was used through pipelines for
the siltation promotion project in the EHS in 2007–2010. Besides, a
basic assumption of the above estimation is that fluvial sediment be-
haves as the major source for accretion of the Yangtze mouth area and
prodelta. However, based on a hydrodynamic modeling study, Zhu
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et al. (2016) indicated that the sediment required for the accretion in
the mouth bar area may partly originate from the offshore muddy
area. Luan et al. (2018) applied a process-based morphodynamic
model and further confirmed that the presence of training walls en-
hanced the sediment transport from the subaqueous delta to the NP. It
is suggested that the estimated critical SD could be even lower when
taking land reclamation and offshore sediment supply into account.

5.3. Overall accretion-erosion conversion in the subaqueous Yangtze Delta

Previous studies reported accretion-erosion conversion in other
areas of the subaqueous Yangtze delta. Specifically, accretion-erosion
has occurred in the inner Yangtze Estuary including the South Branch,
the South Channel and the upper North Channel (Luan et al., 2016), in
the delta front out of the North Channel, North Passage and South
Passage (Yang et al., 2011), in the North Branch and adjacent continen-
tal shelf (Dai et al., 2016; Luo et al., 2017; Yang et al., 2020), in the outer
margin of the subaqueous Yangtze Delta (Luo et al., 2012), and in the
southern area off the South Passage and the northern Hangzhou Bay
(Yang et al., 2018b). Together with our findings from the mouth bar
areas of the North Channel, North Passage and South Passage (Fig. 5),
we conclude that overall accretion-erosion conversion has occurred in
the subaqueous delta in response to fluvial sediment decline. Our con-
clusion is supported by observations that in recent years the amount
of sediment transport away from the subaqueous Yangtze Delta by
longshore currents (ca. 270 Mt yr−1) was much greater than the sedi-
ment discharge from the Yangtze River (<150 Mt yr−1) (Deng et al.,
2017; Jia et al., 2018).

5.4. Causes of later accretion-erosion conversion in themouth bar area than
in other portions of the delta

Accretion-erosion conversion firstly occurred in the inner estuary in
the 1980s (Luan et al., 2016), followed by the outer subaqueous delta off
the North Branch since 1997 (Luo et al., 2017) and the delta front out of
the North Channel, North Passage and South Passage around the year
2000 (Yang et al., 2011). This study has demonstrated that the mouth
bar area converted fromnet accretion to net erosion after 2007. It is sug-
gested that the sensitivity of the Yangtze Delta to fluvial sediment de-
cline varies from the upstream to the outer delta. The lowest
sensitivity of the mouth bar area to fluvial sediment decline among
the entire delta is primarily determined by its intrinsic characteristics
as a sediment accumulating site. Generally, a mouth bar area is located
in the transition zone from fluvial-dominance to marine-dominance
and from predominantly confined channels to receiving open waters.
The expansion of flow and decrease in jet momentum flux lead to the
deposition of sediment-laden channelized flow and consequently the
formation of mouth bars (Wright and Coleman, 1974; Edmonds and
Slingerland, 2007). Sediment trapping due to gravitational circulation,
sediment resuspension, stratification-induced turbulence suppression
and associated processes occur at themouth area, forming the estuarine
turbidity maxima (Jay and Musiak, 1994; Liu et al., 2010). The morpho-
logical pattern of the YangtzeDelta under decreasing sediment supply is
representative of other marine-influenced river deltas. If the river-tidal
dynamics and sediment properties of a deltaic system is similar to those
of the Yangtze Delta, accretion-erosion conversion is most likely to
occur in the inner tidal channel, the outer subaqueous delta and the
mouth bar area in sequence.

5.5. Implication for future evolution trends and delta management

The morphological evolution of the Yangtze Delta has been influ-
enced by both fluvial sediment decline and estuarine engineering pro-
jects, particularly since 1997. On the one hand, the Yangtze Delta
showed a rapid morphological response to estuarine engineering pro-
jects (Dai et al., 2013; Luan et al., 2016; Wei et al., 2017). Most of the
8

groyne-sheltered areas have accreted at bed-levels above the theoreti-
cal lowest-tide datum, and the highest bed-level even exceeds the
mean sea level. The remaining space for sediment deposition is becom-
ing limited, suggesting that the morphological response to training
walls is approaching equilibrium. With new land reclamation projects
being implemented at the EHS and ENM in the future, sediment from
the mouth bar area and subaqueous delta is likely to be continuously
used for the creation of new land through further erosion. On the
other hand, the decreasing SD has successively induced the erosion of
the inner estuary (Luan et al., 2016), the subaqueous delta (Yang et al.,
2011) and the mouth bar area (this study). Considering the integrated
effects of the TGD, the Cascade Reservoirs in the upper Yangtze River
Basin (Fig. 1a), the South-to North Water Diversion project and the riv-
erbed erosion of the lower Yangtze River, the SD may further decrease
to ~110 Mt yr−1 in future decades (Yang et al., 2014). Yang et al.
(2017) found that the uppermost 10–20 m of deposits in the subaque-
ous delta are relatively homogenous with nearly constant critical bed
shear stress for erosion, and that these deposits can be erodible under
peak tidal flows. The present study indicates that the largest erosion
thickness of the mouth bar area and subaqueous delta is only ~2 m.
Therefore, erosion of the Yangtze Delta, especially the subaqueous
muddy area, is likely to continue in the coming decades until a dynamic
equilibrium is reached. The erosion limit and timescale for approaching
equilibrium are determined by the balance between the decreasing ero-
sional ability of tidal currents due to continuous deepening and the in-
creasing anti-erosional ability of the seabed due to armoring and
sediment consolidation. Protection and sustainable management of
the Yangtze Delta call for close attention to the threat posed by delta
erosion to the safety of engineering facilities and ecosystems, as well
as adaptive strategies.

6. Conclusions

Themajor Yangtzemouth bar and prodelta have converted from net
accretion to net erosion since 2007 in response to fluvial sediment de-
cline. Strong accretion (205.1 Mm3 yr−1) occurred in 1958–1978
under a high sediment load (465 Mt yr−1). Along with the decrease in
SD after 1978, the accumulation rate decreased to 31.9 Mm3 yr−1 in
1978–1997 and then increased to 114.6 Mm3 yr−1 in 1997–2002 and
130.8 Mm3 yr−1 in 2002–2007. Under a low sediment supply (<150
Mt yr−1), net erosion was initiated after 2007 with an accumulation
rate of −200.4 Mm3 yr−1 in 2007–2010 and −200.4 Mm3 yr−1 in
2010–2013. Themouth bar area showed a gradual decrease in the accu-
mulation rate during 1958–2002. Only 0.5 Mm3 yr−1 of sediment was
accumulated in 1997–2002, implying that the mouth bar area was
close to the tipping point. However, the mouth bar area rebounded to
strong accretion (171.0 Mm3 yr−1) in 2002–2007, which was also the
main contributor to high accretion in the entire study area. Over 95%
of the accretion occurred within the groyne-sheltered areas and at the
EHS due to the construction of the training walls along the NP. The
mouth bar area converted to net erosion after 2007, and the net accu-
mulation rates were−139.9 Mm3 yr−1 in 2007–2010 and −64.0 Mm3

yr−1 in 2010–2013. Stronger erosion in the former period can be partly
explained by intensive dredging (−43.0 Mm3 yr−1) along the naviga-
tion channel. Based on the relationship between the net accumulation
rates and the SD at Datong station, a critical SD to retain net accretion
in the Yangtze mouth bar and prodelta was estimated to be ca. 218 Mt
yr−1. Deducing the morphological impacts of estuarine engineering
projects, the critical SD was adjusted to ca. 234 Mt yr−1. To synthesize
the observed patterns of morphological evolution from the inner estu-
ary to the outer subaqueous delta, it can be inferred that most portion
of the subaqueous delta has most likely experienced accretion-erosion
conversion. Themouth bar area showed the lowest sensitivity to fluvial
sediment decline among portions of the delta due to its intrinsic charac-
teristics as a sediment accumulating site. With a likely further decrease
in SD and new land reclamation projects planned within the mouth bar
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area, delta erosion is likely to continue in the future. Adaptive strategies
to counter these threats to estuarine ecosystems and engineering facil-
ities are thus urgently needed for delta sustainability.
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