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Coastal areas, especially salt marshes, are key regions for ecological stability and coastal protection, but they are increasingly threatened by erosion, sea-level rise, and invasive species. This study focuses on the synergistic effects of engineering measures (soft mattresses) and ecological restoration (native Suaeda salsa) on the coastal geomorphological evolution and ecosystem resilience in the Tiaozini tidal flat of Jiangsu Province, China. Through field measurements (using RTK-GPS, UAV terrain scanning, and vegetation plot sampling) and bio-morphodynamic coupling models, the hydrodynamic processes, sediment transport, vegetation growth, and morphological changes were studied. The results show that soft mattresses altered the flow field, reduced the hydrodynamic force in the sheltered areas, promoted sediment deposition, and transformed the sheltered areas from an erosive environment to a depositional one. The presence of Suaeda salsa enhanced the resilience of the coast by increasing bed roughness, weakening tidal energy, and stabilizing sediments, maintaining a stable sedimentation rate even under strong tidal dynamics. The synergy between soft mattresses and Suaeda salsa significantly improved the restoration efficiency. In the high-tide flat, the cumulative sediment accumulation over four years reached 1.767×104 m3, which is 32.26% higher than the accumulation achieved by relying solely on engineering measures and 82.54% higher than that achieved by relying solely on ecological measures. Additionally, the artificial planting intensity and offshore sediment supply affected the coverage of Suaeda salsa. Moderate planting intensity and adequate sediment supply increased the survival rate and the resilience of the ecosystem. This study clarifies the biophysical feedback between Suaeda salsa and coastal geomorphology, providing a scientific basis for the engineering-ecological integrated strategy for coastal erosion control and ecological restoration.
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Introduction


The coastal zone, as a critical area of land-sea interaction, is a core region for population concentration, economic development, and sustainable social progress (Barbier et al., 2011; Costanza et al., 2014). It is also a sensitive area affected by global changes and human activities (He and Silliman, 2019; Kirwan and Megonigal, 2013). Coastal wetlands, particularly salt marshes, hold irreplaceable ecological value in terms of providing primary productivity, maintaining biodiversity, carbon sequestration, and shoreline protection (Gedan et al., 2009; Burden et al., 2013; Duarte et al., 2013; Mudd et al., 2009; Temmerman et al., 2013). Under climate change, the majority of the world’s muddy coasts are eroding at rates exceeding 1 m/yr, and 24% of the world’s sandy beaches are eroding at rates exceeding 0.5 m/yr (Luijendijk et al., 2018; Hulskamp et al., 2023). China’s coastal ecosystems, in particular, are under severe pressure from intense human activities, reduced sediment supply from rivers, and rising sea levels, leading to significant coastal erosion and ecological issues (Li et al., 2022). In the past 50 years, China has lost 53% of its coastal ecosystems, ranking among the eight most severely affected countries globally, posing considerable challenges to its marine environmental security and sustainable development.


Systematic investigations and research on coastal ecological environments and erosion began around the mid-20th century (Masselink et al., 2014; Valiela, 2006). During coastal development, increasing attention has been paid to the health of the coastal ecological environment (Barbier et al., 2011). Coastal erosion prevention measures have shifted from traditional hard-engineering solutions to “Building with Nature” or “Living Shoreline” models that align with environmental and social needs (Pontee, 2013; Gittman et al., 2016). In recent years, advancements in coastal monitoring technologies and the interdisciplinary integration of ecology, environmental science, and morphodynamics have led to significant progress in coastal ecological protection and erosion control (Kirwan et al., 2016; Mudd et al., 2009; Temmerman et al., 2013).


With the increasing global needs for coastal environmental protection and ecosystem restoration, the synergistic development of coastal erosion prevention and ecological restoration has become a frontier and hotspot in the emerging interdisciplinary field of “biogeomorphodynamics” (Fagherazzi et al., 2012). Over the past 30 years, significant efforts have been made to address the scientific question of interactions between coastal morphodynamic processes and biological processes (Bouma et al., 2009; Hu et al., 2014; Van der Wal et al., 2008). Progress has been made in understanding the coupled mechanisms of hydrodynamic-sediment transport-biology in coastal ecosystems and in developing models for qualitative predictions (Fagherazzi et al., 2012; Kirwan et al., 2016; Gu et al., 2025). Furthermore, the protection of degraded coastal ecosystems and the development of living shorelines have become global strategies for sustainable development (Temmerman et al., 2013; McInnes, 2021). Based on this, existing studies have explored the ecological services of various coastal ecosystems, including beaches, salt marshes, and mangroves (Barbier et al., 2011; Ouyang and Guo, 2016). This has led to the proposal of the Nature-based Solutions (NbS) concept, which utilizes the ecological services of coastal ecosystems to provide scientific support for the sustainable use of natural coastlines and the ecological restoration of degraded coastlines (Temmerman et al., 2013; Möller et al., 1999).


Emerging technologies for coastal protection and restoration are increasingly emphasizing the organic integration of soft and hard engineering techniques to achieve both protection and restoration (Gittman et al., 2016; Pontee, 2013). For sandy coasts, the primary hard engineering measures include groins, breakwaters, and seawalls, while soft engineering approaches include beach nourishment, artificial sandbars, sediment bypassing, and the “Sand Engine” concept proposed by Dutch researchers (Luijendijk et al., 2017; Paxton et al., 2020; Van Westen et al., 2024). For muddy coasts with higher vegetation coverage, different protection and restoration theories and techniques have been proposed based on specific vegetation habitats, such as salt marsh vegetation restoration based on the “Window of opportunity” theory, tidal flat hydrological connectivity and microtopography modification, and invasive species control and removal (Balke et al., 2011; Wang et al., 2018; Min et al., 2025). These approaches have preliminarily achieved the protection and restoration of typical muddy coastal eco-geomorphic systems (Turner and McClenachan, 2018).


However, although preliminary research on the integration of coastal geomorphic systems and ecosystems has been conducted, the biophysical feedback mechanisms in the multi-scale coupled evolution of coastal geomorphology and ecosystems remain unclear (Fagherazzi et al., 2012; Williams et al., 2002). It is urgently necessary to establish quantitative relationships among the processes of hydrodynamics, sediment transport, geomorphology, and ecology, as well as to develop more reliable numerical models for the bio-geomorphic evolution of degraded coasts (Kirwan et al., 2016; Geng et al., 2021; Gu et al., 2025). This will help unravel the mechanisms of coastal geomorphic and ecosystem evolution and ecological restoration (Fagherazzi et al., 2012; Hu et al., 2014; Zhou et al., 2022).


Currently, the integration of engineering measures (i.e., for coastal erosion control) with ecological measures (i.e., for ecological protection and restoration) is one of the main challenges for China’s marine ecological civilization strategy (Li et al., 2022). On one hand, the rapid spread of invasive species such as Spartina alterniflora (hereafter S. alterniflora) has caused ecological damage to native ecosystems and significantly altered the ecosystem services of coastal wetlands (Chung, 2006; Liu et al., 2018). On the other hand, with the nationwide implementation of S. alterniflora removal policies, how to restore and rebuild native species communities while meeting the need for sediment retention and shoreline stabilization has become a focus for governments and academia at all levels (Li et al., 2024; Min et al., 2025; Pan et al., 2025).


In 1979, S. alterniflora was introduced to China for shoreline protection (An et al., 2007; Liu et al., 2018). However, S. alterniflora’s strong ecological adaptability and dispersal capability often give it a competitive advantage over native species (Lewis and Weber, 2002; Chen et al., 2004), thereby severely impacting native biodiversity and ecosystem services (Daehler and Strong, 1994; Schwarz et al., 2015; Liu et al., 2020). China’s native coastal salt marsh species include Phragmites australis, Suaeda salsa (hereafter S. salsa), and Scirpus mariqueter (Wang et al., 2022; Xue et al., 2024). Among these, S. salsa, an annual halophyte with high tolerance to salinity, flooding, and drought, serves as a pioneer in salt marsh succession and is widely regarded as an indicator species for ecosystem restoration following S. alterniflora removal (He et al., 2011; Zhang et al., 2023; Shu et al., 2024). Current studies on S. salsa focus on its physiological traits, growth dynamics, spatial distribution, and its influence on hydrodynamics and sediment processes, though its integration into vegetation-morphodynamic coupling models remains limited (Möller et al., 1999; Fagherazzi et al., 2012; Rupprecht et al., 2017).


Against such environmental contexts and policy directives, integrating soft engineering measures and ecological restoration has become imperative for effective coastal erosion control. However, existing research lacks in-depth exploration of their combined effects on muddy coasts, particularly regarding how native species interact with soft structures (Kindeberg et al., 2023; Perricone et al., 2023). This study addresses this gap by focusing on the synergies between soft mattresses and native S. salsa in muddy coastal protection. It examines three key aspects: (1) the extent to which individual measures mitigate erosion; (2) the underlying mechanisms driving the synergy between soft engineering and ecological restoration; and (3) how environmental and artificial factors, such as sediment supply and planting intensity, modulate this collaborative effect.







Method






Study area and indicator species



S. salsa is widely distributed in coastal wetlands such as the northern Jiangsu coast, the Yellow River Estuary, and the Liaohe River Estuary, serving as an indicator species for silty-muddy coasts. Through field surveys of the study area in Jiangsu silty-muddy coasts, the natural S. salsa growth zone in the Tiaozini tidal flat (32°36’N–32°57’N, 120°54’E–120°58’E; 
Figure 1A
) of Jianggang City, Jiangsu Province, was selected as the observational site. The Tiaozini tidal flat is a wide coastal plain formed by continuous acrrection, featuring a flat and broad terrain with an average slope of 0.03% and widely-distributed tidal channels. To prevent the threat of tidal channel migration to coastal stability, some spur dikes made by soft mattresses have been implemented for beach consolidation. In recent years, due to ecological restoration efforts in the Tiaozini reclamation area and effective control of the invasive plant S. alterniflora, S. salsa has become the dominant vegetation community in this region, primarily distributed near the soft mattresses at southeast of the seawall. The density of S. salsa is highest in between the soft mattresses and decreases outward until bare flats appear. This makes the area an ideal site for simulating and validating bio-morphodynamic evolution under the co-influence of S. salsa and soft mattresses.


[image: (a) Satellite map showing Jiangsu, highlighting Jianggang. (b) Elevation map of Tiaozini, ranging from -3.56 to 3.05 meters. (c) UAV measured terrain with sea dike, soft mattress, velocity points, RTK points, and a large channel, elevation from -3.89 to 17.76 meters. (d) Photograph showing a sea dike and soft mattress. (e) Image of a large channel, sea dike, and salt marshes with Suaeda salsa.]
Figure 1 | 
Schematic diagram of the study area: (A) the remote sensing image of Jiangsu coast; (B) the remote sensing elevation data (2021) of the area near Tiaozini; (C) the UAV measured terrain data and the locations of observation points; (D) the photo of the on-site soft mattress; and (E) the photo of the salt marshes.




To characterize the geomorphology of the study area, Real-Time Kinematic Global Positioning System (RTK-GPS) and Unmanned Aerial Vehicle (UAV) laser terrain scanning were employed to conduct full cross-sectional surveys along three transects between soft mattresses in the pre-dike zone (circles in 
Figure 1C
). Elevation measurements were taken at 1 m intervals along each transect, with three replicates per point, and vegetation locations were marked. Local benchmarks for each transect were georeferenced using RTK-GPS. Field data were processed using Trimble R8 GNSS software, with the average of three measurements taken as the elevation for each point. The calibrated elevation data were then visualized in ArcGIS, and the distance between measurement points was calculated using the software’s ruler tool. The projected coordinate system adopted the Gauss-Kruger Projection CGCS2000-120E, and the vertical datum employed the 1985 national height datum of China. The topographic elevation of the study transects was derived from the spacing and elevation of the measurement points.








In-situ observation of hydro-sediment conditions and ecological characteristics


To investigate hydro-sedimentary dynamics and wave attenuation effects, instruments were deployed near the S. salsa vegetation survey quadrats at different elevations. As S. salsa generally germinates in May and matures in September in northern China (He et al., 2015; Zhang et al., 2023), we chose this late growing season period (in early October 2024) to measure waves, currents, and suspended sediment concentration when the biomass of the species is maximum in the field. A wave gauge (RBRsolo3 D|wave 16) was mounted 10 cm above the bed, sampling at 4 Hz in 5 min bursts. An Acoustic Doppler Current Profiler (ADCP) was vertically buried in the soil with the probe height flush with the surface of the tidal flat, used to measure the magnitude and direction of flow velocity within a depth range of 1 meter. An optical backscatter sensor (OBS-3A) was fixed 10 cm above the bed, collecting turbidity and pressure data at 10 min intervals. Water samples were collected for OBS calibration to derive suspended sediment concentrations.


To obtain key ecological parameters such as growth rate, diffusion coefficient, and maximum carrying capacity, fixed observation quadrats (n = 5) were established at high, middle, and low intertidal zones in May 2024 (early growing season). Quadrat surveys (1 × 1 m) were conducted at 50 m intervals, with five replicates per elevation gradient. Plant density (


d
0



) was recorded by carefully counting the number of individuals in each quadrat (He et al., 2015). Given that vegetated marshes and bare flats usually undergo abrupt changes when the extent of seawater inundation exceeds the survival threshold of salt marshes (Wang and Temmerman, 2013; van Belzen et al., 2017), the critical submergence height H (m) of S. salsa under natural conditions was determined as the average elevation of the vegetation edge line based on topographic measurements. In October 2024 (late growing season), the same method was used to measure the final density (d1). The maximum carrying capacity K (individuals/m²) was defined as the final density at each elevation gradient, which was about 200 individuals/m². Mortality rates were calculated by comparing initial and final densities, and the death coefficient (individuals/m²/yr) was derived by scaling to a yearly basis. These data were supplemented with literature values to obtain the ecological parameters of S. salsa in the study area.







Model description


A two-dimensional process-based modeling framework is employed to investigate the morphodynamic change and vegetation growth. This framework integrates morphodynamic model, Delft3D (Lesser et al., 2004), which simulates tidal flow, sediment transport, and bed level changes with a dynamic vegetation model developed in MATLAB (van Maanen et al., 2015; Xie et al., 2022). Specifically, Delft3D computes spatially explicit hydroperiods, which serve as inputs for the vegetation model to simulate marsh establishment, growth and mortality. The vegetation model then updates plant density, which are fed back to Delft3D to modify hydrodynamic resistance and influence sediment dynamics and associated morphological development. This coupled modeling approach has been successfully applied in prior studies of coastal wetland evolution, demonstrating its robustness for exploring biophysical interactions in intertidal landscapes (Wei et al., 2024; Gu et al., 2025).


Delft3D computes tidal flow, sediment transport and associated bed level changes, as detailed in previous studies (Xie et al., 2022; Wei et al., 2024; Gu et al., 2025). Water levels and flow velocities (depth-averaged), computed via the shallow water equations, are used to simulate suspended sediment transport based on the advection-diffusion equation. The resulting bed level changes are computed via the sediment mass balance equation and subsequently fed into the hydrodynamic module for the next time step. To account for the vegetation effects on flow and sediment transport, the Trachytope approach in Delft3D using the Baptist formula was applied (Baptist et al., 2007). The Baptist formulation is based on the concept that vegetation can be modelled as rigid cylinders characterized by vegetation height 
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, density m, stems diameter D and corrected drag coefficient 
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. In this approach, the bed roughness C and flow resistance term M in both x and y directions (i.e., 


M
x

=
−

λ
2


u
2

 
a
n
d
 

M
y

=
−

λ
2


v
2



) are incorporated into the momentum equations to represent the effect of vegetation on tidal currents. Both 
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 are calculated based on vegetation characteristics and water depth by Equation 1 and Equation 2:
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where 
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 is the unvegetated Chézy coefficient, which can be calculated by 
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 is the Manning coefficient, and 
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 is the Hydraulic Radius; 
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 = 9.81 m/s2 is the gravity acceleration; 
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 = 0.41 is the Von Kármán constant; 
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 (m) is the vegetation height; 
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 is the drag coefficient accounting for stems of vegetation. 
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 where 
m

 is the number of saltmarsh stems per square meter and D is the diameter of the saltmarsh stems.


The vegetation model simulates the processes of establishment, growth and mortality based on the methodology of Schwarz et al. (2014). Net vegetation biomass change is described by Equation 3:
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where 
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 is the derivative with respect to time of the total stem density of the saltmarsh, (stems/m2), with components representing establishment (
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Following previous studies, the establishment, growth, and mortality of vegetation (Marani et al., 2013) are related to local inundation frequency calculated by Equation 4:
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where 

I
R


 represent relative inundation ratio, a, b and c represents empirical coefficients of the equation, which are determined according to the field surveys in the study area.


Seeding establishment of saltmarsh plants is modelled as a random process by Equation 5:
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where 
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 is the probability that a bare cell gets colonized. 


P
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 is the initial stem density upon establishment (stems/m2), related to the maximum density K (Schwarz et al., 2014). 
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 are set to 200 and 20 based on the field data in Jiangsu coast, China. 
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 is the time step.


Saltmarsh growth is calculated by Equation 6 (Schwarz et al., 2014):
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Where r is intrinsic growth of stem density, which is set to 1 (Schwarz et al., 2014).


Flow-induced mortality is described by Equation 7 (Schwarz et al., 2014):
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where 
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 is the saltmarsh mortality coefficient related to the bed shear stress (
τ

; N/m2), set to 3000, (stems m-2/(N/m2)) (Schwarz et al., 2014). 
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 is critical bed shear stress for saltmarsh uproot, set to 0.26 N/m2 (Schwarz et al., 2014).







Model construction


Based on the model framework mentioned above, a numerical model (namely Tiaozini Model) has been established to simulate the hydrodynamic processes, sediment erosion/deposition, vegetation development, and morphological evolution in the coastal area between and around two soft mattresses in Tiaozini.


The initial bathymetry of the model was set based on the generalized terrain derived from remote sensing data and the UAV-measured elevation data. Since the Tiaozini coast is adjacent to the Radial Sand Ridges (
Figure 1B
), which is a huge underwater sand-ridge group presenting a fan-shaped radial offshore morphology (Zhang et al., 1999). Mainly distributed in the inner shelf of the South Yellow Sea and shallow waters with a water depth of 0–25 m, the Radial Sand Ridges extend 200 km from north to south and 140 km from east to west, with the widest intertidal zone reaching 14 km. Therefore, the initial topography of the model was generalized as a rectangular intertidal zone dominated by shoals, with a width of 2600 m in the alongshore direction and 1000 m perpendicular to the shoreline (
Figure 2
). The model grid size was 5 m, with 520 grids along the coast and 200 grids perpendicular to the coast. The elevation at the offshore boundary was based on the 2021 remote-sensing elevation data. The location, size, and elevation of the soft mattresses in the model were based on the UAV-measured elevation data.


[image: Map set illustrating the study area. Panel (a) shows the Jiangsu coastline with tidal, mooring, and bed sampling stations marked. Panel (b) highlights the Tiaozini area with depth contours. Panel (c) describes a grid layout with dimensions and open boundaries.]
Figure 2 | 
Boundary setup: (A) the JRM used to provide boundary conditions for Tiaozini model (modified from Yao et al., 2018); (B) the study area (Tiaozini) in the JRM (modified from Yao et al., 2018); and (C) the setup of Tiaozini model.




The eastern, southern, and northern boundaries of the model were open boundaries, while the western boundary was a solid-wall boundary simulating a seawall. To ensure that the hydrodynamic processes at the three open boundaries were consistent with reality, the boundary dynamic conditions were provided by the Jiangsu Reginal Model (JRM, Yao et al., 2018). The computational model domain of the JRM almost covers the whole inner shelf along the Jiangsu coast, bounded by the latitudes 32°N and 36.5°N and by the longitudes 119°E and 124°E (i.e., ∼200 km × ∼550 km, see 
Figure 2A
). The simulation accuracy of the JRM was verified by comparing its results with the measured data from observation stations along the Jiangsu Coast (Yao et al., 2018). It indicated that the model could reproduce the tidal current and sediment transport in the Jiangsu coast and meet the requirements for providing boundary conditions for this study. Based on the JRM, the tidal water level variation process near Tiaozini was calculated, providing the water level conditions at the four boundary vertices for the small-scale model in this study.


Through the analysis of field-collected surface sediment samples, the median diameter of sediment was 30 μm, classified as coarse silt, according to the classification standard first demarcated by Friedman and Sanders (1978). Coarse silt is characterized by moderate water permeability, a certain degree of viscosity when moist, and a settlement rate in water that falls between that of sand grains and fine silt. The movement of coarse silt in water is mainly in the form of suspended load and is primarily driven by the shear stress of water flow. Therefore, cohesive sediment module (i.e., Partheniades-Krone formulations, Partheniades, 1965) was used for simulation in the sediment transport model, which determines the movement state of sediment by comparing the relative magnitudes of the critical shear stress of sediment and the shear stress of water flow. More details about the formulations refer to technical manual of Delft3D (Deltares, 2011). According to previous studies of Jiangsu coast (Gong et al., 2012; Geng et al., 2023; Kuai et al., 2023), the settling velocity was set to 0.25 mm/s, and the critical shear stress for deposition and erosion were 0.2 N/m² and 0.4 N/m², respectively, with an erosion rate of 6×10−4 kg/(m²·s). To ensure topographic stability at the seaward boundary, we increased the critical shear stress for erosion at the seaward boundary to create a non-variation boundary condition.


The growth process of salt marsh vegetation was controlled by hydrodynamic conditions. Therefore, the model used vegetation growth curves to simulate the development of vegetation (Equation 4), which was quantified based on the measured inundation frequency and corresponding plant density at different locations in the field. Although the RBR tide gauges were used in this study to measure water-depth changes at different elevations, the measurement period was selected during a spring tide and encountered stormy weather. As a result, the inundation frequency was higher than normal conditions. Additionally, the water level during neap tides was lower than the elevation of this area, making it impossible to calculate the exposure duration during neap tides. Therefore, this study calculated the annual-average inundation frequency at each elevation based on the in-situ measured elevation at different positions and the one-year water-level process simulated by the JRM. A quadratic-curve fitting was performed between the inundation frequency at different positions and the measured plant-density data to obtain the annual-average vegetation-growth curve.








Results






Model validation


The hydrodynamic and sediment transport processes in the model were first validated using data measured at Tiaozini in October 2024, including the topography around the soft mattresses, water levels and velocities within the salt marsh and at its edge, and near-bed suspended sediment concentration. The measurement positions of various physical parameters are shown in 
Figure 1C
.


The UAV-measured topography covered the area between and around the two soft mattresses, connected to the seawall on the west side and adjoining a large-scale alongshore tidal channel on the east side. Since the large tidal channel on the east side was always submerged during low tide, making it impossible for the UAV to accurately measure the surface elevation, data from the large tidal-channel area were excluded (
Figure 1C
). To ensure a smooth hydrodynamic process in the model, the elevation of the east boundary in the model was set based on the remote sensing elevation data of 2021 (
Figure 1B
), increasing linearly from 1.4 m in the north to 2.4 m in the south, as shown in 
Figure 3
.


[image: Panel A shows a heat map of elevation data from remote sensing with labeled areas North, Middle, and South, and soft mattress regions. Panel B displays elevation data measured by UAV over a smaller area. Panel C presents a line graph comparing elevation profiles for North, Middle, and South.]
Figure 3 | 
Initial bed elevation in numerical model for model validation: (A) the overall initial bed elevation; (B) the magnified view of the soft mattresses area; and (C) the cross-sectional topography of three sections.




The water-level processes at the four boundaries were provided by the JRM (
Figure 2
). Due to the shallow elevation of the tidal flat, all four boundary points were exposed during low tide, resulting in a strong shallow water deformation. The rising tide process is rapid, the falling tide process is prolonged, and the landward area is hardly submerged during neap tides. The southeast boundary point was exposed even earlier due to its higher elevation.


The northern soft mattress was longer, approximately 440 m, and the southern one was approximately 300 m. In the model, they were simplified as 10 m-wide submerged dikes, with an elevation about 3.7 m at the landward and 2.7 m at the seaward. To simulate the characteristics that the soft mattresses could be submerged during high water without being eroded, the critical erosion shear stress at the mattress positions in the model was adjusted to 100 N/m2 to avoid erosion.


Field measurements of water depth, velocity, and near-bottom suspended sediment concentration were conducted from October 14 to 22, 2024, covering a complete spring-tide stage when the tide could inundate the tidal flats. During model validation, to match the simulated hydrodynamic processes with the topography, simulations were run from October 1, 2024, and lasted for one month. The simulated changes in water depth, velocity, and near-bed suspended sediment concentration were then compared with the measured data to verify the model’s accuracy (
Figure 4
).


[image: Three graphs labeled A, B, and C showing data from October seventeenth to October twenty-second. A depicts water depth in meters, B shows velocity in meters per second, and C presents suspended sediment concentration in grams per liter. Each graph includes measured data in blue circles and simulated data in red triangles, illustrating fluctuations and peaks within the time frame.]
Figure 4 | 
Comparisons between observed data and model results.




Since this study used the 2D horizontal mode (2DH) in Delft3D, the simulated current velocities and suspended sediment concentrations were depth-averaged. Therefore, the measured hydrodynamic and sediment data need to be converted first. Profile velocity data were measured using an Acoustic Doppler Current Profiler (ADCP), from which velocities at different depths could be extracted to calculate the vertically averaged velocity (blue line in 
Figure 4B
). Near-bed suspended sediment concentration was measured using an OBS (Optical Backscatter Sensor) installed about 0.1 m above the bed. Assuming the vertical suspended sediment concentration profile follows the Rouse-profile, the near-bed concentration was used as a reference value. The suspended sediment concentration at different water depths in the profile was calculated based on the water depth and velocity at different times, and then the vertically averaged suspended sediment concentration was converted through the profile distribution (blue line in 
Figure 4C
).




Figure 4
 shows the comparison between model simulations and measured data at the seaward measurement point, where red points represent model results. The simulated water depth changes were highly consistent with the measured data (
Figure 4A
), reproducing the deformation of tidal waves in shallow-water environments, resulting in a very short flood-tide process and a prolonged ebb-tide process after reaching the highest water level. The simulated ebb-tide process matched the measured ebb-tide more closely than the flood-tide. This was because actual hydrodynamic processes were also affected by variable waves and winds, which were difficult to fully account for in the model. Onshore waves and winds could cause tidal surges, advancing the flood-tide and increasing its duration, so the measured water-level process was slightly earlier than the simulation. Especially during the period from 10:00 on the 19th to 06:00 on the 20th, strong winds in the field caused the measured flood-tide to advance significantly and the maximum water level to rise notably. By calculating the relative error of the highest tidal level between the measured and simulated values for the first five tidal cycles with less wind-wave influence, the average relative error was 5.2%.


The change process of vertically averaged velocity was greatly influenced by water depth, especially during the flood-tide stage. The flood-tide front caused by the short flood-tide duration inundate the tidal flats rapidly, leading to a surge in velocity under extremely shallow-water conditions, followed by a rapid decrease in flood-current velocity as the water level rose quickly. During the ebb-tide, the velocity also increased first and then decreased. Similar phenomena occurred in the numerical model, and the velocity-change process was consistent with the trend of the measured velocity. However, there was a large deviation between the simulated flood-current velocity peak and the measured data (
Figure 4B
). One reason might be that the ADCP used for in-situ velocity measurement had a blind zone within about 10 cm near the bed, making it difficult to capture the velocity surge under extremely shallow-water conditions. On the other hand, the model ignored the influence of wind and waves on the flood-tide process, resulting in the short and intense flood-tide dominated by tides, which also led to a larger relative error in the peak velocity between simulation and measurement, averaging about 24.2%.


The simulated suspended sediment concentration showed a similar overall trend to the converted measured values, with concentration peaks appearing at specific times, indicating that the numerical model could reflect the periodic-variation characteristics of suspended sediment concentration on coastal tidal flats to a certain extent and simulate the fluctuation behaviors of suspended sediment concentration over time (
Figure 4C
). The average relative error of the first five concentration peaks was 9.4%. Due to the complexity of the on-site environmental conditions, many studies on tidal flat models based on on-site measured data have significant deviations in their simulation results, especially in the simulation of suspended sediment concentration (Guo et al., 2012; Rahbani, 2015). For instance, in the study by Guo et al. (2012) on the hydrodynamic and sediment transport conditions of the Qiantang Estuary, although the simulated suspended sediment concentration differed significantly from the measured results, the trend and magnitude of the tidal flat evolution were overall consistent with the reality. Therefore, given that this study focuses on the evolution mechanism of tidal flats over annual scale, the model results can meet the precision requirements of theoretical discussions.







Sedimentation-promoting effect of soft mattress engineering


In the previous section, using the UAV-measured topography as the initial terrain, the simulated hydrodynamic processes were verified by comparing with field measurements, confirming the model ability in simulating the reality. Then, the validated model was applied to simulate a four-year evolution of coastal morphology under the influence of engineering and ecological measures. The selected initial terrain was generalized based on the 2021 remote-sensing elevation data around Tiaozini (
Figure 1B
). The western boundary connected to the seawall, with a basically uniform elevation along the coast of about 3 m. The elevation of the eastern boundary changed from 1.4 m to 2.4 m (
Figure 5
). The offshore boundary conditions were provided by the JRM, which used larger grid sizes that could not reflect the geomorphology of the tidal-channel system in the Radial Sand Ridges. Therefore, small scale topographic undulations within the study area were ignored during initial-terrain construction, and the elevation at each point was interpolated based on the boundary-point elevations (
Figure 5
). The JRM provided a one-year water-level process for the three open boundaries. Based on preliminary sensitivity analysis, the morphological acceleration factor was set to 4, which effectively accelerated the morphological evolution process while maintaining simulation accuracy. The simulation started on January 1, 2021, and after conversion using the morphological acceleration factor, ended at the end of 2024, allowing comparison with the 2024 measured topographic data. In order to separately discuss the effects of engineering measures and ecological measures on landform evolution and the ecosystem, we set up 4 groups of control experiments. The conditions of the soft mattresses and vegetation planting in each group were shown in 
Table 1
.


[image: The initial terrain settings used in the mathematical model. Panel A represents the situation without the soft mattresses, while panel B shows the situation with soft mattresses. Both maps display a color scale from blue (low elevation) to red (high elevation), ranging from 1.5 to 3.5 meters.]
Figure 5 | 
Initial bed elevation for morphologic evolution: (A) the situation without soft mattresses and (B) the situation with soft mattresses.





Table 1 | 
Conditions of the soft mattresses and vegetation planting in each case.





	Cases

	Engineering measure




	Without soft mattresses

	With soft mattresses






	Ecological measure
	Without salt marsh
	#1
	#2



	With salt marsh
	#3
	#4










First, in the absence of vegetation, the evolution processes of tidal flats with and without soft mattresses were simulated to analyze the contribution of the mattress engineering to coastal protection. In the early stage of evolution, topographic changes had not yet appeared, and its impact on the flow field was small. As a result, the impact trend of the flow field’s distribution and characteristics on the subsequent morphological evolution can be summarized from this stage (see 
Figure 6
).


[image: These six pictures illustrate the flow field during the initial stage of the evolution in the mathematical model (subgraphs ABDE) and the final result of the landform evolution (subgraph CF). The ABC diagram shows the situation without any soft mattresses, while the sub-diagram DEF represents the situation with soft mattresses. In sub-figure AD, the flow field represents the maximum flow during the flood tide, while sub-figure BE shows the flow field during the ebb tide.]
Figure 6 | 
The maximum flow field during flood and ebb as well as the final bed topography changes in cases without and with soft mattresses.




In general, the flow direction in the study area showed along-shore-current characteristics. Without soft mattresses, the flood-tide proceeded from north to south, and under the influence of shallow-water deformation of tidal waves, the flood-tide process was very rapid. During the rapid water-level rise, the flow direction gradually changed from along-shore to perpendicular to the shoreline (
Figure 6A
). During the ebb-tide, the flow direction first deflected to the northeast, then gradually changed to along-shore northward as the water level dropped (
Figure 6B
). The evenly-distributed flow-field ultimately resulted in uniform geomorphological changes, with little variation in sediment erosion-deposition along the coast (
Figure 6C
). Sediment deposition mainly occurred in the higher tidal flat areas, which had a low inundation frequency and weak hydrodynamic forces, making it easier for sediment to settle. The farther from the shore, the lower the tidal flats elevation, with increasing hydrodynamic forces and inundation frequency, causing the bed evolution trend to gradually change from deposition to erosion, forming a deeper erosion area about 500 meters offshore. The simulated geomorphology was similar to the location of the large tidal channel in reality (e.g., 
Figures 1B, C
), indicating that the model could well reproduce the geomorphological evolution trend near the study area.


In the presence of soft mattresses, hydrodynamic processes were affected to a certain extent. Especially when the water level was between the mattress and tidal flats elevations, the flow was deflected by the mattresses, and the flow direction within the sheltered area of the two mattresses tended to be more perpendicular to the shoreline (
Figure 6D
). During the ebb-tide, the flow was also deflected offshore due to the obstruction of the mattresses (
Figure 6E
). However, when the water level exceeded the mattress elevation, the influence of the mattresses on the flow direction weakened, and the flow directly over-flowed the mattresses, with increased velocity. Due to the sheltering effect of the mattresses, the hydrodynamic forces near them were weaker, making it easier for sediment to deposit, thus forming sediment-accumulation areas where the two mattresses were connected to the seawall toe. Compared with the case without mattresses, the average elevation in the sheltered area (200 m wide area from the seawall) was raised by 0.13 m, and the sediment-deposition volume increased from -3681 m3 to 9852 m3, demonstrating the important role of soft mattresses in coastal protection and beach preservation.







Ecological effect of soft mattress engineering


Next, vegetation growth and vegetation effects were considered in the model. The study area had naturally growing S. salsa. To generalize the growth state of S. salsa communities and their annual-average vegetation effects, and simplify the calculation process, we ignored the differences in the growth stages of S. salsa throughout the year. Based on the measured elevation and biomass-density data, a quadratic growth curve describing the relationship of S. salsa vegetation density and inundation frequency was established. Vegetation-observation quadrats were set at different positions on the tidal flat in May and October 2024, measuring the density of S. salsa and the corresponding surface elevation in the quadrats. Since the measured water-level process in the field was short and significantly affected by storms, making it difficult to calculate the annual inundation frequency, the annual-average inundation frequency was calculated by referring to the water-level process simulated by the JRM and combining the measured surface elevation of each quadrat. Additionally, the elevation at the position with the highest observed S. salsa density was taken as the most suitable elevation for the species’ growth to determine the position of the highest point in the S. salsa growth curve.


In the numerical model, the vegetation-growth process was simulated through the vegetation-growth curve (Equations 3, 4), and the seed-propagation process of S. salsa was simulated by random assignment (Equation 5), with the probability of vegetation-seed colonization selected based on previous experience (Wang et al., 2025). The vegetation effect in the model was reflected by increasing the bed roughness and adding flow resistance term in momentum equations in the vegetated area (Equations 1, 2). The increase in roughness weakened the current, enhanced sediment deposition, thereby changing the geomorphological erosion-deposition pattern and influencing vegetation growth, forming a bio-morphodynamic cycle.


The initial terrain in the model was the same as the unvegetated cases in the previous section. The simulation started on January 1, 2021 and stopped at the end of 2024. Controlled by the survival habits of S. salsa, the plant appeared on the higher tidal flats near the seawall. Due to the random distribution of S. salsa seeds in the model, the final distribution of the plant showed a patchy pattern. Without soft mattresses, the distribution range and density of S. salsa were basically uniform along the shoreline, while with mattresses, both the distribution range and density increased significantly. The sediment-promotion effect of the mattresses raised the tidal-flat elevation, making it more suitable for S. salsa to survive. At the same time, the uneven deposition intensity in the sheltered area due to the mattresses led to uneven vegetation distribution, with more vigorous S. salsa near the mattresses. Since the flood-tide direction was southward, more sediment was deposited on the south side of the sheltered area, resulting in a wider distribution of S. salsa communities on the south side. The simulated S. salsa distribution in the model was highly consistent with the real distribution in the field. We further compared the area of S. salsa coverage in the model with that in reality. Since the distribution of S. salsa at the edge of the salt marsh is very sparse, we took the grid points with 20% of the maximum biomass in the biomass distribution map as the salt marsh edge to count the distribution range of S. salsa in the model. The statistical results show that the relative error of the S. salsa distribution area in the model was 12.1%.


To verify the simulation accuracy of the numerical model in terms of geomorphology, three sections were selected within the sheltered area of the soft mattresses (as marked by dashed lines in 
Figures 7A, C, E
). The bed elevation of the measured sections were compared with the simulation results in the cases with soft mattresses, which were shown in 
Figure 7F
. It can be seen that after a certain period of geomorphological evolution, the model results generally reproduced the real coastal section morphology. The tidal flats on the landward side continued to accumulate sediment, and their elevation gradually increased. It led to a steeper cross-sectional slope compared to the initial bed surface. Ultimately, the simulated section morphology was highly similar to the measured section, especially on the north side, where the north soft mattress provided a stronger sediment deposition. However, for the middle and south sections, due to the large tidal channel swinging westward and invading the south soft mattress in the reality, there was a large deviation between the simulated elevation and the measured values at the seaward end of the sections.


[image: Panel A displays the actual terrain map measured by UAV. Panels B to E respectively show the terrain simulation results with or without vegetation or soft mattresses. Panel F presents a line graph of elevation versus distance with various conditions such as “real”, “no vege”, and “vege”. Panel G is a line graph illustrating relative error percentages with different vegetation conditions.]
Figure 7 | 
Comparisons between real topography and the model results: (A) UAV measured bed topography; (B–E) simulated bed topographies in the cases without soft mattress or vegetation, with soft mattress but no vegetation, without soft mattress but with vegetation, and with soft mattress and vegetation, respectively; (F) bed profiles in real and simulated tidal flats; and (G) the relative error of simulated bed elevation.




Compared with the case without vegetation, the presence of S. salsa further raised the elevation of the landward tidal flats, making the simulation results closer to the measured results (dotted lines in 
Figure 7F
). By calculating the relative errors between the simulation results and the measured elevations in the two cases, it can be observed that the relative errors are generally less than 10% within the higher tidal flats range. Moreover, the elevation simulation results with vegetation are superior to those without vegetation.


Furthermore, we calculated the cumulative sedimentation volume in the high-tide flat area of the sheltered zone (
Table 2
). The actual sedimentation volume calculated based on the 2021 remote sensing images and 2024 measured topographic data was 1.59×104 m3. The model calculation results show that the cumulative sedimentation volumes with and without vegetation in the cases with soft mattress condition were 1.767×104 m³ and 1.336×104 m³, respectively. The presence of S. salsa reduced the relative calculation error of the cumulative sedimentation volume from 16.12% to 10.98%.



Table 2 | 
Comparisons of total deposition in model and in reality.





	
	Total deposition in model (×103 m3)

	Total deposition in reality (×103 m3)




	Engineering condition
Ecological condition

	Without soft mattresses

	With soft mattresses

	With soft mattresses






	With S. salsa

	9.68
	17.67
	15.93



	Without S. salsa

	5.51
	13.36
	/















The impact of salt marsh vegetation on coastal resilience


The change process of the average elevation within the sheltered area between the two soft mattresses under various conditions was shown in 
Figure 8
. By comparing it with the offshore water level process, it can be seen that in the case without vegetation, there is an obvious corresponding relationship between the change trend of the average elevation and the strength of tidal dynamics. During the strong tide stage, when the tidal dynamics were strong and the maximum water level generally exceeded 4 m, the tidal flats without the protection of soft mattresses were severely eroded, and the elevation continued to decrease (red solid line in 
Figure 8B
). It is consistent with the coastal erosion trend before the construction of soft mattresses in actual situations, which is induced by the migration of tidal channels. In the case with soft mattresses, due to the sediment-promoting effect of the soft mattresses, the average elevation of the sheltered area showed a slowly-increasing trend (blue solid line in 
Figure 8B
). In the subsequent relatively weak tide stage, the tidal dynamics slightly weakened, and sediment was more likely to deposit. As a result, the tidal flats without soft mattresses showed a deposition trend (red solid line in 
Figure 8B
), and the deposition rate became faster in the case with soft mattresses (blue solid line in 
Figure 8B
). As the simulation progressed, the tidal dynamics at the offshore boundary went through another round of changes in strength, causing fluctuations in the change trend and rate of the elevation in the case without vegetation.


[image: Three-panel chart showing the effect of different conditions on vegetation and mean bed elevation, as well as the water levels over time. Panel (a) plots total vegetation stems against time, comparing soft mattresses and vegetation combinations. With soft mattresses shows the highest increase, while no vegetation and no soft mattresses have the least. Panel (b) illustrates mean elevation changes, with similar trends; the presence of vegetation increases elevation over time. Panel (c) shows water level fluctuations from 2021. Peaks and valleys are consistent, indicating tidal patterns. The strong and weak tide stages are highlighted across the charts.]
Figure 8 | 
Temporal variations of (A) total vegetation volume and (B) mean bed elevation, compared with (C) the variation of water level provided at the seaward boundary.




In the case with S. salsa growth, the elevations with and without soft mattresses both increased significantly. In the case without soft mattresses, the final average elevation of the tidal flats even slightly exceeded the initial elevation, and the system changed to a deposition environment (red dotted line in 
Figure 8B
). This indicated that S. salsa played a significant role in beach protection and sediment promotion. In addition, by comparing the change trends of elevation over time with and without vegetation, it can be found that the fluctuations in the elevation change process were significantly fewer in the cases with vegetation.


Specifically, in the case without soft mattresses, the presence of S. salsa eliminated the process of repeated rise and fall of the tidal flat elevation. In the first 16 months of the simulation, S. salsa was still in the stage of seed expansion and colonization, and had little impact on the surface elevation. Subsequently, as the elevation of the tidal flats slightly increased, the established S. salsa grew rapidly. During this period, the influence of S. salsa on the geomorphology also began to increase, which kept the elevation in a state of continuous accretion. Even under the condition of strong tidal dynamics from July to October, the vegetated tidal flats were still depositing (red dotted line in 
Figure 8B
), while the non-vegetated tidal flats were in an erosive state (red solid line in 
Figure 8B
). In the cases with soft mattresses, different from the fluctuating increase process of the bed elevation in the absence of vegetation, the presence of vegetation further increased the deposition between the soft mattresses and made the elevation increase at a constant rate (blue dotted line in 
Figure 8B
).


The above-mentioned differences indicate that the presence of S. salsa improves the resilience of the coastal system, enabling it to maintain a stable change trend when the environmental dynamic conditions change. The reason is that when the tidal dynamics increase, the fully developed S. salsa can weaken the tidal energy by increasing the roughness, inhibit the erosion process, and keep the erosion-deposition trend stable during dynamic changes.








Discussion






The Relationship between S. salsa survival rate and artificial planting intensity


Reconstructing coastal vegetation populations through artificial planting is one of the main approaches for coastal ecological restoration. Different planting rates may affect the final outcomes of coastal ecological restoration, thereby influencing the coastal erosion-accretion pattern and the effect of coastal erosion protection. Based on the vegetation-dynamic geomorphology model established in the previous section, this section characterizes the intensity of artificial S. salsa planting by imposing different initial densities of vegetation seedlings, explores the relationship between the initial density of S. salsa and its final survival rate, and provides guidance for S. salsa ecological restoration projects.


In the actual implementation of S. salsa ecological restoration projects, seeds were often sown by UAV or other artificial means. In this model, the intensity of S. salsa seed establishment was determined by the seed establishment probability parameter (Equation 5), which represented the proportion of grid points in the entire calculation area that would be colonized by S. salsa seeds. After seed establishment, the growth process of S. salsa was governed by Equation 3 and Equation 4. Therefore, the process of artificial intervention in S. salsa seed establishment (i.e., the intensity of artificial S. salsa planting) could be characterized by changing the seed establishment probability in the model. During the actual process of sowing seeds, the intensity or density could be fully controlled. For instance, a highly intensive manual seeding method could be used to create a very dense distribution of seeds. Accordingly, in our model, we set up 5 groups of seed establishment probabilities with a wide range of variation (e.g., 5%, 10%, 20%, 40%, and 80%) for sensitivity analysis. The generalized tidal flat topography under the condition with soft mattress shown in 
Figure 5B
 was used as the initial topography for simulation. The topographic evolution and vegetation distribution results after four years of simulation were shown in 
Figure 9
.


[image: A series of graphics showing the relationship between seed establishment probability and vegetation metrics and bed topographies. Panels A to E depict biomass distribution as the probability of seed establishment changing from 5% to 80%, showing increasing vegetation near sea dikes. Panels F to J illustrate differences in bed elevation in different cases. Panel K displays a graph of total vegetation in relation to seed establishment probability, indicating an increasing trend. Panel L shows a graph comparing vegetation coverage and achieving rate against seed establishment probability, highlighting positive correlation in coverage and a varying achieving rate.]
Figure 9 | 
Comparisons of bed topography and vegetation distribution in cases with different seed establishment chance: (A–E) the biomass distribution of different cases, (F–J) the bed topography of different cases, (K) the variation of total vegetation as a function of seed establishment probability, and (L) the variations of vegetation coverage and final achieving rate as a function of seed establishment probability.




As the seed establishment probability improved, the intensity of artificial S. salsa planting increased, and the final distribution density and range of S. salsa populations both expanded (
Figures 9A–E
). For areas already colonized by S. salsa seeds, the final growth degree of S. salsa plants was determined by the local bed elevation and corresponding inundation frequency. Thus, in the high beach, S. salsa often reached its maximum biomass. As the bed elevation decreases seaward, the density of S. salsa vegetation per unit area also decreased. Additionally, due to the current-weakening effects of S. salsa, the degree of sediment deposition on the tidal flats increased with the higher seed establishment probability (
Figures 9F–J
). In the case of an 80% establishment probability, a distinct elevation change formed at the edge of the S. salsa growth area, creating a landform similar to a steep bank (
Figure 9J
). For cases with relatively low establishment probabilities, uneven S. salsa population distribution and topographic undulations formed at the edge of the salt marsh.


Further, we calculated the total vegetation biomass and corresponding vegetation coverage ratio within the sheltered area of soft mattresses under different S. salsa seed establishment probabilities (
Figures 9K, L
). For low establishment probabilities, the total S. salsa biomass increased approximately linearly with the rising probability, but as the probability further increased, the growth trend of total biomass gradually diminished. Overall, the plant biomass in the sheltered area exhibited a power function growth trend with the S. salsa seed establishment probability, and the vegetation coverage showed the same trend (
Figures 9K, L
). On the other hand, vegetation coverage could also be regarded as the final S. salsa coverage range achieved after seed establishment. Thus, we calculated the achievement rate of S. salsa coverage, defined as the ratio of the final vegetation coverage to the initial seed establishment probability. The dashed line in 
Figure 9L
 represented the case where the seed establishment probability equaled the final vegetation coverage (i.e., all sown seeds were established without outward expansion). It can be seen that the final vegetation coverage area exceeded the initial establishment probability, so the achievement rate of coverage was generally above 100%. When the establishment probability was low, the achievement rate was as high as ~300%, while, it decreased as the seed establishment probability increased. Therefore, relevant studies indicated that during coastal salt marsh ecological restoration, a higher degree of artificial intervention in vegetation expansion is not necessarily better. This view is also evident in other coastal ecosystems (Silliman et al., 2015). Although greater intervention is widely designed to achieve higher vegetation coverage, it can also restrict the natural expansion process of vegetation to some extent, reducing the efficiency of ecological restoration. In the present study, the negative correlation between the colonization probability of S. salsa and its ultimate achievement rate reflects a trade-off between vegetation expansion and environmental carrying capacity. Indeed, intraspecific competition for nutrients could sufficiently strong to cancel off further expansion when a certain biomass threshold is surpassed (Huang et al., 2022). This could especially the case for S. salsa, which is an annual species with a relatively low colonization ability with shallow and sparse roots (Zhang et al., 2023).







Influence of offshore sediment supply on coastal ecological restoration and erosion protection


Under the influence of global climate change and human activities, most coastal areas worldwide faced sea-level rise and reduced offshore sediment supply. Offshore sediment supply was a prerequisite for coastal erosion protection and ecological environment conservation. When offshore sediment supply was insufficient, the coast tended to be in a state of erosion, prone to shoreline retreat, and unconducive to the stability and restoration of coastal ecosystems. To compare the coastal erosion-accretion evolution and salt marsh vegetation succession processes under different sediment supply conditions, we set different offshore suspended sediment concentrations (SSC: 0, 0.2, 0.4, 0.8 g/L) and conducted a comparative analysis of the geomorphological and vegetation evolution processes within the sheltered area under the soft mattress condition (
Figure 10
).


[image: A series of graphics showing the relationship between suspended sediment concentration (SSC) and vegetation metrics and bed topographies. Panels A to D display biomass distribution at varying SSC. Panels E to H show bed elevation. Color scales indicate biomass and elevation. Graph I depicts total vegetation stems over 48 months, with an inset showing coverage and achieving rate related to SSC. Graph K illustrates mean elevation changes over time for different SSC scenarios.]
Figure 10 | 
Comparisons of bed topography and vegetation distribution in cases with different seaward SSC: (A–D) the biomass distribution of different cases, (E–H) the bed topography of different cases, (I) the variation of total vegetation as a function of time, (J) the variations of vegetation coverage and final achieving rate as a function of seaward SSC, and (K) the variation of mean bed elevation as a function of time.




This group of models all considered the S. salsa model with a seed establishment probability of 0.05 for simulation. Although the seed establishment probability was the same across groups, different offshore SSC values ultimately led to different S. salsa distribution ranges (
Figures 10A–D
). The reason was that as the offshore SSC increased, the overall deposition degree of the tidal flat also increased, and the rise in bed elevation was more suitable for S. salsa growth, resulting in higher biomass and density in the initially colonized areas. For areas with originally lower elevations, the beach elevation increase caused by high sediment concentration also made a larger area suitable for S. salsa seed establishment, so the final distribution range of S. salsa increased with the rising offshore SSC (
Figures 10I, J
).


By calculating the total S. salsa biomass within the sheltered area of soft mattresses, we found that both the total biomass and the final coverage of S. salsa populations increased linearly with the offshore SSC. Similarly, we calculated the achievement rate of S. salsa coverage (all groups were calculated based on an initial seed establishment probability of 5%). The results showed that the achievement rate of coverage also increased linearly with the offshore SSC (
Figure 10J
). When the offshore SSC was 0.8 g/L, a 5% seed establishment probability finally achieved a 20% coverage, with an achievement rate exceeding 400%, indicating that sufficient sediment supply could significantly improve the efficiency and survival rate of artificially planted S. salsa, contributing to enhancing the resilience of ecosystem restoration.


The increase in offshore SSC also significantly improved the coastal erosion-accretion pattern (
Figures 10E–H
). When the offshore SSC was zero, the tidal flat within the sheltered area was generally in an erosive state, with the average elevation continuously decreasing (
Figure 10K
). Due to the smaller density, and distribution range of S. salsa in this case, the rate of bed elevation decreases varied with the intensity of tidal dynamics. As the offshore SSC increased, the sheltered area gradually transitioned from erosion to deposition, and the growth and expansion of S. salsa populations were faster, making the rate of bed elevation change no longer dependent on tidal dynamics, which highlighted the important role of salt marsh vegetation in enhancing coastal resilience. The simulation results are consistent with the actual observation results, from which it is evident that sediment supply plays a crucial role in coastal saltmarsh restoration globally (Liu et al., 2021). Adequate sediment supply enables marsh surfaces to accrete vertically, allowing them to keep pace with sea-level rise, while also promoting the seaward expansion of salt marshes (Ladd et al., 2019; Mei et al., 2023; Liu et al., 2025). For example, in Great Britain the northern saltmarsh under sediment-rich condition exhibits expansion while southern saltmarsh under sediment-starved condition suffers from erosion, which suggests the importance of sediment supply (Ladd et al., 2019).







Synergistic effect of engineering and ecological measures


Through the simulation of the vegetation-dynamic geomorphology model in this study, we found that the simultaneous implementation of engineering measures (e.g., construction of soft mattresses) and ecological measures (e.g., reconstruction of S. salsa populations) in coastal erosion protection can better enhance the effect of coastal erosion protection and facilitate coastal ecosystem restoration. On the one hand, as a flexible engineering structure, the soft mattress can change the flow direction and velocity, forming a weak current zone within its sheltered area, which significantly reduces the erosive force of tidal currents and waves, increases beach elevation, and reduces the flooding frequency in the sheltered area, better meeting the growth needs of S. salsa. On the other hand, S. salsa plants further weaken flow energy by increasing bed roughness, stabilize sediments, reduce erosion, and enhance the ability of coastal landforms to maintain stability under changing environmental dynamic conditions, significantly improving coastal system resilience. The model results show that when the soft mattress and S. salsa act together, the cumulative deposition volume in the high-tide flat area of the sheltered area is 1.767×104 m³, which is 32.26% higher than that of single engineering measures and 82.54% higher than that of single ecological measures (
Table 1
), demonstrating the synergistic effect between engineering and ecological measures. Additionally, artificial intervention in S. salsa seed establishment and increasing offshore sediment supply can significantly enhance S. salsa population coverage and assist in the recovery of S. salsa ecosystems.


The effects of coastal erosion protection and ecological restoration will also be influenced by environmental dynamic conditions and the types of salt marsh vegetation, thereby causing differences in the response mechanisms of eco-morphodynamic changes to environmental changes in different regions. For example, previous study finds that increased tidal range can enhance the stability of wetlands, which is attributable to vegetation growth range that expands with tidal range in USA (Kirwan and Guntenspergen, 2010). However, the survival range of saltmarsh may decrease in China due to large-scale reclamation (Tian et al., 2016). Vegetation species also exert a strong influence on tidal flat and saltmarsh morphodynamic evolution. Dense vegetation (e.g., S. alterniflora) tends to cause stronger flow deviation while sparse vegetation (e.g., Salicornia or S. salsa) induces weaker flow deviation (Bouma et al., 2013). Consequently, due to this flow deviation difference, denser vegetation hinders sediment transport towards saltmarsh interiors (Gourgue et al., 2024; Wang et al., 2025).


The Tiaozini tidal flat demonstrated in this study is merely one practical application among numerous environment - friendly coastal protection schemes. In 
Table 3
, we summarize 4 typical “Nature - based coastal erosion protection” measures and compare their scheme design, coastal erosion protection effect, and ecosystem protection effect. It can be seen that various schemes adapt to local environmental and ecological conditions and artificially shape and intervene in coastal areas through a combination of ecological and engineering methods. All kinds of schemes can not only improve the coastal erosion resistance but also help restore or enhance the adaptability of the local ecosystem. For example, artificial tidal pools in Singapore promote algae colonization and increase animal diversity. Future protection measures will pay more attention to exploring the multiple benefits of ecosystems. Not only will we focus on improving biodiversity, but we will also further consider strengthening ecosystem service functions, such as improving water quality and increasing carbon sequestration, to achieve deep integration of coastal protection and ecosystem health.



Table 3 | 
Comparisons of total deposition in model and in reality.





	Project cases

	Location

	Scheme design

	The effect of coastal erosion protection

	The effect of ecosystem protection






	This study
	Tiaozini tidal flat of Jiangsu Province, China
	Construction of soft mattresses and reconstruction of S. salsa populations.
	The cumulative deposition volume in the sheltered area is 32.26% higher than that of single engineering measures and 82.54% higher than that of single ecological measures (
Table 1
).
	The protective effect of the soft mattresses resulted in a doubling of the vegetation biomass (
Figure 8A
).



	“Coastbusters” projects (Boulenger et al., 2024)
	The Belgian Part of the North Sea
	Develop nature-based coastal protection by favoring subtidal mussel bed establishment on the seafloor through typical longline aquaculture techniques.
	The area sheltered by coastal sandbanks was dominated by fine-muddy sand, the area more exposed to the open sea was dominated by more sandy sediments.
	The biological abundance and species richness of the sheltered area are 2.57 times and 1.57 times those of the exposed area, respectively.



	Artificial Tidal Pools (Moosavi, 2017)
	Singapore
	Different types of tidal pool units were designed consisting of fabricated concrete modules, and were positioned in a randomized layout along a linear stretch of a seawall.
	The protective effect is more evident in the ecological enhancement of existing hard infrastructure, thereby assisting in alleviating coastal erosion.
	Turf algae colonized within the first week, followed by diverse algae assemblages. Faunal diversity/abundance increased over time, with species including periwinkle/nerite snails, crabs, tube/fire worms, feather stars, and bead anemones detected.



	Living Breakwater (Moosavi, 2017)
	Staten Island, New York, U.S.
	A combination of stepped shorelines and dunes, tidal flats, intertidal and subtidal breakwaters, living shorelines and home elevation in order to create multiple lines of defense mechanisms that are less likely to fail singularly.
	Reduce the risk of coastal flooding and erosion. Moreover, in areas with severe land loss, it can also assist in the restoration of beaches by leveraging sediment dynamics.
	Breakwaters’ lee sedimentation zones supported muddy bottom-loving species (e.g., eelgrass, hard clams). EConcrete units catalyzed oyster reef development-oysters’ biogenic calcium carbonate deposits enhanced infrastructure lifespan while providing reef habitat for juvenile fish and shellfish.















Limitations and future work


Although this study simulates coastal geomorphological evolution and S. salsa population succession under the synergistic effect of engineering and ecological measures through a generalized model, many physical processes are greatly simplified or ignored due to model limitations. For example, the model mainly considers tidal dynamics, excluding the influence of strong winds or storm surges, and does not account for the effects of flocculation and salinity on sediment transport processes, leading to significant deviations between simulated flow velocity, water level, and SSC and field measurement data. This is particularly important for open-coast areas like Tiaozini, as extreme weather often has a strong impact on geomorphic features and the ecological health of salt marshes in a short period of time (Arkema et al., 2013; Wei et al., 2022; Wang et al., 2024). On the other hand, the model only considers the growth and establishment process of the single species S. salsa, ignoring the influence of environmental stresses such as salinity and temperature, and does not simulate its competition with invasive species like S. alterniflora. The processes such as growth, death, competition and succession among different species will affect the water flow dynamics conditions and the critical erosion shear stress of the tidal flat soil, thereby altering the long-term erosion and deposition evolution pattern of the tidal flat landscape (Geng et al., 2023; Xie et al., 2023). In fact, after the comprehensive removal of S. alterniflora, recurrence trends of S. alterniflora have been observed in many coastal areas of China. In this context, exploring the recurrence rate of S. alterniflora and determining whether it will harm local species will be one of the key focuses of future research.


Therefore, based on the current vegetation-dynamic geomorphology model, future research can be deepened and expanded in multiple dimensions. In terms of physical process simulation, storm surge models can be integrated to improve the wind wave-tide coupling mechanism, analyze bed topography evolution and ecosystem succession under extreme conditions such as typhoon, and optimize the dynamic parameterization scheme of sediment transport to enhance the accuracy of deposition simulation in high-turbidity environments. Ecological process research can focus on constructing multi-species competition modules, quantifying the interspecific competition effects between S. salsa and S. alterniflora, and simultaneously coupling vegetation physiological response models to dynamically characterize the impact of environmental factors on S. salsa growth. At the multi-scale coupling level, variable grid technology can be used to optimize regional-local nested models, analyze the influence of tidal channel systems on water-sediment transport, and simulate the long-term evolution of coastal systems in combination with climate change scenarios (e.g., sea-level rise, increased extreme weather). In engineering applications, synergistic optimization of soft mattress configurations and vegetation arrangements can be explored, the process of S. alterniflora control and ecological restoration can be simulated, and interdisciplinary directions such as carbon sink function quantification and integration of artificial intelligence and models can be expanded to provide more precise scientific support for coastal protection and ecological restoration.








Conclusions


Coastal erosion and ecosystem degradation are the two major threats facing the development of coastal areas, especially in regions that suffer from invasive species and insufficient sediment supply. This study focuses on the Tiaozini tidal flat in Jiangsu Province, China, and conducted on-site measurements and bio-morphodynamic coupling simulations. Its aim is to investigate how engineering measures (soft mattresses) and ecological engineering (native S. salsa) mutually influence coastal landform evolution and the capacity of ecosystem recovery. The main research results are as follows:


The soft mattresses can effectively promote coastal sedimentation and stabilize the tidal flat by deflecting water flow, reducing flow velocity, and weakening erosion force in the sheltered area, converting the local environment from an erosion zone to a deposition zone. Compared with the area without soft mattresses, the sediment deposition volume changed from -3681 m3 (erosion) to 9852 m3 (deposition). This confirms the crucial role of the soft mattress in coastal protection and beach conservation.


The presence of S. salsa can significantly enhance the resilience of the coast by increasing bed roughness, stabilizing sediments, and creating a more conducive environment for sediment deposition. Model simulations show that the high tidal flat covered by S. salsa can maintain continuous deposition even under strong tidal dynamic conditions. Compared with on-site measurements, the simulation error of the high tidal flat elevation was reduced. The relative error between the observed vegetation coverage area and the model simulation result is only 12.1%, confirming the rationality of the model for simulating vegetation ecological processes.


The combined application of soft mattress and S. salsa produces a significant synergistic effect, making the coastal restoration process more efficient. After four years of evolution in the model, the cumulative sediment volume in the high beach area reached 1.767×104 m³, which was 32.26% higher than the situation using only the soft mattress and 82.54% higher than the situation using only S. salsa. In addition, moderate artificial planting intensity and sufficient offshore sediment supply significantly would increase the survival rate and coverage of S. salsa, highlighting the importance of matching coastal restoration engineering with natural processes.


This study clarifies the biophysical feedback mechanism between S. salsa and coastal landforms, proving the effectiveness of comprehensive engineering measures and ecological strategies for coastal erosion control and ecosystem restoration. These research results provide scientific basis for managing invasive species (such as S. alterniflora), optimizing artificial vegetation planting, and enhancing coastal restoration capabilities in the context of global change. Future research should refine the model by incorporating factors such as the impact of storms, competition among various species, and long-term climate scenarios, in order to further enhance the accuracy of the restoration strategies.
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