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A B S T R A C T   

De-reclamation is a common strategy used for the restoration of tidal flats. In this study, we investigate the 
morphodynamic response of tidal channel networks and tidal flats after de-reclamation initiatives using the 
Delft3D numerical model. We find that tidal channel networks that have undergone reclamation and retreat 
projects have a lower drainage density (8.95 km− 1) than that of channel networks that formed naturally (11.33 
km− 1), and the drainage efficiency of natural formed channel networks is almost three times greater than 
restored channel networks. These findings indicate that de-reclamation alone cannot fully erase the imprinting of 
the previous reclamation. We also find that the ultimate effectiveness of de-reclamation is affected by the 
geographical layout and unchanneled path length of the inchoate main creek system. In addition, following the 
implementation of de-reclamation, the immediate opening of previously enclosed areas amplifies the tidal prism, 
thereby intensifying tidal scouring and resulting in significant erosion, with erosion rate reaching hundreds of 
millimeters per day. Such losses can be remediated under sufficient sediment supply and prevented through the 
construction of artificial channels. However, this severe erosion may escalate under an insufficient sediment 
supply or a heightened tidal prism, potentially leading to permanent loss. These findings constitute an important 
reference for future engineering practices that support the safety and sustainability of coastal resources.   

1. Introduction 

The global extent of tidal flats is shrinking annually by approxi-
mately 1–2% (Adam, 2002; Duarte et al., 2008). This shrinkage is largely 
driven by reclamation activities (Gu et al., 2018; Murray et al., 2019). 
Each year, reclamation projects claim over 8000 km2 of these critical 
ecosystems (Pendleton et al., 2012; Zhong and Hu, 2021). This area loss 
has precipitated a multitude of environmental challenges, including the 
degradation of coastal habitats, decline in biodiversity, and increased 
risk of coastal flooding (Choi et al., 2014; Choi, 2019; Lee et al., 2018; 
Yang et al., 2011; Zhang et al., 2018). These adverse impacts have 
motivated various strategies for ecosystem recovery, aiming at reducing 
human impacts, reviving ecosystems, and constructing new habitats 
(Aronson and Le Floc’H, 1996; Aronson et al., 1993; Cairns and Heck-
man, 1996). 

De-reclamation is a common strategy used for the restoration of tidal 

flats (Yang et al., 2010; Susanne and Robert, 2007). After removing 
embankments (Fig. 1), natural processes reclaim the enclosed area, often 
triggering significant feedbacks. Various embankment removal methods 
exist, including creating small openings and performing total removal. 
These different approaches inevitably precipitate distinct geomorphic 
responses, including the redistribution of flow and sediment, vegetation 
colonization, and establishment of new ecosystems (Cadier et al., 2020; 
Liu et al., 2021; Ren et al., 2011; Williams et al., 2002; Wolters et al., 
2005). Given this complexity, it is crucial to carefully evaluate the 
outcomes of embankment removal (French, 1999; Wolters et al., 2005; 
Katwijk et al., 2016; Mumby and Steneck, 2008). 

A prominent morphological change following de-reclamation is the 
expansion of tidal networks, which act as pivotal conduits for material 
and energy exchange between the intertidal zone and neighboring 
waterbodies (Desroy and Denis, 2004; Fagherazzi et al., 1999; Leonard 
et al., 1995; Rauch and Denis, 2008; Xie et al., 2018). The intricate 
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geometry of these networks has been identified as a vital metric for 
estimating the current state and projecting future trends of tidal flats 
(Jarzemsky et al., 2013; Liu et al., 2021; Simenstad et al., 2006; Take-
kawa et al., 2010). Tidal flow is the driving factor of tidal channel 
network development (Coco et al., 2013; Guo et al., 2015; D’Alpaos 
et al., 2007; Marani et al., 2002). The spatial patterns of tidal networks 
are also controlled by details of the tidal basin geometry, like.g., sand 
barrier extinction, lagoon terrain, and river position (Goudie, 2013; 
Marani et al., 2003; Zhou et al., 2014a). Although extensive research has 
focused on the bio-morphodynamics of tidal networks in recent decades, 
specific scenarios of de-reclamation remain underexplored. Chen et al. 
(2020) made a seminal attempt to address this gap by employing nu-
merical models to elucidate the centennial-scale morphological evolu-
tion. However, field observations have revealed that morphological 
changes after de-reclamation occur on much shorter timescales (Anisfeld 
et al., 2016; Takekawa et al., 2010). The effects of different hydrody-
namic, landscape, and artificial conditions (e.g., tidal range, slope, and 
demolition schemes) on the results of de-reclamation have not been 
thoroughly studied. 

In this study, we employ the state-of-the-art numerical model 
Delft3D to investigate the morphodynamic evolution of tidal networks 
in the wake of de-reclamation activities—particularly under conditions 
of sediment supply reduction. Specifically, we aim to answer the 
following questions: (1) To what extent can topography revert to its 
natural state following de-reclamation? (2) What are the characteristic 
geomorphic changes that correspond to different de-reclamation stra-
tegies? (3) How does the decline in sediment supply influence the evo-
lution of tidal networks after de-reclamation? By tackling these research 
questions, this study provides valuable insights that could inform sub-
sequent engineering interventions and contribute to the sustainable 
management of coastal resources. 

2. Methods 

2.1. Model description 

The Delft3D numerical model comprises modules for hydrody-
namics, sediment transport, and morphodynamic evolution (Fagherazzi 
et al., 2012; Lesser et al., 2004; van der Wegen and Roelvink, 2008, 

2012). In this study, the model executes a cyclical iterative procedure: 
(1) It calculates the tidal flow field based on the 2D shallow water 
equations; (2) it estimates the suspended sediment transport through the 
advection–diffusion equation; and (3) it predicts morphological changes 
based on the bed continuity equation. This modeling approach has been 
successfully employed to simulate the morphodynamic evolution of tidal 
creek networks (Chen et al., 2020; Wang et al., 2019; Xu et al., 2017; 
Zhou et al., 2014a; Zhou et al., 2021). The fundamental equations are as 
follows. 

Two-dimensional shallow water equations. 

∂η
∂t

+
∂(d + η)u

∂x
+

∂(d + η)v
∂y

= 0, (1)  

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= − g
∂η
∂x

− g
u

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√

C2(d + η) + νw

(
∂2u
∂x2 +

∂2u
∂y2

)

, (2)  

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

= − g
∂η
∂y

− g
v

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√

C2(d + η) + νw

(
∂2v
∂x2 +

∂2v
∂y2

)

, (3)  

where t is time (s); x and y are the Cartesian coordinates (m); d is the still 
water depth (m); η is the tidal level (m); u and v are the depth-averaged 
velocities components (m/s); g is gravity (m/s2); C is the Chézy friction 
coefficient (m1/2/s); and νw is the eddy viscosity (m2/s). 

The Chézy coefficient is calculated as follows: 

C =
d1/6

n
, (4)  

where n is the Manning coefficient equal to 0.025 s/m1/3. 
Advection–diffusion equation of suspended sediment transport. 

∂c
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+
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+
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∂
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(

εsx
∂c
∂x

)

−
∂
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(
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∂c
∂y

)

= 0, (5)  

where c is the concentration of sediment (kg/m3); and εsx and εsy are the 
eddy diffusivities of sediment (m2/s). 

Bed continuity equation. 

(1 − φ)
∂zb

∂t
+

∂Sx

∂x
+

∂Sy

∂y
= 0, (6) 

Fig. 1. Aerial view of a de-reclamation project in Jiangsu, China. (a) Reclaimed coastal area, photographed in February 2017 and (b) restored tidal flats after a de- 
reclamation project, photographed in September 2020. The latitude and longitude of the center of the presented area are 32◦ 56′ 06’’ N and 120◦ 54′ 38’’ E, 
respectively. 
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where zb is the bed surface elevation (m); ϕ is the bed porosity (default 
0.4; dimensionless); and Sx and Sy are the sediment flux components 
(m2/s). The model can easily run in 2DH mode to simulate tides and 
sediment transport (Hu et al., 2009; Lesser et al., 2004). The grain size of 
the cohesive sediment in this study is less than 32 μm with a settling 
velocity (ws) of 0.5 mm s− 1 (Wiberg et al., 2015). The critical bed shear 
stress for erosion (τe) is set to 0.15 N/m2. The sediment density is 2650 
kg/m3. 

2.2. Model settings 

We consider a 2500 × 5000 m rectangular computational domain, 
which is principally inspired by the de-reclamation project along the 
coast of Jiangsu, China (Fig. 1). The domain is discretized into 20 × 20 m 
cells. The bottom boundary experiences semidiurnal harmonic tides (cf. 
Chen et al., 2020; Zhou et al., 2014b), while the remaining three 
boundaries are closed. We experimented by applying Neumann 
boundary on the two lateral boundaries; however, the results were not 
significantly different (see supplemantary information for more details). 
The initial bathymetry features a gentle slope from land to sea, sup-
plemented with minor perturbations to accelerate the onset of 
morphological adjustments (Zhang et al., 2018). The initial bed eleva-
tion conforms to Gaussian distributions, with 90% of elevation values 
falling between − 15 and + 15 cm (Marciano, 2005). 

Our comprehensive array of numerical experiments is listed in 
Table 1. Scenario N1 functions as a control case devoid of anthropogenic 
interventions, and all other scenarios undergo cycles of reclamation and 
subsequent de-reclamation processes. Initially, a thin dam isolates a 
cross-shore segment of 3000 m (measured from the seaward boundary) 
and divides the domain into ‘reclamation area’ and ‘outer area’ (Fig. 2f). 
Following a five-year model run to establish a relatively stable topog-
raphy, we remove these barriers and simulate the ensuing morphody-
namic adjustments following the de-reclamation projects. In scenarios 
C1–C4, we uphold a consistent sediment supply throughout the simu-
lation period, albeit with varying boundary sediment concentrations. 
Conversely, scenarios D1–D4 involve a gradual reduction in sediment 
supply commencing after the fifth year, with different rates of decline. 
Moreover, scenarios B1–B4, T1–T4, and S1–S4 delve into the impacts of 
various factors, i.e., the moth in the reclamation dam, tidal amplitude, 

and initial bed slope of reclamation area, respectively. Furthermore, 
scenarios P1 and R1 are specifically devised to assess the consequences 
of previously incorporated artificial channels (morphological charac-
teristics when de-reclamation occurs in scenarios P1 and R1 are in 
supplemantary information). Finally, scenario W1 is characterized by 
the demolition of embankments in two stages. 

2.3. Morphometric analysis of network geometries 

We employ a local adaptive threshold method to automatically 
discern the tidal network patterns from the simulated digital elevation 
model (DEM) data (Saxena, 2019; Uchida, 2013) and then extract the 
central lines of the channels using a thinning algorithm (Chen and Hsu, 
1988). For the quantitative assessment of network geometries, we focus 
on the (1) drainage density, defined as the ratio of the total channel 
length to the drainage area (Stefanon et al., 2012); (2) unchanneled path 
length (Marani et al., 2003), approximated as the distance from a point 
on the flat to the nearest channel central line (Liu et al., 2021); and (3) 
drainage efficiency, calculated as the Hortonian length (i.e., the inverse 
of drainage density) divided by the mean unchanneled path length in the 
tidal flat area (Horton, 1932; Schwarz et al., 2022). 

3. Results 

3.1. Development process of tidal channel networks 

3.1.1. Natural state 
Fig. 2a–d portray the spatial characteristics of the channel–flat sys-

tem simulated in scenario N1, resembling the natural evolution of tidal 
channel networks. Initially, channels originate from the seaward edge of 
the computational domain and progressively extend landward (Fig. 2a). 
Through continuous branching and elongation, a tree-like channel sys-
tem emerges and intricately dissects the flat, forming a complex chan-
nel–flat system. The tidal networks expand rapidly, predominating over 
the flat within approximately one year. Subsequently, the configuration 
of the tidal networks stabilizes around the fifth year (Fig. 2b). 

Under the influence of continuous sediment input, the tidal flat ex-
hibits a sediment deposition trend. Some secondary creeks gradually 
recede due to sediment settling, while sediments also accrue along the 
banks of the primary creeks, leading to gradual narrowing. Simulta-
neously, the depth of the primary creeks steadily increases owing to the 
shear stress induced by flow concentration (Fig. 2c and d). Fig. 2e shows 
the ultimate morphology in scenario N1 at the conclusion of the simu-
lation, characterized by a segmented flat traversed by a tree-like tidal 
channel system featuring vertical main creeks and horizontal secondary 
creeks. 

3.1.2. Reclamation and de-reclamation state 
Fig. 2f–i shows the evolution of tidal networks in scenario C1, which 

introduces the effects of reclamation and de-reclamation. Similar to the 
evolution in scenario N1, two trunk creeks quickly develop over the 
outer area but fail to extend into the reclamation area (Fig. 2f). These 
trunk creeks penetrate the outer area and gradually give rise to sec-
ondary creeks; however, they are obstructed by embankments and un-
able to extend into the reclamation area (Fig. 2g). 

Upon removal of the embankments, channels continue to develop at 
the ends of the former tidal networks, branch out secondary creeks, and 
gradually infiltrate the reclamation area (Fig. 2h). While tidal networks 
in the reclamation area gradually expand, some channels in the outer 
area recede, as observed in scenario N1 (Fig. 2i). The specific skeleton 
patterns (central line patterns of the creek system) of the tidal networks 
exhibit significant disparities between natural conditions and the de- 
reclamation state. Although intricate tidal channel networks form in 
the reclamation area in both scenarios, those in scenario C1 are notably 
less dense. Some main creeks in C1 do not branch out secondary creeks 
like those in scenario N1, indicating that the tidal channel networks 

Table 1 
Suspended sediment concentration (SSC) change and anthropogenic in-
terventions in different scenarios.  

Scenario Specific settings 

N1 SSC = 0.10 kg/m3 

C1 SSC = 0.10 kg/m3 

C2 SSC = 0.01 kg/m3 

C3 SSC = 0.05 kg/m3 

C4 SSC = 0.25 kg/m3 

D1 SSC decrease from 0.10 to 0.00 kg/m3 

D2 SSC decrease from 0.25 to 0.00 kg/m3 

D3 SSC decrease from 0.30 to 0.20 kg/m3 

D4 SSC decrease from 0.30 to 0.05 kg/m3 

D5 SSC decrease from 0.20 to 0.10 kg/m3 

B1 Mouth length = 500 m 
B2 Mouth length = 900 m 
B3 Mouth length = 900 m; mouth on the right 
B4 Mouth length = 1300 m 
P1 De-reclamation on deeper developed tidal channel networks 
R1 De-reclamation on lower developed tidal channel networks 
T1 Tidal amplitude = 0.50 m 
T2 Tidal amplitude = 0.75 m 
T3 Tidal amplitude = 1.25 m 
T4 Tidal amplitude = 1.50 m 
S1 Slope of reclamation area = 0.05% 
S2 Slope of reclamation area = 0.075% 
S3 Slope of reclamation area = 0.10% 
W1 Demolish 500 m in the 5th year and demolish all in the 10th year  
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formed after the de-reclamation project are less developed than those 
under natural conditions (Fig. 2e and j). 

3.2. Morphological evolution trend 

Fig. 3a and b illustrate the exceedance probability of the bed 
elevation in the tidal flat area from the first to the fifteenth year in 
scenarios N1 and C1. The curve cluster corresponding to the natural 
state (i.e., scenario N1) progressively increases over time, indicating 
long-term deposition across the entire tidal flat area (Fig. 3a). In the case 
of continuous sediment input to the tidal flat and stable tidal network 
configurations, the elevation of the flat gradually increases. However, 
this monotonic trend is not observed in scenario C1. The curve cluster in 
Fig. 3b experiences a sudden drop around the fifth year, coinciding with 
the de-reclamation project and then increases again. 

The 90% cumulative frequency elevation in these two scenarios ex-
hibits a similar difference, with a steady increase in scenario N1 and a 
sudden decrease around the fifth year, corresponding to the de- 

reclamation project in scenario C1 (Fig. 3c and d). This suggests that 
the tidal flat in scenario C1 undergoes brief but significant erosion after 
de-reclamation, despite continuous sediment input. This erosion is 
evident during the tidal flat volume change process (Fig. 3e). Both 
scenarios involve volume losses owing to the rapid expansion of tidal 
channel networks in the early stages; however, scenario C1 involved 
additional severe erosion after de-reclamation. This erosion primarily 
occurs in the outer area, with a volume loss comparable to that observed 
at the onset of the simulation. 

3.3. Tidal network properties 

3.3.1. Drainage density 
Fig. 4a shows the evolution of the local (i.e., reclamation and outer 

areas) and overall changes in drainage density in scenarios C1 and N1. 
For the natural state (i.e., scenario N1), the increase rate of the drainage 
density of the entire computational domain and outer area begin to 
decrease after the fourth year. The drainage density of the outer area 

Fig. 2. Morphology evolution in scenarios N1 and C1. (a–d) Morphology evolution under natural state (N1). (f–i) Morphology evolution after reclamation and de- 
reclamation. Black lines in panels (f) and (g) represent the thin embankments in the first five years, which are removed after de-reclamation. The white dashed square 
box in panel (g) is a typical area that is analyzed in section 4.2. (e–f) Final skeleton of tidal channel networks in scenarios N1 and C1, respectively. 
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even slightly decreases after approximately the seventh year, indicating 
that some channels in the outer area are filled. However, the drainage 
density in the reclamation area in scenario N1 continuously increases 
until the eleventh year. This is because the reclamation area is further 
away from the seaward boundary, and the development process of tidal 
networks lags behind that in the outer area. 

During the reclamation period, channels form only in the outer area. 

Thus, the drainage density in the outer area in scenario C1 is larger than 
that in N1; however, the drainage density in the reclamation area re-
mains zero. After the de-reclamation project is implemented, the 
drainage density in the outer area in scenario C1 rapidly decreases. This 
is because sediments are eroded and carried downstream after de- 
reclamation, and some creeks are filled. The final drainage density in 
the reclamation area in the fifteenth year in scenario C1 is significantly 

Fig. 3. (A) Exceedance probability distribution of the tidal flat elevation at different times in scenario N1. (b) Exceedance probability of the tidal flat elevation at 
different times in scenario C1. (c) Changes of the elevation value at 90% cumulative frequency in scenario N1. (d) Change process of the elevation value at 90% 
cumulative frequency in scenario C1.(e) Net volume change in scenarios C1 and N1. The blue and red solid lines represent the outer and reclamation areas in scenario 
C1, respectively. 

Fig. 4. (A) Drainage density evolution in scenarios C1 and N1. (b) Exceedance probability of the unchanneled path length of the entire flat at different times. (c) 
Exceedance probability of the unchanneled path length of the reclamation area at different times. (d) Change of lpm after de-reclamation. (e) Drainage efficiency after 
de-reclamation. Panels (d) and (e) have the same legend. 
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lower than that in scenario N1. The final drainage density in scenario C1 
is 8.95 km− 1; in scenario N1, it is 11.33 km− 1. In other de-reclamation 
scenarios with alterations in slope, de-reclamation strategies, and sedi-
ment supply, the resulting drainage density similarly falls below that of 
the natural state (Table 2; a detailed analysis is provided in supple-
mantary information). Therefore, the de-reclamation project alone 
cannot fully restore the functions of tidal networks. 

3.3.2. Unchanneled path length 
Fig. 4b–c display the semilog plots of the exceedance probability of 

the unchanneled path length (P ≥ lp) for the entire tidal flat and recla-
mation area, respectively, in scenarios C1 and N1. The trends of the 
curves are approximately linear, which alludes to exponential proba-
bility distributions, and therefore, a pointed absence of scale-free 
properties in the network structures, which is familiar to many field 
observation results (Belliard et al., 2015; Feola et al., 2005; Marani et al., 
2003; Rinaldo et al., 1999). After the fifth year, the network configu-
rations of the natural state remain relatively stable, and both the ex-
ceedance probability of the unchanneled path length and the mean value 
of lp (lpm) of the flat remain constant (solid lines in Fig. 4b). Regarding 
the de-reclamation state, the lpm in the fifth year is quite high, because 
tidal channel networks only exist in the outer area and far from the 
points in the reclamation area. Dashed lines in Fig. 4b, which represent 
the exceedance probability of lp in scenario C1, quickly move to lower 
left and the lpm values decrease sharply from 532.82 to 118.77 m. Fig. 4c 
shows specifically the exceedance probability of lp change in the recla-
mation area in scenarios N1 and C1 and reveals a similiar process, i.e., 
the lpm values decrease from 1050.59 to 48.26 m. The change of lpm in the 
reclamation area in scenarios C1 and N1 from the sixth to the fifteenth 
year is shown in Fig. 4d. After the de-reclamation project, lpm values in 
the reclamation area in scenario C1 decrease rapidly, but cannot reach 
that in scenario N1. At the end of the simulation, the unchanneled path 
length in scenario C1 is greater than that in scenario N1. 

3.3.3. Drainage efficiency 
A more thorough description of the capability of the two tidal 

channel networks in scenarios C1 and N1 can be obtained using the 
drainage efficiency (Fig. 4e). The ed values in these two scenarios are 
almost constant after de-reclamation; however, ed in the reclamation 
area in scenario N1 is approximately three times higher than that in 
scenario C1 (red solid line and red line with circles in Fig. 4e). The ed 
values generally depend on the geometry pattern of the tidal channel 
networks, vegetable cover on tidal flats, and the tidal channel network 
scale. Higher ed values in tidal channel networks imply that a larger 
portion of the marsh platform is close to a channel (Kearney and 
Fagherazzi, 2016). The lpm values of tidal channel networks with 
meandering geometries are usually lower than those of tidal channel 
networks with straight branching geometries, leading to lower ed values 
under the same drainage density (Kearney and Fagherazzi, 2016; 
Schwarz et al., 2022; Schumm and Khan, 1972). The final geometry 
patterns in scenarios C1 and N1 are both tree-like tidal channel networks 
and this study did not consider the effects of vegetation. Thus, the main 
cause of the lower ed is the tidal channel network scale. Tidal networks 
generated after de-reclamation are less developed and have lower 
drainage efficiencies. 

4. Discussion 

4.1. Effect of landscape settings 

The extent of embankment breaching can significantly affect the 
development and configuration of tidal networks. Residual embank-
ments impede tidal flows and hinder the expansion of tidal networks. 
Consequently, the total tidal channel length and drainage density in the 
reclamation area in scenarios B1–B4 are all lower than those in scenario 
C1. Notably, the final drainage density does not correlate proportionally 
with the change of the embankment mouth length (lm). The ultimate 
drainage density with a smaller mouth length (scenario B1) exceed that 
with a larger opening (scenario B4). Additionally, when comparing 
scenarios B2 and B3, the different mouth positions correspond to vary-
ing final drainage densities (Table 2). 

We calculated the mean unchanneled path length in the reclamation 
area in scenarios with different de-reclamation strategies in the sixth 
year, when only main channels are formed. As shown in Fig. 5a, the 
drainage density of the reclamation area is inversely proportional to lpm 
during the sixth year. During the development process after de- 
reclamation, several main channels firstly cut apart the reclamation 
area and then branches out into secondary channels via headward 
growth. Owing to the restriction of the remaining embankments, sce-
narios B2 and B3 form fewer main creeks than those in scenario C1 and 
lead to a larger unchanneled path length. Lpm in C1, B2 and B3 are 
135.29 m, 170.93m and 177.32 m, respectively. Similarly, under an 
equivalent mouth length, the asymmetric opening of the mouth in sce-
nario B3 leads to a higher lpm, resulting in a lower ultimate drainage 
density compared to that in scenario B2 (Fig. 5b and c). 

The scale of the final tidal channel networks is affected by the 
geographical layout of the main inchoate creeks and lp at the preliminary 
stage of the channel development process. This relationship also ex-
plains why de-reclamation projects alone cannot fully restore the func-
tion of tidal networks. Owing to the restriction of embankments, the 
tidal channel networks cannot enter the reclamation area in scenario C1. 
When the embankments are removed, the tidal networks in scenario N1 
are much more developed and lp is much lower. It is difficult for water 
particles to enter the main channels, and secondary creeks do not easily 
form through headward erosion under high lp (Marani et al., 2003; 
Rinaldo et al., 1999). Thus, the tidal networks in scenario C1 cannot 
develop to the same scale as those in scenario N1, because scenario C1 
starts with fewer main channels and a lower probability of channel 
headward erosion. 

We also applied the de-reclamation project to a tidal channel system 
exhibiting higher development (scenario P1) and one exhibiting lower 
development (scenario R1). The morphological characteristics in these 
two scenarios at the time of de-reclamation implementation can be 
found in supplemantary information. The eventual drainage density in 
scenario P1 is higher than that in scenario C1, whereas that in scenario 
R1 is lower than that in scenario C1 (Fig. 5a). This distinction is also 
because the more developed tidal channel system in the de-reclamation 
project has lower lpm and more main creeks, making it easier for sec-
ondary channels to form (Fig. 5d and e). This discussion provides sug-
gestions for coastal management. The lp value at the time when the de- 
reclamation project primarily occurs can affect the scale that the tidal 
channel networks can finally reach. The approach adopted in scenario 
P1 can be regarded as the pre-construction of artificial channels and 
finally breed out more affluent tidal networks. If the goal is to achieve a 
more prosperous tidal channel system through de-reclamation projects, 
it is recommended that certain artificial interventions, such as the 
construction of artificial channels, be implemented in advance to 
minimize the unchanneled path length across the flat (Chen et al., 2020; 
Liu et al., 2020). Several realistic restoration programs have successfully 
employed the strategic addition of channels to achieve their goals 
(O’Brien and Zedler, 2006; Liu et al., 2016). Our study contends that this 
method is not only reliable, but also merits widespread adoption 

Table 2 
Final drainage density of scenarios with different slope, de-reclamation strate-
gies, and sediment supply.  

Scenario Drainage density (km− 1) Scenario Drainage density (km− 1) 

C1 8.95 D1 9.07 
C2 9.74 D2 10.01 
C3 9.39 B1 8.81 
S1 10.00 B2 8.38 
S2 10.66 B3 7.45 
S3 9.97 B4 8.35  
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Fig. 5. (A) Correlation graph between the average unchanneled path length at the sixth year and the maximum channel length in the reclamation area. (b–e) 
Distribution of unchanneled path length in the reclamation area in scenarios B2, B3, P1, and R1, respectively. 

Fig. 6. (A) Residual currents before de-reclamation in the typical area near the embankment toe. The black solid line at the top represents the reclamation 
embankment. (b) Residual currents after de-reclamation in the typical area. For ease of display, the arrow vectors in panels (a) and (b) indicate only the direction and 
the color map represents the magnitude in m/s. The black lines in panels (a) and (b) are the 0-m isodeep lines of the typical area. (c) Magnitude of velocity at point A 
(in the creek). (d) Magnitude of velocity at point B (on the flat). (e) Magnitude of the spatially averaged velocity over the outer area. 
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because of its proven success in enhancing tidal channel networks. 

4.2. Effect of embankment removal 

Section 3.2 demonstrates a brief yet intense erosion phase experi-
enced by the tidal flat after de-reclamation (Fig. 3). A typical area with 
dense creeks near the embankment toe (dashed box in Fig. 2) in the 
standard scenario C1 is employed as a representative. 

Fig. 6a and b compare the residual currents before and after the de- 
reclamation project by averaging the velocity field over a tidal cycle 
(Alahmed et al., 2022; Leonardi et al., 2013; Zimmerman, 1981). Before 
the removal of the embankments, the residual currents in the creeks flow 
landward, whereas those in the tidal flat area move seaward (Fig. 6a). 
Owing to the obstruction by the dams, the residual currents near the 

embankment toe are almost parallel to the embankments. Subsequent 
removal of the embankments results in changes in both the magnitude 
and direction of the residual currents (Fig. 6b). The directions of the 
residual currents in the creeks shift seaward, with the enhancements 
being even ten-fold. Fig. 6c–e depict the temporal variation of velocity at 
a point in the creek (Point A), a point on the flat (Point B), and the 
spatially averaged velocity over the entire outer area and over a tidal 
cycle. Upon embankment removal, tidal water inundates the reclaimed 
area, submerging the previously enclosed zone. The tidal prism of the 
tidal flat undergoes swift augmentation; however, the tidal networks do 
not expand concomitantly. This suggests that a large volume of tides 
must be conveyed out of the flat per unit time in the brief period 
following de-reclamation, resulting in direction turn and a marked in-
crease in velocity. 

Fig. 7. (A) Tide-averaged sediment fluxes before de-reclamation in the typical area. (b) Tide-averaged sediment fluxes after de-reclamation in the typical area. For 
ease of display, the arrow vectors in panels (a) and (b) indicate only the direction and the color map represents the magnitude in m2/s. The black lines in panels (a) 
and (b) are the 0-m isodeep lines of the typical area. (c) Magnitude of bed shear stress in the outer area before and after de-reclamation over a tidal cycle. (d) Net 
erosion or deposition rate distribution in the typical area. (e) Net erosion or deposition rate in the five days after de-reclamation on the longitudinal profile. 
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The enhancement of hydrodynamics in the tidal flat area can 
significantly magnify the bed shear stresses therein, causing significant 
sediment erosion and remarkable sediment fluxes (Leonardi et al., 2016; 
Shi et al., 2012, 2017; Whitehouse et al., 2000). Although strong hy-
drodynamics have only short durations (such as storms), severe sedi-
ment transport can also be caused (Fan et al., 2006; Turner et al., 2006; 
Xie et al., 2017; Yang et al., 2003). Intense hydrodynamic changes 
following de-reclamation induce similar effects. Before the 
de-reclamation project takes place, the tide-averaged sediment fluxes 
are in the flood direction and of low magnitude, approximately 
10− 9–10− 7 m2/s on the flat and 10− 6–10− 5 m2/s in the channels, indi-
cating that the tidal flat was laxly deposited under continuous sediment 
input (Fig. 7a). Similar to the change process of the residual currents, 
both the direction and magnitude of the sediment fluxes change after 
de-reclamation. Strong sediment fluxes escape from the channels in the 
flood direction and the magnitude can be hundred-fold. The tidal flat 
experiences severe erosion within a short period after de-reclamation 
(Fig. 7b). 

Fig. 7c compares the average magnitude of bed shear stress in the 
outer area before and after the de-reclamation project over a tidal cycle. 
Owing to the increased tidal prism and velocity, the bed shear stress of 
the outer area is significantly enhanced, becoming several times—even 
dozens of times—higher than that during the reclamation period. Under 
strong bed shear stress increase and hydrodynamic changes, the tidal flat 
suffers severe losses. The distribution of the net erosion or deposition 

rate within a short period (i.e., five days) after de-reclamation is shown 
in Fig. 7d, the erosion rate at the embankment toe can reach to several 
tens even hundreds of millimeters per day. The maximum erosion rate is 
240.43 mm/d in the typical area. The erosion at the end of the tidal 
creeks near the embankment toe is the most pronounced. This implies 
that severe erosion occurs in the form of headward erosion at the tidal 
channel network edge. After the de-reclamation project, tidal water 
floods the de-reclamation area and accumulates at the channel tips 
during the flood period, causing high shear stress and sediment net 
output. 

By analyzing the distribution of net erosion or deposition rate in the 
five days after de-reclamation on the longitudinal profile, we find that 
severe erosion is spatially heterogeneous and concentrated near the 
embankment toe owing to headward erosion at the channel tips 
(Fig. 7e). The magnitude of severe erosion after de-reclamation can 
reach more than 1 m locally, many benthic organisms on intertidal flats 
inhabit this height of tidal flat sediment, and their habitat can be easily 
affected by sediment erosion (Corte et al., 2017; Hendrick et al., 2016; 
McCartain et al., 2017; Miller and Sternberg, 1988; Pages et al., 2013). 
Extreme events with strong hydrodynamic force and severe erosion or 
deposition, like the severe erosion after de-reclamation, may cause 
catastrophic losses of these organisms (Hinchey et al., 2006; Thrush 
et al., 2003). Our study reports severe erosion within a short duration 
after the de-reclamation project and reveals its potential risks. 

Fig. 8. Sum of the seaward cross-sectional areas plotted as a function of the tidal prism at the end of the simulation. The various markers denote different settings. ‘+’ 
represents the natural condition. Solid dots represent scenarios T1–T4 and C1, whose tidal amplitudes vary from 0.50 to 1.50 m, separated by 0.25 m. Stars represent 
the scenarios with embankments partly demolished in different ways. Triangles represent de-reclamation simulations based on different degrees of channel network 
development. Squares are the scenarios with different slope. Diamonds represent the sediment supply change. 
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4.3. Evolution of the tidal prism and cross-sectional area 

Numerous studies have substantiated the existence of an empirical 
power law between the tidal prism and the cross-sectional area in tidal 
inlets or estuaries. This relationship has typically as the following form: 
A = kPn, where A is the cross-sectional area, P is the tidal prism, and k 
and n are coefficients determined by the coastal environments that 
encompass hydrodynamic factors and sediment supply (Geng et al., 
2023; D’Alpaos et al., 2009; Hughes, 2002). In this study, the simulated 
tidal flat is interconnected with the sea via multiple channels; hence, the 
value of A corresponds to the cumulative seaward cross-sectional area of 
all channels. 

Fig. 8 illustrates the P–A relationships of a series of scenarios upon 
simulation completion. Scenarios T1–T4 and C1 have identical land-
scape settings and sediment inputs; however, they differ in tidal 
amplitude, as indicated by circular dots in Fig. 8. The amplification of 
the tidal force augments both the tidal prism and the cross-sectional 
area. The exponent n for this set of scenarios is 0.81, as depicted by 
the blue line. All final P–A points under the conditions of SSC = 0.1 kg/ 
m3 and t = 1 m (scenarios N1, C1, B1–B4, P1, and R1) are fitted and 
shown by the red line. These scenarios maintain uniform hydrodynamic 
force and sediment input; however, they differ in terms of human in-
fluence, with n = 1.08. The dispersion of these P–A points is constrained; 
alterations in landscape settings and the execution of de-reclamation 
have minor impacts on the P–A relationship. The black line in Fig. 8 
represents a fit to all scenarios, incorporating also those with sediment 
changes (C2, C3, D1, and D2), with n = 1.04. The R-square value (0.65) 
is considerably lower than that of the other fits, indicating that changes 
in sediment input have a more profound influence on the morphological 
factors of the tidal flat compared to those of other factors. Therefore, 
careful consideration of alterations in sediment supply is essential when 
undertaking de-reclamation projects. The n values obtained from these 
fits are all in accordance with the range of empirical values (0.80–1.10) 
cited in existing literature, which is grounded in extensive field obser-
vations and theoretical analyses (Hume and Herdendorf, 1993; Jarrett, 
1976; O’Brien, 1969). This concordance attests to the fidelity of the 
numerical experiment designs employed in this study to real-world 
scenarios. 

The movement of hexangular stars in Fig. 8 reports the mechanism of 
the severe erosion discussed in section 4.2 from the perspective of the 
P–A relationship. Following the dismantling of the embankments, the 
tidal prism of the flat experiences significant growth, as indicated by the 
movement of the black hexagonal star (representing the moment before 

de-reclamation) to the left. The cross-sectional area should increase 
homogeneously, mirroring the upward movement of the white hexag-
onal star (representing the moment after de-reclamation). This adjust-
ment aims to restore the tidal channel system to an equilibrium state, 
leading to the expansion of channels within a short period following de- 
reclamation. 

P–A points shift towards the top left as the slope of the reclamation 
area increases, corresponding to the square points in Fig. 8. In the 
reclamation areas in scenarios S1–S3, the landward-increasing bed 
surfaces reduce the localized tidal prisms, constraining the expansion of 
tidal channel networks (Geng et al., 2023). Consequently, more sedi-
ment accumulates within the reclamation areas, resulting in a relative 
reduction of sediment supply to the outer areas (Fig. 9a). Consequently, 
scenarios S1–S3 differ from scenario C1, and the tidal channels in the 
outer areas are not extensively filled after de-reclamation; however, they 
are rather preserved and further expanded with extreme erosion. 
Eventually, in scenarios S1–S3, the total P and A values within the entire 
computational domain increase with increasing slope in the reclamation 
area (Fig. 9b). 

4.4. Control factors of severe flat loss 

Fig. 10 shows the maximum tidal flat volume loss in the initial two 
years following de-reclamation under different condition. Over the past 
50 years, sediment delivery to estuaries worldwide has declined due to 
upstream human activities, thereby reducing the sediment supply from 
estuaries to tidal flats (Cui and Li, 2011; Chen et al., 2005; Syvitski et al., 
2005; Zhang et al., 2018; Zhu et al., 2016). Fig. 10a shows the maximum 
loss volume (Vlm) under different constant sediment supply from the 
estuary. All scenarios experience severe erosion, albeit with different 
loss volumes inversely related to SSC supply. The maximum loss volume 
in scenario C1 (SSC = 0.10 kg/m3) can be four times larger than that in 
scenario C4 (SSC = 0.25 kg/m3). When the SSC conditions are similar at 
the time of de-reclamation, the volume losses are comparable. For 
instance, both scenarios C1 and D1 have SSC values of 0.10 kg/m3 in the 
fifth year, whereas scenarios D3 and D4 have SSC values of 0.30 kg/m3 

(Fig. 10b). The Vlm for C1 and D1 are similar, at 7.35 × 105 m3 and 7.59 
× 105 m3 respectively; similarly, the Vlm for D2 and D3 are also close, at 
7.64 × 104 m3 and 7.78 × 104 m3 respectively. The scenarios presented 
in Fig. 10c exhibit the same SSC decrease rates; however, their SSC 
values at the fifth year are different, and the magnitude of Vlm is still 
positively correlated with the in situ SSC at the time of de-reclamation. 
Severe erosion following de-reclamation is brief yet intense. One of the 

Fig. 9. (A) Erosion volume in the reclamation area in scenarios C1, S1, S2, and S3. (b) Erosion volume in the outer area in scenarios C1, S1, S2, and S3.  
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primary controlling factors of the severe loss is the in situ SSC at the time 
of de-reclamation; this loss can be reduced in an SSC-abundant 
environment. 

The impacts of landscaping and hydrodynamics on severe loss are 
illustrated in Fig. 10d and e. Partial demolition of the embankments 
enhances Vlm; conversely, narrower openings can exacerbate severe 
erosion. Owing to the constraints imposed by the remaining embank-
ments, the flow speed through the open mouth may accelerate, inten-
sifying the shear stress and resulting in a greater volume loss (Fig. 10d). 
The correlation between the tidal flat volume loss and tidal amplitude is 
shown in Fig. 10e. Elevated tidal ranges induce higher tidal prisms and 
augment shear stress, contributing to an increase in Vlm. The discrepancy 
in Vlm between scenario B1 (lm = 500 m) and scenario C1 is only 16.79%, 
and modifications in the de-reclamation methods cannot markedly 
modulate the severe erosion loss. However, Vlm in scenario T4 (1.73 ×
106 m3) is substantially greater—by orders of magnitude—than that in 
scenario T1 (1.51 × 104 m3). This indicates that tidal amplitude alter-
ations can significantly influence the severe erosion process. Another 
pivotal factor controlling the severe erosion volume is the variation of 
the tidal prism in the tidal flat area. 

Fig. 10f shows the volume loss processes in scenarios C1 and P1, with 
the latter having previously constructed artificial creeks, demonstrating 
a significant mitigation of severe erosion effects. Pre-constructed chan-
nels in the reclamation area can enhance the containment and convey-
ance capacity of the tidal channel networks at the inception of de- 
reclamation projects, facilitating accommodation of the abruptly 
increased tidal prism, and subsequently mitigating the sudden surge in 
shear stress at the embankment toe. The pre-construction of artificial 
channels can not only foster tidal channel networks but also diminish the 
risks associated with severe erosion after de-reclamation. The multi-
faceted advantages of this approach warrant consideration for engi-
neering applications. 

4.5. Recovery following severe tidal flat loss 

The net erosion volume change over the entire time period after de- 
reclamation of the full domain is shown in Fig. 11. Owing to the constant 

sediment input from the open boundary, the tidal flat is in a state of slow 
deposition. Although severe erosion occurs after de-reclamation, it can 
slowly recover under a sufficient and constant sediment supply. For 
example, the severe erosion in scenario C1 (SSC = 0.1 kg/m3) basically 
recovers at around the eighth year (i.e., three years after de- 
reclamation). Subsequently, the tidal flat continues to exhibit a net 
deposition trend. However, when the sediment supply is less abundant 
(scenario C3; SSC = 0.05 kg/m3), the recovery may take longer. When 
the sediment supply is very low (scenario C2; SSC = 0.01 kg/m3), the 

Fig. 10. (A–c) Severe erosion process and flat volume loss under different sediment supply. (d) Severe erosion process under different mode of embankment break. 
(e) Severe erosion process under different tide condition. (f) Severe erosion process in scenarios C1 and P1. 

Fig. 11. Net erosion volume change after de-reclamation.  
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severe erosion imprint cannot be recovered. 
In scenario D1, where the boundary SSC decrease linearly from 0.10 

to 0.00 kg/m3, the system does not exhibit a changeless depositional 
trend after the rapid erosional stage; however, it exhibits an erosional 
tendency after approximately the eleventh year (see the black line in 
Fig. 11). Note that the averaged SSC boundaries are the same in sce-
narios C3 and D1; however, in scenario D1, they eventually undergo 
greater sediment losses. If the sediment supply is insufficient or gradu-
ally declines, as in the case of many real estuaries, severe erosion will not 
be restored and irreversible wetland loss will occur. 

The volume change process between the fifth and tenth year (only 
remove 500 m of embankments) and Vlm in scenario W1 are the same as 
those in scenario B1; however these are not secondary severe erosion 
after all the embankments are removed. This is because no tidal prism 
change occurs after the secondary embankment demolition. Removing 
only part of the embankments can reduce the difficulty and cost of the 
project but does not mitigate the risk of severe erosion after de- 
reclamation. 

These results imply that short-term severe erosion will become a 
permanent change when the sediment supply is insufficient, and the 
decreasing trend in sediment supply can exacerbate the erosion of tidal 
flats after de-reclamation. Therefore, to offset the negative influences of 
severe erosion, other coastal management methods can be used jointly, 
such as practicing sediment nourishment on tidal flats simultaneously 
with embankment demolition (van der Werf et al., 2015). 

4.6. Model limitations 

Several processes and factors have either been overlooked or 
modeled in a simplified manner, as described below: 

First, the impact of organisms, including the influence from vegeta-
tion and benthic animals, has been neglected. Vegetation can signifi-
cantly influence the growth of tidal channel networks by affecting soil 
erodibility, and some channels may extend from bio-created landforms 
such as crab holes (De Battisti et al., 2019; Geng et al., 2023; Perillo, 
2003). 

Second, pivotal physical factors such as wind and sea level rise are 
not incorporated in the design of the numerical experiments. Never-
theless, these elements determine the hydrodynamic forces on the flat 
and subsequently impact the development of tidal networks (Chen et al., 
2008; Ortiz et al., 2017; Coco et al., 2013). 

Third, the tidal flat in this study is assumed to be homogeneous, 
whereas, in reality, significant differences may exist in the physical 
properties between the reclamation area and the outer area due to 
human activities (Huang et al., 2021; Wu et al., 2018; Zhang et al., 
2018). 

Acknowledging these limitations is crucial, as they underline the 
complexities inherent in real-world tidal flat ecosystems and emphasize 
the need for further research that incorporates these diverse and inter-
connected factors to develop more comprehensive and accurate models 
for predicting the impacts of de-reclamation projects on tidal flats and 
tidal channel networks. 

5. Conclusions 

In this study, a state-of-the-art morphodynamic model was adopted 
to study the development of tidal networks under the combined effects 
of de-reclamation and decreased sediment supply. We also rivaled and 
analyzed the potential risk of severe erosion and tidal flat loss after de- 
reclamation and provided suggestions. Our findings can be summarized 
as follows.  

(1) The final landscape under different settings shows that the 
restored tidal channel networks have a lower drainage density 
and efficiency than those of natural ones, and the imprinting of 
the previous cannot be fully erased simply by de-reclamation.  

(2) The ultimate effectiveness of de-reclamation is affected by the 
geographical layout and unchanneled path length of the inchoate 
main creek system. 

(3) After the embankments are removed, the tidal force is signifi-
cantly enhanced owing to an increase in the tidal prism contrib-
uted by the previously enclosed area. This results in severe tidal 
flat erosion within a short period.  

(4) The extent of severe erosion is related to the tidal prism and 
sediment supply. If the sediment input is insufficient or gradually 
declines, the recovery of tidal flats after severe erosion caused by 
de-reclamation may be irreversible.  

(5) Adding artificial channels before de-reclamation projects can 
promote tidal channel network development and reduce severe 
erosion after de-reclamation. 
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