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Abstract Salt marshes are ecologically and physically essential habitats in coastal intertidal flats.
In addition to providing nursery grounds for various wildlife, vegetation in marshes acts as a buffer
zone that slows flooding waters. Extensive marsh platforms can also attenuate wave energy to protect
coastal communities. Complex geometries make it challenging for models to capture the spatiotemporal
variabilities in the transport of lateral water and sediment over tidal creek-marsh complexes. To

study water exchange processes between tidal creeks and marshes, field observations were conducted
within tidal creeks in the Chongming Dongtan Shoal of the Changjiang Estuary, an area dominated by
Phragmites australis, Scirpus mariqueter, and Spartina alterniflora. A coupled wave-current-sediment-
vegetation model that parameterized the three vegetation species was developed and applied to the tidal
creek complex of Chongming Dongtan. Validated with the observational data, the modeling results
were used to examine the influence of vegetation on flooding/draining processes within tidal creeks
and mudflats. The model showed that vegetation not only modified the flow pattern at high tide in the
high-elevation marsh but also significantly intensified the tidal flows in tidal creeks in the low-elevation
regions. Both the observations and model detected significant transport of water and sediment from

the marsh to tidal creeks, seaward sediment export over tidal cycles. The simulated salinity exhibited

a considerable spatial gradient, matching well with the salt tolerances of the major vegetation types.
This model can be potentially used to determine how future scenarios of hydrodynamics could affect
vegetation zonation.

1. Introduction

Coastal salt marshes are characterized by vegetated platforms that are regularly flooded with tidal water
delivered through a network of channels (Chirol et al., 2018; Lacy et al., 2018; McOwen et al., 2017; Xie
et al., 2018). Vegetation in salt marshes significantly increases the sediment capture efficiency in highly
turbid estuarine environments (Field et al., 2012; Larsen, 2019). Intertidal flat, defined as the area between
the average lowest and highest sea water level at low tide and high tide, usually consists of bare mudflats in
low-elevation forelands and vegetated salt marshes in high-elevation areas. Tidal creeks flow through most
marshes, connecting with adjacent coastal and estuarine waters. Salt marsh vegetation provides nursery
grounds for a wide range of wildlife (Boesch & Turner, 1984; Katul et al., 2011).

Resolving and accurately simulating water exchange in tidal creek-salt marsh complexes comprise funda-
mental modeling problems; the water exchange process involves a lateral flow process driving the resid-
ual transport of water, salinity, sediments, and nutrients (Chu et al., 2018; Poeppl et al., 2016; Schuerch
et al., 2014; Serra et al., 2004; Wang et al., 2016). It is well recognized that emergent, flexible or rigid vege-
tation in salt marshes functions as stem-exerted drag throughout the entirety or part of the water column.
Vegetation-induced drag can slow flows, enhance flow asymmetry over tidal cycles (De Serio et al., 2018;
Folkard, 2011; Hu et al., 2015; Luhar & Nepf, 2011; Nepf & Vivoni, 2000; Nepf, 2012), deplete wave en-
ergies (Heuner et al., 2015), increase the vertical shear of horizontal flow, and intensify vertical mixing
(Nepf, 1999; Tanino & Nepf, 2008). Small-scale interactions among vegetation, flow, and sediment in regular
shape can be accurately represented by numerical models, as shown in flume experiments (Ma et al., 2014;
Marsooli and Wu et al., 2014; Yang et al., 2017). However, due to irregular geometries in tidal creeks and
the presence of various salt marsh plant species, it is challenging to numerically capture lateral transport in
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tidal creek-salt marsh systems. Vegetation in these areas usually has different spatial coverage, from small
patches of only several meters to large coverage of several kilometers (Larsen, 2019). Vegetation patches and
tidal creeks with various horizontal scales can significantly influence the lateral transport of water and sedi-
ment, resulting in sediment accumulation and geomorphological change over local to regional scales (Coco
et al., 2013; Donatelli et al., 2018; Houwing, 1999; Larsen, 2019; Shi et al., 2017a; Stefanon et al., 2010; Tal &
Paola, 2010; Xie et al., 2018; Yu et al., 2017). In turn, vegetation growth and degradation in salt marshes are
significantly altered by dissolved nutrients and particulate matter laterally transported between tidal creeks
and salt marshes (Chu et al., 2018; Larsen, 2019). Moreover, sediment transport is highly influenced by spa-
tial settling lags, which are extensively modified by various vegetation types through turbulence-induced
vertical mixing (Coleman et al., 2020; Leonard & Reed, 2002).

Tidal creeks are a major water pathway that floods into and drains out from salt marshes (Chen et al., 2008;
Coleman et al., 2020; Donatelli et al., 2018; Kirwan et al., 2011; Mariotti, 2018; Mariotti & Fagheraz-
zi, 2012, 2013). Lateral water, salinity, and sediment transport in tidal creek-salt marsh complexes are driv-
en by nonlinear interaction processes, which vary significantly with the coverage of plant species, distance
from the marsh edge, and flow intensity in the tidal creeks. The flows are predominantly stronger inside
tidal creeks than in nearby mudflats. Impulse-like alternating ebb and flood flows are often observed at
the edges of tidal creeks and mudflats (Shi et al., 2017a; Xie et al., 2018); these flows can modify flood-ebb
dominance over a distance, affect the vegetation types, and excite geometrically controlled eddies. Asym-
metric flows and eddies vary significantly with salt marsh elevation, geometric shape of the creek, and tidal
intensity and phase (Chen et al., 2008; Lacy et al., 2018; Poirier et al., 2017). It is difficult to accurately esti-
mate these transports by either field measurements with limited coverage or by models that do not resolve
vegetation.

To resolve the spatial features of vegetation patches and tidal creeks with a degree of geometrical irregu-
larity on the order of <1.0 m to several kilometers, one requires a multiscale-resolving numerical model
capable of discretizing meshes with a resolution up to a few meters (Chen et al., 2008; D'Alpaos et al., 2019;
Mariotti, 2018; Temmerman et al., 2005; Verschelling et al., 2017). This model needs to consider the effects
of vegetation on flows, mixing, waves, and sediments (Baptista et al., 2005; Klopstra et al., 1997). Beu-
din et al. (2017) developed a comprehensive structured grid, wave-flow-vegetation, interaction model. An
unstructured-grid model, for example, the finite-volume community ocean model (FVCOM), can resolve
complex irregular coastal and estuarine geometries. The FVCOM has been successfully applied to simulate
water changes over tidal creek-salt marsh complexes with high resolutions of up to a few meters in coastal
regions encompassing salt marshes (e.g., Chen et al., 2008, 2013; Ge et al., 2015, 2018, 2020; Lai et al., 2015;
Zhao et al., 2010).

This study implemented vegetation physics in the FVCOM and upgraded the model into a fully coupled
wave-flow-vegetation-sediment model. We applied this model to simulate tidal flows, salinity, and sediment
over a tidal creek-salt marsh complex in the Chongming Dongtan Shoal of the Changjiang Estuary. This
study focused on assessing the spatiotemporal patterns of salinity transport and their link to the salt toler-
ance of the major vegetation types in the salt marsh tidal creek system under various tidal conditions. A
series of process-oriented numerical experiments with/without vegetation were then performed to qualify
the critical contributions of vegetation to the water, salinity, and sediment transport processes between salt
marshes and tidal creeks.

2. Study Area, Data, and Model
2.1. Study Area

The tidal creek-salt marsh complex around Chongming Dongtan was selected as the study area. Chong-
ming Dongtan is located on the eastern side of Chongming Island in the Changjiang River (Figure 1). The
area encompasses the largest estuarine salt marsh in the Changjiang River Estuary and is protected as the
Chongming East Shoal Nature Reserve (Xie et al., 2018).

As viewed from a 10-m-resolution remote sensing image produced by the Sentinel-2 satellite, Chongming
Dongtan features a broad salt marsh with fully developed massive tidal creeks, bare mudflats, and extensive
vegetation coverage (Figure 1a). The central portion of the salt marsh covers approximately 18.37 km?,
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Figure 1. Location and overview of Chongming Dongtan, including salt marsh and tidal creeks. (a) Image retrieved from remote sensing images of the
Sentinel-2 satellite; (b) an aerial view of vegetation, marshes, and creeks from an image captured by an unmanned aerial vehicle (UAV); and (c) an enlarged
view of a selected area from the UAV image. NC and NB in (a) indicate the North Channel and North Branch, respectively.

with a landscape gradient of 0.2%-0.5%. Previous observations have revealed that some relatively deeper
mudflat areas are dominated by small-scale, eddy-like flows that are influenced by alternating tidal ebb
and flood flows (Wang et al., 2011). In the river mouth (Figure 1a), the tidal range is approximately 4.6 m,
with a maximum amplitude of ~2.6 m. The Changjiang River Estuary is highly turbid with a suspended
sediment concentration (SSC) of ~0.5-5 g/L in the water column inside the river and of 0.1-6 g/L in the
salt marsh (Ge et al., 2015; Shi et al., 2017b; Xie et al., 2018). The river flow transports abundant sediment
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into the estuarine region, resulting in a maximum lateral progradation rate of 352 m/yr around Chongming
Dongtan (Yang et al., 2001). In the last decade, the terrestrial sediment load from the Changjiang River has
significantly decreased due to the operation of the Three Gorges Dam. However, the sedimentation rates
remain high in the salt marsh around Chongming Dongtan (Luan et al., 2016).

A variety of vegetation (26 species in total) grows in Chongming Dongtan, with the three dominant spe-
cies including Phragmites australis, Scirpus mariqueter, and Spartina alterniflora. These plants cover most
areas of Chongming Dongtan (Figure 1b). The S. mariqueter community is mainly distributed in areas
with elevations of >0.3 m above mean sea level (Yuan et al., 2014). The P. australis and S. alterniflora com-
munities are distributed in areas with elevations of >0.9 and 1.3 m above mean sea level, respectively (Cui
et al., 2020). These species’ distributions are highly dynamic, with their spatial coverages varying annually
(Yuan et al., 2014).

The tidal creeks in the study area are well developed, with spatial widths in the range of ~1 m to several
hundred meters (Figure 1c). These creeks are highly fractal, with several branches spanning from the en-
trance near the river mouth to the end of the salt marsh near the dikes (Figure 1a). The maximum width at
the entrance is ~280 m, located near the center of Chongming Dongtan. These tidal creeks feature energetic
water discharges during flood and ebb tides, a primary physical process that drives sediment suspension
and transport. According to field measurement data, the tidal-averaged SSC in the creek is 0.26-1 g/L. The
SSC can reach ~2-6 g/L at its peak, occurring near the bottom of the marsh during the early flood tidal
period (Xie et al., 2018).

The Changjiang River Estuary splits into the North Channel and North Branch near Chongming Dongtan
(Figure 1a). The North Channel is an interactive region between riverine freshwater and oceanic saltwater
and is influenced significantly by freshwater-induced river flows, tidal currents, and oceanic inflows (Xue
et al., 2009). In the wet summer season, the river freshwater discharge is high, reaching >40,000 m?/s. The
estuarine region around Chongming Dongtan is vertically stratified, with low-salinity riverine water near
the surface and high-salinity oceanic water near the bottom. As a result, Chongming Dongtan is surrounded
by residual flows circulating from the North Channel to the North Branch. In the dry winter season, the
stratification is relatively weak due to low freshwater discharge. The North Channel is often occupied by
saltwater intruded from the ECS nearshore (Xue et al., 2009), and the residual flows could be the opposite
in winter compared with those in summer. The salinity varies significantly around Chongming Dongtan. At
the southern edge, the salinity is ~0.2 PSU in the summer and ~0.4 PSU in the winter (Cheng et al., 2015).
In August 2018, we performed a salinity measurement on the northern side of the salt marsh at 20 cm above
the bed using a conductivity and temperature recorder (model type: SBE CTD 37-SMP) with 3-min sampling
interval, and obtained values of ~4-18 PSU.

2.2. Data
2.2.1. Bathymetry

A Riegl VZ-4000 terrestrial laser scanner (TLS) was used to acquire high-resolution bathymetry data across
Chongming Dongtan. This scanner’'s maximum-reaching range is up to 4 km, with an uncertainty of 0.01-
0.03 m (Riegl, 2019). Xie et al. (2017) performed extensive TLS measurements around Chongming Dong-
tan. The vegetation height was removed from the raw scanned point cloud data, and the ground elevation
was determined through progressive morphological filtering. In 2015, TLS measurements were used to
determine the bathymetry of the entire Chongming Dongtan region. The raw bathymetry data were post-
processed with a spatial resolution of 0.05 m using a digital elevation model (DEM). This resolution was
sufficient to meet the requirements for numerical modeling. The TLS-produced bathymetry data accurately
captured the elevations in bare mudflats and the salt marsh (Figure 2a), which is particularly important for
the bathymetric boundary between the salt marsh and tidal creeks. However, the TLS was not able to accu-
rately measure the bathymetry in the tidal creeks. Instead, a waterline method combining remote sensing
images and a hydrodynamic model was chosen to construct the bathymetry in these regions. This method
was developed and used by Zheng et al. (2007). The elevations in the mudflats were within the range of
1.0-2.5 m. The tidal creeks were relatively deeper in areas close to the creek entrances and gradually became
shallower in the high-elevation intertidal flats.
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Figure 2. Bathymetry and vegetation coverage of the study area. (a) Bathymetry of Chongming Dongtan, retrieved by a terrestrial laser scanner (TLS) system.
The water elevation and flow velocities were measured at site MC, and the suspended sediment concentration was monitored at site S5. The two irregular
curves (lines 1 and 2) indicate the two lateral boundaries along the middle tidal creek, and line 3 shows the outer edge. (b) The spatial distributions of the
vegetation coverages of Spartina alterniflora, Scirpus mariqueter, and Phragmites australis in Chongming Dongtan in September 2015. Black bullets in panel b
indicate the selected sites.

2.2.2. Vegetation

Multispectral Pleiades remote sensing data, collected on September 12, 2015 were used to specify the spatial
coverages of vegetation species. These data were processed using the ENVI 5.1 Imagine software (Harris
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Geospatial Solutions, Inc., USA) and geometrically calibrated using a 1:10,000-ratio nautical chart. The
snapshot was taken with a resolution of 0.5 m close to the low tide, where the water boundary was far from
any vegetation. The interpretation was performed using the tasseled cap (K-T) transform spectral enhance-
ment method combined with the normal difference vegetation index (NDVI) (Huang & Zhang, 2007). Based
on the reliable ground information obtained from a preconducted field survey, a set of classes (water, mud-
flat, dike, S. alterniflora, S. mariqueter, and P. australis) were identified and selected as training samples. A
supervised classification technique using the maximum likelihood classifier in ENVI Imagine software was
first performed (Karan & Samadder, 2016). In situ field verifications were then conducted to validate the re-
sults of the image classification. The classified images were integrated into a geographic information system
(GIS) platform to analyze the spatial dynamics of the salt marsh vegetation types in Chongming Dongtan.

The spatial distributions of the three major vegetation types are shown in Figure 2b. Similar to the general
distribution pattern described in Figure 1b, P. australis mainly covered an area spanning from the high-el-
evation salt marsh to the dikes. S. alterniflora was only distributed in the northeastern region of the study
area. S. mariqueter was generally found in the low-elevation intertidal flats and was distributed as scattered
patches within P. australis stands (Figure 2b).

2.2.3. Measurement Data

We set up two monitoring stations at sites MC and S5 to measure currents and water levels (Figure 2a).
These two sites were placed in low- and mid-elevation central areas of a tidal creek. These two areas were
bounded by a mixture of P. australis and S. mariqueter. Moreover, this creek was close to land, allowing the
field deployment and retrieval of observational instruments to be relatively more straightforward. Water
currents were measured using an acoustic Doppler velocimeter (ADV; Nortek AS, Norway) with a sensor at
a height of 30 cm above the creek bed. The sampling interval for ADV was set to 10 min, with a sampling
frequency of 16 Hz and a duration of 70 s. The water level was recorded by RBR Tide & Wave Loggers (RBR,
Limited, Canada) with a sampling interval of 5 min. At site S5, an optical backscattering sensor (OBS) was
mounted at a depth of 25 cm above the creek bed to measure water turbidity. Water turbidity was converted
to the suspended sediment concentration through laboratory calibration. Sediment samples collected at
site S5 were placed in a rotating water tank in the laboratory to produce various turbidity levels, and the
synchronously turbid water in the tank was measured to determine the actual sediment concentration.
Through this method, the regression function of water turbidity against the suspended sediment concentra-
tion was constructed with R? > 0.95, indicating a reliable fitting. The ADV sensor sampling interval was also
set to 10 min. The measurements started at 8:00 p.m. on September 12, 2015 and lasted until 10:55 a.m. on
September 23, 2015. These data were mainly used for model validation.

2.3. Model Development

The FVCOM version used in this study included the flow-vegetation-wave-sediment interaction process.
FVCOM is a prognostic, unstructured-grid, finite-volume, free-surface, three-dimensional (3-D) primitive
equation community ocean model developed by Chen et al. (2003) and has subsequently been upgraded with
contributions from user communities (Chen et al., 2013). The model uses generalized terrain-following coor-
dinates and contains a wet/dry treatment for flooding and draining. Spatial discretization in the FVCOM is
performed using nonoverlapping triangular meshes; this method provides accurate geometrical fitting for ir-
regular vegetation patches and tidal creeks. The finite-volume scheme used in the FVCOM guarantees optimal
conservation of mass, momentum, salt, and sediment in coastal and estuarine regions. The FVCOM is widely
used for coastal and estuarine simulations (Chen et al., 2008). Details of FVCOM modules are described in the
FVCOM User Manual (Chen et al., 2013). Here, a brief description is given for the vegetation module.

2.3.1. Effects of Vegetation on Currents and Waves

In a dynamic wave-vegetation-sediment interaction system, vegetation acts as a drag force for both currents
and waves. F, and F, are defined as the x- and y-components of the source and sink forcing terms in the
momentum equations. These two terms are given as follows:
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Fx = Fr,x + Fd,veg,x + F:&veg,x (1)
F:v = Fr,y + Fd,veg,y + Fsyeg,y (2)
where F,, F;,.and F ,, are the wave-averaged, vegetation-induced drag, and in-canopy wave-induced

streaming forces, respectively. Subscripts x and y represent the x and y components, respectively. F, has
previously been included as a three-dimensional (3D) wave radiation stress factor in the FVCOM (Niu &
Xia, 2017; Wu et al., 2011). F, ,.and F; ,,, can be calculated using the Beudin et al. (2017)’ empirical formu-
las, given as follows:

1 -
Fleg = ECvanvvxluz +v? 3)

g = el @
Poo

where Cj, is the vegetation drag coefficient, specified as a constant under the assumption of a high Reynolds
number;p, is the stem width for an individual vegetation type; n, is the vegetation density calculated with
the number of stems per unit area; 4 and v are the x- and y-components of the horizontal velocity at each
vertical layer in a canopy with a height /, respectively; v is the vector of the horizontal velocity at each ver-
tical layer; k is the wavenumber; and & is the average wave frequency. S4,veq is the wave-induced streaming
observed within the canopy and is associated with the direction of wave propagation (Luhar & Nepf, 2013;
Luhar et al., 2010). We adopted the formula from the structured-grid ROMS and converted it to an unstruc-
tured grid algorithm for the FVCOM. S, ., represents the total wave energy dissipation due to vegetation
and can be calculated in the wave module in the FVCOM (Qi et al., 2009) as follows:

2 o (&Y sink® (K, )+ 3sin(kL,
S :‘J;gzcﬂ”v”v[g] steoni(fn) V) ®

where E‘; is the bulk drag coefficient dependent on wave height, & is the total water depth, E,, is the total
wave energy, and £ (0',9) is the wave energy at frequency o and direction 4.

When the vegetation in the salt marsh is flexible, the bending of the plant stems can reduce vegetation drag.
Following the methods of Luhar and Nepf (2011), a generally applicable algorithm was implemented to
determine the effective blade height /,,. Defining /, as a flexible blade height, / ,can be determined by the
following formula:

he _ | 1-09Ca™""
- =1~ 6
L, 1+ Ca’3’2(8 + B3’2) ©
where C, is the Cauchy number and B is the buoyancy parameter. These values are defined as follows:
23 -p,)ebt L}
C, = O.SMandB - w @)

EI
where [ is the inertia moment of the blade area, treated as a rectangular section; #, is the blade thickness; E

is Young's modulus (elasticity); o, is the stem tissue density; and {7 = +/u? + V2 .
2.3.2. Effects of Vegetation on Turbulence

The FVCOM supports many oceanic turbulence closure models, including the Mellor and Yamada (1982)
level 2.5 (MY2.5) turbulence closure model. Following the methods of Uittenbogaard (2003), we added veg-
etation-induced turbulence production (P,,,)and dissipation (D,,,)into the MY2.5 model in the FVCOM

reg veg
as follows:
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2 2 P,
Pveg = \/(Fd,veg,xu) + (Fd,veg,yv) and Dveg =G TL: (8)
€)

where 7, is defined as the minimum between the dissipation timescale of free turbulence and the timescale

of eddies among the vegetation. The term 7, can be calculated as follows:

Teﬂ' = min(z-frce.z-veg) (9)

2
Ck Pveg n

two canopies, and ¢, is a coefficient of order unity.

v

1/3 2
2 —
where Tfree = q2 /&, Tyeg = [L—] ,L(z) = c,[mj ¢, = 0.09, L is the typical distance between

2.3.3. Effects of Vegetation on Sediments

The FVCOM encompasses the sediment module with options of either noncohesive or cohesive sediments
(Chen et al., 2013; Ge et al., 2015). After defining C; (g/L) as the SSC of the ith sediment group in the water
column, the governing advection-diffusion equation for C; can be expressed as follows:

. . . o(w; —wy )G . : .
£+ ouC; + gie! + (WI WS) I :i(AHﬁ] . [A E] a (thj (10)

+—| Ay +—
ot ox Oy 0z Ox ox Oy oy 0z 0z

where w; (m/s) is the corresponding settling velocity and A, and K, are the horizontal and vertical eddy
viscosities, respectively; these values are determined by the MY2.5 model in the FVCOM. In the vegetated
water column, A, and K, include the vegetation-produced turbulences given by Equations 8-9.

As a default setup, cohesive sediment is transported by advection and mixed by diffusion, satisfying Equa-
tion 10. The balance between shear stress-dependent erosion and floc-size-dependent settling velocities fol-
lows the Partheniades-Krone equation. This equation is widely used in estuaries (Partheniades, 1965). Recent
studies have revealed that sediment transport models that are based on bed shear stress (z,) may not capture
the physical processes in vegetated areas where the bed-load sediment is energetic (Tinoco & Coco, 2018; Yang
et al., 2016; Yang & Nepf, 2018). In these areas, the incipient motion of the bed and suspended loads are mainly
controlled by a threshold value of the turbulent kinetic energy (k,) rather than by z,. In vegetated areas, the
bed-load sediment transport rate (Q,)can be calculated using the formula of Yang and Nepf (2018):

{2.1552‘0"’”‘”, k., <0.95

3 (11)
0.27k;,, 095 <k, <2.74
where k,, = k and d, is the median grain size. The term k, can be determined as follows:
(ps /p - l)gds
C,
k, = | —L+0.9c} " |U? 12
i [0.19 D¢ (12)

where Cyis the bed drag coefficient; C;, ~ 1 (Nepf, 1999); and ¢ = (71/4)nd2 is the solid volume fraction
of the vegetation, where d is the vegetation canopy diameter and » is the number of vegetation stems per
square meter.

The threshold velocity for the incipient motion of bed-surface sediment in the vegetated areas can be calcu-
lated using the following equation:

Ucrif _ 1
- 13
U, \/l L Cg 13)

where U, = \/t.;/pC,, is the critical velocity for a bare mudflat for a specific sediment class; U,,;,
there is no plant presence (¢ = 0); and C = 0.9C3?/C,, C, is the coefficient dependent on bed roughness
(Yang et al., 2016). For dense vegetation, U,,;, has a weaker dependence on ¢ than in areas with sparse veg-

etation (Tanino & Nepf, 2008).

= U, when

crit
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Figure 3. Data exchanges among the flow, wave, sediment, and vegetation modules during the dynamic interaction
procedure.

Vegetation also influences sediment deposition. The experiments of Liu and Nepf (2016) indicated that a
canopy Reynolds number (Red)equaling 120 can serve as the threshold value. Below this value, stem-in-
duced turbulence is eliminated, meaning deposition increases. Above this value, stem-induced turbulence
is generated, restricting sediment deposition. Re, can be estimated by Re, = ud / v, where 4 is the water
velocity within vegetation; d is the stem diameter; and v is the kinematic viscosity.

The bedload and suspended load transport equations are chosen for modeling based on the landscape-type
specification. When vegetation is considered, Equations 10 and 12 are turned on in the sediment calcu-
lation. In mudflats and tidal creeks where vegetation is absent, the Partheniades-Krone equation is used
for suspended load transport, and the Meyer-Peter-Miiller formulation is chosen for bedload transport. The
original and default settings in the FVCOM sediment module include these formulations (Chen et al., 2013;
Ge et al., 2015, 2020; Warner et al., 2008).

2.3.4. Flow-Vegetation-Wave-Sediment Coupling

We coupled the vegetation module with flow-wave-sediment modules in the FVCOM. This coupling was
approached without the need for an external coupling toolkit since all components shared the same grid.
The data exchange among these modules is shown in Figure 3. The three-dimensional (3D) flow module
delivers the depth-averaged flow velocities (U, V), depth (), and sea surface elevation (7) to the wave mod-
ule. It also provides flow velocities (u,v) in vertical layers to the vegetation module. The vegetation module
sends the vegetation plant drag coefficient (Cj,), stem width (b,), vegetation density (n,), and canopy height
(,) values to the wave module and returns with the vegetation-induced wave damping (S, ,,,) values. The
wave module forwards the significant wave height (H,), wavelength (1), wave direction (@), peak period
(Tp), bottom orbital period (7)), bottom orbital velocity (U,), and wave energy dissipation (S,) information to
the flow module. The vegetation module dispatches the vegetation-induced drag force (F, ,,,), turbulence
production (P,,,), and dissipation (D,,,) due to vegetation to the flow module. It also sends the canopy
Reynolds number (Re,) to the sediment module and returns with the updated canopy height (/) for cases in
which significant deposition-induced burial or erosion-induced exposure (Ah,) exists. Other data exchanges
among flow, waves, and sediment are described in Wu et al. (2011).
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Figure 4. Model domains. (a) Large domain mesh covering the Changjiang River Estuary and adjacent coastal regions,
(b) small domain mesh around Chongming Dongtan, (c) an enlarged view of the salt marsh, and (d) an enlarged view
of a selected creek. Each blue rectangle in (a), (b), and (c) indicates the domain chosen for the enlarged views. The gray
curves in (c) and (d) are the boundaries of tidal creeks. The blue triangles in (b) indicate the nesting boundary.

2.3.5. Model Configuration

The model was configured with two nesting computational domains covering the region from the Chang-
jiang River Estuary to Chongming Dongtan (Figure 4). The large domain covered the Changjiang River
Estuary and its adjacent nearshore areas (Figure 4a). The grid used for this domain was adopted from Ge
et al. (2013). The small domain covered Chongming Dongtan with a refined resolution in tidal creeks and
salt marshes (Figures 4b-4d). These two domains were connected at each vertical level through one-way
nesting of boundary cells and nodes (blue triangles in Figure 4b). Both domains were constructed with
triangular meshes. The meshes in the small domain were generated using the MATLAB-based DistMesh al-
gorithm (Supporting Information S1). The horizontal resolution varied in the range of ~5 m in tidal creeks
and up to ~20-40 m in the nearby mudflats. In the vertical direction, both the small and large domains were
vertically discretized into 10 uniform sigma layers.

The high-resolution bathymetry data were interpolated into the mesh of the small domain. Typical stem
density (n,), upright stem height (/,), stem width (b,), and blade thickness (#,) values were specified for the
three major plant species, S. alterniflora, S. mariqueter, and P. australis, as listed in Table 1. The elasticity
modulus (Young's modulus) was determined by Zhu et al. (2019). This modulus shows that P. australis has
a much higher stiffness than the other two vegetation types, suggesting that rigid characteristics are more
significant during shallow submergence. The flexibility of this vegetation type may only be notable under
high or full submergence. S. alterniflora and S. mariqueter are typically flexible vegetation and have smaller
elasticity values than Phragmites.
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Table 1

Vegetation Parameters in Chongming Dongtan

Plant type n, (stems/m?) 1, (m) b, (m) t, (m) E (GPa)
Spartina 127 1.517 0.005 0.0005 57
Phragmites 107 1.589 0.007 0.0007 753
Scirpus 627 0.611 0.003 0.0003 12

The model was driven by tidal elevations at the open boundary of the large domain, meteorological forcing
at the surface, and river freshwater discharge at the upstream end; it was initialized with 3D fields of tem-
perature and salinity and integrated with a mode-splitting time scheme. The time steps for the external and
internal modes were 1.0 and 10.0 s in the large domain and 0.1 and 1.0 s in the small domain, respectively.
The time step of 10 min used for the wave module was the same as that used by Ge et al. (2013, 2020). Me-
teorological forcing was constructed using ERA-Interim data from the European Center for Medium-Range
Weather Forecasts. The daily river discharge was obtained from the Changjiang River boundary at the Da-
tong station. Tidal forcing was predicted from the TPXO 8 database (Egbert & Erofeeva, 2002). The other
configurations used in the large domain were the same as those applied by Ge et al. (2015, 2020). To exam-
ine the impacts of vegetation on physical processes in the tidal creek-salt marsh complex, we ran the model
with and without the inclusion of vegetation.

Since the sediment in Chongming Dongtan and the adjacent Changjiang River Estuary is mainly dominated
by fine cohesive dynamics, the sediment model in this study was configured as a cohesive type. The critical
shear stress for erosion was specified as 0.2 N/m? in the bare mudflat and water region without vegetation
and 0.05 N/m? in the tidal creeks. Following Ge et al. (2015), the erosion rate was set to 2.0 X 10~ kg/m?/s.
The median grain size (d,) was 0.008 mm, and the settling velocity of sediment particles was set to 0.7 mm/s.
Previous observations have indicated that the suspended sediment concentrations of mud are >10 g/L in
tidal creeks and 1-2 g/L in intertidal mudflats (Shi et al., 2017b; Xie et al., 2018). Under high SSC conditions,
hindered settling could become essential for reducing the effective settling velocity. This hindered settling of
fine cohesive sediments can be calculated by the following equation:

(1-4)(1-4,) a4)

w, =W,
0 14254

s
where w, , indicates the settling velocity in clear water; w, is the hindered settling velocity; ¢ = ¢ / ¢, is the
volumetric concentration; ¢ and Cgo AT the sediment mass concentration and gelling concentration, respec-
tively; ¢, is the volumetric concentration of primary particles; and ¢, = min{l,qﬁ}. Equation 14 was adopted
from Winterwerp and Van Kesteren (2004).

Moreover, a high-concentration mud suspension also affects the turbulent kinetic energy and K, (Ge
et al., 2018; Geyer, 1993), which can be determined by using the Richardson number-dependent formula-
tion proposed by Munk and Anderson (1948) as follows:

-1.5
K = K()(l +%Rij @s)

8 Ooploz

X
Py (au / 5Z)
and p,, is the water density, which is dependent on the water pressure, salinity, temperature, and sediment
concentration.

where K, is the background diffusivity; Ri is the gradient Richardson number, defined as Ri =

In the model simulation, one cohesive sediment type was specified in the FVCOM sediment module with
a median grain size of 0.008 mm, sediment density (©;) of 2650 kg/m?, porosity of 0.5, and default settling
velocity (w, ) of 0.4 mm/s. These parameters were adopted from Ge et al. (2015). Assuming an insignificant
morphological evolution over a short-term simulation under calm weather conditions, we set the seabed
morphology as a constant during the model run.
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Figure 5. Model-data comparisons. (a) Tidal elevation, (b) flow speed, (c) flow direction, and (d) suspended sediment concentration. The red and blue curves
indicate the vegetated and nonvegetated results, respectively. The gray curve in (a) shows the difference between vegetated and nonvegetated cases. Flow
directions of approximately 300° and 120° suggest flood and ebb currents, respectively.

3. Results
3.1. Model Validation

The coupled model system ran from September 1 to 25, 2015, covering the observational period at site MC.
The vegetated and nonvegetated models were validated by comparing the simulated water elevations and
velocities with observed data (Figure 5). The results show that the vegetation-coupled model was robust in
reproducing observed water levels and currents, not only over a short duration but also at the rapid transi-
tions between flood and ebb tidal periods (Figure 5). When the tidal currents turned to a flood phase at site
MC, the velocity rapidly increased to a maximum of 0.4 m/s. Afterward, the flow abruptly changed to an
ebb tidal stage (Figure 5c). Both the observed and simulated velocities contained noticeable high-frequency
oscillations during the ebb tidal period, suggesting the influence of water confluence from adjacent salt
marshes on the flows in the tidal creeks (Figure 5b). Successful current and water level simulations pro-
duced reasonable sediment variations at site S5, a nearby salt marsh location. The model captured the
amplitude and variation patterns of SSC over the spring-to-neap cycle. During spring tidal cycles, the SSC
reached ~14 g/L (Figure 5d).

Three statistical error methods were used to assess the model performance for the cases with and without
vegetation, including the root mean square error (RMSE), Willmott skill score (WS), and correlation coef-
ficient (CC) calculated by using Willmott's (1981) algorithm. The expressions of these three methods are
given as follows:
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Table 2 (X - X, ) (X, - %)
9 9 . i=1 m m 0 o
Error Statistics Including the Root Mean Square Error (RMSE), Willmott cC = (18)
Skill Score (WS), and Correlation Coefficient (CC) of the Modeled Water ¥ —\2y 22
Level, Flow Velocity, Direction, and SSC With/Without Vegetation i (Xm - Xm) 2in (Xo - Xo)

Water level (m) Velocity (m/s)  Direction (°)  SSC(g/L)

- where X,, and X, indicate the observed and modeled values, respectively.

Veg Noveg Veg Noveg Veg Nowveg Veg veg  The statistics regarding the modeled errors in water elevation, flow ve-
RMSE 0.18 0.18 0.094 0108 17.4 142 191 230 locity and direction, and SSC for the cases with and without vegetation,
WS 0.97 0.97 074 061 097 094 058 044  areshown in Table 2. The RMSEs were 10.8 and 9.4 cm/s in speed, 17.4°
and 14.2° in direction, and 2.3 and 1.9 g/L in SSC for the cases without
and with vegetation, respectively. This demonstrates that the model with
vegetation provided better simulations of flows and SSC than the mod-
el without vegetation. Vegetation did not influence the water levels in
low-elevation tidal creeks since the results from the two cases were identical in these areas. The simulated
water elevation was higher in the vegetated case than in the nonvegetated case (gray curves in Figure 5a),
especially during the early flood and late ebb tidal periods. The nonvegetated model significantly underes-
timated the flood peaks and durations (Figures 5b and 5c), even though the RMSEs for the two cases were
close to each other. This underestimation was due to an overestimation of the water transport onto the salt
marsh in the nonvegetated cases. During the spring tidal cycles, the maximum difference between the two
instances reached ~10 cm/s or greater in velocity and ~50% in flood duration. Since the sediment transport
was mainly controlled by the flow intensity and direction, it also showed a significant difference between
the two cases.

cc 0.67 0.67 0.62 0.54 0.92 0.85 0.45 0.39

3.2. Flows

The surface flow distribution around Chongming Dongtan during the flood and ebb tidal periods is given
in Supporting Information S2-S3. To examine the differences in the change in flow from the neap-to-spring
tidal cycle for the cases with and without vegetation, we selected a subarea where the tidal creek split into
eastern and western branches and was surrounded by abundant vegetation (Figure 6). At high tide during
the neap cycle, the flows of the two cases displayed similar spatial distributions (Figures 6a and 6b). The
flow was much weaker in the salt marsh at the high tide of the transitional cycle in the vegetated case (Fig-
ures 6¢ and 6d). As a result, the velocity in the tidal creek was stronger under vegetated conditions than
under nonvegetated conditions. In turn, the lateral currents in the salt marsh were much stronger under
the nonvegetated condition than in the vegetated case during the transition stage (Figures 6¢ and 6d). It is
clear that vegetation significantly suppressed lateral flow in the salt marsh, even though it did not change
the flooding process between tidal creeks and salt marsh. These features remained at high tide during the
spring tidal cycle (Figures 6e and 6f). A much stronger flow was found in the tidal creek in the vegetated
case than in the nonvegetated case. Moreover, the flow direction in the salt marsh differed between the
two cases, showing northward behavior under the vegetated case and westward behavior under the non-
vegetated case.

At low tide during the spring tidal cycles, most regions of Chongming Dongtan underwent draining
processes (Supporting Information S3). However, some scattered areas were fully covered by water due
to the presence of low-lying mudflats surrounded by vegetation. The velocities in these scattered residual
waters were generally minimal, except at some spots where the flows into nearby small creeks reached
10-20 cm/s. The water in the creeks and within the vegetated salt marsh flowed in the same direction
during the ebb tidal phase. P. australis grew in relatively higher-elevation salt marsh areas, where no
residual water existed at low tide. S. alterniflora covered the deeper regions where water remained at
low tide.

We compared flows over tidal cycles at site A (a low tidal flat) and site B (a high tidal flat) (Figure 2b). The
tidal flows were strongly affected by vegetation in both the high and low tidal flats (Figure 7). The presence
of vegetation changed not only the flow magnitude but also the flow direction. During the spring tidal cy-
cle, site A experienced an intense flooding/draining process. The water only covered this site at high tide
(Figure 7b). Vegetation significantly weakened the tidal flow and caused the flow direction to change by
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Figure 7. Time series of water level (upper row) and surface flow vectors at site A in a low tidal flat (middle row) and at site B in a high tidal flat (bottom row)
during the spring (left column) and neap (right column) tidal cycles. The locations of sites A and B are shown in Figure 2b. The black and red vectors indicate
tidal flows under the vegetated and nonvegetated cases, respectively.

~50° and even up to ~70° during the weak-flow period of ebb tide. During the neap tidal cycle, site A dried
out (Figure 7e).

A persistent weak tidal flow dominated site B during the tidal cycles (Figures 7c and 7f). The flow was gen-
erally less than 0.2 m/s, except at high tide. The velocity was ~50% weaker in the vegetated case. Similar to
site A, vegetation also caused a significant change in flow direction. The flow comparison results in high
and low tidal flats suggest that vegetation influences not only the flow magnitude but also flow direction.
Ignoring vegetation may cause a significant bias in the model-produced transport of dissolved and partic-
ulate matter.

3.3. Salinity

Around the outer sea region, the salinity was ~10-15 PSU (Figure 8a). The high-elevation areas near dikes
and in the salt marsh had salinities of ~15-18 PSU, while major creeks and adjacent regions had lower sa-
linities of ~4-10 PSU. These low-salinity waters originated from riverine water that had flowed first to the
outer sea during the previous ebb tidal period. Then, an onshore flow pushed the water into the tidal creeks
and low-elevation mudflats during the flood tidal period. Relatively fast upstream transport occurred along
the tidal creeks, carrying the low-salinity water further to the north, and lateral transport occurred from
tidal creeks to the nearby salt marsh. Comparatively, the vegetated salt marsh areas far away from major
creeks were mainly dominated by high-salinity water.

Without vegetation, the flows in the salt marsh and edges of tidal creeks were overestimated. The salinity
difference was much smaller between tidal creeks and the nearby salt marsh in the nonvegetated case.
During the high-tide period, relatively uniform low-salinity water was everywhere, from the low-to high-el-
evation salt marsh (Figure 8b).

The time-averaged salinity distributions in the spring cycle showed relatively higher salinity values (~5
PSU) in the vegetated salt marsh areas and lower salinity values (1-2 PSU) in the creeks (Figure S5a). Since
water flooding strongly decreased during the neap cycle, only the low-elevation salt marsh areas were influ-
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Figure 8. Surface salinity in Chongming Dongtan at high tide during a spring tidal cycle for cases with (a) and without (b) vegetation.

enced by tidal fluctuations in this phase. However, the mean salinity (>5 PSU) averaged over a neap tidal
cycle was relatively higher than that averaged over the spring cycle (Figure S5b).

3.4. Suspended Sediments

The flooding and draining processes resulted in significant variations in suspended sediments (Figure 9).
Most Chongming Dongtan areas were occupied by water during the flood tidal period (Figure 9a). At high
tide, high suspended sediment concentrations (SSCs) appeared mainly in regions around tidal creeks and
deep waters. In these regions, the SSCs reached 10 g/L or higher (Figure 9a). Since the simulated wave en-
ergy was weak due to vegetation-induced attenuation over the salt marsh (see Supporting Information S4),
these high SSCs were primarily caused by strong tidal flows along tidal creeks. These flows advected waters
from the creeks into the salt marsh during the flood tidal period. The SSCs remained low over vegetated salt
marsh disconnected from major creeks, suggesting that weak flows and turbulence in the vegetated patches
favored sediment deposition but not erosion or resuspension.

At low tide during the spring tidal cycle, noticeable SSCs (>6 g/L) appeared only in several major creeks
(Figure 9b). The resident flows in the salt marsh were too weak to provide adequate turbulent kinetic ener-
gy for sediment suspension. This was the reason why the SSCs were low in the mudflats and vegetated salt
marsh. During the ebb tidal period, several tidal creeks remained in wet conditions. The remaining water in
these creeks was sourced from the adjacent salt marsh. As a result, these tidal creeks had relatively higher
SSCs (~2 g/L or less). The maximum concentration reached ~8 g/L, occurring in the middle creek.

In the salt marsh, high SSC values occurred mainly within tidal creeks and adjacent estuarine regions. The
SSC variation was primarily affected by tidal currents and waves in the tidal creeks. The simulated results
demonstrate that the tidal flow was much stronger under vegetated conditions than under nonvegetated
conditions (Figure 5). This explains why the SSCs around tidal creeks in the southwestern area were higher
under vegetated conditions than under nonvegetated conditions (Figure 9a). These high-SSC waters were
transported to the nearby region during the high-water-level period. On the other hand, under nonvegetated
conditions, since the water is free to flush or drain out of the salt marsh without resistance from vegeta-
tion-induced drag, a more substantial tidal flow can appear in the northern area near the dike. As a result,
an unrealistically high SSC patch could occur in that area (Figure 9b).
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Figure 9. Suspended sediment concentration in Chongming Dongtan at high tide during a spring tidal cycle for cases with (a) and without (b) vegetation.

3.5. Lateral Exchanges

We selected the largest tidal creek in the middle of Chongming Dongtan to examine the impact of vege-
tation on lateral transport (see the location in Figure 2a). This tidal creek featured mixed coverage of P.
australis and S. alterniflora (Figure 2b). The influx and outflux were calculated by measuring the water
transports through boundaries, including in Section 3 at an outlet and in Sections 1 and 2 for the lateral
edges (Figure 2a).

The time series of water and sediment fluxes at the salt marsh outlet over a period from September 10 to 24
are shown in Figure 10. The water flux mainly followed tidal variation, with positive onshore peaks during
the flood tidal period and negative offshore peaks during the ebb tidal period. During a neap tidal cycle,
the water flux was almost negative, providing net offshore water transport from tidal creeks to the sea. The
maximum value of this transport was ~55 m?/s. During the spring tidal cycle, significant residual waters
remained in the salt marsh after the ebb tidal period (Figure 8b). These waters gradually flowed into the
peripheries and finally entered the creek in the subsequent neap tidal cycle. This process produced net off-
shore transport with a daily mean flux of ~31 m®/s. The transport varied significantly with tidal variations.
The maximum flux was 298 m?/s during the flood tidal period and —340 m®/s during the ebb tidal period.
These results demonstrate that the tidal creek functioned as a water pathway for water exports from the salt
marsh to the offshore region.

As described above, a vegetated salt marsh can enhance tidal flows in tidal creeks (Figure 5b), especial-
ly around low-elevation regions. These intensified flows produce much larger water and sediment fluxes
during the spring tidal cycle and spring-neap tidal transition. These fluxes were significantly lower in
the case without vegetation. In this case, the maximum onshore and offshore water fluxes were 198 and
—143 m¥/s, respectively (Figure 10b), ~33.6% and 57.9% lower than the fluxes obtained in the case with
vegetation.

Similarly, the maximum onshore and offshore sediment flux rates were 3,249 and —4,785 kg/s for the case
with vegetation and 2,136 and —1,127 kg/s for the case without vegetation, respectively. Ignoring vegetation
caused the underestimation of the onshore and offshore sediment flux rates by 34.3% and 76.4%, respective-
ly. At the outlet, the sediment flux was strongly related to the water flux, with average values of —145 kg/s
during the spring tidal cycle and —1.23 kg/s during the neap tidal cycle. The maximum positive and nega-
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Figure 10. Time series of tidal elevations (light gray), water fluxes (black), and sediment flux (red) rates through the outlet transection of the middle creek
(September 11-25, 2015). Results are shown for cases (a) with and (b) without vegetation. The positive and negative values indicate onshore and offshore fluxes,

respectively.

tive fluxes reached 3,249 and —4,785 kg/s over the flood and ebb tidal periods during the spring tidal cycle,
respectively. The fact that the net contribution through the outlet was not zero during the selected period
suggests that the water transport in tidal creeks did not reach a state of equilibrium, nor did the lateral
transport on either side of the tidal creeks.

The flux rate per unit length was calculated along the two nearby lateral boundaries in the selected tidal
creek (Figure 11). This rate significantly varied along these lateral edges. The rate was higher at the low-el-
evation creek outlet than at the high-elevation salt marsh area. During the neap tidal cycle, the tidal creek
did not show significant lateral water fluxes (Figure 11b). During the flood tidal period, the two lateral
boundaries experienced different flux directions (Figures 11b and 11c). On the western edge, the low-ele-
vation portion (Section 1) exhibited an outflowing flux, while the high-elevation area experienced a weak
inflowing flux (Figure 11b). The mid-elevation segment between the high- and low-elevation areas acted as
a transition zone. During the ebb tidal period, the in-creek lateral flux was dominant.

The eastern boundary (Section 2) showed an opposite trend to that of the western boundary during the
flood and ebb tidal periods (Figure 11c). During the flood tidal period, the low- and high-elevation segments
featured in-creek and out-creek fluxes, respectively. During the ebb tidal period, the out-creek flux was
weak in the low-elevation segment. At low tide, the low-elevation element was characterized by an in-creek
flux. The maximum flux rate per unit length was ~0.18 m?/s.

The sediment fluxes along these eastern and western boundaries are shown in Figure 12. The fluxes were
significant during the spring tidal cycle and spring-neap transition and negligible during the neap tidal cy-
cle. On the western boundary, the sediment flux was negative during the flood tide period and positive dur-
ing the ebb tidal period (Figure 12b). Correspondingly, the sediment flux was oriented in the same direction
as the water flux (Figure 11), with a maximum value of 1 5 kg / m - s. On the eastern boundary, the sediment
flux variation was opposite to that on the western boundary (Figure 12c). Both lateral boundaries showed
significant sediment fluxes in low-elevation regions. For the mid- and high-elevation areas, the sediment
fluxes were very weak due to low SSCs in these areas (Figure 9a).
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Figure 11. Changes in tidal elevations and water fluxes with time. Time series of the (a) tidal elevation and water flux rate through the (b) west and (c) east
boundaries along the middle creek. The positive and negative values indicate fluxes into and out of the creek. The black, blue, and red curves indicate the
averaged flux rates in the low-, mid-, and high-elevation lateral boundaries.

3.6. Lagrangian Flows

In a tidal-dominant, estuarine-tidal creek-salt marsh complex, water and sediment are carried by Lagrangi-
an residual flows (Chen et al., 2008). One hundred particles were randomly released at the sea surface in a
circular area with a radius of 500 m, centered at 121.955°E and 31.46°N, at the beginning of the flood tide at
20:00 GMT on September 12, 2015. The tracking time was set to four hours in the flood tidal period. The par-
ticle trajectories displayed multiple flow paths. Some particles first moved westward along mudflats, turned
landward to enter the middle area of the salt marsh, and then flowed into the offshore area (Figure 13a).
Most particles were pushed into the middle area of the tidal creek. These particles moved rapidly upstream
along the creek, and some particles entered the western salt marsh. The particle movements were con-
sistent with the out-creek lateral flux determined in the low-elevation segment of the western boundary
(Figure 11b). From the same release area, several particles moved much further than others, crossing the
western creek boundary to reach the adjacent salt marsh. These results suggest that the tidal creek was not
a final destination for water.

We also released particles randomly in a circle of the same size located in the high-elevation salt marsh
area at 00:00 GMT on September 13, 2015 and tracked the particles for 6 hours during the ebb tidal period
(Figure 13b). Many of these particles moved in parallel in the same direction, but most remained in the
salt marsh. These results suggest that these particles were stranded when the land was either emergent or
submerged by residual waters. Some particles first entered tidal creeks and then joined together to move
into the deep offshore region.
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Figure 12. Tidal elevations and sediment fluxes with time. Time series of (a) tidal elevations and sediment fluxes
through the (b) west and (c) east boundaries along the middle creek. The positive and negative values indicate fluxes
into and out of the creek, respectively. The black, blue, and red curves indicate the averaged flux rates in the low-, mid-,
and high-elevation lateral boundaries.

4. Discussion
4.1. Salinity Implications on Halophytic Vegetation

Although P. australis, S. mariqueter, and S. alterniflora are all halophytic vegetation types that are present
in the studied salt marsh, they have different salt and flooding tolerances that control their growth and dis-
tribution (Ge et al., 2014; Gulzar et al., 2007; Vélez-Martin et al., 2020). The interactions among freshwater
discharge, oceanic saltwater, and tidal currents can result in substantial salinity variations in the salt marsh,
even under high river flow conditions during summer.

The vegetated simulation case predicts the salinity distribution over the neap-to-spring tidal cycle and at
the tidal transition stage (Figure 14). In this simulation, the salinity in the low-elevation mudflat remains
relatively high (~6-8 PSU) during the neap tidal cycle, including during the neap-to-spring tidal transition
stage (Figures 14a and 14b), and then becomes low during the spring tidal cycle (Figures 14c and 14d). This
temporal variation with the tides agrees well with previous salinity observations obtained in the Changjiang
River Estuary (Ge et al., 2018; Zhou et al., 2019). Weak tidal mixing in the low-energy neap cycle leads to a
large landward baroclinic pressure gradient force and thus causes saltwater intrusion. Moreover, the model
predicts low-salinity water coverage in the high-elevation salt marsh area where P. australis dominates and
high salinity in the low-elevation salt marsh region where S. alterniflora is the primary plant type. Physio-
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Figure 13. Lagrangian particle trajectories of 100 random surface particles. (a) Particles released in the low-elevation mudflat at 20:00 GMT on September 12,
2015 and tracked for four hours during a flood tide period; and (b) particles released in the high-elevation salt marsh at 00:00 GMT on September 13, 2015 and
tracked for six hours during an ebb tide period. The black and blue dots indicate the initial and ending particle positions, respectively.
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Figure 14. Salinity distributions at high tide during the neap (a), pretransition (b), transitional (c), and spring (d) tide periods. The vegetation information is

overlain.

logical experiments indicate that S. alterniflora can grow under conditions within the salinity range of 3-15
PSU, showing better salt tolerance than P. australis (Ge et al., 2014; S.-H. Li et al., 2018). Below this salinity
level, the S. alterniflora biomass significantly decreased.

S. alterniflora has a parabolic response to flooding: too little or too much flooding reduces productivity (Mor-
ris et al., 2002). Optimal flooding levels can have a positive effect on grass growth and biomass. Waterlog-
ging results in grass dieback, as it leads to a buildup of porewater sulfides that are toxic to roots. Therefore,
waterlogging can control the growth and spread of S. alterniflora in the salt marsh (Yuan et al., 2011). Dur-
ing spring tide, the low-elevation region experienced a longer flooding duration, lasting ~6-7 h (Supporting
Information S5). However, the flooding duration in the high-elevation salt marsh was ~2-3 h. During the
neap cycle, the flooding duration in the high-elevation region dramatically decreased, lasting only ~1.2 h or
less. In contrast, the flooding duration in the low-elevation area significantly increased, lasting ~8 h (Sup-
porting Information S5). The salt marsh with longer flooding durations experienced higher salinity. Water-
logging often causes grass dieback and the formation of mudflats or ponds (Zhang et al., 2019). However,
moderate rates of SLR can have positive effects on S. alterniflora growth and expansion of the current spa-
tial extent. The relationship between salinity and vegetation zonation implies that climate change-induced
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SLR tends to increase saltwater intrusions and reshape vegetation species distributions in salt marshes
(S.-H. Li et al., 2018; Wiberg et al., 2020). This information is essential for salt marsh management and may
be linkable to expansion of the spatial extent of S. alterniflora.

In the estuarine-tidal creek-salt marsh complexes, both hydrodynamics and morphodynamics vary with
vegetation. Yuan et al. (2014) found that the three major vegetation species did not show any dominance in
the past regarding their spatial coverage in Chongming Dongtan. The vegetation in the salt marsh experi-
enced substantial spatiotemporal variabilities on scales from seasons to decades. To estimate the impact of
this variability on hydrodynamics, an additional experiment was conducted. This experiment was config-
ured with the observed vegetation distribution in the summer of 2017 (hereafter referred to as the 2017-veg
case) and ran in the same complex region (Supporting Information S6) under the same tidal, atmospheric,
and river boundary forcings as those used in the September 2015 simulation (hereafter referred to as the
2015-veg case). In this experiment, the same interpretation method was used to determine the vegetation
patches from the multispectral Pleiades remote sensing data. Comparing the two cases between 2015 and
2017 vegetation allowed us to examine how hydrodynamics varied with vegetation.

Salinity was chosen to represent the hydrodynamics around Chongming Dongtan. By changing the baro-
clinic density gradients, salinity can affect water flows and transport. The difference in salinity between the
2015-veg and 2017-veg cases at high tide is shown in Supporting Information S7. The results indicate that
when the salt marsh and tidal creeks are mostly submerged, the presence of different vegetation types could
cause a significant change in the salinity distribution. This change was associated with the random shifting
of vegetation, which is distributed nonuniformly in space. The maximum salinity variation range was over
+4 PSU. This suggests that rapidly evolving vegetation in the salt marsh can significantly modify local and
regional hydrodynamics. These changes in salinity and sediment transport can consequently affect geomor-
phology. In turn, since hydrodynamic features and vegetation are closely related, spatiotemporal variations
in flow and salinity could potentially impact vegetation growth and migration.

Furthermore, the biomechanical properties of vegetation, such as vegetation height, elasticity, and diame-
ter, vary throughout the life cycles of plants, and these variations can produce significantly different impacts
on flows, waves, sediments, etc., (Zhu et al., 2019). In our simulations, the flexible blade height (/,) was
assumed to be constant. This constant was chosen to be a mean value averaged over the summer season,
as obtained from a vegetation survey. This assumption is reasonable for a simulation with a fortnight time
scale since vegetation growth is insignificant over this short period. However, when a long-term simulation,
for example, over a seasonal to annual scale, is conducted, we must consider the spatiotemporal variability
in [,. More extensive surveys are required to cover the spatial distributions of stem heights for various vege-
tation species and to produce a spatially nonuniform /, value. Taking a varying /, into account could help us
better resolve the influence of vegetation on lateral tidal flows.

4.2. Sediment Import and Export

Salt marshes frequently experience rapid evolution, expanding or eroding over several hundred-meter
scales over a few years, especially along their lateral extents (Fagherazzi et al., 2013; Leonardi et al., 2016; X.
Li, Plater, & Leonardi, 2018; Li et al., 2019; Yang et al., 2001). One of the dynamic causes of this evolution
is sediment imports and exports under different physical conditions around salt marshes. Long-term and
large-scale surveys have revealed that sediment supplies dominated the expansion of salt marshes in north-
ern England and erosion in southern England (Ladd et al., 2019). The Changjiang River Estuary provides
an abundant sediment supply, not only for Chongming Dongtan but also for most salt marshes distributed
in the estuary and adjacent regions, such as the Jiuduansha Shoal and Nanhui Shoal (Yang et al., 2019).
Vegetation in a salt marsh modifies the flow patterns over tidal cycles, reducing erosion, attenuating storm
surges and waves, and mitigating sea-level rise through sedimentation (Temmerman et al., 2012). Our sim-
ulation results suggest that suspended sediment is scarcely transported farther into the vegetated salt marsh
during the flood tidal period due to the associated flow reductions, increased settling, and limited water
depths (Figure 9a). This feature was also observed in a marsh-dominated estuary, Plum Island Sound, on
the Massachusetts coast, USA (Zhang et al., 2019). In a vegetated salt marsh, the fast and enhanced erosion
resulting from extreme weather events, e.g., tropical cyclones or storms, could be rapidly recovered with a
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high accretion rate under stable hydrodynamic conditions (Temmerman et al., 2005; Xie et al., 2017). More-
over, most sediments deposit in mudflats, vegetation edges, and tidal channels, result in lateral extension.

More specifically, sediment imports and exports within tidal creeks are critical factors determining the
growth or degradation of creek networks. In this study, a negative (seaward) suspended sediment flux
was identified during the tidal cycle. A similar pattern was also found in tidal creeks in northern San
Francisco Bay, even during a storm surge (Lacy et al., 2018). Positive (landward) sediment fluxes mainly
occur under wave-dominated suspension and moderate tidal conditions, producing greater-than-aver-
age SSC values during the flood tidal period (Green & Hancock, 2012; Lacy et al., 2018; X. Li, Plater, &
Leonardi, 2018; Li et al., 2019). Sediment imports and exports also vary significantly with season (Poirier
et al., 2017).

It should also be pointed out that our model outcomes differed from the results shown in S.-H. Li et al. (2018),
Li et al. (2019). The possible reason for this was due to the different spatial scales and forcings used in the
different studies. S.-H. Li et al. (2018), Li et al. (2019) considered a large-scale salt marsh, while our focus
was on local tidal creeks. They considered waves and macrotides as the primary forcings, while we took
river runoff and wind into account in addition to waves and tides. We also specified the sediment export in
the tidal creeks, not in the salt marsh. Chongming Dongtan is primarily influenced by the sediment-rich
Changjiang River and moderate tides, resulting in strong sedimentation.

4.3. Applicability, Limitations, and Prospects

The coupled flow-wave-sediment-vegetation model was developed with a perspective of general applicabili-
ty in estuarine studies. The unstructured triangular grid used in the model could provide flexible geometric
fitting for irregular tidal creeks and vegetation patches over various horizontal sizes. With sufficient com-
putational resources, the model mesh could be refined to resolve subgrid dynamics. The model also in-
cludes the major physical properties of plant stems for different vegetation species with options for various
parametrizations. This model could be applied to vegetated salt marshes in other estuaries with the proper
specification of these plant properties.

The interactions among flows, waves, sediment, and vegetation are complex processes that involve vari-
ous physical dynamics, parameterizations, and model implementations. Many model parameters used for
sediments are mainly derived from flume experiments conducted with specific flows, sediments, and wave
setups with scaled, finite water depths. In realistic conditions, these parameters have much broader ranges

2.15¢ 2% k. <0.95
0.27k;,, 0.95 < k,, < 2.74

Nepf (2018) as an example, to examine the bedload-mediated emergence of bedforms in vegetated channels,
flume experiments were conducted with sandy sediment configurations. The sand diameters ranged from
0.42 to 0.60 mm, with a median grain size of 0.5 mm. The sediment parameters determined from these ex-
periments are highly relevant to tidal channel conditions. However, when studying the impacts of sediment
on lateral water exchanges between channels and adjacent mudflats, particle transport is expected to be
governed by the fine cohesive fractions suspended in the water column (Green & Coco, 2007). These fine
cohesive sediments can be transported by lower energy flows and modeled by an advection-diffusion equa-
tion under a balance between shear stress-dependent erosion and floc size-dependent settling velocities
(Zhang et al., 2019). The cohesive sediment model has already been implemented as a default algorithm in
the FVCOM sediment module (Ge et al., 2015).

under varying physical conditions. Taking O, = (Equation 11) from Yang and

It is also difficult to accurately simulate sediments in complex salt marsh and tidal creek regions. First,
different criteria have been obtained for incipient sediment motion in creeks, bare mudflats, and vegetated
marshes (Yang et al., 2016). These typical landscapes imply various bottom boundary conditions. The de-
termination of incipient motion was based on the assumption of critical shear stress in bare mudflats while
ignoring the effects of other variables, such as soil density, porosity, composition, consolidation status, sed-
iment evolution, and the interactions among physical and biological processes. The critical shear stress for
erosion in Partheniades’ formula changes with water depth and bed properties. The bed soil in salt marshes
has distinct characteristics among areas of different topographic elevations (Pieterse et al., 2016). Therefore,
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it is a great challenge to parameterize bed properties in the salt marsh. Moreover, the microtopography in
the salt marsh could limit the simulation precision for the wet/dry process and make it difficult to accurate-
ly capture fine-scale water transport (Wu et al., 2017).

Within tidal creeks, near-bed observations revealed high SSCs at the beginning of the flood tide and the
end of the ebb tide (Figure 5d). The SSCs were much higher at the beginning of the flood tide than during
the late period of the ebb tide, particularly during spring tidal cycles. The first sediment suspension peak
was caused by bore-like flooding flows, which intensified the shear stress on the bed soil and caused mas-
sive erosion (Winterwerp & Van Kesteren, 2004). This process was typically nonhydrostatic. The FVCOM
includes nonhydrostatic dynamics that can resolve this process; however, the module has not yet been ex-
panded to take vegetation into account.

5. Conclusions

This study integrated TLS measurements, remote sensing data, field observations, and modeling to inves-
tigate tidal flows and lateral transport within the estuarine-salt marsh-tidal creek complex of Chongming
Dongtan. A vegetation model was developed under the framework of the FVCOM to consider the impacts
of multiple vegetation species on flows, turbulence, waves, and sediments. Three major vegetation types
(S. alterniflora, S. mariqueter, and P. australis) were parameterized in the vegetation module. The model
provided reasonable predictions of water levels, flow variations, sediments, and wet/dry processes in the
studied salt marsh-tidal creek complex. The modeling results revealed and quantified the lateral fluxes be-
tween the salt marsh and tidal creeks. The widely distributed vegetation in the salt marsh greatly affected
lateral transport. The comparison between the vegetated and nonvegetated cases indicated that vegetation
can significantly delay and weaken flows in the salt marsh and enhance flows in low-elevation regions of
tidal creeks.

Moreover, vegetation can significantly modify spatiotemporal variations in flows in the salt marsh, par-
ticularly at high tide during the spring tidal cycle. The simulated lateral transport varied considerably
with salt marsh elevation, and the net flux either entering or outflowing from the major tidal creeks could
not reach equilibrium over a 2-week time scale. Physiologically, S. alterniflora has a greater salt tolerance
than P. australis. The simulated salinity distribution is consistent with the plant's salt tolerance, with
high-salinity water present in the S. alterniflora area and low-salinity water present in the P. australis
region. This suggests that lateral salinity transport not only redistributes salinity but also changes the
evolution of vegetation coverage in salt marshes. The model predicts a significant net sediment export
from the tidal creeks to the offshore region over the tidal cycle and high-SSC waters near the low-eleva-
tion creeks.

The flow-wave-vegetation-sediment interaction model was developed for general application. This model
could be applied to wetland-tidal creek-salt marsh complexes with similar vegetation in other coastal
and estuarine regions. It should be noted that this study is mainly focused on the lateral transport of wa-
ter, salinity, and sediments between tidal creeks and salt marshes under calm weather conditions. These
transport processes may differ significantly under extreme weather conditions, such as during tropical
cyclones, storms, and typhoons/hurricanes. These modeling results obtained in the Changjiang River Es-
tuary should be applied with caution when interpreting lateral transport processes in different estuarine
environments.

Data Availability Statement

The flow-wave-sediment-vegetation interaction model used in this study was included in the latest FVCOM
version 5.0, which is freely available (http://code.fvcom.org/medm). All datasets used in this work are pub-
licly available at https://doi.org/10.6084/m9.figshare.12424322.v1.
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