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Responses of eastern Chinese 
coastal salt marshes to sea-level 
rise combined with vegetative and 
sedimentary processes
Zhen-Ming Ge1,2, Heng Wang1, Hao-Bin Cao1,   Bin Zhao3, Xiao Zhou2, Heli Peltola2,  
Li-Fang Cui1, Xiu-Zhen Li1 & Li-Quan Zhang1

The impacts of sea-level rise (SLR) on coastal ecosystems have attracted worldwide attention in relation 
to global change. In this study, the salt marsh model for the Yangtze Estuary (SMM-YE, developed 
in China) and the Sea Level Affecting Marshes Model (SLAMM, developed in the U.S.) were used to 
simulate the effects of SLR on the coastal salt marshes in eastern China. The changes in the dominant 
species in the plant community were also considered. Predictions based on the SLAMM indicated a 
trend of habitat degradation up to 2100; total salt marsh habitat area continued to decline (4–16%) 
based on the low-level scenario, with greater losses (6–25%) predicted under the high-level scenario. 
The SMM-YE showed that the salt marshes could be resilient to threats of SLR through the processes 
of accretion of mudflats, vegetation expansion and sediment trapping by plants. This model predicted 
that salt marsh areas increased (3–6%) under the low-level scenario. The decrease in the total habitat 
area with the SMM-YE under the high-level scenario was much lower than the SLAMM prediction. 
Nevertheless, SLR might negatively affect the salt marsh species that are not adapted to prolonged 
inundation. An adaptive strategy for responding to changes in sediment resources is necessary in the 
Yangtze Estuary.

Coastal salt marshes provide many ecological services as a habitat that supports biodiversity, carbon storage and 
coastal protection. However, coastal ecosystems tend to be vulnerable to global change, especially accelerated 
sea-level rise (SLR)1–4. The Fifth Assessment Report (AR5) by the Intergovernmental Panel on Climate Change 
(IPCC) predicted that the annual rate of global SLR by 2100 will exceed the rate observed during 1971–20105. 
According to the latest bulletin of Chinese Sea Level released by the State Oceanic Administration6, the rate of 
SLR along China’s coastline is higher than the global average. Consequently, coastal salt marshes will be at great 
risk of degradation; the growth and survival of vegetation will be affected by an increased flooding duration under 
SLR7–8.

Many studies have predicted that coastal marshes will be submerged3,9,10, and some studies have attempted 
to assess the ability of coastal marshes to keep up with SLR by estimating sedimentary rates2,11. Among the 
approaches for studying the responses of coastal ecosystems to SLR, the Sea Level Affecting Marshes Model 
(SLAMM) has been frequently employed by managers for mitigation planning1,12,13. However, the SLAMM has 
not realistically modeled feedback of elevation in sediment dynamics or other critical biological processes1,3. 
Kirwan et al.14 also argued that marsh vulnerability tends to be overstated because assessment methods often fail 
to consider biophysical feedback processes known to accelerate soil building with SLR.

In the Yangtze Estuary, a large amount of sediment is deposited by the Yangtze River every year15. Sediment 
deposition in the estuary increases surface elevation and accretes at the seaward edge of the salt marshes, favoring 
the propagation and spread of vegetation16. Li and Yang17 investigated the trapping effect of marsh vegetation 
on suspended sediment. However, the extent to which the combined sedimentary and vegetative processes con-
tribute to marsh resilience under SLR remains unclear. Recently, a grid-based salt marsh model for the Yangtze 
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Estuary (SMM-YE) was developed to aid in the understanding of the biotic and abiotic factors that regulate the 
vegetation processes in the salt marshes16,18. The model accurately reproduced the spatiotemporal dynamics of 
the three dominant salt marsh species Spartina alterniflora, Scirpus mariqueter and Phragmites australis in the 
Yangtze Estuary.

In this study, both the SLAMM and the SMM-YE were used to simulate the effects of SLR in the Yangtze 
Estuary. Two national nature reserves in the Chongming Dongtan wetland and the Jiuduansha wetland were 
selected as representative subjects for study. The aims of this study are 1) to predict how salt marsh habitats in the 
Yangtze Estuary respond to the different SLR scenarios (the regional scenario and the IPCC scenario) during the 
21st century and 2) to assess the combined role of sedimentary accretion and vegetative processes in influencing 
the further vegetation structure and marsh resilience under SLR. In addition, mitigation measures to threats of 
SLR are briefly discussed.

Materials and Methods
Study area. The Yangtze Estuary is located on the eastern coast of China, which is neighbored by the 
Hangzhou Bay to the south and Jiangsu Province to the north and which opens to the East China Sea (Fig. 1). The 
Yangtze Estuary has an eastern Asian monsoon climate with an average annual temperature ranging from 15.2–
15.8 °C. The average annual precipitation is approximately 1,022 mm, and the average humidity is approximately 
82%19. Tidal movement in the estuary is irregular and semidiurnal, with maximum and average tide heights of 
4.62–5.95 m and 1.96–3.08 m, respectively15.

There are two representative salt marshes in the estuary (Fig. 1). The Chongming Dongtan wetland (hereaf-
ter CDW, also the Chongming Dongtan Nature Reserve) is located on the eastern fringe of Chongming Island 
between 31°25′ –31°38′ N and 121°50′ –122°05′ E. The wetland covers an area of 242 km2 above 0 m isobaths based 
on the local Wusong bathymetric benchmark. The Jiuduansha wetland (hereafter JW, also the Jiuduansha Nature 
Reserve) is an isolated shoal between 31°03′ –3°17′ N and 121°46′ –122°15′ E. The wetland covers an area of 127 km2 
above the 0 m isobaths. In the wetlands, tidal salt marshes with elevations less than 2 m are characterized by bare 
mudflats without any vascular plants. The mudflats between 2.0 and 2.5 m elevation mainly contain S. mariqueter. 
The coastal wetlands with elevations above 2.5–2.9 m are dominated by P. australis and S. alterniflora.

SMM-YE. The detailed SMM-YE was constructed using the MATLAB® (The MathWorks, Inc., Natick, MA, 
the U.S.) matrix platform16,18. The model consists of a spatial grid (1 m ×  1 m) of interconnected cells, which are 
connected to all neighboring cells with a distribution probability for the spread of vegetation associated with each 
connection. Habitats of water, bare mudflat and dominant plant species (P. australis, S. mariqueter and S. alterni-
flora) are coded in each cell of the matrix using different numbers for identification. Each cell evolves according 
to the transition rules, which depend on the state of its neighboring cells.

Figure 1. Location of the Chongming Dongtan (CDW) and Jiuduansha (JW) wetlands in the Yangtze 
Estuary with a classified map of salt marsh habitats (2008), current digital elevation map, sedimentary 
regime (2005–2010 investigation documents from the Survey Bureau of Hydrology and Water Resources 
of the Changjiang River Estuary, the Changjiang Water Resources Commission) and land subsidence. The 
maps were created from the authors’ data using ArcGIS 10.0 (www.esri.com/software/arcgis) and CorelDRAW 
Graphics Suite X6 (www.coreldraw.com/us/product/graphic-design-software).
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As the flow chart of the model (Fig. 2) indicates, the spatial and temporal patterns of the salt marsh are regu-
lated by the interaction between biotic and abiotic processes, including the sedimentary regime, mudflat accre-
tion, elevation change, seed bank deposition and germination, seedling dispersal, individual establishment and 
survival, tolerance to inundation stress, clonal integration and inter-specific competition. Moreover, the presence 
of marsh vegetation on a mudflat surface can trap the suspended sediment and increase the elevation, and the 
model includes the lateral accretion component found in these marshes. The detailed frame of the model with 
parameterization and validation is summarized in the Supplementary information.

The original parameters of the SMM-YE were determined under non-SLR conditions. To renew the key 
parameters of survival rate and seed-setting rate for SLR scenarios, we conducted a field experiment on the tidal 
flat to test the direct species-specific response to SLR (see the Supplementary information). The mesocosms of  
S. alterniflora, S. mariqueter and P. australis were grown at different flat elevations to simulate the inundation sce-
nario of SLR. At CDW, 30 intact soil monoliths (16 cm diameter, 50 cm depth) consisting of vegetation seedlings 
were cored with PVC pipes for S. alterniflora, S. mariqueter and P. australis, with 10 replicates of each. The meso-
cosms were grown at three elevation levels of 3.0 m, 2.5 m and 2.2 m on the frontier tidal flat, and the surface ele-
vation of the mesocosms was determined using a Real-Time Kinematic global positioning system (Ashtech, USA) 
with the local Wusong bathymetric benchmark. The information on the tidal regimes in the Yangtze Estuary 
referred to real-time monitoring as well as the official annals of the Shanghai Water Authority and the Shanghai 
Municipal Ocean Bureau.

Over the growing season, changes in the survival rate and seed-setting rate of plants were recorded. Through 
the relationship between plant survival and inundation duration (reflected by relative elevation), a simple 
elevation-based logistic function was used to explore the tipping point of the survival rate. We determined the 
irretrievable point to reflect the tolerance threshold (tipping point, P) of plant survival to the inundation duration 
with a hypothesis (H) of maximum-entropy.
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where P is identified when the maximum of the function is obtained, E is the mudflat elevation, a and k are the 
fitting parameters, and i is the regular sample unit of elevation.

SLAMM. In this study, a parallel analysis was conducted using the SLAMM, a spatial model that simulates the 
dominant processes involved in salt marshes and shoreline modifications during periods of SLR12. The SLAMM 
simulates the primary processes of inundation, erosion, overwash, saturation, and accretion. The impacts of these 
processes on salt marshes are dependent on SLR. A flexible and complex decision tree, incorporating geometric 
and qualitative relationships, is used to represent transfers between land-cover categories. The software package 
and documentation for SLAMM version 6.0.1 (beta) are available at http://warrenpinnacle.com/prof/SLAMM/.

Vertical accretion is considered in SLAMM simulations using the spatial sedimentary regime and the average 
annual rate in the Yangtze Estuary. Accretion feedbacks based on wetland elevation relative to the tidal range were 
used in the simulations. The SLAMM uses a set of land-cover categories (codes) corresponding to each type of 
vegetation habitat. The categories defined for the CDW and JW were based on the classified salt marsh maps (see 
below). In addition, the model inputs included a digital elevation model, tidal data, rates of mudflat accretion, 
land subsidence, and various SLR scenarios.

Initial data sources for modeling. Classified salt marsh maps. The classified salt marsh vegetation maps 
from 2008 for the CDW and JW were obtained through the national wetlands resource investigation and mon-
itoring program (2012)20 (Fig. 1). The maps were opened in ArcGIS 10.0 and converted to land-cover poly-
gons. For the SMM-YE, the MATLAB matrix for each habitat polygon was produced for projection16,18. For the 
SLAMM, the ASCII file of the salt marsh vegetation and other land properties with the various SLAMM codes 
were exported based on the translation information in the SLAMM 6.0.1 technical documentation12.

Figure 2. Schematic showing the modeling procedure and the related biotic and abiotic processes. 

http://warrenpinnacle.com/prof/SLAMM/
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Digital elevation map. With the investigation program described above, the remotely sensed digital elevation 
data from 2008 for the CDW and JW were shared for use. The digital elevation map (DEM) of the study area was 
constructed using the Krasovsky 1940 Transverse Mercator coordinate system and the Transverse Mercator map 
projection. A single-cell DEM was 30 m ×  30 m (Fig. 1). Nautical charts of the Yangtze Estuary from the Chinese 
Navy were used to provide isobath information, especially for the areas below sea level. The mean tidal level and 
isobaths of 0 m, − 2 m and − 5 m were delineated using ArcGIS 10.0.

Sedimentary regime. Long-term (1997–2010) monitoring data of the accretion/erosion rate (vertical change 
in elevation) were measured by the Survey Bureau of Hydrology and Water Resources of the Changjiang River 
Estuary (documented by the Changjiang Water Resources Commission)21. The data were obtained at the nearby 
Waigaoqiao tidal gauge station, which is close to Chongming Island, and are based on the local Wusong bathyme-
tric benchmark (Fig. 1). The MATLAB matrix file of the sedimentary regime map was formatted as the inputs for 
the programs of the SMM-YE. To comply with the input requirements of SLAMM program, the ‘sub-sites’ of the 
sedimentary regime map with geographical property were partitioned following the technical menu12.

Land subsidence. Land subsidence in the coastal wetlands of the Yangtze Estuary occurs primarily in marine 
sediments (Fig. 1). The natural conditions include neotectonic movement and the natural settlement of poorly 
consolidated sediments22. Based on long-term (1980–2005) monitoring using laser ranging and global position-
ing system technology23, the average neotectonic subsidence rate is 1.5 mm year−1 in the Yangtze Estuary.

SLR scenarios and simulations. In this study, the model simulations were based on two scenarios of 
regional and global projections adopted for the evaluation of SLR in the coastal salt marshes of CDW and JW, 
as the present SLR (PSLR) of 0.30 m (low level)6 and the IPCC RCP (Representative Concentration Pathway) 8.5 
max scenario of 0.98 m (high level) by the end of 21st century5. The simulation periods were evaluated using the 
combination of SLR and ecosystem processes in the short term (2008–2025), medium term (2025–2050) and long 
term (2050–2100) using the modeling procedures of the SMM-YE and the SLAMM. The same initial inputs were 
used in both models, i.e., the geographical data from the classified map of the salt marshes, digital elevation map, 
sedimentary regime, and land subsidence.

Results
Response of the salt marshes to SLR based on the SMM-YE. The field experiment revealed the 
responses of salt marsh vegetation to varying inundation conditions in terms of flat elevation (Fig. 3a). The 
down-regulated logistic curve provided the tipping points of plant survival as 2.5 m for S. alterniflora, 1.9 m for 
S. mariqueter and 2.9 m for P. australis. The experiment also showed that the seed-setting rates decreased (linear 
regression, R2 =  0.85–0.98) with the reduction in elevation for all three species (Fig. 3b). Based on the mean daily 
tidal range, the daily inundation duration for S. alterniflora, S. mariqueter and P. australis was estimated to be 
approximately 10, 13 and 8 h day−1, respectively (Fig. 3c). With the key vegetative parameters of different salt 
marsh species in relation to SLR, SMM-YE simulations predicted the response of the salt marsh habitats above 
0 m isobaths at CDW (Fig. 4) and JW (Fig. 5) to the PSLR and RCP 8.5 scenarios.

The SMM-YE also accounted for the combination of sedimentary and vegetative processes, which result in 
the accretion of mudflats and the lateral expansion of vegetation. During the simulation period of 2008–2025, 
the habitat area of P. australis, S. alterniflora and S. mariqueter at CDW and JW increased by 2–20% and 8–22%, 
respectively, regardless of the SLR scenarios (Table 1). This increase was attributed to higher rates of mudflat 
accretion and spatial spread seaward than the rate of submergence (Figs 4 and 5). Because of the vegetation col-
onization and SLR, the bare mudflat area decreased by 4% and 10% at CDW and by 6% and 7% at JW under the 
PSLR and RCP 8.5 scenarios, respectively. By 2025, the total salt marsh area at CDW and JW increased by 6% 
under the PSLR scenario, while 2% was at risk of submersion under the RCP 8.5 scenario (Table 1).

During the 2008–2050 simulation period, the SMM-YE predicted an increase in area for P. australis and  
S. alterniflora due to lateral expansion seaward at both wetlands, regardless of the SLR scenarios (Table 2). The 
area increase in S. mariqueter was much greater (by 21% and 30% at CDW and 38% and 42% at JW under the 
PSLR and RCP 8.5 scenarios, respectively) than that of P. australis and S. alterniflora. The areas of bare mudflat 
declined by 6% and 16% at CDW and by 13% and 15% at JW under the PSLR and RCP 8.5 scenarios, respectively. 
By 2050, the total habitat area at CDW and JW increased by 4% under the PSLR scenario, while the RCP 8.5 sce-
nario resulted in a 5% decline (Table 2).

By the end of the simulation period (2100), the area of S. alterniflora increased by 12% at CDW and 14% at JW 
under the PSLR scenario but decreased by 7% at CDW and 8% at JW under the RCP 8.5 scenario (Table 3). The 
increase in the area of S. mariqueter was much greater (by 40% and 32% at CDW and 23% and 21% at JW under 
PSLR and 32% under RCP 8.5, respectively) than that of P. australis. This increase was attributed to the combined 
effects of spatial spread and conversion from other vegetation under stress of submergence (Figs 4 and 5). The 
area of bare mudflat decreased by 12% and 25% at CDW and 15% and 21% at JW under the PSLR and RCP 8.5 
scenarios, respectively. By 2100, the total area of the salt marsh habitats at CDW and JW under the PSLR scenario 
increased by 3%, while under the RCP 8.5 scenario, a loss of 9% was observed (Table 3).

Response of the salt marshes to SLR based on the SLAMM. The SLAMM did not account for the 
lateral accretion of mudflat and expansion of vegetation with the annual sedimentary rates. As presented in Figs 4 
and 5, the changes in area of the marsh vegetation were not obvious during the 2008–2025 simulation period. The 
SLAMM predicted that SLR would lead to a decline in salt marsh area by 4% and 8% at CDW and 4% and 5% at 
JW under the PSLR and RCP 8.5 scenarios, respectively, during 2008–2025 (Table 1).
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During the simulation period of 2008–2050, the habitat of the S. alterniflora seaward area was converted to  
S. mariqueter, and the bare mudflats at both wetlands (Figs 4 and 5) showed a reduction in area (Table 2). The area 
of S. mariqueter and P. australis also decreased, regardless of the SLR scenarios. By 2050, 10% and 14% of the total 
habitat area at CDW and JW were converted to open water under the PSLR and RCP 8.5 scenarios, respectively.

By 2100, S. mariqueter and S. alterniflora in the frontier marsh were converted to bare mudflats at both wet-
lands. By 2100, 18% and 29% of the total habitat area at CDW and 15% and 22% at JW was submerged under the 
PSLR and RCP 8.5 scenarios, respectively (Table 3).

Role of combination of sedimentary and vegetative processes. Predicted changes in habitat area 
of the salt marshes from the SMM-YE and the SLAMM were compared to identify the combined effects of sed-
imentary accretion and vegetative processes (Fig. 6). When the scenario of SLR was not applied (non-SLR), the 
SMM-YE predicted that the total salt marsh area above 0 m isobaths increased by around 1500 ha at CDW and 
2200 ha at JW by 2100. However, the SLAMM could not simulate the lateral mudflat accretion and spatial spread. 
When the PSLR scenario was assumed, the SMM-YE predicted a small increase in the area of salt marshes by 
2100. The RCP 8.5 scenario led to a decrease in the area of salt marshes based on the SMM-YE, while the SLAMM 
predicted a much greater loss during the simulation period.

Discussion
Features of the salt marshes in the Yangtze Estuary under SLR. The goal of this study was to under-
stand the potential effects of SLR on the salt marshes in the Yangtze Estuary. The SLAMM predicted net habitat 
loss of 4–29% at CDW and 4–22% at JW during different simulations. Salt marshes suffered greater losses under 
high SLR (RCP 8.5) than under the low scenario (PSLR). In the coastal salt marshes, the vegetation along the sea-
ward edge of the marsh will degrade to be dominated by pioneer species or unvegetated land because of long sub-
mergence at the lower elevations1,3. Platform deepening may cause a marsh to quickly submerge below elevations 

Figure 3. Responses of plant survival (a) and seed-setting rates (b) of the salt marsh species under inundation 
treatments (by variations of elevation). The dotted lines indicate the tipping points of plant survival under 
inundation stress. Daily tidal range and inundation duration for the different species (c) under the non-SLR and 
SLR scenarios are shown.
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under high rates of SLR, representing an important threshold for vegetation growth at which the marsh platform 
submerges or erodes because of subtidal elevations2,7.

However, the locally developed SMM-YE for the Yangtze Estuary accounted for the processes of lateral 
mudflat accretion, vegetation dynamics and sediment trapping by vegetation and indicated resilience of the salt 
marshes to SLR. Under low level of SLR, total salt marsh areas at both CDW and JW increased by relatively small 
increments, as indicated by the long-term simulation (i.e., 2008–2100). This minimal effect occurs because the 
deposition of river sediment in the estuary and along the coast functions as a form of self-regulation in response 
to SLR3,10. When SLR scenarios were excluded, the current sedimentary rate in the Yangtze Estuary will increase 
the areas of salt marshes above 0 m isobaths at CDW and JW at the end of the 21st century, as simulated by the 
SMM-YE. Under the maximum scenario of RCP 8.5, the decrease in the habitat area predicted by the SMM-YE is 
much lower than the output from the SLAMM over the corresponding years.

The resilience to SLR might also be attributed to the vegetation process module in the SMM-YE, which 
assumes that seeds and seedlings will spread to neighboring areas via tidal currents and establish new meadows. 

Figure 4. Spatial projections of the salt marsh (above 0 m isobaths) in the Chongming Dongtan wetland 
(CDW) over the short term (2025), medium term (2050) and long term (2100) based on the SMM-YE and 
SLAMM under the PSLR scenarios. The maps were created from the authors’ data using MATLAB R2010b  
(se.mathworks.com/products).
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The model also considers the ability of salt marsh vegetation to trap suspended sediment, exhibiting a positive 
feedback loop between vegetation expansion and sediment deposition7,24,25. For instance, S. alterniflora can atten-
uate hydrological energy significantly and enhance sediment accretion, resulting in higher seedling recruitment 
and a wider range of expansion26. Based on a field measurement at CDW, the introduced S. alterniflora is more 
efficient in trapping suspended sediment than the native species17. The development of vegetative tillering and 
growth of rhizomes underground further benefits the spatial spread of vegetation in the salt marshes27.

Furthermore, our model is able to simulate the spatiotemporal dynamics of the plant community in the salt 
marsh, including the two native dominant species P. australis and S. mariqueter and the exotic species S. alterni-
flora. In addition to the vegetation establishment for the individual species, the inter-species relationship was 
parameterized in the SMM-YE, showing a close correlation between the simulation and observation data of 
community dynamics (based on remote sensing data)16. In the Yangtze Estuary, S. mariqueter that grows on the 
mudflats with low elevation thresholds is the pioneer vegetation28. Previous studies demonstrated that S. alterni-
flora quickly invaded both unvegetated zones and S. mariqueter habitat in the estuary since the introduction of  
S. alterniflora29,30,31, which was also reproduced by our model16,18.

Under the PSLR scenario, the area of both S. mariqueter and S. alterniflora increased in the frontier of the 
marsh flat because sedimentary accretion led to spatial spread. However, the RCP 8.5 scenario reduced the area 
of the exotic species and resulted in the recolonization of S. mariqueter in the low-lying habitats during the later 
simulation period. The range expansion of both native and exotic salt marsh species relied heavily on the availa-
bility of habitat and the accretion rate of intertidal mudflats16. A fixed-point field monitoring study showed that a 
regime of accretion benefited from the expansion of S. alterniflora seaward and its invasion into the S. mariqueter 
zone in the advancing front32, while the invasion of S. alterniflora was significantly weak and the original pioneer 
species S. mariqueter remained under a relatively stable regime. These responses indicated that the current sed-
imentary rate for elevation accretion could not support the rapid rate of habitat colonization by S. alterniflora 
that occurred in the high-elevation habitat during the past decade. In the current study, the field experiment on 
species-specific tolerance to waterlogging also revealed the greater tolerance of S. mariqueter to prolonged inun-
dation relative to S. alterniflora and P. australis in the frontier of marsh flats. Recently, a revegetation practice for 
the native species at CDW indicated that S. mariqueter could survive and colonize in the mudflats with very low 
elevation33. Therefore, the area of S. mariqueter will increase due to reduced stress from S. alterniflora, potentially 

Figure 5. Spatial projections of the salt marsh (above 0 m isobaths) at the Jiuduansha wetland (JW) over 
the short term (2025), medium term (2050) and long term (2100) based on the SMM-YE and SLAMM 
under the PSLR scenarios. The maps were created from the authors’ data using MATLAB R2010b  
(se.mathworks.com/products).
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leading to recolonization in the invaded habitat by S. alterniflora under a high-SLR scenario. Although the test 
showed the lowest tolerance of P. australis to inundation, its area was not decreased under SLR because the distri-
bution zone of P. australis is located in high-elevation habitat, which is subjected to less flooding stress.

Nevertheless, another potential risk of prolonged flooding under SLR probably results in a significant reduc-
tion of seed-setting rates (based on the mesocosm experiment) of all species. This reduction might negatively 
affect the colonization of vegetation generation by generation.

Uncertainty analysis. The SMM-YE did not simulate changes in marsh accretion but substituted historical 
average sedimentary rates from long-term records (1997–2010). The deposition process is based on the concen-
tration of suspended sediment and organic material deposited during each period of tidal inundation34. The sed-
iment deposition rates in the marsh are largely controlled by the duration and frequency of tidal inundation2,25. 
Therefore, potential changes in sediment loading and tidal flooding with SLR may lead to uncertainty in the 
marsh accretion estimates.

The core of the model is the inundation tolerance of different plant species to submergence. The sensitivity 
analysis in terms of threshold of plant survival under inundation (by plus or minus 15%) showed that the model 
results were sensitive to changes in the species-specific tolerance thresholds to submergence. This study used 
a field experiment with three inundation levels to estimate the tipping points of survival under waterlogging, 

Habitat

CDW JW Total study area

PSLR RCP 8.5 PSLR RCP 8.5 PSLR RCP 8.5

SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM

2008–2025

S. mariqueter (+ ) 12 (− ) 0 (+ ) 20 (− ) 3 (+ ) 17 (+ ) 3 (+ ) 22 (+ ) 5 (+ ) 14 (+ ) 1 (+ ) 21 (+ ) 0

P. australis (+ ) 2 (+ ) 0 (+ ) 2 (+ ) 0 (+ ) 11 (+ ) 0 (+ ) 8 (+ ) 0 (+ ) 8 (+ ) 0 (+ ) 6 (+ ) 0

S. alterniflora (+ ) 8 (− ) 5 (+ ) 5 (− ) 17 (+ ) 13 (− ) 1 (+ ) 11 (− ) 4 (+ ) 11 (− ) 4 (+ ) 9 (− ) 8

Bare mudflat (− ) 4 (+ ) 5 (− ) 10 (+ ) 2 (− ) 6 (− ) 7 (− ) 7 (− ) 8 (− ) 5 (− ) 1 (− ) 9 (− ) 3

Total (+ ) 4 (− ) 4 (− ) 3 (− ) 8 (+ ) 6 (− ) 4 (− ) 1 (− ) 5 (+ ) 6 (− ) 4 (− ) 2 (− ) 6

Table 1.  Predicted change percentage (%) of salt marsh habitats (above isobaths of 0 m) at CDW and 
JW over the short term (2008–2025) under the scenarios of PSLR and RCP 8.5 with the SMM-YE and the 
SLAMM. CDW: Chongming Dongtan wetland; JW: Jiuduansha wetland.

Habitat

CDW JW Total study area

PSLR RCP 8.5 PSLR RCP 8.5 PSLR RCP 8.5

SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM

2008–2050

S. mariqueter (+ ) 21 (− ) 18 (+ ) 30 (− ) 25 (+ ) 38 (− ) 12 (+ ) 42 (− ) 15 (+ ) 28 (− ) 16 (+ ) 35 (− ) 21

P. australis (+ ) 10 (+ ) 0 (+ ) 3 (− ) 3 (+ ) 14 (− ) 1 (+ ) 9 (− ) 1 (+ ) 13 (− ) 1 (+ ) 7 (− ) 2

S. alterniflora (+ ) 16 (− ) 15 (+ ) 5 (− ) 20 (+ ) 21 (− ) 3 (+ ) 10 (− ) 9 (+ ) 19 (− ) 7 (+ ) 8 (− ) 13

Bare mudflat (− ) 6 (+ ) 2 (− ) 16 (− ) 2 (− ) 13 (− ) 10 (− ) 15 (− ) 13 (− ) 10 (− ) 4 (− ) 16 (− ) 8

Total (+ ) 3 (− ) 11 (− ) 5 (− ) 16 (+ ) 4 (− ) 10 (− ) 4 (− ) 12 (+ ) 4 (− ) 10 (− ) 5 (− ) 14

Table 2.  Predicted change percentage (%) of salt marsh habitats (above 0 m isobaths) at CDW and JW 
over the medium term (2008–2050) under the scenarios of PSLR and RCP 8.5 with the SMM-YE and the 
SLAMM. CDW: Chongming Dongtan wetland; JW: Jiuduansha wetland.

Habitat

CDW JW Total study area

PSLR RCP 8.5 PSLR RCP 8.5 PSLR RCP 8.5

SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM SMM-YE SLAMM

2008–2100

S. mariqueter (+ ) 40 (− ) 32 (+ ) 32 (− ) 39 (+ ) 23 (− ) 44 (+ ) 21 (− ) 47 (+ ) 33 (− ) 37 (+ ) 28 (− ) 42

P. australis (+ ) 11 (− ) 2 (+ ) 8 (− ) 23 (+ ) 12 (− ) 2 (+ ) 6 (− ) 3 (+ ) 12 (− ) 2 (+ ) 7 (− ) 11

S. alterniflora (+ ) 12 (− ) 14 (− ) 7 (− ) 22 (+ ) 14 (− ) 6 (− ) 8 (− ) 29 (+ ) 13 (− ) 9 (− ) 8 (− ) 27

Bare mudflat (− ) 12 (− ) 53 (− ) 25 (− ) 60 (− ) 15 (− ) 14 (− ) 21 (− ) 19 (− ) 14 (− ) 34 (− ) 23 (− ) 40

Total (+ ) 2 (− ) 18 (− ) 11 (− ) 29 (+ ) 3 (− ) 15 (− ) 8 (− ) 22 (+ ) 3 (− ) 16 (− ) 9 (− ) 25

Table 3.  Predicted change percentage (%) of salt marsh habitats (above 0 m isobaths) at CDW and JW over 
the long term (2008–2100) under the scenarios of PSLR and RCP 8.5 with the SMM-YE and the SLAMM. 
CDW: Chongming Dongtan wetland; JW: Jiuduansha wetland.
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probably leading to an underestimation. Moreover, the model was calibrated based on previous field observations 
and empirical assumptions, ignoring the plasticity of coastal vegetation. Pan et al.35 demonstrated that wetland 
plants can display morphological plasticity in response to inundation. Morris et al.2 also reported that increasing 
the inundation of salt marshes may increase macrophyte production and lead to increased vertical accretion. In 
this respect, the improvement of field trial and the model updating are needed.

Management implications. The SMM-YE in this study showed that salt marshes could be resilient to SLR 
threats through the lateral accretion of mudflats, vegetation propagation and sediment trapping by vegetation. 
However, China’s coastal wetlands have been enclosed by thousands of kilometers of seawalls because of planning 
for economic growth, especially in East China36,37. The migration of salt marshes landward is not possible as a 
result of the restrictions caused by “coastal squeeze.” Additionally, the large amount of hydraulic engineering 
on the Yangtze River upstream has decreased the sediment discharge, leading to a continuous reduction in the 
sedimentation rate in the Yangtze Estuary38. The insufficient sediment supply would exacerbate the risk of SLR 
for coastal marshes9.

In addition, a nine-year nutrient enrichment experiment showed that anthropogenic eutrophication might 
rapidly result in marsh erosion and loss around the coastal landscape39. Eutrophication has become increasingly 
serious in the Yangtze Estuary and the adjacent East China Sea because of human activities40. This process will 
consequently reduce the capacity of coastal regions to adapt to expected SLR.

Therefore, management of sediment resource and nutrient loading in estuaries and coastal zones is a crucial 
mitigation strategy because the increased availability of sediment allows the coastal wetlands to keep pace with 
SLR. The Yangtze Estuary is an important navigation channel, and more than 70 Mt of sediment is dredged each 
year to maintain the deep-water channel41. Two effective soft management options available to mitigate the impacts 
of SLR are the use of dredged sediment to encourage mudflat or salt marsh development and the reestablishment of 
salt marsh pioneer vegetation to promote sedimentation by slowing the flow and reducing wave energy.

References
1. Craft, C. et al. Forecasting the effects of accelerated sea-level rise on tidal marsh ecosystem services. Front. Ecol. Environ. 7, 73–78 (2009).
2. Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B. & Cahoon, D.R. Responses of coastal wetlands to rising sea level. Ecology 

83, 2869–2877 (2002).
3. Stralberg, D. et al. Evaluating tidal marsh sustainability in the face of sea-level rise: A hybrid modeling approach applied to San 

Francisco Bay. PLoS One 6, e27388 (2011).
4. Zedler, J. B. & Kercher, S. Causes and consequences of invasive plants in wetlands: opportunities, opportunists, and outcomes. Crit. 

Rev. Plant Sci. 23, 431–452 (2004).
5. Church, J. A. et al. Sea Level Change. In: Stocker, T. F. et al. eds Climate Change 2013: The Physical Science Basis. Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and 
New York, NY, USA, Cambridge University Press (2013).

6. SOA (State Oceanic Administration People’s Republic of China). Bulletin of Chinese sea level rise. Available at: http://www.soa.gov.
cn/zwgk/hygb/zghpmgb/201503/t20150318_36408.html (Accessed: 3rd March 2015).

7. Fagherazzi, S. et al. Numerical models of salt marsh evolution: Ecological, geomorphic, and climatic factors. Rev. Geophys. 50, 
RG1002, doi: 10.1029/2011RG000359 (2012).

8. Kirwan, M. L. & Murray, A. B. A coupled geomorphic and ecological model of tidal marsh evolution. Proc. Natl. Acad. Sci. USA 104, 
6118–6122 (2007).

9. Blum, M. D. & Roberts, H. H. Drowning of the Mississippi Delta due to insufficient sediment supply and global sea-level rise. Nat. 
Geosci. 2, 488–491 (2009).

10. Kirwan, M. L. et al. Limits on the adaptability of coastal marshes to rising sea level. Geophys. Res. Lett. 37, L23401, doi: 
10.1029/2010GL045489 (2010).

11. Temmerman, S., Govers, G., Wartel, S. & Meire, P. Modelling estuarine variations in tidal marsh sedimentation: response to 
changing sea level and suspended sediment concentrations. Mar. Geol. 212, 1–19 (2004).

12. Clough, J. S., Park, R. A. & Fuller, R. SLAMM 6 beta Technical Documentation, Release 6.0 beta. Warren Pinnacle Consulting, Inc, 
USA. 48p (2010).

13. Geselbracht, L., Freeman, K., Kelly, E., Gordon, D. R. & Putz, F. Z. Retrospective and prospective model simulations of sea level rise 
impacts on Gulf of Mexico coastal marshes and forests in Waccasassa Bay, Florida. Climatic Change 107, 35–57 (2011).

Figure 6. Changes in the total salt marsh habitat area at the Chongming Dongtan wetland (CDW, (a)) and the 
Jiuduansha wetland (JW, (b)) over the simulation period of 2008–2100 based on the SMM-YE and SLAMM 
simulations and the scenarios of non-SLR, PSLR and RCP 8.5.

http://www.soa.gov.cn/zwgk/hygb/zghpmgb/201503/t20150318_36408.html
http://www.soa.gov.cn/zwgk/hygb/zghpmgb/201503/t20150318_36408.html


www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:28466 | DOI: 10.1038/srep28466

14. Kirwan, M. L., Temmerman, S., Skeehan, E. E., Guntenspergen, G. R. & Fagherazzi, S. Overestimation of marsh vulnerability to sea 
level rise. Nat. Clim. Change 6, 253–260 (2016).

15. Yang, S. L. Sedimentation on a growing intertidal island in the Yangtze River mouth. Estuar. Coast. Shelf Sci. 49, 401–410 (1999).
16. Ge, Z. M., Zhang, L. Q. & Yuan, L. Spatiotemporal dynamics of salt marsh vegetation regulated by plant invasion and abiotic 

processes in the Yangtze Estuary: observations with a modeling approach. Estuar. Coast. 38, 310–324 (2015a).
17. Li, H. & Yang, S. L. Trapping effect of tidal marsh vegetation on suspended sediment, Yangtze Delta. J. Coastal Res. 25, 915–924 (2009).
18. Ge, Z. M., Cao, H. B. & Zhang, L. Q. A process-based grid model for the simulation of range expansion of Spartina alterniflora on 

the coastal saltmarshes in the Yangtze Estuary. Ecol. Eng. 58, 105–112 (2013).
19. Ge, Z. M., Wang, T. H., Wang, K. Y. & Wang, X. M. Characteristics of coastal wetland ecosystem of the Yangtze Estuary and 

conservation for key communities. Beijing, Science Press, p. 28–29 (2008).
20. Zhou, Y. X. & Xie, Y. M. Study on Wetlands Resource Investigation and Monitoring and Evaluation System. Shanghai, Shanghai 

Science and Technology Press, p. 35–42 (2012).
21. CWRC (Changjiang Water Resources Commission). Changjiang Sediment Bulletin. Wuhan, Changjiang Press, p. 30–40 (2012).
22. Xue, Y. Q., Zhang, Y., Ye, S., Wu, J. & Li, Q. Land subsidence in China. Environ. Geol. 48, 713–720 (2005).
23. Wang, J., Gao, W., Xu, S. & Yu, L. Evaluation of the combined risk of sea level rise, land subsidence, and storm surges on the coastal 

areas of Shanghai, China. Climatic Change 115, 537–558 (2012).
24. Möller, I. & Spencer, T. Wave dissipation over macro-tidal saltmarshes: Effects of marsh edge typology and vegetation change.  

J. Coastal Res. 36, 506–521 (2002).
25. Mudd, S. M., Fagherazzi, S., Morris, J. T. & Furbish, D. J. Flow, sedimentation, and biomass production on a vegetated tidalmarsh in 

South Carolina: toward a predictive model of marsh morphologic and ecologic evolution. In: Fagherazzi, S., Marani, A. & Blum, L. K. 
eds The Ecogeomorphology of Tidal Marshes. Washington, DC, American Geophysical Union, p. 165–187 (2004).

26. Lambrinos, J. G. & Bando, K. J. Habitat modification inhibits conspecific seedling recruitment in populations of an invasive 
ecosystem engineer. Biol. Invasions 10, 729–741 (2008).

27. Xiao, D. R., Zhang, L. Q. & Zhu, Z. C. The range expansion patterns of Spartina alterniflora on saltmarshes in the Yangtze Estuary, 
China. Estuar. Coast. Shelf Sci. 88, 99–104 (2010).

28. Zhang, L. Q. & Yong, X. K. Studies on phenology and spatial pattern of Scirpus mariqueter population. Acta Phytoecol. Geobot. Sin. 
16, 43–51 (1992)

29. Huang, H. M. & Zhang, L. Q. A study on the population dynamics of Spartina alterniflora at Jiuduansha Shoals Shanghai. Ecol. Eng. 
29, 164–172 (2007).

30. Li, B. et al. Spartina alterniflora invasions in the Yangtze River estuary, China: an overview of current status and ecosystem effects. 
Ecol. Eng. 35, 511–520 (2009).

31. Ge, Z. M., Guo, H. Q., Zhao, B. & Zhang, L. Q. Plant invasion impacts on the gross and net primary production of the salt marsh on 
eastern coast of China: insights from leaf to ecosystem, J. Geophys. Res. - Biogeosciences 120, 169–186 (2015b).

32. Zhu, Z. C., Zhang, L. Q., Wang, N., Schwarz, C. & Ysebaert, T. Interactions between range expansion of saltmarsh vegetation and 
hydrodynamic regimes in the Yangtze Estuary, China. Estuar. Coast. Shelf Sci. 96, 273–279 (2012).

33. Hu, Z. J. et al. Revegetation of a native species in a newly formed tidal marsh under varying hydrological conditions and planting 
densities in the Yangtze Estuary. Ecol. Eng. 83, 354–363 (2015).

34. Krone, R. B. A method for simulating historic marsh elevations. Coastal Sediments ‘87. Proceedings of the Specialty Conference on 
Quantitative Approaches to Coastal Sediment Processes, New Orleans, p. 316–323 (1987).

35. Pan, Y., Xie, Y. H., Deng, Z. M., Tang, Y. & Pan, D. D. High water level impedes the adaptation of Polygonum hydropiper to deep 
burial: Responses of biomass allocation and root morphology. Sci. Rep. 4, doi: 10.1038/srep05612 (2014).

36. Wang, W., Liu, H., Li, Y. & Su, J. Development and management of land reclamation in China. Ocean Coast. Manage. 102, 415–425 (2014).
37. Ma, Z. J. et al. Rethinking China’s new great wall. Science 346, 912–914 (2014).
38. Yang, S. L., Xu, K. H., Milliman, J. D., Yang, H. F. & Wu C. S. Decline of Yangtze River water and sediment discharge: Impact from 

natural and anthropogenic changes. Sci. Rep. 5, 12581, doi: 10.1038/srep12581 (2015).
39. Deegan, L. A. Coastal eutrophication as a driver of salt marsh loss. Nature 490, 388–392 (2012).
40. Chai, C., Yu, Z., Song, X. & Cao, X. The status and characteristics of eutrophication in the Yangtze River (Changjiang) Estuary and 

the adjacent East China Sea, China. Hydrobiologia 563, 313–328 (2006).
41. Jin, L., Yu, Z. Y. & He, Q. Response of deepwater channel in north passage to water and sediment exchange between channel and 

shoal in the Yangtze estuary. Port Water. Eng. 474, 101–108 (2013).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (41571083, 41271065 and 
31500392), the Marine Science Project (14DZ1206004) of Shanghai Science & Technology Committee, and the 
autonomous research fund of the SKLEC (2015KYYW03). It was also supported through PROFI-funding by the 
Academy of Finland for “Top-level international research area” of UEF. We thank the two anonymous reviewers 
for their constructive comments.

Author Contributions
Conceived and designed the experiments: Z.-M.G. and L.-Q.Z.; Performed the experiments: H.W., H.-B.C.,  
L.-F.C. and Z.-M.G.; Model modification: Z.-M.G., H.W., X.Z. and H.P.; Data analysis: Z.-M.G., X.Z. and X.-Z.L.; 
Wrote the manuscript: Z.-M.G. and B.Z.; Figure and table design: Z.-M.G.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Ge, Z.-M. et al. Responses of eastern Chinese coastal salt marshes to sea-level rise 
combined with vegetative and sedimentary processes. Sci. Rep. 6, 28466; doi: 10.1038/srep28466 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Responses of eastern Chinese coastal salt marshes to sea-level rise combined with vegetative and sedimentary processes
	Materials and Methods
	Study area. 
	SMM-YE. 
	SLAMM. 
	Initial data sources for modeling. 
	Classified salt marsh maps. 
	Digital elevation map. 
	Sedimentary regime. 
	Land subsidence. 

	SLR scenarios and simulations. 

	Results
	Response of the salt marshes to SLR based on the SMM-YE. 
	Response of the salt marshes to SLR based on the SLAMM. 
	Role of combination of sedimentary and vegetative processes. 

	Discussion
	Features of the salt marshes in the Yangtze Estuary under SLR. 
	Uncertainty analysis. 
	Management implications. 

	Acknowledgements
	Author Contributions
	Figure 1.  Location of the Chongming Dongtan (CDW) and Jiuduansha (JW) wetlands in the Yangtze Estuary with a classified map of salt marsh habitats (2008), current digital elevation map, sedimentary regime (2005–2010 investigation documents from the
	Figure 2.  Schematic showing the modeling procedure and the related biotic and abiotic processes.
	Figure 3.  Responses of plant survival (a) and seed-setting rates (b) of the salt marsh species under inundation treatments (by variations of elevation).
	Figure 4.  Spatial projections of the salt marsh (above 0 m isobaths) in the Chongming Dongtan wetland (CDW) over the short term (2025), medium term (2050) and long term (2100) based on the SMM-YE and SLAMM under the PSLR scenarios.
	Figure 5.  Spatial projections of the salt marsh (above 0 m isobaths) at the Jiuduansha wetland (JW) over the short term (2025), medium term (2050) and long term (2100) based on the SMM-YE and SLAMM under the PSLR scenarios.
	Figure 6.  Changes in the total salt marsh habitat area at the Chongming Dongtan wetland (CDW, (a)) and the Jiuduansha wetland (JW, (b)) over the simulation period of 2008–2100 based on the SMM-YE and SLAMM simulations and the scenarios of non-SLR, 
	Table 1.   Predicted change percentage (%) of salt marsh habitats (above isobaths of 0 m) at CDW and JW over the short term (2008–2025) under the scenarios of PSLR and RCP 8.
	Table 2.   Predicted change percentage (%) of salt marsh habitats (above 0 m isobaths) at CDW and JW over the medium term (2008–2050) under the scenarios of PSLR and RCP 8.
	Table 3.   Predicted change percentage (%) of salt marsh habitats (above 0 m isobaths) at CDW and JW over the long term (2008–2100) under the scenarios of PSLR and RCP 8.



 
    
       
          application/pdf
          
             
                Responses of eastern Chinese coastal salt marshes to sea-level rise combined with vegetative and sedimentary processes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28466
            
         
          
             
                Zhen-Ming Ge
                Heng Wang
                Hao-Bin Cao
                  Bin Zhao
                Xiao Zhou
                Heli Peltola
                Li-Fang Cui
                Xiu-Zhen Li
                Li-Quan Zhang
            
         
          doi:10.1038/srep28466
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28466
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28466
            
         
      
       
          
          
          
             
                doi:10.1038/srep28466
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28466
            
         
          
          
      
       
       
          True
      
   




