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Objectively understanding the characteristics and evolution of coastal

geomorphology, and predicting the growth potential of intertidal flats

are the prerequisites for the effective conservation and development of

shoreline resources. However, the vulnerability of shorelines in the long

term and large space scale needs to be assessed since human intervention

in recent decades has intensified the double oppression of river delta

system transformation and land reclamation. The Yangtze River Delta

Urban Agglomerations (YRDUA) is a highly developed global economy,

therefore, the YRDUA with the most intense reclamation, and their dynamic

shoreline changes before and after the sharply decreasing sediment supply

were detected based on 4,596 remote sensing images and corresponding

hydrodynamic data. We found that the sediment replenishment from the

radial sand ridges on the middle Jiangsu Coast made the shoreline

expansion rate reach 4–5 times that of other Jiangsu coasts.

Specifically, a close correlation between the shoreline accretion rate

and the amount of sediment supply was found on the eastern

Chongming Wetland. Generally, there were still sufficient sediments on

the Yangtze River Estuary and Hangzhou Bay interface to support the

shoreline expansion despite the upstream sediment reduction. The

longshore sediment transport from the delta-front erosion and the land

reclamation including vegetation ecological responses were the main

factors promoting the shoreline advance. Human interventions,

dominated mainly by reclamation, formed positive feedback with local

hydrodynamic processes and promoted continuous shoreline accretion.

This study focused on the external and internal drivers and their

interactions of long-term shoreline evolution with very intensive human

activities, which can provide the decision-making reference for the

regional coastal zone management and conservation.
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1 Introduction

Shorelines, as well as the new reserved land brought about by

the shoreline expansion, are the most valuable natural resource in

the land-ocean interaction areas (Temmerman et al., 2013). As

the value provider for ecosystem services (Chen et al., 2020), they

could ensure the land demand for increased human survival and

development space, provide habitat for fish, birds and benthic

organisms, and serve as the buffer zone and natural barrier

against marine disasters such as storm surges (Allen, 2000;

Costanza, 2006). Therefore, investigating the changes in the

key areas of shoreline expansion is necessary for coastal zone

environmental planning and ecological conservation (Wang

et al., 2012; Addo, 2013; Li et al., 2014).

Coastal wetlands within the shoreline are facing non-

ignorable challenges under the threat of the worldwide

reduced river sediment supply due to upstream dam

constructions (Syvitski et al., 2009), such as the Nile (Stanley

andWarne, 1993), Colorado (Carriquiry et al., 2001), Mississippi

(Blum and Roberts, 2009), and Yellow River (Wang et al., 2010).

However, an opposite view was that the vulnerability of coastal

wetlands was overestimated contributing to the combination of

higher tidal inundation and developing salt marshes capturing

fine-grained sediments (Foster et al., 2013; Kirwan et al., 2016;

Langston et al., 2020). Moreover, a new insight has been

proposed in some recent findings that even with a sharp

decrease in upstream sediment supply, coastal wetlands still

tend to expand seaward under conditions of local suspended

sediment concentrations (SSC) remained unchanged caused by

the offshore budget (Long et al., 2021; Lou et al., 2022). The

hydrodynamic environment in estuaries and coasts determines

the direction and destination of suspended sediment transport

(Wang et al., 2013; Xiong et al., 2017; Li et al., 2018). Hence, the

physical processes of local hydrodynamic-sediment coupling and

the corresponding biological responses affect the seaward/

landward trend of coastal wetlands and, therefore, shoreline

changes (Chen et al., 2020).

The human intervention caused mainly by land reclamation

is the prominent feature of the shoreline changes in economically

developed regions (Wu et al., 2016; Du et al., 2019). Economic

development, population growth, and regional natural

characteristics are attention-getting factors contributing to

sequential coastal reclamations (Wu et al., 2016). The

abundant sediment supply from the Yangtze River (YZR) has

aggravated coastal erosion/deposition and benefited the

reclamation (Gao et al., 2013). Meanwhile, continuing

reclamation depends largely on sediment accumulation rates

on tidal flats (Du et al., 2019). The internal salt marsh

systems attenuate hydrodynamics and reduce erosion, with

more significant accumulation rates than bare flats. Thus,

regions with vegetation cultivation, such as salt marshes,

become the main reclamation targets (Chen et al., 2020).

Therefore, an urgent requirement for the rational use of new

land is to better understand the coastal hydrodynamic-sediment

coupling process and ecological response under the influence of

anthropogenic activities at spatial and temporal scales.

On account of the time-consuming field observations and

computationally expensive limitations of morphodynamic

models, investigating shoreline changes relies on massive

spatio-temporal data accumulated by advanced remote sensing

technology (Li et al., 2016). The development of geospatial

information cloud computing platforms, especially Google

Earth Engine (GEE), has dramatically improved the ability of

spatio-temporal large-scale expression (Tamiminia et al., 2020).

Medium-resolution and multi-temporal images, such as the

Landsat data, are widely used in the aspect of shoreline

change analysis (Pardo-Pascual et al., 2012; Addo, 2013; Li

et al., 2014), providing convenience for the detection of large-

spatial scales and long-time scales.

Furthermore, the present studies have focused mainly on the

dynamic shoreline changes, but few have systematically revealed

the controlling factors of the temporal and spatial changes from

the perspective of the natural geographical characteristics and the

forcing of anthropogenic interventions, and the Yangtze River

Delta Urban Agglomerations (YRDUA) is a highly developed

global economy under the double oppression of the delta system

transformation due to the dam construction and land

reclamation behavior for economic growth. In this study,

Landsat images in long sequences of several decades and local

hydrodynamic-sediment data were collected, and images were

processed on the GEE platform to obtain the spatial-temporal

distribution of coastal surface water variations, quantify shoreline

forward/backward rates, and discuss the natural or

anthropogenic sources affecting shoreline changes. The

present study has a certain value for coastal vulnerability

assessment and wetland management.

2 Study area

The YRDUA is north of Yancheng, Jiangsu Province, and

south of Taizhou, Zhejiang Province (Figure 1A). It connects the

Abandoned Yellow River Delta, Jiangsu Coast, Yangtze River

Estuary (YRE), Hangzhou Bay (HZB), and Zhejiang Coast

(Figure 1B). As a semi-enclosed embayment, the Jiangsu

Coast is adjacent to the South Yellow Sea (Dong et al., 2011),

with an average tidal range reaching 3.68 m (Chen et al., 2020).

The YRE is located downstream of the YZR (Figure 1B), with an
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average tidal range of 2.67 m (Dai et al., 2013). The HZB is

located downstream of the Qiantang River (QTR) (Figure 1B),

and the tidal ranges of the north and south bank are 2–4 m and

1–2 m respectively due to the terrain obstruction of islands (Xie

et al., 2017).

The sediments are dominated by fine-grained mud and silt

from the Jiangsu Coast to the HZB, presenting complex

underwater geomorphological features. Offshore on the

middle Jiangsu Coast (MJC), radial sand ridges diverge in the

adjacent waters (Xing et al., 2012; Xiong et al., 2017), with

approximately a length of 90 km from the east to the west

and a width of 200 km from the northwest to the southeast

(Liu et al., 1989; Wang et al., 2012), which is the largest sand

ridges on the Chinese continental shelf (Xu et al., 2016; Chen

et al., 2020). Located in the YRE, the estuarine turbidity

maximum with a length of about 25–46 km from the

northwest to the southeast and a width of about 90 km from

the north to the south, is formed by the accumulation of fine-

grained sediments within the water column (Li and Zhang, 1998;

Lu et al., 2020). The HZB shows a significant turbid water state on

the suspension of extremely high concentrations (Shi, 2011; He

et al., 2016), with 70% of the fine-grained particles coming from

the YZR sediment transport (He et al., 2016).

As the shoreline advances bring potential land resources, the

reclamation since 1949 has altered hydrodynamics and resulted

in considerable reductions of tidal flats within shorelines (Wang

et al., 2012). Typical native and introduced vegetation

communities are distributed over the salt marshes, and the

introduced Spartina species are outcompeting the native

species (Wang et al., 2012; Li et al., 2014), becoming the

potential primary target of land reclamations.

3 Materials and methods

3.1 Data sources

The Landsat series provide global-scale optical satellite

images with the longest time series remote sensing data, and

we used the atmospheric-corrected Landsat Surface

Reflectance products based on the GEE platform to

calculate coastal surface water variations each year (Chen

et al., 2017; Wang et al., 2020; Long et al., 2022). We

selected a total of 4,596 images with less than 30% cloud

coverage, including Landsat 5 TM, Landsat 7 ETM+ and

Landsat 8 OLI (Table 1).

In order to improve the accuracy of surface water extraction

in remote sensing images, we also used relevant public data

stored on the GEE platform (Figure 2), including: 1) Digital

Elevation Model (DEM) reflecting elevation and slope

information, and chose a data-complete V4 version with a

spatial resolution of 90 m (Farr et al., 2007) (Figure 2A); 2)

FIGURE 1
Study area and typical shoreline change areas. (A) The
geographical location of the YRDUA, and the labeled are coastal
cities including Yancheng, Nantong, Shanghai, Jiaxing, Hangzhou,
Shaoxing, Ningbo, Zhoushan, and Taizhou. (B) The schematic
diagrams of typical shoreline change areas are marked by red
wireframes (MJC: middle Jiangsu Coast; SJC: southern Jiangsu
Coast; CW: Chongming Wetland; ES: eastern Shanghai; SHB:
southern Hangzhou Bay).
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MERIT Hydro global hydrological dataset containing Height

Above the Nearest Drainage (HAND) with a spatial resolution of

3 arcseconds (Nobre et al., 2011; Dai et al., 2019) (Figure 2B); 3)

Global Human Settlement Layer (GHSL) containing built-up

region data in 1975, 1990, 2000, and 2014 with a spatial

resolution of 30 m (Pesaresi et al., 2016) (Figure 2C).

We collected relevant hydrodynamic and sediment

transport data to analyze natural factors of shoreline

changes. The annual suspended sediment load (SSD) at

Datong Station, the most downstream hydrological station

of the YZR, was obtained from the Changjiang Water

Resource Committee and the China River Sediment

Bulletin, and data at the representative hydrological station

of the QTR was from the China River Sediment Bulletin. The

wave direction and wave period data were from the European

Centre for Medium-Range Weather Forecasts (ECMWF)

(https://apps.ecmwf.int/datasets/data/interim-full-daily/

levtype=sfc/).

TABLE 1 Statistical information for the Landsat data collections.

Year Sensors Image count

Spring Summer Autumn Winter Yearly

1986 TM 17 12 15 24 68

1987 TM 8 12 32 26 78

1988 TM 16 21 38 25 100

1989 TM 13 15 25 17 70

1990 TM 23 26 14 11 74

1991 TM 17 32 37 20 106

1992 TM 35 30 32 29 126

1993 TM 19 15 15 27 76

1994 TM 24 19 25 14 82

1995 TM 24 19 21 29 93

1996 TM 16 8 20 28 72

1997 TM 26 22 33 24 105

1998 TM 10 23 24 23 80

1999 TM\ETM+ 12 14 34 43 103

2000 TM\ETM+ 57 52 50 46 205

2001 TM\ETM+ 66 52 76 33 227

2002 TM\ETM+ 32 51 75 57 215

2003 TM\ETM+ 24 28 61 67 180

2004 TM\ETM+ 46 51 57 57 211

2005 TM\ETM+ 48 38 72 43 201

2006 TM\ETM+ 52 31 66 32 181

2007 TM\ETM+ 51 32 26 49 158

2008 TM\ETM+ 54 40 48 54 196

2009 TM\ETM+ 56 39 52 32 179

2010 TM\ETM+ 40 40 55 66 201

2011 TM\ETM+ 57 28 42 41 168

2012 ETM+ 37 10 37 14 98

2013 OLI 18 22 26 18 84

2014 OLI 21 16 39 45 121

2015 OLI 22 14 29 13 78

2016 OLI 23 31 17 37 108

2017 OLI 28 31 30 30 119

2018 OLI 28 34 31 29 122

2019 OLI 29 28 40 27 124

2020 OLI 28 15 28 25 96

2021 OLI 19 15 29 28 91
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FIGURE 2
Datasets of the study area for multi-level surface water extraction post-processing rules. (A) The slope map; (B) the Height Above the Nearest
Drainage (HAND) map; (C) the built-up map in different years.

FIGURE 3
Workflowof the automatic shoreline change extraction and accurate analysis. We conducted the automatically coastal surfacewater extraction
method (including the initial water extraction and then multi-level post-processing rules) to detect shoreline change areas and analyze shoreline
change trends. Then, we obtained accurate shorelines by artificial visual interpretation based on the shoreline change areas detection by the
automatically coastal surface water extraction method.
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3.2 Methods

3.2.1 Image processing

As procedures shown in the workflow (Figure 3), the

preparation and processing of the image data include: 1) the

images with less than 30% cloud coverage screening; 2) the cloud

and cloud shadow masking using the Fmask algorithm for

filtered (Zhu and Woodcock, 2012); 3) the yearly image

median composite. The purpose of the image median

composite was to make up for some of the data gaps caused

by single-period image clouds and cloud shadow masks.

We indirectly described the shoreline changes by the

automatically coastal surface water extraction method

(Figure 3). The shoreline retreated landward when the coastal

water increased and accreted seaward when it decreased. We

used the improved normalized water index (MNDWI) to

conduct the water extraction (Xu, 2006).

MNDWI � (ρGREEN − ρSWIR)/(ρGREEN − ρSWIR) (1)

where ρGREEN, ρSWIR were the reflectance in the green and SWIR

bands, respectively.

The water index method can efficiently extract the surface

water at large spatial scales, but this method is susceptible to low-

reflectance features such as terrain and building shadows and

high-reflective features such as snow and bright buildings.

Therefore, we have constructed multi-level water extraction

post-processing rules for the removal of major noises from

initial water extractions, which applied to all flat areas, not

just this study (Figure 3): 1) based on the slope information

(Slope > 10°) to mask obvious undulating regions of terrain to

solve the mis-extraction of mountain shadows (Lu et al., 2016); 2)

based on the Height Above the Nearest Drainage (HAND >
20 m) to remove the effects of other shadows such as vegetation,

structures, etc. (Tsyganskaya et al., 2018); 3) based on the Blue-

band surface reflectivity greater than 0.3 masking to remove the

effects of snow and ice noise (Yang et al., 2020); 4) based on the

1975–2014 JRC GHSL global human settlement data masking

urban built-up regions to prevent architectural shadows and

bright building mis-extraction in the city (Pesaresi et al., 2016).

3.2.2 Analysis of shoreline changes
By conducting initial water extraction and multi-level post-

processing rules, the spatial/temporal variations of coastal water

increases/decreases within the interannual period were obtained,

and thus the landward/seaward trends of shoreline changes were

indirectly obtained (Figure 3).

In order to quantify the shoreline trend in more detail

(Figure 3), we used the digital shoreline analysis system

(DSAS), an extension software for ArcGIS that allows

shoreline change rate statistics to detect the seaward/landward

trend in the region where shorelines have changed for decades

(Thieler et al., 2009). We calculated the end-point rate (EPR) to

quantify the interannual shoreline seaward/landward rate

according to dividing the shoreline travel distance by the time

elapsed from shoreline movement (Thieler et al., 2009; Long

et al., 2021).

EPR � (Dnew − Dold)/(Ynew − Yold) (2)

where, Dnew, Dold were the distance between the shoreline and

the baseline of the latest year and the oldest year, respectively, and

the Ynew, Yold were the latest and oldest years, respectively.

We accurately characterized shoreline changes: 1) at large

spatial scales, since the YRDUA has undergone large-scale land

reclamation on account of emerging economies, and 2) on

temporal scales before and after 2002, since the YRDUA is a

typical case under the oppression of the delta system

transformation due to the Three Gorges Dam construction in

2002 (Figure 3).

4 Results

4.1 Temporal and spatial coastal surface
water variations

The temporal and spatial coastal surface water increases/

decreases every 1 year and every 5 years were presented in

Figures 4–6. Generally, coastal surface water variations and

shoreline changes mainly occurred in the following typical

regions: the MJC; SJC; CW; ES, and SHB. The decreasing

trend of coastal surface water was more common than the

increasing trend to a large extent, indicating that most

shorelines were pushed seaward and the new land was

expanded contributing mainly to the land reclamation in

recent decades (Figures 4A,B).

The dynamic process of coastal surface water variations in

key shoreline change areas was depicted in Figures 5, 6. Salt pans

and aquaculture bases were distributed on the Jiangsu Coast

(Figures 5A,B,D,E). Both the water gains and losses of each year

showed fluctuation characteristics during the whole period

(Figures 5C,F). Meanwhile, the total water change areas,

including the sum of water gains/losses of every 5 years

remained almost unchanged after 1996 on the Jiangsu Coast

(including the MJC and SJC). The decreasing area of water losses

when the increasing area of water gains, and vice versa

(Figures 5C,F).

The coastal surface water on the YRE-HZB interface

(including the CW, ES, and SHB) showed different change

patterns from the Jiangsu Coast (Figures 6A–I). Generally, the

coastal water experienced massive degradation. There was almost

no peak of water gains, but significant peaks of water losses every

5 years, and the time of the most water losses on the CW, ES, and

SHB were in 1996, from 1996 to 2006 and in 2001 (Figures
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6C,F,I). Generally, the variation range of coastal wetland areas

gradually decreased on the YRE-HZB interface (Figures 6C,F,I).

The yearly water gains were close to water losses on the CW after

2015 (Figure 6C), indicating that the shoreline accretion rate has

slowed down. Nevertheless, the yearly water losses were still

greater than water gains on the SHB after 2015 (Figure 6I), which

revealed that the SHB shoreline was still expanding seaward.

4.2 Shoreline changes

4.2.1 Changes in the total area
The accurate depictions of shoreline changes were shown in

Figures 7, 8, indicating that the shoreline pushed seaward in the

YRDUA during recent decades. For the temporal variations

before (BD) and after the dam construction in 2002 (AD), the

most shoreline seaward trend on the MJC and eastern CW was

during BD (Figures 7A–E, 8A–E). Conversely, the more

significant shoreline accretion on the SJC, ES, and inner SHB

was during AD (Figures 7F–J, 8F–O).

More specifically, the shoreline expansion rate on the MJC

near the radial sand ridges, northern MJC part and SJC were

213.4 m/yr, 50.8 m/yr, and 42.0 m/yr, respectively (Figures

7B,G), indicating that the accretion rate with the radial sand

ridge sediment supply was 4–5 times that of other Jiangsu coasts.

Comparatively, the CW accretion rates in the eastern and

western parts were 157.1 m/yr and 82.5 m/yr, respectively, and

the south and north of the ES were 98.7 m/yr and 22.5 m/yr,

respectively (Figures 8B,G). In the outer and inner SHB, the

average accretion rates were 88.9 m/yr and 154.8 m/yr,

FIGURE 4
Spatial variations of the coastal surface water in the study area, and the schematic diagrams of typical shoreline change areas [including the
middle Jiangsu Coast (MJC), southern Jiangsu Coast (SJC), ChongmingWetland (CW), eastern Shanghai (ES), and southern Hangzhou Bay (SHB)] are
marked by dark gray wireframes. The MJC and SJC are on the Jiangsu Coast, and the CW, ES, and SHB are on the Yangtze River Estuary (YRE) and
Hangzhou Bay (HZB) interface. (A)Gains; (B) losses of the total surface water area from 1986 to 2021. Blue areas show the extent of the coastal
surface water in the initial year 1986, and the amount of water gain/losses in each period are represented by green/red gradient areas.
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FIGURE 5
Spatial variations of the coastal surface water on the Jiangsu Coast. (A) Gains; (B) losses; (C) water change areas on the middle Jiangsu Coast
(MJC); (D) gains; (E) losses; (F) water change areas on the southern Jiangsu Coast (SJC) from 1986 to 2021. Blue areas (A,B,D,E) show the extent of
the coastal surface water in the initial year 1986. The amount of water gains (A,D) and water losses (B,E) in each period are represented by green/red
gradient areas. Green/red dot lines (C,F) indicate the water gain/loss trend divided by every 1 year (triangular solid dot lines) and every 5 years
(circular hollow dot lines).

Frontiers in Earth Science frontiersin.org08

Lu et al. 10.3389/feart.2022.981606

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.981606


FIGURE 6
Spatial variations of the coastal surface water on the Yangtze River Estuary (YRE) and Hangzhou Bay (HZB) interface. (A) Gains; (B) losses; (C)
water change areas on the Chongming Wetland (CW); (D) gains; (E) losses; (F)water change areas on the eastern Shanghai (ES); (G) gains; (H) losses;
(I)water change areas on the southern Hangzhou Bay (SHB) from 1986 to 2021. Blue areas (A,B,D,E,G,H) show the extent of the coastal surfacewater
in the initial year 1986. The amount of water gains (A,D,G) and water losses (B,E,H) in each period are represented by green/red gradient areas.
Green/red dot lines (C,F,I) indicate the water gain/loss trend divided by every 1 year (triangular solid dot lines) and every 5 years (circular hollow dot
lines).
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respectively (Figure 8L), which revealed that the seaward rate of

the inner bay was about 2 times that of the outer bay.

4.2.2 Temporal variations in different regions
For the temporal variations, notably, the MJC shoreline

accretion trend was hindered and even landward in the

northern Transect77 during AD (Figures 7A,B). The CW

shoreline expansion trend was hindered during AD

(Figure 8A), and the rates in the most significant accretion

eastern part (Transect9 to Transect18) during BD and AD

were 302.6 m/yr and 48.0 m/yr, respectively (Figure 8B).

However, the SHB shorelines moved continuously seaward

(Figure 8K), and the shoreline accretion rates on the inner

western part of Transect42 during BD and AD were 104.9 m/

yr, 192.2 m/yr, respectively (Figure 8L). Meanwhile, the SHB

accretion rate during BD was more significant on the inner

Transect78 (Figure 8L).

4.2.3 Spatial patterns in different regions
For the spatial variations, on the Jiangsu Coast, the maximum

rate was 406.9 m/yr in Transect31 and the seaward distance from

1991 to 1996 accounted for 62% of the total expansion distance

(Figures 7B,E). The smallest rate was in Transect44 with

advancing seaward but retreating landward rapidly (Figures

FIGURE 7
Shoreline changes on the Jiangsu Coast. Shorelines on the (A) middle Jiangsu Coast (MJC), and the MJC is adjacent to radial sand ridges; (F)
southern Jiangsu Coast (SJC). End-point rate (EPR) of the shoreline (the blue triangle dot-dash line) and the shoreline change distance before the
dam construction in 2002 (during BD, the green line) and after the dam construction in 2002 (during AD, the red line) on the (B) MJC; (G) SJC.
Variations in distance from (C–E) Transect54, 44, 31 [marked in (A)] to the baseline [the dark blue line in (A)] (H–J) Transect32, 20, 8 [marked in
(F)] to the baseline [the dark blue line in (F)]. The transect was generated equidistant from the baseline, and each transect was perpendicular to the
baseline.
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FIGURE 8
Shoreline changes on the Yangtze River Estuary [YRE, including the ChongmingWetland (CW) and the eastern Shanghai (ES)] andHangzhou Bay
(HZB) interface. Shorelines on the (A) CW (ECW: eastern Chongming Wetland); (F) ES; (K) southern HZB (SHB). End-point rate (EPR) of the shoreline
(the blue triangle dot-dash line) and shoreline change distance before the dam construction in 2002 (during BD, the green line) and after the dam
construction in 2002 (during AD, the red line) on the (B) CW; (G) ES; (l) SHB. Variations in distance from (C–E) Transect60, 26, 14 [marked in (A)]
to the baseline [the dark blue line in (A)]; (H–J) Transect41, 21, 9 [marked in (F)] to the baseline [the dark blue line in (F)]; (M–O) Transect81, 46,
11 [marked in (K)] to the baseline [the dark blue line in (K)]. Transect was generated equidistant from the baseline, and each transect was perpendicular
to the baseline.
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7B,D). In Transect54, the main expansion occurred from 1991 to

2001 (Figures 7B,C). Therefore, the shoreline of the Jiangsu Coast

(including the MJC and SJC) gradually expanded from 1991 to

2006, whereas changed little after 2011 (Figures 7C–J).

On the YRE-HZB interface, most CW shoreline expansions

occurred from 1991 to 2001 with the maximum rate (Figure 8E),

and 70% occurred from 2001 to 2006 in Transect60 (Figure 8C).

On the ES, the shoreline pushed 4,718 m seaward from 2001 to

2006 in Transect9 and accreted 3,529 m seaward from 2016 to

2021 in Transect21 (Figures 8I,J). In particular, the SHB

shoreline experienced two expansions in Transect11

(Figure 8O) and gradually pushed seaward after 1996 in

Transect46 (Figure 8N). Generally, there was a shoreline

accretion trend after 2011.

5 Discussion

5.1 Impacts of natural hydrodynamic-
sediment coupling environments

5.1.1 Sediment supply and interface exchange
Estuarine sediment supply from upstream rivers provides

adequate sediment sources for the coastal zone (Long et al.,

2022), enhancing the possibility of shoreline seaward

progradation. The sediments carried by the YZR were served

as the most crucial element of the HZB (He et al., 2016). There

was a sharp decrease in the SSD of the YZR during the following

5 years after the Three Gorges Dam construction in 2002

(Figure 9) (Gao and Wang, 2008; Yang et al., 2018; Lu et al.,

2020). Comparatively, the QTR was 2 orders of magnitude

smaller than the YZR and had a weak impact on

geomorphological changes and shoreline expansions (Figure 9B).

We compared the relationship between the shoreline change

and the sediment supply carried by the YZR and QTR (Figures

9A,B), suggesting a very close positive correlation between the 5-

year averaged shoreline change of the ECW and the amount of

SSD at Datong Station (Figure 9A). Nevertheless, the correlation

did not exist on the ES and SHB (Figures 9A,B), and the increase

of coastal deposition contributed to the land enclosure caused by

human reclamations might be a crucial contributor (van der Wal

et al., 2002; Xie et al., 2017). The relationship on the ECW could

be described as: y � 1.195 × x − 121.07 (R2 � 0.83), where xwas
the median value between the minimum and maximum SSD

limits during the corresponding period, and y was the averaged

shoreline accretion rate. Dividing time periods by flood and

drought years with 2 to 5 years, a positive correlation was also

demonstrated and the statistical correlation coefficient R2 was

0.62 before 2010 (Li et al., 2014). However, the ECW shoreline

has been continuously expanding seaward after 2010 although

the YZR SSD was only 36% of that before the dam construction

(Figures 8A–E, 9A), mainly on account of the longshore

sediment replenished by the delta-front erosion (Fagherazzi

et al., 2020; Lou et al., 2022).

FIGURE 9
The relationship between shoreline accretion rate and
suspended sediment load (SSD). (A) SSD at Datong station of the
Yangtze River (YZR), and its impact on the Eastern Chongming
Wetland [ECW, Transect9-Transect18 of the Chongming
Wetland (CW)] and Eastern Shanghai (ES, Transect1-Transect27);
(B) SSD of the Yangtze River (YZR) and Qiantang River (QTR), and
their impacts on the outer and inner southern Hangzhou Bay
(SHB). The YZR SSD was sharply reduced with a rate of −24.35 Mt/
yr in Period1 and the QTR SSD was slightly increased with a rate of
0.38 Mt/yr in Period2.

FIGURE 10
Sediment flux model on the Yangtze River Estuary (YRE) and
Hangzhou Bay (HZB) interface from Xie et al. (2017). Blue lines
show the sediment flux in the 1980s and red lines show the result
in the 2010s, which could be associated with shoreline
changes from remote sensing data. The unit of the sediment flux is
Mt/year.
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Based on the sediment budget scheme of the YRE and HZB

interface exchange proposed by Xie et al. (2017), the SSD from

the YRE to the eastern HZB decreased by 140 Mt/yr (230–370)

and increased by 11 Mt/yr (186–175), respectively (Figure 10),

indicating the sediment compensation from the outer YRE. The

sediment transported to HZB decreased by only 13 Mt/yr

(122–135) and the SSD on the YRE and eastern HZB

interface decreased by 44 Mt/yr (186–230), while on the

eastern HZB and Zhejiang Coast interface remained

unchanged (85–85) (Figure 10). Our result revealed that there

was a significant shoreline accretion trend of the inner HZB after

2006 despite the SSD reduction (Figures 8K–O, 9B). Therefore, it

can be inferred that the erosion response of the SSD reduction

mainly occurred outside the HZB, while the sediment was

FIGURE 11
The tide andwave characteristics. Circulation systems in (A) summer; (B)winter (YSWC: The Yellow SeaWarmCurrent; SBCC: The Subei Coastal
Current; CJDW: The Changjiang Diluted Water; ZFCC: Zhejiang-Fujian Coastal Current; TWWC: Taiwan Warm Current; and KC: Kuroshio Current);
(C) division of flood-/ebb-dominant currents in typical areas with shoreline changes; (D–G) the seasonal wave direction and wave period (Ts)
distributions, where spring is from March to May, summer is from June to August, autumn is from September to November, and winter is from
December to February.
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compensated inside the HZB supplied by local reclamation

activities (Xie et al., 2017).

5.1.2 Tide- and wave-induced sediment
transport

The suspended sediment transport process is one of the

major forces driving the present-day coastal geomorphology

and shoreline evolution (Xing et al., 2012; Xiong et al., 2017).

The northerly wind in winter carried sediments to transport

along the southward SBCC (Ren, 1986; Zhu et al., 1986; Yuan

and Hsueh, 2010), while some residual sediments carried by

the YZR entered HZB southward (He et al., 2016)

(Figures 11A,B).

The tide was demonstrated as the dominant factor

influencing suspended sediment distribution (Xing et al.,

2012). Most of the Jiangsu Coast was dominated by the flood-

dominant tidal asymmetry (Figure 11C), and was contributed to

the net landward sediment replenished by the offshore radial

sand ridges (Dronkers, 1986; Wang et al., 2012). The northern

channel of the ECW was flood-dominant due to the weak runoff

and strong tide (Chen and Chen, 2003) (Figure 11C), and the

shoreline accretion of the northeastern and eastern parts was

mainly supplied by the longshore sediment transport. In contrast,

the southern shore was ebb-dominant (Lou et al., 2022). Thus,

the ECW shoreline expansion was mainly in the northeastern

and eastern parts (Figures 8A–E). The SHB was flood-dominant

(Figure 11C), and the sediment resuspension and transport

caused by strong tidal currents were the main contributors to

maintaining high concentrations in the HZB (Shi, 2011).

Additionally, the evident seasonal waves contributed to the

seasonality of sediment concentration (Du et al., 2019). The wave

direction was south or southeast in spring and summer and north

or northeast in autumn and winter (Figures 11D–G), and the

wave height in autumn and winter was much more significant

than that in spring and summer under normal conditions (Dong

et al., 2011). Generally, waves enhanced the sediment

resuspension and favored the nearshore sediment erosion/

deposition.

5.2 Impacts of human intervention
dominated by reclamations

5.2.1 The reclamation impact on calm weather
conditions

The intensive reclamations including coastal engineering

constructions and vegetation planting in the YRDUA

(accounted for 39.7% in China from 1985 to 2010) were

mainly constructed in muddy estuaries and coasts (Wu et al.,

2016), promoting shoreline progradation. Generally, the

reclamation was the most intensive from 1995 to 2000 in the

YRE and increased continuously on the SHB (Figure 12).

Continuous reclamation largely depends on the sediment

accumulation rate in coastal zones (Du et al., 2019). Meanwhile,

reclamation interrupts tidal currents, and limits sediment-

carrying capacities, eventually transforming sediment

transport patterns and promoting erosion and deposition

(Wang et al., 2012). The SHB shoreline seaward trend was on

account of the anthropogenic reclamation intervention with the

increased sediment resuspension induced by the seabed erosion

(He et al., 2013; Liu andWu, 2015; Xie et al., 2017). However, the

SSD transported to the SHB has decreased by 13 Mt/yr (122–135)

although the continued erosion of the outer HZB replenished

suspended sediments (Figure 10) (Xie et al., 2013). Therefore, the

geomorphology and shoreline changes within the SHB require

decades of long-term scale modelings (Xie et al., 2017).

Vegetation planting is a typical anthropogenic process

affecting coastal wetland expansions and shoreline changes

(Zhang et al., 2020). Spartina alterniflora was introduced to

resist coastal erosion and promote deposition and

sedimentation on the Jiangsu Coast in 1979 and ECW in

1995, respectively (Yuan et al., 2011; Du et al., 2019). In the

salt marsh ecosystem, the introduced S. alterniflora species has a

strong expansion rate and can occupy a lower ecological niche

compared with native species (Zhang et al., 2004; Huang and

Zhang, 2007; Zhu et al., 2012). Native and introduced vegetations

increased the deposition rate by 2–3 times compared with bare

flats (Wang et al., 2005), and this ecological response explained

the internal mechanisms of salt marshes and bare flats (Lou et al.,

2022), enhancing shoreline progradation process when bare flats

migrate seaward.

5.2.2 The reclamation impact on coastal flood
risks

The tidal flat reclamation is demonstrated to profoundly

enhance the hydrodynamic processes, and thus, contribute to the

increase in wave heights (Loder et al., 2009; Liu et al., 2019; Zhang

et al., 2021). For coasts with fast shoreline accretion rates,

reclamations have a suppressed and weakened impact on the

FIGURE 12
The reclamation area trend in the most heavily reclaimed
middle Jiangsu Coast (MJC), Yangtze River Estuary [YRE, including
the Chongming Wetland (CW) and the eastern Shanghai (ES)], and
southern Hangzhou Bay (SHB) from 1985 to 2010.
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potential nearshore waves and coastal flood risks (Zhang et al.,

2018). For vegetation planting of saltmarshes on the intertidal

flat, the vegetation induced increasing bottom friction and drag

force and remarkable feature of the wave attenuation (Vuik et al.,

2016; Du et al., 2019). The wide and shallow tidal flat before the

reclamation could efficiently reduce the wave height by the rate of

35% with the wind speed of 20 m/s and the wind angle normal to

the shoreline. Therefore, the reclamation has occupied the wide

intertidal flat and its internal saltmarsh, and coastal wetlands

become less resistant to wind and waves during storm surges

conditions (Zhang et al., 2021).

The intertidal flat and coastal wetland conservation will

be highlighted due to the reclamation via human

intervention under the global trend of sea-level rise and

increasing extreme events (Kirwan et al., 2016). In

response to the more frequent coastal flood hazards due to

tidal flat losses, a nature-based solution considering physical

environments such as sediment availability (including the

sediment supply and transport) and ecological values such as

vegetation consolidation is more attractive rather than the

straightforward seawall heightening approach (Zhang et al.,

2021).

5.3 Dynamic spatial patterns of shoreline
changes

The key areas of shoreline changes showed different

spatial distribution patterns during BD and AD (Figure 13).

Generally, the shoreline accretion and progradation occurred

widely during BD and AD except for some slight erosion with

-23.6 m/yr near the Abandoned Yellow River Delta during AD

(Figures 1, 13). Specifically, the MJC shoreline during BD was

in a state of increasing seaward accretion rate from the

northern to the southern part, while during AD was

transformed from slight erosion and decrement to

significant deposition and progradation. The eastern part of

the ECW during BD experienced an extremely rapid

progradation rate of 302.6 m/yr, but during AD the

accretion rate was similar to the SJC and the northern

ECW, which was only 16% of before. Both shorelines of the

ES and the inner SHB were in a much greater expansion state

during AD than BD despite the sediment supply reduction.

However, the outer SHB progradation trend was hindered

during AD (Figure 13). Since the shoreline was distinguished

by coastal deposits or vegetations, our ECW shoreline

accretion rate statistics of 45.7–48.0 m/yr during AD were

similar to the salt marsh expansion rate of 39.5–60.6 m/yr

proposed by Lou et al. (2022).

The dynamic spatial patterns have summarized and

predicted the YRDUA shoreline changes in the future.

Generally, the shorelines are unlikely to maintain the same

seaward advance rate as before since the oppression of

upstream sediment reduction induced delta system

transformation, but keep pushing seaward compensated by

the sediment transport from the delta-front erosion or radial

sand ridges supplement. However, the intensive land

reclamation has promoted the shoreline progradation more

rapidly during AD on the ES and inner SHB (Figure 13), and

has remained existing coastal water losses and shoreline

accretion after 2015 (Figures 6, 8). The future geomorphic

evolution still needs to be investigated, simulated and

predicted on a longer time scale as the change of land

reclamation intensity supported by government policies or

economic growth, and the outer sea gradually reaching its

seabed erosion critical threshold oppressed by the delta system

transformation.

FIGURE 13
Spatial patterns of shoreline changes before the dam
construction in 2002 (during BD, the green line) and after the dam
construction in 2002 (during AD, the orange line). The schematic
diagrams of typical areas with shoreline changes [including
the middle Jiangsu Coast (MJC) with the adjacent radial sand
ridges, southern Jiangsu Coast (SJC), Chongming Wetland (CW),
eastern Shanghai (ES), and southern Hangzhou Bay (SHB)] are
marked by gray wireframes. The unit of shoreline change rate is m/
year. The seaward direction is positive and the landward direction
is negative.
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6 Conclusion

As a representative region oppressed by the sediment supply

reduction and reclamation activities, the YRDUA shorelines have

undergone dynamic changes. Remote sensing technology was

proposed to evaluate the vulnerability of coastal wetlands at a

large spatial scale and long-term scale. We investigated the

coastal surface water variations from remote sensing images,

distinguished the dynamic shoreline changes temporally, and

discussed the internal and external driving forces of shoreline

changes.

The total shoreline progradation increased incrementally

in the YRDUA. The shoreline expansion rate adjacent to the

radial sand ridges was 4–5 times that of other coastal areas in

Jiangsu, but the shoreline on the northern MJC has

experienced slight erosions. Specifically, there was a

positive correlation between the shoreline accretion rate

and the amount of sediment supply on the ECW. However,

the sediment supply was still sufficient to support the

shoreline expansion on the coasts of the YRE-HZB

interface on the premise of the upstream sediment

reduction, although the accretion rate has slowed down.

The ES and inner SHB were exceptions, as accretion rates

have been expedited even after 2015, mainly for the extremely

intensive land reclamation activities.

Human interventions, dominated mainly by land

reclamations (including the external coastal engineering

constructions and internal ecological vegetation planting),

affected intertidal flat mechanisms and shoreline changes.

The continuous reclamation in recent decades was

determined by sediment accumulation rates to some

extent. On the one hand, under the background of the

delta system transformation with upstream sediment

decline, the hydrodynamic-sediment coupling process

caused by waves and currents formed different seaward

expansion degrees and provided sufficient sediments for

the reclamation on inner coasts. On the other hand,

anthropogenic reclamation enhanced hydrodynamic

morphology and increased coastal flood hazard risks due

to tidal flat losses. A nature-based solution considering the

sediment availability and ecological value is more attractive

for coastal wetland conservation.
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