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Tidal flats provide essential ecosystem services but are increasingly threatened by reduced sediment supply and
human activities, requiring close monitoring and understandings in estuaries. We focus on the four tidal flats
with a total area of 1800 km? in the Yangtze Estuary and systematically evaluate their morphodynamic evolution
based on consistent bathymetry data over 60 years (1958-2022). While fluvial sediment supply has declined
since the mid-1980s, all four tidal flats in the estuary sustained accretion until 2010, demonstrating a lag of
20-30 years in estuarine morphological response to sediment decline. However, note that accretion primarily
occurs on higher parts of the shoals, whereas erosion dominates in the subtidal zones. This is mainly attributed to
the combined impact of saltmarsh expansions, reclamation, and channel scour and dredging. It suggests that part
of the eroded sediment from channels deposits on adjacent shoals, leading to a regional sediment budget balance,
particularly in the central channel-shoal complex with the navigation channel. Moreover, the initiative of
removing Spartina from the shoals, a fast-spreading invasive species that benefits shoal accretion but not native
species, might disrupt the ongoing accretion of high shoals and induce overwhelming erosion and sediment loss.
One management strategy to counteract these impacts and restore tidal flats is to make beneficial use of the
dredged and trapped sediment from the North Passage, an annual amount of approximately 50 million mS, to the
adjacent shoals, though how to sustainably manage the sediments remains another concern.

1. Introduction

Tidal flats are valuable ecosystems that offer essential services for
habitats and humans worldwide. These ecosystems are facing significant
threats due to climate change and human interventions such as coastal
development (Syvitski et al., 2022; Edmonds et al., 2023), reduced
fluvial sediment fluxes (Besset et al., 2019; Dethier et al., 2022), and
sea-level rise (Nienhuis et al., 2023). Approximately 16 % of global tidal
flats were lost between 1984 and 2016 (Murray et al., 2019). However,
tidal flat evolution exhibits strong spatial and temporal variations
depending on their hydrodynamic forcing (de Vet et al., 2017; M. Zhang
et al., 2021) and sediment supply (Gao, 2007; van Maren et al., 2013;
Grandjean et al., 2024). Quantifying tidal flat evolution and in-depth

understanding of the driving mechanisms are critical for addressing
the effects of global change and restoring wetland ecosystems, thereby
promoting sustainable coastal management.

The Yangtze Estuary is the mouth of the Yangtze River meeting the
East China Sea, hosting megacities like Shanghai. It is characterized by
large tidal flat systems in the mouth zone, the largest being eastern
Chongming flat (CM), Hengsha shoal (HS), Jiuduan shoal (JD), and
Nanhui flat (NH), with a total area of approximately 1800 km? (Fig. 1b).
Herein ‘shoals’ are submerged or partially submerged long and narrow
ridges that have not (yet) developed into full grown islands; ‘tidal flats’
are low-lying coastal areas exposed at low tide and flooded at high tide
attached to the main land or a large island. In this study, CM and NH are
therefore referred to as tidal flats and HS and JD are called shoals. These
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shoals (and the estuary as a whole) used to develop over the past hun-
dreds to thousand years in response to large river discharge events and
fluvial sediment supply (~0.5 Gt yr 1) (Chen et al., 1985; Guo et al.,
2021). Dramatic changes occurred in the past decades predominantly
due to increasing human activities. The fluvial sediment supply has
decreased by 75 % since the mid-1980s, to 124 Mt yr~ during 2003 and
2024 (Fig. 1a), due to >50,000 dams, particularly the Three Gorges Dam
operation since 2003 (Yang et al., 2011).

The response of these shoals to reduced fluvial sediment supply in
the Yangtze Estuary has been studied on a range of spatial scales as part
of previous work. Wu et al. (2024a) used remote sensing to monitor the
long-term areal developments of tidal flats, while Wang et al. (2021)
explained the increase in tidal flat areas by an increase in saltmarsh area
due to reduced human activities and increased conservation and resto-
ration efforts. The evolution of shoals in the Yangtze Estuary has been
extensively addressed on a local level based on bathymetric data, e.g.,
NH (Wei et al., 2017),JD (Li et al., 2016), HS (Yang et al., 2022), and CM
(Xie et al., 2018) but also on an aggregated level accounting for the
entire channel-shoal complex (Wei et al., 2015; Zhu et al., 2019). For
instance, the NH’s morphological changes were characterized by three
stages of accretion with tidal channels developed during 2008-2013,
which is attributed to fluctuating river discharge and cyclically altered
hydrodynamics of the South Passage (SP) (Wei et al., 2017). The JD
maintained a rapid or even accelerated area growth rate under reduced
sediment supply due to sediment coarsening, sediment replenishment,
saltmarsh growth etc. (X. Zhang et al., 2021). The HS shifted from
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horizontal expansion to vertical accretion during 1958-2019, domi-
nated by adjacent large engineering works (Yang et al., 2022). The CM
showed a decreased bed level change after embankment construction
during 2012-2016; however, the sediment concentration was
increasing, promoting CM accretion (Xie et al., 2018). These studies
have indicated that although they are all largely accretionary, the in-
dividual shoals all develop differently, likely resulting from different
hydrodynamics and local human interventions.

However, morphodynamic systems are coupled on various spatial
scales, and understanding the response of morphological systems to
human interventions requires an analysis on the appropriate spatial
scale (Wang et al., 2015). For the Yangtze, this implies that the dynamics
of a channel is coupled to its adjacent shoals, meaning that volumetric
changes should not be evaluated over only an individual shoal or
channel or aggregated to the channels and shoals in the whole mouth
area, but over coupled channels-shoals (see also Mariotti and Fagher-
azzi, 2012; Lenstra et al., 2019; Zhou et al., 2021; Zhu et al., 2025). For
instance, erosion and deposition vary strongly over depth (Zhu et al.,
2019) in response to channel deepening, particularly the deepening of
the North Passage (NP) in-between HS and JD due to the Deep Channel
Navigation Project (DCNP). The DCNP implemented during 1997-2010
includes channel deepening from 6-7 m-12.5 m, two ~50 km long
jetties, 19 groins, and a sediment barrier near the lower southern jetty
(see Fig. 1b). Such deepening works should be evaluated on the scale of
the NP including its adjacent shoals, but analyses on this particular
spatial scale do not yet exist in the Yangtze Estuary (concentrating on
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individual morphological units or the entire mouth area). Superimposed
on these channel-shoal interactions is the large-scale morphological
evolution of the estuary, tending to develop in the southward direction
while maintaining its branching network (Chen et al., 1985; Zhu et al.,
2025). This large-scale development is likely strongly influenced by the
smaller-scale development of the channel-shoal complexes (in response
to human interventions). Volumetric analyses covering these spatial
scales and relationships have not yet been executed even though they
are crucial for sustainable long-term estuarine management.

In this study, we therefore aim to systematically evaluate the evo-
lution of four large-scale shoals in the mouth zone (i.e., CM, HS, JD, and
NH) individually and jointly, and associate their evolution with ongoing
channel development under reduced sediment supply and human ac-
tivities in the bifurcated system. In combination with bathymetric data
and remote sensing data, we quantify the sediment resources in the
mouth zone to guide sustainable tidal flat management.

2. Data and methods
2.1. Bathymetry data

We collected bathymetry maps during 1958-2022, i.e., in 1958,
1978, 1986, 1997, 2002, 2010, 2013, 2016, 2019, and 2022. The
bathymetric data from 1958 to 1997 were digitized from marine charts.
The marine charts were digitized into depth points using the ArcGIS and
Surfer software packages. The bathymetric data after 1997 were
measured with echo sounders. The data were georeferenced using fixed
landmarks that had related errors smaller than 0.01 ¢cm, and then all the
digitized data were transferred from their original projections into ‘WGS
1984 UTM Zone 51N’ using ‘Projections and Transformations’ in ArcGIS
software. The depth points were interpolated to a digital elevation
model (DEM) with a uniform 200 x 200 m grid resolution using kriging
techniques. All bathymetric data derived from marine charts and
sounding measurements were converted to theoretical lowest water
level (TLWL). The difference between the TLWL and the mean water
level decreases in the landward direction due to the landward
decreasing tidal range. All depths used in this study (if not otherwise
specified) are positive downward and relative to TLWL.

Based on the DEMs in different years, we can identify the changes in
profiles and hypsometry. Hypsometry provides areal changes over a
continuum of depth classes or isobaths. In the channel, the areal changes
refer to the water surface, whereas on the shoals, the areal changes refer
to the land surface. The difference between the hypsometry curves arises
because of the erosion and deposition in the channels and shoals due to
the geomorphic processes and/or human activities. Based on the DEMs
of difference (DoD) method (Williams, 2012), which can be created by
subtracting one elevation model from another, we can interpret the
erosion and deposition pattern (difference of the water depth between
DEMs in a period), channel or shoal volumes (sum of the water depth
multiplied by the uniform grid cell areas), and net annual volumetric
changes (sum of the difference of the water depth multiplied by the
uniform grid cell areas divided by the number of years in a period).

The total errors of the bathymetric data come from stochastic errors
due to individual data outliers, systematic errors introduced by the
measuring instruments, and variable systematic errors consisting of user
errors in measuring and handling the data (Colina Alonso et al., 2021;
Elias et al., 2023). In this study, the marine charts from 1958 to 1997
record historical measurements with an accuracy of +0.2 m. The echo
sounders measuring bathymetry after 1997 have a vertical accuracy of
+0.1 m. The sounding positions, recorded by a theodolite for the 1958
and 1978 charts and a GPS (Trimble Navigation Limited, California,
USA) for the remaining years, caused errors of 50 and < 1 m, respec-
tively. The scales of the maps are 1:50,000 in 1978, 1986, and 1997 and
1:25,000 for the remaining maps, corresponding to a horizontal accu-
racy of 5 m and 2.5 m, respectively. The morphological units in this
study are >50 km in horizontal dimension, and therefore a slight shift in
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the position of their boundaries, or shifts of the positions of the channels
and shoals, is acceptable for the volume calculations. To enable reliable
estimates of sedimentation-erosion trends and volume changes, we have
also inspected the data in detail manually. Overall, the data accuracy is
acceptable for calculation of accretion and erosion volumes on decadal
time scales (especially given the relatively large volume changes).

2.2. Satellite-derived data

We obtain changes in bare flats and saltmarshes (including Phrag-
mites australis, Scirpus mariqueter, Spartina alterniflora) from the dataset
of land use changes during 1990-2020, which is the same dataset
published earlier (Wu et al., 2024a). This dataset was generated using a
phenology-based algorithm applied to Landsat time-series imagery and
has a spatial resolution of 30 m and a temporal resolution of 2 years, and
was robustly validated over the period 1990 to 2020. Specifically, they
employed a rapid classification method, COLD-MC, to track land use
change in the Yangtze Estuary. This method was implemented based on
dense Landsat time-series imagery from 1990 to 2020. The approach
integrates the Continuous Monitoring of Land Disturbance (COLD) al-
gorithm to construct pixel-level time-series models and detect land cover
changes with the Median Composite (MC) method to generate annual
synthetic images that reduce noise from tidal turbidity. The temporal
and spectral features were subsequently integrated and classified
through the implementation of the Random Forest algorithm on the
Google Earth Engine platform. This approach enabled the generation of
high-accuracy land use change maps over the 30-year period.

Reclamation is quantified based on coastline changes using satellite
images from 1990 to 2020 with an interval of 5 years. The coastline
changes are detected using satellite images acquired during high tide
with visual interpretation.

3. Results
3.1. Overall channel and shoal evolution

In the past 64 years, the channels have especially deepened and
narrowed in the period of 2010-2022 compared to that of 1958-2002
(Fig. 2). Specifically, the width of the SP is reduced by 3.96 km on
average after 2010, and the maximum reduction is 8.80 km in the
middle segment of the channel (Fig. 2a). The averaged depth is 0.78 m
deeper during 2010-2022 than that during 1958-2002, and the
maximum depth increased by 2.09 m in the upper segment of the
channel (Fig. 2d). The NP is strongly engineered, as the DCNP deepened
and narrowed the navigation channel during 1997-2010. Consequently,
the NP was narrowed by 4.76 km on average and up to 12.11 km
(Fig. 2b), whereas it was deepened by 1.26 m on average and up to 4.4 m
(Fig. 2e) in the longitudinal direction. The channel deepening and nar-
rowing in the lower NC mainly occur near the landward limit of HS, with
the maximum width reduction and depth increase of 7.88 km and 1.73
m, respectively (Fig. 2¢ and f). Overall, the SP, NP, and lower NC are
narrowed by 47 %, 116 %, and 59 %, respectively, and deepened by 42
%, 125 %, and 43 %, respectively, in the period of 2010-2022 compared
to that of 1958-2002. Therefore, among the three bifurcated channels,
the strongest narrowing and deepening occur in the navigation channel.

The four large shoals in the mouth zone sustained accretion until
2010, although the fluvial sediment supply has decreased since the mid-
1980s, suggesting a morphological response time lag of 20-30 years
(Fig. 3). The CM, HS, and NH accreted until 2010 (CM, HS) or 2013
(NH), followed by erosion; present-day erosion rates are larger than
historic sedimentation rates. At JD, the accretion rate rapidly decreased
after 2010. Specifically, the growing rates of CM and HS are 16 million
m® yr~! and 8 million m® yr~!, respectively followed by an erosion rate
of 19 million m® yr! and 11 million m® yr™! during 2010-2022,
respectively (Fig. 3a and b). The JD has been growing since 1958 with an
accretion rate of 20 million m® yr~! during 1958-2010 and a slower
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accretion rate of 10 million m® yr~! during 2010-2022 (Fig. 3¢). The NH
accreted at a rate of 16 million m® yr ! during 1986-2013, followed by a
severe erosion rate of 68 million m> yr*1 during 2013-2022 (Fig. 3d).
Therefore, the JD is the only shoal that still maintains accretion in sand
volume while the other three are eroded. Overall, the four large-scale
shoals have gained sediment of 2777 million m® during 1958-2010,
with an accretion rate of 53.4 million m® yr~!, and lost sediment of 1778
million m® during 2010-2022, with an erosion rate of 148.2 million m®
yr~ L. It suggests that the four shoals are losing sediment at a much larger
rate than they were accreted and built up.

Compared to the entire shoal evolution, the supratidal and intertidal

flats are strongly influenced by reclamation and saltmarsh changes
(Fig. 4). In the CM, reclamation mainly occurred during 1991-1992,
1998-2000, and 2012-2014 with increased reclaimed areas of 43 km?,
24 km?, 15 km?, respectively (Fig. 4a). The saltmarsh area decreased
from 66 km? to 24 km? by 64 % from 1991 to 2020, and the dominant
species changed from S. mariqueter to P. australis. The bare flat areas
show a decreasing trend before 2010 and an increasing trend afterwards,
followed by a slight decrease in recent years. Although HS is mainly
under water, its landward part was reclaimed with an area of 105.3 km?
during 2003-2020 (Fig. 4b). Saltmarshes are only limitedly occupied on
HS, with the largest area of 17 km? in 2020. The bare flat area decreased
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except for an increase during 2010-2012. In the JD, saltmarsh kept
developing with a stable increasing rate of nearly 4 km? yr—! from 1996
to 2020, and the dominant species changed from S. mariqueter to
S. alterniflora (Fig. 4c). The bare flat areas remained relatively un-
changed during 2000-2008 and decreased during 2012-2020. In the
NH, reclamation was most pronounced with an increased area reaching
~200 km? (Fig. 4d). Both the areas of saltmarsh and bare flat was
strongly decreased from the late 1990s to 2010 and then strongly
increased during 2010-2016. During 2016-2020, the saltmarsh area

was increased by 48 km? whereas the bare flat area was decreased by 38
km?. Overall, three of four shoals, i.e., CM, landward HS, and NH, are
affected by reclamation, with land created by 93 km?, 108 km?, and 200
km?, respectively since 1991. Saltmarshes develop on the CM, landward
HS, JD, and NH, but the expansion of saltmarshes differs, and the
dominant species changed particularly on CM and JD. The bare flat areas
of four shoals have decreased in recent years and the decreasing trend
even lasts for a longer period on CM and HS.
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3.2. Changes in longitudinal and lateral profiles

We interpret changes in longitudinal profiles along the thalweg in
channels, cross-shore profiles perpendicular to isobaths on shoals, and
lateral profiles mostly keeping perpendicular to the longitudinal profiles
and covering all the channels and shoals (Fig. 5). The P1 transect shows
the alternate channel-shoal structure in the longitudinal direction
(Fig. 5a). The first 12 km from the south reflects the reclaimed processes
in the NH, resulting in a milder lateral slope (~1/2000) compared to the
other shoals. The SP is asymmetrically developed with significant
bathymetric changes in the north side. The JD underwent pronounced
deposition on both the north and south sides before 1997. Deposition
has been enhanced on the northern JD since 1997, whereas erosion takes
place in its south. The NP is developing towards a ‘V’-shaped channel
with deepening and narrowing. Severe erosion is observed in the
northern NP or southern HS, and the slope remains steep (~1/300) after
1958. In contrast to the symmetric-to-asymmetric development in the
JD, the HS is shifted from asymmetric to symmetric development as the
historical northward elevation is strongly eroding. This erosion in the
northern HS corresponds to the widening of the lower NC. The offshore
of the eastern CM shows the lowest elevation, although accretion is
enhanced until 2016. It is worthy to note that the slope of the northern
CM becomes much steeper after 2010.

The bed profiles of the three main channels (P2-P4) illustrate the
mouth bar evolution (Fig. 5b—d). In 1958, the minimum channel depths
were approximately 5 m in the SP and NP and 4 m in the lower NC. The
shallow parts occupied 40 km, 10 km, and 5 km in the SP, NP, and lower
NG, respectively. During 1958-1997, the SP and NP experienced erosion
whereas the NC accreted in the upstream and downstream sides of its
mouth bar and the mouth bar was eroded. During 1997-2010, when the
DCNP was implemented, the NP was deepened to 12.5 m (Fig. 5¢). At the
same time, the SP and lower NC eroded in their upstream reaches and
accreted in the downstream reaches. During 2010-2022, the SP suffered
continuous erosion, and the mouth bar became smaller, whereas the
lower NC experienced erosion in its middle part. Overall, in the past 64
years, the mouth bar was removed in the NP because of erosion and
dredging. Both the mouth bars in the SP and lower NC migrated
seaward.

The shoal profiles (P5-P8) vary in shape and slope (Fig. 5e-h). The
landward parts of the NH and CM were reclaimed successively in the
recent decades. The NH is linearly shaped and developed under water
(Fig. 5e). Since 1958, the slope of the NH has become steeper, from 1/
4400 during 1958-1997 to 1/3000 in 2010. After 2016, the erosion at
higher elevations leads to a milder slope in 2022. The JD shows a more
convex-up shape before 2010 and becomes more linearly sloped after
2010 because of the siltation at middle to high elevations (Fig. 5f). The
HS profile is relatively concave-up before 1997 and becomes more
convex-up with more deposition at higher elevations after 2010
(Fig. 5g). Moreover, the HS is developed with a seaward advance,
particularly during 1958-2010. During 2010-2022, the deposition
mainly occurred at depths of 1-4 m of the HS, and the bed profile slope
became steeper. Similar to the HS, the CM profile changed from a
concave-up shape during 1958-1997 to a convex-up shape during
2010-2022 (Fig. 5h). The CM also developed a tidal channel, and the
progradation is accompanied by a steeper slope at the edge.

3.3. Changes in hypsometry curves

The hypsometry curves provide areal changes over different depths,
whereas the surface change is defined as the percentage of the surface
area changes relative to its maximum during a period, implying the
strength of vertical erosion and deposition (Fig. 6). For channels, the
larger the surface area (water surface), the stronger the erosion. In the
lower NC, the channel surface area was increasing at depths shallower
than 5 m from 1958 to 2010, and the slope of the hypsometry curve is
strongly increased, i.e., from a slope of 1/16 m/km? to nearly vertical
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lines (Fig. 6a). This indicates severe erosion in the shallow water in the
lower NC, and the maximum erosion occurs at 5 m with the surface area
reduced by 22 %. In deep water during 1958-2010, the lower NC was
accreting with the surface area increased by a maximum of 70 % at 12 m.
The erosion and accretion in the SP do not show a clear transition over
depth, with a pronounced eroding effect between 7 m and 10 m and an
accreting effect at depths deeper than 10 m. The largest increase in
surface area is by 62 % at 9 m. After 2010, erosion dominates in deeper
water in both the lower NC and SP, and the surface area is increased by a
maximum of ~25 % at 10 m (2016-2022) and ~40 % at 10 m
(2010-2016), respectively (Fig. 6a and c). In contrast, the NP is depo-
sitional at shallow water and erosional at deep water with the inflection
depth of ~6 m since 1958 (Fig. 6b). The maximum deposition and
erosion occurred during 1958-2010, with the surface area decreased by
22 % at 4 m and increased by 87 % at 11 m, respectively.

For shoals, the larger the surface area (land surface), the stronger the
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accretion. From 1958 to 2010, the CM accreted at depths shallower than
6.5 m and eroded in deeper water (Fig. 6d), whereas the NH eroded at
depths shallower than 0.5 m and accreted in deeper water (Fig. 6g). Note
that the changes in surface area at 2 m above TLWL in NH reach 100 %,
which is caused by the much smaller surface area with a magnitude of
~0.1 km? On the other hand, both HS and JD were accreting at all
depths with an increase in surface area of 70 km? and 106 km? on
average during 1958-2010, respectively (Fig. 6e and f). During
2010-2016, HS, JD, and NH accreted on higher shoals and eroded on
lower shoals with the inflection depths of 2 m, 0 m, and 0.5 m, and the
reduced surface areas were maximum of 10 % at 4 m, 4 % at 1-5 m, and
13 % at 1-4 m, respectively. After 2016, most shoals were eroding
except for the shallower area of the JD (Fig. 6f). Most pronounced
erosion occurred on higher HS and depths of 1-2 m of NH, corre-
sponding to a reduction in surface area of 84 % and 71 %, respectively.

3.4. Changes in net erosion and deposition

The net erosion and deposition in the mouth zone is indicated in the
periods of 1958-1997, 1997-2010, 2010-2016, and 2016-2022 (Fig. 7).
During 1958-1997, only CM was reclaimed with an area of ~44 km? and
the mouth zone was naturally developed with an overall sedimentation
(Fig. 7a). The bed level change rate in the mouth zone ranges between
—0.51 and 0.32 m yr~ ! with an averaged value of 0.02 m yr . The 10 m
isobath migrated approximately 5 km seaward. In the period
1997-2010, the TGD started operation (in 2003) and the DCNP was
implemented in the NP (from 1997 to 2010). Reclamation took place on
CM, HS, and NH whereas S. alterniflora and P. australis were artificially
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introduced to JD in 1997 (Fig. 7b). In this period, accretion still domi-
nated, but the maximum erosion and sedimentation rates were stronger
(bed level change rate of —0.71~0.69 m yr ') than in the period of
1958-1997. Erosion mainly occurred in deep channels (particularly in
the NP due to dredging) and seaward of the jetties. During 2010-2016,
the bed level change rate was —2.02~1.53 m yr~! with an averaged rate
of —0.05 m yr~! in the mouth zone. Erosion mainly occurred around the
10 m isobath (Fig. 7c). During 2016-2022, a sediment barrier was
constructed in the southern jetty in the lower NP to block sediment
exchange between NP and JD (Fig. 7d). The bed level change rate was
—1.83~1.54 m yr ! with an averaged rate of —0.03 m yr! in the mouth
zone where erosion was stronger in the north than in the south.

The net erosion and deposition in the channels, delta front, and
shoals as well as channel-shoal complexes are expressed as annual
volumetric changes in Fig. 8. In the channels and on the delta front,
except for the strongly engineered NP, alternative erosion and deposi-
tion took place before 1997 followed by an increasing erosion until
2013-2016. After this period, erosion rates decline and may even revert
to deposition (e.g., NC, Fig. 8a). Moreover, net erosion in the delta front
is an order of magnitude larger than that in the main channels (Fig. 8d).
The NP experienced severe deposition until 2013, followed by a shift to
slight erosion and severe accretion during 2016-2019 (Fig. 8b). The CM
and NH shifted from accretion to erosion in 2013 which is later than the
transition time occurred in the channels, reaching to a maximum net
erosion of nearly 100 Mm? yr~! during 2019-2022 (Fig. 8e and h). The
HS shifted from accretion to erosion in 2010 (Fig. 8g), whereas the JD
experienced a continuous accretion except for a slight erosion during
2010-2016 (Fig. 8f). The overall evolution of the HS and JD shows the
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flat (CM, IV), see Fig. 4.
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opposite trend: 1) the accretion before 2010 is enhanced in the HS but
weakened in the JD and 2) the maximum erosion in the HS occurred
during 2016-2019 when the maximum accretion occurred in the JD.
Although these volumetric change per channel or shoal seems to reveal
trends, they also show a large amount of variability. Therefore, these
volumetric changes are subsequently evaluated over the channel-shoal
complexes.

The volumetric changes of the northern complex (CM-NC-HS), cen-
tral complex (HS-NP-JD) and southern complex (JD-SP-NH) show much
clearer patterns (Fig. 8i-k). For all the complexes, the net accretion
maintained relatively stable at ~50 Mm? yr~! in 1958-2010 with the
weakest accretion occurring during 1978-1986. After 2010, the north-
ern and southern complexes keep losing sediment and the maximum net
erosion reaches over 100 Mm® yr~! in recent years (Fig. 8i and k). The
erosion in the CM and NH dominates for the northern and southern
complex, respectively. On the other hand, the sediment was nearly
balanced in the central complex with a slight erosional rate of 6 Mm®>
yr~! during 2010-2022 although strong erosion and accretion took
place in the HS and JD, respectively during 2016-2019 (Fig. 8j).

4. Discussion

Our data reveal spatial patterns and temporal sediment volume
changes in the mouth zone of the Yangtze Estuary. These patterns sug-
gest spatial dependencies between the shoals and the channels which
will be explored in detail in the following section. We will also relate
temporal changes (notably the gradual decline in sedimentation rates) to
local human interventions, a decline in (upstream) sediment supply, and
to saltmarsh changes (especially the role of invasive species).

4.1. A sediment budget balance due to sediment exchanges

The shoal evolution is closely associated with channel evolution

because of water and sediment exchange processes. All the channels in
the mouth zone have been deepened and narrowed over the past 60
years (see Fig. 2). Many studies have discussed the positive feedback in
sediment trapping and therefore high siltation due to deepening and
narrowing in the Ems, Elbe, and Loire estuaries in Europe (Winterwerp
and Wang, 2013; Winterwerp et al., 2013; de Jonge et al., 2014; van
Maren et al., 2015). These studies reveal that channel deepening leads to
tidal deformation with enhanced flood asymmetry favoring fine sedi-
ment import resulting in increasing sediment concentrations. The higher
sediment concentration reduces the effective hydraulic drag, which in
turn further strengthens tidal amplification and therefore increases
suspended sediment concentrations. Similar effects of amplified tidal
ranges due to channel deepening are also observed in the Hudson River
estuary (Ralston et al., 2019), Gironde estuary (Jalon-Rojas et al., 2018)
- see also Talke and Jay (2020) for their review on tidal changes. In the
NP of the Yangtze Estuary, this positive feedback effect has also been
identified with evidence of enhanced stratification, reduced hydraulic
drag, and increased near-bed sediment concentrations after channel
deepening and narrowing (Lin et al., 2021, 2025). Moreover, the high
near-bed sediment concentration induces significant sediment-induced
stratification which interacts with salinity-induced density stratifica-
tion, further promoting high sediment concentration in the bottom
layers of the water column (Zhu et al., 2021, 2022). Consequently,
strong siltation occurred in the NP with high near-bed sediment con-
centrations of ~40 kg m~3. Although deepening is most pronounced in
the NP, the lower NC and SP are also deepened due to erosion (by
approximately 40 %). But even after deepening the residual flow and
sediment transport in the lower NC remains seaward, while the residual
flow and sediment transport in the SP is only landward at neap tides
(Zhou et al., 2025).

Note that the channels have been eroding since 1997, before the
shoals started eroding. Except for the effect of dredging activities in the
NP, this is also because the sediments trapped in the channels provide
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sediment to the shoals due to sediment exchanges. Based on the satellite-
derived surface sediment concentration published earlier (Luo et al.,
2022), we find that the difference in surface sediment concentration
between channels and shoals becomes smaller, even shifting to a regime
with higher sediment concentration on shoals (Fig. 9). This new regime
implies stronger sediment exchanges in the channel-shoal complexes
under reduced sediment supply, likely caused by stronger tides and
flood-directed flows which enhance channel-to-shoal sediment transport
during flood and high water slack tide (Mariotti and Fagherazzi, 2012;
Zhou et al., 2021).

Particularly in the central channel-shoal complex HS-NP-JD, the
jetties in the NP have blocked the inter-channel exchanges and signifi-
cantly altered the residual circulations (Zhu et al., 2018; Chen et al.,
2020). Moreover, the elevated jetties play an important role in shifting
from benefiting the northern shoal (HS) to promoting the southern shoal
(JD) due to the clockwise residual horizontal circulation of sediment
transport (Zhu et al., 2025). Therefore, the siltation in the navigation
channel mainly benefits the long-term accretion of the JD rather than
the other shoals. More importantly, the sediment exchanges between the
navigation channel (NP) and the adjacent shoals lead to the sediment
budget nearly balanced during 2010-2020.

4.2. Effect of land reclamation and saltmarshes

Land reclamation took place on CM, landward HS, and JD (see Figs. 4
and 7). The effect of reclamation on erosion in coastal environments is
not straightforward, depending on the location of reclamation, hydro-
dynamic impacts, and sediment availability (van Maren et al., 2025).
Specifically, land reclamation along estuarine channels usually often
leads to tidal amplification, while reclamation in the upstream reaches
decreases the tidal prism, promoting sedimentation; land reclamation in
the places close to the estuary mouth and coasts reduces channel width,
leading to an increase in flow velocities and probably triggering channel
erosion. These different effects become complicated when tides are
amplified as a large tidal range imports higher sediment while the in-
crease in tidal flow velocity enhances bottom shear stress and reduces
deposition (Fagherazzi and Priestas, 2010). Similar changes and feed-
back impact occurred in the Yangtze Estuary due to channel deepening
(see section 4.1). However, regardless of the effect of land reclamation
on erosion or sedimentation, it breaks the equilibrium profile of the
shoals. For instance, the area above 0 m is growing rapidly, while the
area shallower than 2 m is growing slowly, and the area shallower than
5 m is showing a decreasing trend (see Fig. 6). The slope of shoals be-
comes steeper (see Fig. 5), thereby less effectively dissipating wave
energy, which is expected to increase due to more extreme weather
under climate change. A similar phenomenon has also been found in
other estuaries and coasts, e.g., the Fujian coast (Wu et al., 2024b), the
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Yellow River delta (Zhu et al., 2024).

Saltmarshes play an important role in sediment trapping and raising
supratidal elevations (e.g., Zhu et al., 2019; Yang et al., 2020; Zhang
etal., 2023). Note that saltmarshes only survive at shoals with elevations
above 2 m in the Yangtze Estuary. Among the four shoals, CM and NH
(see profiles in Fig. 5) could provide such an elevation, likely forming
the positive feedback loop between saltmarsh expansion, sediment
trapping, and shoal accretion. The NH could limitedly favor saltmarsh
growth after reclamation and most saltmarshes grow on the reclaimed
area. The HS remains subtidal without vegetation occupation; hence, its
erosion cannot be mitigated by saltmarshes. Although the saltmarsh
expansion and the accretion on JD are strongly positively related, the
invasive species S. alterniflora is more beneficial to accretion than the
other species (Zhang et al., 2023). Specifically, the wave height reduc-
tion after 2009, when S. alterniflora was dominant, was further reduced
by 0.4 m compared to that before 2006, when S. mariqueter was domi-
nant (Zhang et al., 2023).

4.3. Implications for tidal flat management

The tidal flats in the mouth zone sustained accretion although the
fluvial sediment supply has decreased since the mid-1980s. Previous
studies have identified the morphological response time lag of 20-30
years in the HS and JD (Zhu et al., 2019) and this study has further
indicated similar results for all the tidal flats in the mouth zone. Even
though, the tidal flats in the mouth zone are eroded in recent years
except for the JD. The accretion on the JD is closely related to the fast
expansion of the dominant invasive species S. alterniflora; however, a
policy on removing S. alterniflora in China has been implemented,
aiming to effectively manage S. alterniflora by 2025, with a removal rate
of over 90 % in each province. This strategy may have a profound effect
on maintaining accretion on the JD and many other flats in the future.
Note that the wetlands of CM and JD are national nature reserves and
need to be urgently protected under global changes. Therefore, quanti-
fying the sediment resources in both channels and shoals is essential to
manage the tidal flats.

The sediment resources include two types: (1) mobile sediment,
which can be sustainably reused; (2) fixed sediment, which is trapped in
a certain area and usually is hardly reused. The mobile sediment mainly
includes dredged materials in the channel and trapped sediment in the
groin fields. The fixed sediment here includes the sediment in the
reclaimed area and saltmarshes. Currently, there are no accurate esti-
mates of the sediment sources deposited in the marshes and trapped by
coastal engineering projects (i.e., dike structures to promote sediment
accretion mainly for subsequent land reclamation) in the Yangtze Es-
tuary, but we roughly estimated (Fig. 10). The estimation is based on the
bathymetric maps, reclaimed and saltmarsh areas (see Fig. 4), and
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Data is obtained from Luo et al. (2022).
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ment includes the sediments in the reclaimed and saltmarsh areas.

assumptions on the elevation changes of reclaimed areas (assuming to
make land for 1 m) and sedimentation rates of the saltmarshes and bare
flats (assuming a sedimentation rate of 0.5 cm yr’1 (Wei et al., 2007),).
The dredged material is a huge number of valuable resources with an
annually dredged amount of 50 million m® yr~!, which is nearly
equivalent to the historical net deposition of channel-shoal complexes
(see Fig. 8). The 50 million m3 dredged materials could ideally result in
sedimentation with a thickness of 12.5 cm on the HS. The beneficial use
of dredged material has been one of the main strategies for sustainable
management (called nature-based solutions) in estuaries worldwide
(Baptist et al., 2019; Bose and Dhar, 2022; Carreira et al., 2025).
Moreover, the sedimentation above 0 m in the groin field is generally
trapped by groins because of the sheltering effects and part of the
dredged material is also dumped to the groin field (Zhu et al., 2019).
Therefore, the groin field becomes an important sediment storage with
the amount of sediment reaching to 131 million m? in 2022 (an accre-
tion rate of 5 million m® yr™!). In contrast, the fixed sediment is much
larger as the reclaimed sediment reaches 400 million m? in 2020 (rate of
13 million m® yr~! during 1990-2020). The reclaimed sediment can no
longer participate in morphodynamic feedback processes and therefore
cannot serve as a sediment resource for promoting tidal flat
development.

Generally, the growth of the tidal flat resources depends upon the
quantity of sediment and the speed of the tidal flat being converted to
land. Although the reclamation has been inhibited, global changes such
as the fluvial sediment decline, storms, and sea-level rise still pose great
threats to tidal flat evolution and therefore it is of high priority to make
beneficial use of the mobile sediments. However, beneficial use of the
mobile sediments needs to consider sediment properties, disposal loca-
tions, transport fates, assessment of the legal requirements, and many
other practical issues, depending on the local settings (Baptist et al.,
2019). Moreover, these sediments should be appropriately managed to
minimize potential adverse consequences to the environment, ecology,
and public health as they act as a sink of pollutants by accumulating
metals (Zhang et al., 2019; Ferrans et al., 2021; Bose and Dhar, 2022).
Further studies about how to beneficially use these materials need to be
understood in the future.
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5. Conclusions

This study has systematically analyzed the evolution of four large
shoals in the Yangtze Estuary over a period of 64 years based on
consistent bathymetric data. The results suggest that three of the four
shoals, i.e., CM, HS, and NH, sustained accretion until 2010-2013 fol-
lowed by a shift to erosion whereas JD keeps growing until nowadays,
confirming the morphological response time lag of 20-30 years to
reduced sediment supply.

The long-term shoal accretion is closely related to the sediment ex-
changes between channels and shoals, reclamation, and salt-marsh oc-
cupations. All the bifurcated channels have shown deepening and
narrowing trends since 1997, which favors sediment trapping due to
positive feedback effects between tidal deformation, sediment concen-
tration, and hydraulic drag. The trapped sediments in the channel and
offshore become important sediment sources to shoal accretion due to
sediment exchange processes which contribute to a homogenous dis-
tribution of sediment concentration. These effects stand out as a prom-
inent mechanism in sustaining shoal accretion in the first decades of
sediment decline. Particularly surrounding the strongest deepened
navigational channel, sediments have been nearly balanced in the cen-
tral channel-shoal complex since 2010.

The land reclamation and saltmarshes enlarge the elevation differ-
ences between higher and lower shoals, resulting in steeper slopes of
profiles and making shoals more vulnerable to forces like waves.
Although reclamation has been regulated, the removal of invasive S.
alterniflora which benefits accretion on JD (the only shoal that maintains
accretion) would intervene in the accretion process, requiring further
investigation. We propose that the abundant dredged sediments could
be important sediment resources for sustainable tidal flat management.
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