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morphological modeling system (COAWST), to simulate the final vegetation cover and the timescale to reach it from various

forcing conditions. We found that marsh formation can be divided in three distinctive phases: a preparation phase characterized

by sediment accumulation in the absence of vegetation, an encroachment phase in which the vegetated area grows, and an

adjustment phase in which the vegetated area remains relatively constant while marsh accretes vertically to compensate for sea

level rise. Sediment concentration, settling velocity, Sea Level Rise and tidal range each comparably affect equilibrium coverage

and timescale in different ways. Our simulations show that The Unvegetated-Vegetated Ratio (UVVR) also relates to sediment

budget in marsh formation under most conditions.
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Abstract
The valuable ecosystem services of salt marshes are spurring marsh restoration
projects around the world. However, it is difficult to forecast the final vegetated
area based on physical drivers. Herein, we use a 3D fully coupled vegetation-
hydrodynamic-morphological modeling system (COAWST), to simulate the final
vegetation cover and the timescale to reach it from various forcing conditions.
We found that marsh formation can be divided in three distinctive phases: a
preparation phase characterized by sediment accumulation in the absence of
vegetation, an encroachment phase in which the vegetated area grows, and an
adjustment phase in which the vegetated area remains relatively constant while
marsh accretes vertically to compensate for sea level rise. Sediment concentra-
tion, settling velocity, Sea Level Rise and tidal range each comparably affect
equilibrium coverage and timescale in different ways. Our simulations show that
The Unvegetated-Vegetated Ratio (UVVR) also relates to sediment budget in
marsh formation under most conditions.

Plain language summary
Salt marshes are valuable and unique landforms located at the interface between
land and ocean. Given their important roles in ecosystem and global climate,
projects for marsh restoration and expansion sprung up. However, it is difficult
to predict the final extension of the vegetated area in a restored marsh and what
drivers control vegetation cover. In this study, a state of the art numerical model
was used to simulate marsh formation in a typical configuration used in land
reclamation projects. The final vegetation cover and the timescale to reach it are
derived from simulations with various sediment conditions, tides and Sea Level
Rise. We found that marsh formation can be divided in three distinctive phases:
a preparation phase characterized by sediment accumulation in the absence of
vegetation, an encroachment phase in which the vegetated area grows, and an
adjustment phase in which the vegetated area remains relatively constant while
marsh platforms rise vertically to compensate for sea level rise. High sediment
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concentration and greater grain size generally help marsh expansion and reduce
the time needed to reach equilibrium, while high rates of sea level rise hinder
marsh formation. Larger tides result in a higher coverage.

Introduction
Salt marshes are valuable and unique landforms located at the interface between
land and ocean. Salt marshes are still common along many shorelines, despite a
25%~50% decline of their historic coverage in recent decades (Crooks et al. 2011,
Duarte et al.2008). The most recent estimate of global marsh area exceeds 5
million Ha (Mcowen, 2017). Serving as a natural defense, salt marshes play
an important role in reducing the damage of storms to coastal communities
(e.g. Temmerman et al., 2013; ; Zhao and Chen, 2013; Moller et al., 2014). In
the United States, shoreline protection by marshes against storms are valued
up to $5 million per km2 (Costanza et al., 2008) and coastal wetlands were
valued $625 million in defending direct flood damages during Hurricane Sandy
(Narayan et al. 2017). Other valuable ecosystem services provided by salt
marshes include nutrient removal, carbon storage, and habitat for flora and
fauna (Zedler et al., 2005). Therefore, salt marshes not only protect coastal
communities but also sustain economies and healthy ecosystems. Recognizing
the above services, multiple public and private agencies are attempting to create
and sustain marshes (Barbier et al 2008; Bayraktarov et al 2016; Seddon et al
2020;). Restoration practices include shoreline protection, sediment trapping,
and thin layer sediment placement techniques among others (Wigand et al, 2017;
VanZomeren et al, 2018). These techniques are implemented in existing marsh
systems to prevent marsh degradation or promote marsh expansion. Other
projects aim at creating new marsh land using engineered structures (Li & Zhu,
2015; Staver
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et al, 2020). The common configuration of these projects are sea walls or dikes
shaping a rectangular area with an inlet to the ocean or estuary (Figure 1).
This geometry mimics natural inlet systems, which creates asymmetric tidal
velocities leading to net sediment transport into the bays (Pingree and Griffiths,
1979; Brown and Davies, 2010). The net sediment transport across an inlet
depends on the morphology and marsh vegetation in the back barrier basin
(Elias, 2012; Mariotti & Canestrelli, 2017). In this paper, we study the drivers
responsible for marsh formation in an artificial, rectangular domain.

Assessing the likelihood of marsh survival in response to climate change has been
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the focus of research for several decades (e.g., McKee and Patrick 1988, Morris
and Haskin 1990, Fagherazzi et al. 2012). Sediment supply has been identified
as key factor to determine marsh survival (Mariotti & Fagherazzi 2010) as well
as success in marsh restoration (Ganju 2019). Under different Sea Level Rise
scenarios (abbreviate as SLR hereafter), reaching marsh equilibrium requires dif-
ferent sediment supply (Fagherazzi et al 2013). The ratio between unvegetated
to vegetated area (UVVR) in a marsh system has been proposed as a simple
metric to assess sediment budgets and resilience against SLR (Ganju et al 2017).
Using this metric together with satellite images, vulnerable marsh locations can
be easily determined. Although this method predicts marsh degradation rela-
tively well, UVVR has never been used as a guiding metric where marshes are
forming or expanding. The present work serves the purpose of closing this data
gap. We will simulate marsh formation under a wide range of scenarios and
unravel the link between vegetated marsh surfaces and sediment fluxes.

The driving forces of marsh formation vary from site to site. The only way to
untangle the problem is to conduct systematic long-term studies isolating each
variable. Computer models have the advantage of comparability and flexibility
in studying marsh dynamics. Multiple models have been developed and applied
to study salt marsh landscapes. Many efforts have been made to couple marsh
vegetation and sedimentation processes (Temmerman, 2005) as well as marsh
morphology and marsh biology (Mudd et al., 2004; Morris, 2006; Kirwan and
Murray, 2007; D’Alpaos et al., 2007a; Mariotti and Fagherazzi, 2010). Mariotti
and Canestrelli (2017) studied an idealized tidal basin with a model that in-
cludes vegetation, morphodynamics and 3D-hydrodynamics. Other models that
simulated mangroves or marshes have focused on the channel network (Marciano
et al. 2005; Van Maanen et al., 2015). Alizad et al (2016) developed a model for
salt marshes in tidal estuaries and applied it to northeast Florida. The model
resolves the hydrodynamics at high resolution, and couples it to the dynamics of
vegetation. Here we present a coupled vegetation-hydrodynamic-morphological
model and we apply it to an idealized system to explore marsh establishment.
The Coupled-Ocean-Atmosphere-Wave-Sediment Transport (COAWST) Model-
ing System (Warner et al, 2010) is utilized, with a newly developed vegetation
module. We were able to simulate marsh encroachment in an idealized basin and
monitor sediment fluxes and feedbacks with vegetation through controlled exper-
iments. More importantly, this is the first modeling study aimed at predicting
the final equilibrium marsh coverage in response to various forcing conditions.
Our results are important for marsh restoration and land reclamation as we
provide the final vegetation configuration and the timescale to reach it for a
range of forcing variables.

Methods
First, we introduce the numerical model with a description of the newly devel-
oped method to simulate marsh formation. Then, we detail the model domain
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set-up and modules used for the simulations. Finally, we present the modifica-
tions that we implemented on the hydrodynamic and vegetation components of
the model.

2.1 Model Description
COAWST v3.7 includes separate modules for hydrodynamics (ROMS), sediment
transport and terrain evolution (CSTMS), vegetation, atmosphere (WRF), sea
ice and waves (SWAN or WW3). Sediment transport (Warner et al., 2008) and
vegetation (Beudin et al. 2017) modules were coded within ROMS and are
coupled with the SWAN wave model through the Model Coupling Toolkit. For
the application presented in this work, we modified the sediment transport and
the marsh growth routines (Kalra et al., in review) for a more dynamic marsh
simulation. The long-term formation of the marsh is modeled by accelerating
the process of deposition and erosion with a morphological factor (Roevlink
et al 2006; Warner et al 2008). The deposition or erosion caused by the hy-
drodynamics are multiplied by the morphological factor and then added to or
subtracted from the bed. However, this multiplication only happens at the in-
terface of water and bed sediment, therefore, the sediment concentration in the
water column is not affected by it. We initialize the model with sufficient bed
sediment (10 meters of sediment layer) to allow for erosion as we are using a
large morphological factor (200).

In order to capture the effects of vegetation on flow, variables such as plant
density, stem height, stem diameter, and stem thickness need to be determined.
Recent field data indicates that all these variables can be related to the seasonal
peak biomass (Morris & Haskins, 1990; D’Alpaos et al, 2007a). The biomass
of halophyte vegetation, especially low marsh species like Spartina alterniflora,
greatly depends on elevation within the tidal range. Low marsh areas are more
inundated, triggering waterlogging, while higher elevations are characterized by
high salinity that inhibits vegetation growth. Therefore, an optimum eleva-
tion for marsh growth is required, and marsh biomass could be described as a
parabolic curve based on elevation (Morris et al, 2002). Here, we chose to model
S. alterniflora for its wide distribution in tidal marshes in the USA. Biomass is
calculated as:

𝐵 = 𝐵max (𝐷 − 𝐷min) (𝐷 − 𝐷max) 𝐷min < 𝐷 < 𝐷max (1)
𝐷max = −0.73 𝑥 2𝐷min + 0.092 + 𝐷min 𝐷min = ℎ + 𝑧MHW (2)

where 𝐵 is the depth dependent biomass and 𝐵max is the maximum biomass
specified in Table 1 (supplement). 𝐷min and 𝐷max are the minimum and max-
imum depths for S. alterniflora survival. The actual water depth in the model
consists of average water depth referenced to regional mean sea level (ℎ) and
varying tidal water level (𝑧). 𝐷min is the water depth when the tide is at local
mean high tide (𝑧MHW), while 𝐷max is a function of 𝐷min according to equation
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2.

2.2 Design of Numerical Experiments
We designed an idealized case that mimics a natural inlet basin in a barrier
island system or an engineering structure built for land reclamation that nat-
urally imports sediment (Fig. 1A~D). We then adopt realistic values of sea
level rise, tidal range, sediment concentration, and grain size (Table 2 in supple-
ment). Since we focus on the colonization and evolution of inter-tidal marshes
in sheltered areas, we do not consider waves for simplicity.

The domain consists of square grid cells (200 m x 200 m in the horizontal) with
10 vertical layers. The open boundary is 8 km wide and 15 m deep, while the
inlet is 1.2 km wide (Figure 1E). The inlet area is 145 km2 with a uniform water
depth of 2 m and with an additional random elevation of ± 0.05 m. Density
and porosity of the bed sediment were fixed across experiments while grain size
changes with settling velocity in different simulations (Table 2 in supplement).

We also specify an area about 1 km wide near the open boundary where sed-
iment deposition is not allowed (Figure 1E). This area imitates the breaking
zone where wave and flow are strong enough to maintain sediment in suspen-
sion without deposition. Specifically, all settling fluxes of sediment through
vertical layers were set to zero so that grid elements in contact with this area
inherit the sediment concentration at the boundary. By doing this, we allow
the hydrodynamics to develop according to our geometric configuration while
keeping constant sediment conditions at the boundary. Deposition was then
linearly increased to model-calculated values between the end of this area and
the inlet. This configuration allows us to constrain the sediment input and net
budget to the system.

2.3 Simulations

The vegetation routine was modified to represent the natural development of a
tidal marsh and optimize model performance. In Table 1 (supplement)we report
a list of parameters used in the simulations. A location is converted to marsh
only when it is dry and of suitable elevation. Then following the parabolic
distribution (equation 1), the biomass is updated based on elevation in each
time step. A spin-up run was conducted for each tidal range case (Table 2 in
supplement, Fig. 1F). The goal of the spin-up run is to reach an equilibrium
depth at the inlet so the filling of the basin occurs as a result of sediment import
form the ocean. To simulate sea level rise (SLR), we keep the mean water level
unchanged and uniformly decrease the bottom elevation of the entire domain.

Optimal UVVR and Timescale analysis

Vegetation coverage is calculated with the Unvegetated-Vegetated Ratio
(UVVR) first proposed by Ganju et al (2017). In order to determine the
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equilibrium UVVR and the time it takes to reach it, we regress the UVVR-time
series with equation 3.

𝑈𝑉 𝑉 𝑅 = 𝐸(1 + Ae−𝑏𝑡) (3)

E represents the asymptotic value that UVVR will eventually reach. The per-
centage of total area covered by marshes is therefore 1

1+𝐸 . A and b control the
velocity at which the equilibrium is reached. In the simulations, it is impossible
to exactly determine when the system reaches equilibrium without a certain ap-
proximation (Fig. S3). Thus, instead of calculating the time of optimal UVVR,
we calculate the time it takes to reach 95% of the vegetated area. That is,
solving for t in equation 3 when UVVR reflects 95% of 1

1+𝐸 . This solution is
hereafter called t95. This method works for most cases except those with very
high SLR (exceeding 25mm/year). In this scenario it is highly possible that
flooding becomes too severe before a stable UVVR is reached. Since there is
not a stable UVVR, these simulations are not included in the analyses.

Results
First, we examine the evolution of a specific simulation which serves as a stan-
dard case (Std). Then, results from each set of experiments where one of the
four independent variables (SLR rates, sediment input, settling velocity or tidal
range) is varied were presented.

3.1 Standard Case
The Std case adopts SLR, sedimentary conditions, and tidal range (Table 1 in
supplement) from observations near the artificial land-gaining structure at the
Yangtze River mouth (AI Wei et al, 2018). By analyzing the time series of marsh
biomass and UVVR, we find that UVVR stabilizes much earlier than marsh
biomass (Fig. S4). In the Std case (Table 2 in supplement), UVVR variations
decrease to less than its variance after 25 years, while marsh biomass variations
are minimal after 40 years. Therefore, marsh extension reaches equilibrium
faster than the entire system (Figure S4).
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At the beginning of the simulation, there is a period of rapid import of sand
for around 35 tidal cycles which is equivalent to about 9 years (area shaded in
blue in Figure 2). The net import of sediment through the inlet was on average
4516 kg/s. Most sediment enters the bay while a small fraction fills the inlet as
shown in Figure 2F as well as in Figure S2A&B. The inlet is slowly silting when
the bay bed accretes and vegetation starts to encroach the area at the end of
this phase (Fig. S2B). The slow filling of the inlet (0.73 m/year of average inlet
bathymetric change) is due to a reduction in tidal prism, which decreases the
flow at the inlet triggering deposition. The sediment imported in this period fills
the bay and brings the bottom elevation close to the threshold for vegetation
growth. The average water depth of the marsh area is 0.29 m at the end of this
phase while the average maximum depth for marsh survival is 0.396 m. The
UVVR value is very high during the first 10 years, which means that there is
little or no land in the suitable elevation range for vegetation encroachment.
As we can see in Figure S2-B, at the end of this period the bottom of the bay
is characterized by different depositional areas with channels dissecting them
and bringing sediment. The bottom slope in the deep-water area close to the
inlet remains similar to the starting bathymetry, while the flat areas near the
boundaries are silting up. We name this period “Preparation Phase” as it serves
the purpose of preparing suitable areas for marsh colonization.

The next phase, called herein “Encroachment Phase” as shaded in green in
Figure 2, lasts about 20 years and it is characterized by vegetation encroachment.
Percent of vegetation coverage increases from 22% to 59%. Sediment import
continues, but with a decreasing rate (2193 Kg/s on average). Through time,
the flux of sediment favors both an expansion of the salt marshes as well as
promotes accretion in the area already colonized by vegetation (Fig. 2A&E).
In this period, the unvegetated area near the inlet becomes shallower. As the
rate of sediment import drops, the speed of marsh expansion decreases (from
1008 m2/day to 183.6 m2/day). Figure S2-C shows the end bathymetry of this
period, where the entire bay is filled with the exception of the large channels
near the inlet.

The system eventually reaches equilibrium in terms of planimetric marsh area,
with dendritic channels dissecting the marsh and an area of deep water around
the inlet. In the last phase, named Adjustment Phase (shaded green area in
Figure 2), the marsh area remains relatively unchanged while the marsh eleva-
tion is increasing to keep pace with SLR. In this phase the marsh is accreting to
compensate SLR. The marsh coverage represented by UVVR in fig.3a remains
stable for the last 5~10 years while the platform elevation keeps pace with SLR
(fig.3D&E).

3.2 Response to SLR, Tidal Range, and Sediment Charac-
teristics
Equation 3 fits well to the data with R2 = 0.998 for the Std case. Generally, a
lower equilibrium UVVR is accompanied by a lower timescale to reach equilib-
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rium. When conditions favor a large marsh area, usually vegetation can reach
that coverage faster (Fig. 3A).

The equilibrium UVVR is very high for low input sediment concentration (0.005
kg/m3) and decreases for higher concentrations. The decrease is more notice-
able between 0.005 and 0.1 kg/m3, suggesting that there might be a minimum
sediment supply required to facilitate vegetation encroachment (Figure 3A). A
larger settling velocity means more sediment can deposit in suitable locations
for vegetation colonization during high tide. Therefore, with a high settling
velocity, the equilibrium UVVR decreases and it is accompanied by a small
equilibrium time (Figure 3B).

SLR hinders marsh expansion so equilibrium is reached with a smaller coverage
and with a time delay. However, at low rates of SLR, the time needed to reach
equilibrium remains constant, while at high rates it increases significantly. De-
spite t95 increases nonlinearly with SLR, the equilibrium UVVR grows linearly
(Fig. 3C).

The effect of tidal range is complex. The equilibrium marsh coverage increases
when tidal range increases, while the t95 indicates that there is an optimal
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interval of tidal ranges for vegetation encroachment (Figure 3D). A too small
or large tidal range slows down marsh expansion. In microtidal environments
the tidal prism is small, and this leads to limited fluxes of sediment toward
the marsh. As mentioned in the previous section, we expect marsh evolution
to go through three phases and a small tidal range will make the “Preparation
phase” especially challenging as it requires a large amount of sediment flux to
prepare the bay for vegetation. Thus, a high vegetation area could only be
reached when the tidal range produces adequate sediment fluxes to go through
the “Preparation phase” and perhaps “Encroachment phase” fast. On the other
hand, a large tidal range not only brings more sediment; it also enlarges the
shear stress variations within a tidal cycle leaving a shorter time suitable for
deposition. This might lead to a delay in reaching equilibrium, since only a
small portion of the sediment brought by the relatively larger tidal flux actually
settles in the basin.

Discussion
Previous studies have shown dependence of marsh formation on various external
factors such as sediment availability (DeLaune et al. 1990), land subsidence, or
change of tidal water levels (Cole and Steven W 1994). Our results show that
within the tested conditions, marsh restoration or land reclamation projects
have optimal spatiotemporal coverage limits. With a 3D model, we found that
short-term equilibrium is achieved by a rapid initial import of sand and marsh
development. In all, we argue that this short-term equilibrium where marshes
are able to maintain a constant extent should serve as a guide for coastal marsh
restoration and land reclamation. Tidal asymmetries (Friedrichs and Aubrey,
1988) and settling lag effects (Postma, 1961; Bartholdy, 2000) likely play a role in
accumulating sediment inside the basin from an initial disequilibrium condition
until the marsh starts developing and traps more sediment.

Marshes prefer to maintain smaller area when confronted with a higher SLR
rates. Similar results were found by Mariotti and Canestrelli (2017) on marsh
resilience to SLR. However, when it comes to equilibrium marsh area, our results
should be explained differently. First, all SLR rates are constant in this study
meaning the sediment needed to keep up with sea level does not change over
time. A higher SLR will create more space to be filled in by the same amount
of sediment if other conditions remain the same. So the only way to keep up
with SLR and maintain a stable marsh area is to focus deposition on a limited
area and use the given sediment to build up vertically.

Marsh systems respond to SLR through sediment fluxes (Ganju et al 2017).
Degrading marshes showed evidence of co-evolving UVVR and sediment budget
i.e. the more negative is the sediment budget, the higher is UVVR. However,
whether this relation holds and how sediment budget and UVVR are related is
unknown in forming marshes. The Forming marshes generally follows a pathway
of decreasing sediment surplus from high initial values to a value around 0.05
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kg m-2 year-1 (Fig. 4). If we consider these snap shots at different times as
individual systems, they represent a wide range of forming marshes in terms
of forcing conditions and vegetation coverage. Systems that evolved closer to
equilibriums maintain a lower sediment budget because the system is in the
“Adjustment phase”. These systems generally keep up with SLR and the net
sediment import goes to vertical accretion of the marshes. On the other end
of the spectrum, systems that are just starting vegetation colonization import
sediment at a significantly higher rate than older ones. Overall, the sediment
budget scale well with UVVR in most cases. Combining our results with Ganju
et al 2017, a higher UVVR leads to greater sediment flux with importing fluxes
in

forming marshes and exporting in degrading marshes. A lower UVVR often
accompanied by small sediment fluxes and reflects a near equilibrium state.

Most models of marsh evolution are vertically integrated and tend to exagger-
ate bottom friction. This problem could be significant as vegetation produces
vertically variant momentum extraction as well as turbulence across the water
column (Sheng et al 2012; Marjoribanks et al 2014). Models that couple mor-
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phology and biology either simulate a transect over a long period of time or use a
simplification of the hydrodynamics to determine the two-dimensional structure
of a salt marsh, typically focusing on the channel network. The study carried
out by Mariotti and Canestrelli (2017) only investigated two variables: sediment
input and SLR. The model by Alizad et al. (2016) did not consider sediment
transport, assuming a prescribed deposition at each location. In reality veg-
etation and morphology are co-evolving, particularly during marsh formation.
Despite all these efforts, the use of a fully coupled model focusing on vegetation
and sediment budget is still warranted.

Conclusion
Marsh restoration projects have been carried out for decades with little com-
prehensive understanding of what controls the final vegetation coverage and
the time needed to reach it. Our results close this gap by providing UVVR
and equilibrium timescale under a variety of forcing conditions. SLR inhibits
marsh expansion thus leading to lower vegetation coverage and longer equilib-
rium time. Restoration projects with more sediment supply and fine sediments
are more likely to succeed in a short timeframe. The expectance of marsh cov-
erage increases with tidal range but only moderate tides (1~2 meters) favor
fast colonization. UVVR was proved to relate well with sediment budget in
forming marshes. High UVVR coincides with rapid sediment import, while low
UVVR indicates marshes approaching equilibrium that need limited amount of
sediment to keep up with sea level. We also found that marsh development fol-
lows three phases: a Preparation Phase characterized by abiotic deposition, and
Encroachment Phase in which vegetation colonizes the intertidal area, and an
Adjustment Phase where the vegetated area is constant and accretion balances
sea level rise. These results should help predict future restoration outcomes
and provide important data for coastal defense or land reclamation. By using
our results, it is possible to determine at what stage a marsh restoration is by
looking at sediment fluxes and UVVR, what would be the final outcome of the
restoration, and the equilibrium timescale.

Acknowledgement
Data points in Figure3 and Figure4 as well as an example of simulation output
files for each of the four forcing conditions are available at https://zenodo.org/r
ecord/5207786 . Shared under Creative Commons Attribution 4.0 International,
all files are open to public for download. The chart alone could support our
main conclusions. Readers are welcome to download simulation files to further
understand model performance. Funding is in part from USGS and from CSC
(China Scholarship Counsil).

13

https://zenodo.org/record/5207786
https://zenodo.org/record/5207786


References

AI Wei , LI Mao-Tian , LIU Xiao-Qiang ,
LI Wei-Hua , NIU Shu-Jie , TONG Meng.
(2018). HYDRODYNAMICS OF SSC PEAK
IN DRY SEASON OF THE SOUTH PAS-
SAGE OF CHANGJIANG RIVER ESTUARY.
OCEANOLOGIA ET LIMNOLOGIA SINICA,
Vol.49,No.4 (In Chinese with English Abstract).
Andrea D’Alpaos, Stefano Lanzoni, Marco Marani, & Andrea Rinaldo. (2007a).
Landscape evolution in tidal embayments: Modeling the interplay of erosion,
sedimentation, and vegetation dynamics. Journal of Geophysical Research -
Earth Surface, 112(F1), F01008-N/a.

Alizad, Karim, Hagen, Scott C, Morris, James T, Bacopoulos, Peter, Bilskie,
Matthew V, Weishampel, John F, and Medeiros, Stephen C. ”A Coupled, Two-
dimensional Hydrodynamic-marsh Model with Biological Feedback.” Ecological
Modelling 327 (2016): 29-43.

Bayraktarov, Elisa, Saunders, Megan I, Abdullah, Sabah, Mills, Morena, Beher,
Jutta, Possingham, Hugh P, Mumby, Peter J, and Lovelock, Catherine E. ”The
Cost and Feasibility of Marine Coastal Restoration.” Ecological Applications 26,
no. 4 (2016): 1055-074.

BARBIER, Edward B, KOCH, Evamaria W, STOMS, David M, KENNEDY,
Chris J, BAEL, David, KAPPEL, Carrie V, PERILLO, Gerardo M. E,
REED, Denise J, SILLIMAN, Brian R, HACKER, Sally D, WOLANSKI, Eric,
PRIMAVERA, Jurgenne, GRANEK, Elise F, POLASKY, Stephen, ASWANI,
Shankar, and CRAMER, Lori A. ”Coastal Ecosystem-Based Management with
Nonlinear Ecological Functions and Values.” Science (American Association for
the Advancement of Science) 319, no. 5861 (2008): 321-23.

Beudin, Alexis, Kalra, Tarandeep S, Ganju, Neil K, & Warner, John C. (2017).
Development of a coupled wave-flow-vegetation interaction model. Computers
& Geosciences, 100, 76-86.

https://www.usgs.gov/core-science-systems/nli/landsat/landsat-collection-1-
landsatlook-images?qt-science_support_page_related_con=0#qt-science_support_page_related_con

Brown, J.M, & Davies, A.G. (2010). Flood/ebb tidal asymmetry in a shallow
sandy estuary and the impact on net sand transport. Geomorphology (Amster-
dam, Netherlands), 114(3), 431-439.

Clive G. Jones, John H. Lawton, & Moshe Shachak. (1994). Organisms as
Ecosystem Engineers. Oikos, 69(3), 373-386.

14



Cole, Steven W. ”Marsh formation in the Borsippa region and the course of the
lower Euphrates.” Journal of Near Eastern Studies 53, no. 2 (1994): 81-109.

Costanza, R., Pérez-Maqueo, O., Martinez, M., Sutton, P., Anderson, S., & Mul-
der, K. (2008). The Value of Coastal Wetlands for Hurricane Protection. Am-
bio, 37(4), 241-248.

Crooks S, Herr D, Tamelander J, Laffoley D, Vandever J (2011) Mitigating
climatechange through restoration and management of coastal wetlands and
near-shoremarine ecosystems : challenges and opportunities. Environment de-
partment papers ;no. 121. Marine ecosystem series. World Bank, Washington,
DC

Duarte C, Dennison W, Orth RW, Carruthers TB (2008) The Charisma of
CoastalEcosystems: Addressing the Imbalance. Estuaries and Coasts 31 (2):
233‑238. https://doi.org/10.1007/s12237-008-9038-7

DeLaune, R. D., W. H. Patrick Jr, and Nico Van Breemen. ”Processes governing
marsh formation in a rapidly subsiding coastal environment.” Catena 17, no. 3
(1990): 277-288.

Elias, E.P.L, Van der Spek, A.J.F, Wang, Z.B, & De Ronde, J. (2012). Morpho-
dynamic development and sediment budget of the Dutch Wadden Sea over the
last century. Geologie En Mijnbouw, 91(3), 293-310.

Edwards, Keith R., and Kaili P. Mills. ”Aboveground and belowground pro-
ductivity of Spartina alterniflora (smooth cordgrass) in natural and created
Louisiana salt marshes.” Estuaries 28, no. 2 (2005): 252-265.

Fagherazzi, Sergio, Kirwan, Matthew L, Mudd, Simon M, Guntenspergen,
Glenn R, Temmerman, Stijn, D’Alpaos, Andrea, . . . Clough, Jonathan.
(2012). Numerical models of salt marsh evolution: Ecological, geomorphic, and
climatic factors. Reviews of Geophysics (1985), 50(1), N/a.

Fagherazzi, Sergio, Mariotti, Giuilio, Wiberg, Patricia, and McGlathery, Karen.
”Marsh Collapse Does Not Require Sea Level Rise.” Oceanography (Washington,
D.C.) 26, no. 3 (2013): 70-77.

Ganju, Neil K, Defne, Zafer, Kirwan, Matthew L, Fagherazzi, Sergio, D’Alpaos,
Andrea, & Carniello, Luca. (2017). Spatially integrative metrics reveal hidden
vulnerability of microtidal salt marshes. Nature Communications, 8(1), 14156.

Ganju, Neil K. ”Marshes Are the New Beaches: Integrating Sediment Transport
into Restoration Planning.” Estuaries and Coasts 42, no. 4 (2019): 917-26.

Iris Möller, Matthias Kudella, Franziska Rupprecht, Tom Spencer, Maike Paul,
Bregje K. Van Wesenbeeck, . . . Stefan Schimmels. (2014). Wave atten-
uation over coastal salt marshes under storm surge conditions. Nature Geo-
science, 7(10), 727-731.

Kalra, T.S., Ganju, N.K., Arextaxabelta, A.L., Carr, J., Defne, Z., and Moriarty,
J.M.,: Modeling Marsh Dynamics Using a 3-D Coupled Wave-Flow-Sediment

15



Model, 2021 (In review under Frontiers of Marine Science)

LI Lin-jiang,& ZHU Jian-rong, (2015). Impacts of the reclamation project of
Nanhui tidal flat on the currents and saltwater intrusion in the Changjiang
estuary. Journal of East China Normal University ( Natural Science). No. 4
Jul. 2015 (in Chinese with English abstract).

Liu, Zezheng, Sergio Fagherazzi, and Baoshan Cui. ”Success of coastal wet-
lands restoration is driven by sediment availability.” Communications Earth &
Environment 2, no. 1 (2021): 1-9.

Marjoribanks, Timothy I, Hardy, Richard J, and Lane, Stuart N. ”The Hy-
draulic Description of Vegetated River Channels: The Weaknesses of Existing
Formulations and Emerging Alternatives.” Wiley Interdisciplinary Reviews. Wa-
ter 1, no. 6 (2014): 549-60.

Marciano, R. (2005). Modeling of Channel Patterns in Short Tidal Basins.

Mariotti, Giulio, & Fagherazzi, Sergio. (2010). A numerical model for the cou-
pled long‐term evolution of salt marshes and tidal flats. Journal of Geophysical
Research: Earth Surface, 115(F1), N/a.

Mariotti, G., and A. Canestrelli (2017),Long-term morphodynamics of
muddybackbarrier basins: Fill in or emptyout?,Water Resour. Res.,53,
7029–7054,doi:10.1002/2017WR020461.

Matthew L. Kirwan, & A. Brad Murray. (2007). A Coupled Geomorphic
and Ecological Model of Tidal Marsh Evolution. Proceedings of the National
Academy of Sciences - PNAS, 104(15), 6118-6122.

McKee, Karen L., & W. H. Patrick. (1988). The Relationship of Smooth
Cordgrass (Spartina alterniflora) to Tidal Datums: A Review. Estuaries, 11(3),
143-151.

Mcowen, Chris J, Weatherdon, Lauren V, Bochove, Jan-Willem Van, Sullivan,
Emma, Blyth, Simon, Zockler, Christoph, . . . Fletcher, Steven. (2017). A
global map of saltmarshes. Biodiversity Data Journal, 5(5), E11764.

Mudd, Simon Marius, Fagherazzi, Sergio, Morris, James T, & Furbish, David
Jon. (2004). Flow, Sedimentation, and Biomass Production on a Vegetated Salt
Marsh in South Carolina: Toward a Predictive Model of Marsh Morphologic and
Ecologic Evolution. In The Ecogeomorphology of Tidal Marshes (pp. 165-188).
Washington, D. C: American Geophysical Union.

Morris, J. T. (2006). Competition among marsh macrophytes by means of
geomorphological displacement in the intertidal zone. Estuarine, Coastal and
Shelf Science, 69(3), 395-402.

Morris, J. T. P. V. Sundareshwar, Christopher T. Nietch, Björn Kjerfve, & D.
R. Cahoon. (2002). Responses of Coastal Wetlands to Rising Sea Level. Ecology
(Durham), 83(10), 2869-2877.

16



Pingree, R. D., and D. K. Griffiths (1979), Sand transport paths around the
British Isles resulting from M2 and M4 tidal interactions, J. Mar.

Biol. Assoc. U. K., 59(2), 497–513, doi:10.1017/S0025315400042806.

Pingree, R. D., and D. K. Griffiths (1979), Sand transport paths around the
British Isles resulting from M2 and M4 tidal interactions, J. Mar.

Biol. Assoc. U. K., 59(2), 497–513, doi:10.1017/S0025315400042806.

Pingree, R. D., and D. K. Griffiths (1979), Sand transport paths around the
British Isles resulting from M2 and M4 tidal interactions, J. Mar.

Biol. Assoc. U. K., 59(2), 497–513, doi:10.1017/S0025315400042806.

Morris, James T., & Betsy Haskin. (1990). A 5-yr Record of Aerial Pri-
mary Production and Stand Characteristics of Spartina Alterniflora. Ecology
(Durham), 71(6), 2209-2217.

Narayan, Siddharth, Michael W. Beck, Paul Wilson, Christopher J. Thomas,
Alexandra Guerrero, Christine C. Shepard, Borja G. Reguero, Guillermo Franco,
Jane Carter Ingram, and Dania Trespalacios. ”The value of coastal wetlands
for flood damage reduction in the northeastern USA.” Scientific reports 7, no. 1
(2017): 1-12.

Roelvink, J. A. ”Coastal morphodynamic evolution techniques.” Coastal engi-
neering 53, no. 2-3 (2006): 277-287.

Sand transport paths around the British Isles resulting from M2 and M4 tidal
interactions : Pingree, R. D. and D. K. Griffiths, 1979. J. mar. biol. Ass. U.K.,
59(2): 497–513. (1979). Deep-sea Research. Part B. Oceanographic Literature
Review, 26(12), 780-781.

Staver, L. W., Stevenson, J. C., Cornwell, J. C., Nidzieko, N. J., Staver, K. W.,
Owens, M. S., ... & Malkin, S. Y. (2020). Tidal marsh restoration at Poplar
Island: II. Elevation trends, vegetation development, and carbon dynamics. Wet-
lands, 1-15.

Seddon, Nathalie, Daniels, Elizabeth, Davis, Rowan, Chausson, Alexandre, Har-
ris, Rian, Hou-Jones, Xiaoting, Huq, Saleemul, Kapos, Valerie, Mace, Georgina
M, Rizvi, Ali Raza, Reid, Hannah, Roe, Dilys, Turner, Beth, and Wicander,
Sylvia. ”Global Recognition of the Importance of Nature-based Solutions to
the Impacts of Climate Change.” Global Sustainability 3 (2020): Global Sustain-
ability, 2020, Vol.3.

Stijn Temmerman, Patrick Meire, Tjeerd J. Bouma, Peter M. J. Herman, Tom
Ysebaert, & Huib J. De Vriend. (2013). Ecosystem-based coastal defence in the
face of global change. Nature, 504(7478), 79-83.

S. Temmerman, T. J. Bouma, G. Govers, Z. B. Wang, M. B. De Vries, & P.
M. J. Herman. (2005). Impact of vegetation on flow routing and sedimentation

17



patterns: Three-dimensional modeling for a tidal marsh. Journal of Geophysical
Research - Earth Surface, 110(F4), F04019-N/a.

Sheng, Y. Peter, Lapetina, Andrew, and Ma, Gangfeng. ”The Reduction of
Storm Surge by Vegetation Canopies: Three-dimensional Simulations.” Geo-
physical Research Letters 39, no. 20 (2012): N/a.

Van Maanen, B, Coco, G, & Bryan, K R. (2015). On the ecogeomorphological
feedbacks that control tidal channel network evolution in a sandy mangrove
setting. Proceedings of the Royal Society. A, Mathematical, Physical, and En-
gineering Sciences, 471(2180), 20150115.

VanZomeren, Christine M, Berkowitz, Jacob F, Piercy, Candice D, and White,
John R. ”Restoring a Degraded Marsh Using Thin Layer Sediment Placement:
Short Term Effects on Soil Physical and Biogeochemical Properties.” Ecological
Engineering 120 (2018): 61-67.

Warner, J. C., Sherwood, C. R., Arango, H. G., & Signell, R. P. (2005). Per-
formance of four turbulence closure models implemented using a generic length
scale method. Ocean Modelling, 8(1-2), 81-113.

Warner, John C, Armstrong, Brandy, He, Ruoying, & Zambon, Joseph B.
(2010). Development of a Coupled Ocean–Atmosphere–Wave–Sediment Trans-
port (COAWST) Modeling System. Ocean Modelling (Oxford), 35(3), 230-244.

Wigand, Cathleen, Ardito, Thomas, Chaffee, Caitlin, Ferguson, Wenley, Paton,
Suzanne, Raposa, Kenneth, Vandemoer, Charles, and Watson, Elizabeth. ”A
Climate Change Adaptation Strategy for Management of Coastal Marsh Sys-
tems.” Estuaries and Coasts 40, no. 3 (2017): 682-93.

Zhao, H., & Chen, Q. (2014). Modeling Attenuation of Storm Surge over De-
formable Vegetation: Methodology and Verification. Journal Of Engineering
Mechanics, 140(12), Journal Of Engineering Mechanics, 2014 Dec, Vol.140(12).

Zedler, J., & Kercher, S. (2005). WETLAND RESOURCES: Status, Trends,
Ecosystem Services, and Restorability. 30(1), 39-74.

18


	Modeling the dynamics of salt marsh formation
	Abstract
	Plain language summary
	Introduction
	
	image
	Methods
	2.1 Model Description
	2.2 Design of Numerical Experiments
	2.3 Simulations
	Optimal UVVR and Timescale analysis


	Results
	3.1 Standard Case
	3.2 Response to SLR, Tidal Range, and Sediment Characteristics 

	Discussion
	Conclusion
	Acknowledgement
	References
	AI Wei , LI Mao-Tian , LIU Xiao-Qiang , LI Wei-Hua , NIU Shu-Jie , TONG Meng. (2018). HYDRODYNAMICS OF SSC PEAK IN DRY SEASON OF THE SOUTH PASSAGE OF CHANGJIANG RIVER ESTUARY. OCEANOLOGIA ET LIMNOLOGIA SINICA, Vol.49,No.4 (In Chinese with English Abstract).

