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ABSTRACT. Natural or human-induced intra-annual variation of river discharge alters estuarine hydrological regimes and further
affects habitat conditions for saltmarsh vegetation, particularly at the river mouth bar. In this study, numerical experiments were per-
formed in Delft3D to simulate the evolution of a schematized river mouth bar under prototypical unsteady river discharge scenarios.
The simulated hydrodynamic and morphodynamic changes were used to drive a vegetation dynamics model developed based on Spar-
tina alterniflora in real time to model the resultant vegetation responses throughout the plant life history. Our results show that the im-
posed seasonal high flow can create more potential suitable habitat for the vegetation expansion and at the same time, cause marsh ero-
sion through flood-induced drag force and substrate erosion. The overall effect of the trade-off between expansion and erosion depends
on the timing, magnitude and duration of the high flow as well as its carried sediment concentration, leading to three vegetation re-
sponse regimes, namely, minimal impact with small flood, erosion with big flood and low sediment supply, and expansion with big
flood and high sediment supply. Besides, the timing of the high flow determines whether the vegetation has enough time to occupy the
newly created subaerial area after the high flow and thereby affects the overall saltmarsh extent. The proposed vegetation response
regimes are verified in principle in real cases such as Yellow River Estuary, Wax Lake Delta and Yangtze River Estuary. Our findings
can help inform water diversion projects in river deltas to restore coastal wetlands in terms of suitable sediment supply and timing, etc.

Keywords: ecogeomorphological model, river mouth bar, river deltas, saltmarsh, intra-annual variation, unsteady river discharge

1. Introduction

Saltmarshes are one of the most important ecosystems lo-
cated between land and ocean, which provide many important
ecosystem functions such as carbon fixation and nutrient cycl-
ing (Barbier et al., 2008; de Groot et al., 2012). Estuarine salt-
marshes are widely found in large river deltas, which are subject
toterrestrial and marine forcing such as river discharge, tides and
waves (Fagherazzi et al., 2012). Increasing human activetiesin
the catchment such as dam regulation and water diversion aswell
as natural factors such as monsoon climate often result in strong
intra-annual variability in river discharge to the estuary (Carle et
al., 2015; Wangetal., 2017; Gaoetal., 2019). The unsteady river
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discharge alters estuarine hydrological regimes and further influ-
ences habitat conditions such as surface elevationand inundation
at the marsh platform that are crucial for the establishment and
survival of saltmarsh vegetation (Carle and Sasser, 2016; Brick-
neretal., 2019; Gaoetal.,2019). Giventhe increasing variability
of river discharge under intensified human activitiesand climate
change, understanding its potential effects onestuarine saltmarsh
vegetation thus becomes an imperative issue.

River mouth bar is a typical morphological unit formed at
the estuary or delta front where saltmarshes similar to river-
dominated tidal freshwater marshes often emerge (Twilley etal.,
2019). For the vegetation in the proximal mouth bar area (i.e., the
area facing the river), its direct exposure to flood during the high
flow stage may influence its survival and growth through uproot-
ing (Pasquale et al., 2014; Brickner et al., 2019). Whether the
vegetation can survive or not depends on its resistance ability to
flow impact at different growth stages (Brickner et al., 2019).
In addition, the enhanced sediment deposition during the flood
events may cause plant burial, especially for seedlings, and in-
crease vegetation mortality (Sunetal., 2010). Indirectly and over
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a larger time scale, flood also plays a critical role in shaping the
river mouth bar geomorphology that provides the substrate for
marsh colonization. While flood event could erode the main dis-
tributary channel at the proximal mouth bar zone (Carle et al.,
2015), it was also found to increase sediment deposition at the
middle and distal mouth bar zones (i.e., the area further offshore),
creating new land for potential marsh colonization after the flood
event (Cahoon et al., 2011; Carle et al., 2015; Twilley et al.,
2019).

The response of marsh vegetation to unsteady river dis-
charge has been explored in some recent studies. Based upon lin-
earregressionanalysis, Kearney etal. (2011) found that there was
no significant marsh coverage difference before and after diver-
sion operations both at the Caernarvon diversion and control site
in Louisiana, USA, dueto limited sediment supply and excessive
nutrient flux (Elsey-Quirketal., 2019). Meanwhile, itwasreport-
ed thatthe vegetated area in the Wax Lake Delta, asubdelta of the
Muississippi River, increased in distal deltaic area after a histori-
cal flood event due to vertical accretion, whereas those in the di-
rectly downstream of the river mouth and along the main distri-
butary channel experienced erosion (Carle et al., 2015). In addi-
tion, the increased discharge from April to September in 2016
significantly enlarged the available niches for pioneering marsh
vegetation in the frontier mudflat area of Chongming Island,
Yangtze River Estuary, China, resulting inaconsiderably greater
rate of vegetation expansion in thiswetyear than previous normal
years (Hu et al., 2019).

Regarding the effects of flood or unsteady river discharge
on estuarine saltmarsh vegetation, clearly, contrasting observa-
tions were reported from the above studies in different sites
(Caernarvon vs Wax Lake Delta vs Chongming Island) and even
the different localities of the same site (proximal vs distal area).
In viewing the varying direct and indirect impacts of flood on
the saltmarsh vegetation and its habitat as well as the field evi-
dence, we hypothesize that there are both positive and negative
effects of unsteady river discharge on saltmarsh vegetation dis-
tribution. Specifically, on one hand, as a critical disturbance
threshold is exceeded, strong flood disturbances during periods
of high flow could result in immediate vegetation mortality. At
the same time, big floods cause erosion and reduce habitable
area at the proximal mouth bar zone. Ontheother hand, theextra
sediment supply during flood events gradually increases eleva-
tion in distal area and creates new habitable area for vegetation
colonization. The vegetation will colonize as long as external
physical forcing is below critical disturbance threshold. The net
effect of the trade-off between marsh expansion and erosion is
both time- and space-dependent, and further depends on the tim-
ing, duration and magnitude of the high flow as well as the asso-
ciated sediment supply.

Numerical models are increasingly applied to study salt-
marsh distribution and development in estuarine zones (Huang
etal., 2008; Ge et al., 2013; Best et al., 2018), which may assist
in gaining understanding on the response of marshes to unsteady
riverdischarge asthey canisolate the relevant forcing factorsand
processes and quantify their effects. So far, a few studies have
used a vegetation dynamics model which incorporates the ability
of marsh vegetation in different growth phases to resist to exter-

nal stress in tidal environments (Brickner et al., 2019; Odink,
2019). The response of saltmarsh vegetation to flow stresses in
these studies was modelled through life-stage-dependent growth
and mortality (Britkneretal.,2019). However, the existing mod-
elling studies typically assumed a constant river discharge and
neglected itsintra-annual variability. Assuch, our understanding
of the effects of unsteady river discharge on pioneer saltmarsh
vegetation colonization and distribution is still limited.
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Figure 1. (2) The computational domain and the zonation of
theinitial mouth bar; (b) schematized unsteady river discharge at
the upstream river boundary.

To address this gap and test our hypothesis on the trade-
off effects of unsteady river discharge on saltmarsh vegetation
colonization, this study aims to explore how high flow, which
characterizes the intra-annual variation of the river discharge,
affects vegetation colonization in a river mouth bar during the
part of the plant life cycle when the plants are juvenile or ma-
ture, clonally spreading (Cui etal., 2009; Zhangetal., 2016). Nu-
merical experiments were performed in Delft3D (Lesser et al.,
2004) to simulate the evolution of a schematized river mouth bar
under prototypical unsteady river discharge scenarios. The simu-
lated hydrodynamic and morphodynamic changes were further
used to drive a vegetation dynamics model developed based on
the widespread Spartina alterniflora species in real time to mod-
el the resultant vegetation responses throughout the plant life his-
tory. Here, we focus onthe mouth bar areaas it has been proved as
a ‘hotspot’ underthe influences of river discharge and tides (Lera
et al., 2019). In our study, the high flow could occur in summer
due to monsoon, such as in Yangtze River (Hu et al., 2019), or
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in early spring due to rainfall and snowmelt, such as in Scheldt
river (Smisetal., 2010) and many other European rivers (Szczy-
pta et al., 2012). As our primary focus lies on the effects of un-
steady river discharge on vegetation distribution, we adopted
one-way approach to couple the hydro- and morpho-dynamics
model with the vegetation dynamics model and did not consi-
der the vegetation feedback.

According to our hypothesis, the following specific ques-
tions are addressed: (1) what are the spatial patterns of saltmarsh
vegetation distribution in a river mouth bar under unsteady riv-
er discharge throughout the plant life cycle? (2) How does the
vegetation distribution patternsrelate to unsteady river discharge
with different intra-annual variability, including the associated
sediment supply? Answering the above questions could help ad-
vance our understanding on how estuarine saltmarshes as impor-
tant coastal ecosystem responds to shifting hydrological regimes
due to increasing human activities and climate change, and could
also improve the operational strategies of water diversionsinriv-
er deltas to restore coastal wetlands. The paper is organized as
follows: the Delft3D model setting is described in Section 2.1,
which is followed by the introduction of the unsteady river dis-
charge scenarios in Section 2.2. The vegetation dynamics model,
including the implementation of plant life cycle and windows of
opportunity, isdocumented in Section 2.3. The model simulation
and data analysis methods are introduced in Secions 2.4 and 2.5,
respectively. Simulation results concerning the response of veg-
etation distribution to different unsteady river discharge scenar-
ios (i.e., flow regimes) are presented in Section 3, followed by
the relevant discussions in Section 4. Finally, the conclusions
are drawn in Section 5.

2. Methods

In this study, we used Delft3D, which is a process-based
numerical model that solves hydrodynamics, sediment transport
and morphodynamics in a coupled fashion, to simulate the evo-
lution of a schematized river mouth bar under prototypical un-
steady river discharge scenarios with asingle peak. The unsteady
river discharge scenarios were parameterised using the Indica-
tors of Hydrologic Alteration (IHA) framework commonly used
in ecohydrology community (Ruth and Brian., 2007). Subse-
quently, a vegetation dynamics model based on the widespread
Spartinaalterniflora species was built to couple with the Delft3D
model to explore the vegetation responses to unsteady river dis-
charge throughout the plant life history.

2.1. Delft3D Model Setting

Here, we adopted a schematized river mouth bar as a repre-
sentative river-dominated saltmarsh ecogeomorphological sys-
tem for generic modelling purpose. An idealized geometry sim-
ilarto Gaoetal. (2019) was assumed. The computational domain
(15,000 m =<7,500 m) wasrectangular with ariver channel cutting
through the shoreline and flowing into the receiving basin (Fig-
ure 1a). The grid size in the central domain was 25 m <25 m, and
the grid size in the peripheral domain was 100 m <100 m. The
crosssection of the initial river channel was rectangular and mea-
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sured 400 minwidthand 4 mindepth. The initial water depthwas
4 mnearshore and increased seaward with a bed slope of 0.0035.
The open boundaries included one upstream river boundary and
three seaward boundaries. We specified the river discharge and
sediment concentration at the upstream river boundary. For the
seaward boundaries, fluctuating water level due to tides was pre-
scribed at the one that was parallel to the shoreline, and zero la-
teral gradient in water level was imposed at the two lateral sea-
ward boundaries. Simplified semidiurnal tides with a tidal range
of 1 mwas assumed in our simulations. The hydrodynamic time-
step was set to 6 s to ensure simulation accuracy and stability. To
save computing time, morphological acceleration factors of 20
and 120 were used during period of high and low flows, respec-
tively. The values of morphological factor were determined by a
seriesof sensitivity tests to attain the maximum values thatensure
sufficient computational accuracy. The median sediment grain
size is silt in many deltas, which could vary from 50 to 200 um
(Caldwell and Edmonds, 2014; Ma et al., 2017). Therefore, a
typical median sediment grain size of 90 um was chosen. Follow-
ing Edmonds and Slingerland (2010) and Gao et al. (2018), the
specific sediment density and dry bed density were set to 2,650
and 1,600 kg/m?, respectively. The Chezy coefficientwas fixed at
65mY?/s(Zhouetal.,2014). Detailed information for the Delft3D
model setting isdocumented in Table 1.

Table 1. Major Parameters of Delft3D Model

Modeling Parameter Value Unit
Cell size 25/100 m
Initial erodible sediment thickness 10 m
Initial bed slope 0.0035 °
Chezy coefficient 65 m2/s
Sediment grain size 90 pm
Morphological acceleration factors 20/120 -
Hydrodynamic time-step 6 Second

2.2. Unsteady River Discharge Scenarios

We firstly ran a template scenario with a constant high flow
running throughout an entire year to obtain the initial mouth bar
as a basis for all subsequent unsteady river discharge scenarios.
We adopted ranges of theriver discharge, sediment load, and sed-
iment grain size representative of the world’s large rivers (Syvit-
skiand Saito, 2007; Latrubesse, 2008). In this template scenario,
the constant high flow, and sediment concentration were set to
2,500 m%/s and the associated equilibrium sediment concentra-
tion. Allunsteady river discharge scenarios were simulated from
the initial mouth bar created by the template scenario. Follow-
ing Gao etal. (2018, 2019), we adopted a simplified hydrograph
with astepped flood pulse, i.e., combination of constant low flow
and high flow, to represent unsteady river discharge with intra-
annual variability (Figure 1b). Thissimplification was justifiable
as many rivers are with asingle welldefined flood period (Szczy-
pta et al., 2012; Gao et al., 2019). Here, we adopted three IHA
indicators, namely, the magnitude of the high flow and low flow
and the duration of high flow, to parameterise and construct the
different unsteady discharge scenarios.

We designed two groups of scenarios with distinct timing
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Figure 2. Plant life cycle of perennial herb marsh species and the key factors in each WoO.

of the high flow. For the first group, the onset of the high flow
was set to 226" Julian day (August 15™), when the plants are
mature and clonally spreading in mid-summer. This scenario is
exemplified by the river discharge regime of Yellow River with
natural seasonality and the added disturbance from the Water
and Sediment Regulation Scheme (WSRS) (Wang et al., 2017).
Alternatively, high flow usually occurs in winter or spring in
many European rivers, such as Elbe River and Scheldt River
(Szczypta et al., 2012; Wang et al., 2019). Further considering
the growing season of saltmarsh vegetation, we chose the 76™
Julian day (March 16") when seeds started to germinate and
plants were juvenile as the onset of high flow for the second
group. The duration of the high flow for both groups can vary
between 20 and 40 days (Gao et al., 2018). To ensure model
stability, a transition period of two days with linearly varying
discharge was chosen between low- and high-flow stages.

To explore unsteady river discharge with different intra-
annual variability, we designed scenarios with different combi-
nations of flow and sediment parameters. The high flows were
setto 2,000 and 3,000 m%s, and the sediment concentrations were
0.5and 2 kg/m®. The river discharge was 300 m*/s during the low
flow period with an equilibrium sediment concentration, which
was estimated by averaging sediment concentration at the inflow
boundary from a model scenario with constant low flow occur-
ringthroughoutanentire year. We did not change low flow condi-
tion in our scenarios, due to the limited changes in morphology
during periods of low flow. The information for all scenarios is
documented in Table 2.

2.3. Vegetation Dynamics Model

Most perennial herbaceous saltmarsh species, such as Spar-
tina alterniflora, are important pioneer species, which play a key
role in long-term ecogeomorphological evolution (Ge et al.,
2015b). This kind of species usually has an ability in both fast-
colonizing through seed dispersal and slow-colonizing through
clonal spread (Ningetal., 2020). Here, we assumed ageneric per-
ennial herbaceous pioneer species based on S. alterniflora, which
is a native species in the East Coast of North America and has
spread to many parts of the world and is thus of global relevance

(Zhengetal., 2018; Ningetal., 2021). In line with the life history
and traits of S. alterniflora, our vegetation dynamics model con-
sisted of several modules encompassing seed germination, clon-
al spread, seed dispersal and mortality. The framework of Win-
dow of Opportunity (WoQ) was adopted to account for the res-
ponses of vegetation to unsteady river discharge in different plant
growth stages, of which the relevant mechanisms have been well
reported in the literature (Balke et al., 2014; Ge et al., 2015a;
Britkner et al., 2019). It is also noted that salinity effect was
neglected in our vegetation model. This is because only under
the combination of infrequent inundation and intensive evapo-
transpiration, which usually occur in middle and high marshes,
can salinity become a limiting factor for saltmarsh vegetation
growth (He et al., 2009; Xue et al., 2017).

Table 2. Scenarios of Unsteady River Discharges in Delft3D
Model

Scenario  High The Onsetof Duration Sediment
Flow High Flow of High  Concentration
(m%s) (Julian Day) Flow (d) (kg/m?)
Group D1S1T1 2000 226 40 2
I D2S2T1 3000 226 40 05
D2S1T1 3000 226 40 2
Group D1S1T2 2000 76 40 2
I D2S2T2 3000 76 40 0.5
D2S1T2 3000 76 40 2

2.3.1. Plant Life Cycle and Window of Opportunity

Similar to Ge et al. (2015b), we divided the plant life cycle
into four components, namely, seed germination, clonal spread,
seed production and seed dispersal (see Figure 2). We set the
phenological points (t1, t2, t3, t4) for each ecological process (T1,
T2, T3, Ta) and further used Boxcar function (Equation 1) to de-
fine its duration. The details of the various phenological points
are documented in Table 3.

[T, ®=H(t-t,)-H(t-t) (1)
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Table 3. Modelling Variables and Parameters of the Vegetation Dynamics Model

Variable Description Value Unit Reference
P Plant population density - Number of shoots/m?
Rger Seed germination rate - Shoots/seeds
Rsmor_v Mortality of seedling to velocity - %
Rsmor_s Mortality of seedling to sediment deposition -
Ramor_v Mortality of adult plant to velocity - yrt
Eb Seed burial depth - cm
AE Elevation change - m
Parameters
D Diffusion coefficient of marsh vegetation 3 m? yrt Xie, B.H., Personal communication,
January 14, 2019
r Growth rate of plant 0.05 yrit Xie, B.H., Personal communication,
January 14, 2019
Crax Maximum plant density carrying capacity 200 Number of shoots/m? (Liu et al., 2014)
S The number of seeds in seedbank 202 Number of seeds/(m?.year) (Xiao et al., 2009)
h1 The threshold depth for seed germination 10 cm (Deng et al., 2009)
h2 plant height growth 0.01 m Xie, B.H., Personal communication,
January 14, 2019
Vsmax Velocity upper limit for linear seedling 0.4 m/s (Brickner et al., 2019)
mortality range
Vsmin Velocity lower limit for linear seedling 0.25 m/s (Brickner et al., 2019)
mortality range
Vamax Velocity upper limit for linear adult mortality — 0.56 m/s (Brickner et al., 2019)
range
Vamin Velocity lower limit for linear adult mortality 0.4 m/s (Brixkner et al., 2019)
range
t Time of growing season and seed germination 61 - (Ge et al., 2013)
starting
t2 Time of seed germination end 121 - (Geetal., 2013)
t3 Time of seed production and seed dispersal 240 - (Geetal., 2013)
starting
t Time of seed production, seed dispersal, clonal 304 - (Geetal., 2013)

spread as well as growing season end

where tm and t» are the respective phenological points of an eco-
logical process expressed in Julian day, t is Julian day, and H(t)
is Heaviside step function. The Boxcar function assumes the
value of 1 for tm <t < tn and 0 otherwise.

W00 is widely used to hindcast and potentially predict
colonization events in ecosystems where new establishment is
disturbance limited (Balke et al., 2014), which was applied here
to account for how unsteady river discharge affects marsh veg-
etation in each ecological process. Seed dispersal by tides is
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considered the main reproduction strategy for fast-colonizing
pioneer marsh vegetation (Schwarz et al., 2018). Therefore, fol-
lowing Brickner et al. (2019), we assumed that all grids that
were flooded and subsequently dried were designated as loca-
tions of seedbank. Seeds remained in the seedbank until next
growing season arrived. Whether seeds can germinate in the
following growing season depended on how much sediments
deposited after seed dispersal. After seed germination, bed shear
stress from tides and river flow is known as the main bottle-
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neck for seedling establishment and adult plant growth on tidal
flats (Barendregt and Swarth, 2013; Hu et al., 2015). Seedling
can establish if bed shear stress and sediment deposition are be-
low certain threshold (Sun et al., 2010; Brickner et al., 2019).
Because of limited observational data on bed shear stress, we
used depth-averaged grid velocity to replace bed shear stress to
set the threshold of vegetation survival in our model.

2.3.2. Model Equations

The model structure is shown schematically in Figure 3.
Tosimulate the spatio-temporal distribution of saltmarsh vegeta-
tion, the density of vegetation (number of shoots/m?) was mod-
elled by incorporating clonal spread, plant self-growth, seed ger-
mination and mortality (Takahashi et al., 2019). Marsh vegeta-
tion community consists of many circular colonies of various
sizes, with their size increased by lateral clonal growth (Taylor
et al., 2004; Takahashi et al., 2019). Diffusion equations have
been successfully applied in simulating the lateral clonal spread
ofemerged (Yangetal., 2014) and submerged (Vilasetal., 2017)
vegetationspecies. Therefore, we used diffusion termto simulate
the clonal spread. Afterwards, vegetation grows slowly after it
colonizes into a new region due to fewer propagules of limited
populationdensity (Taylor and Hastings, 2004). With population
density growing, population growth rate decreases due to space
limitations in the high-density meadow (Taylor et al., 2004).
Therefore, we used logistic growth to model plant self-growth.
The governing equation is as follows:
oP

2 P
a0 =11.. (t){DV P+ rP(l— c H

+ H t.t, (t)Rger (1_ Rsmor_v ) S (1_ Rsmor_s ) - I:’Ramor_v (2)

where P represents vegetation density (shoots/m?), D represents
clonal spread due to rhizome elongation (m-yr?), V2= (6%/ ox?) +
(621 6y?) is the Laplacian operator, r is the maximum growth rate
(yr), Cmax is the maximum density supported by the system
(carrying capacity, number of shoots/m?), Reer is a switchthat is
either 0 or 1 depending on the burial depth (shoots/seeds), Sisthe
number of seeds in seedbank after seed dispersal (number of
seeds/(m2-yr)), Rsmor_v is the mortality rate of seedling under hy-
drodynamic stress (%), Rsmor_s is the mortality rate of seedling
under sediment deposition (%), Ramor v is the mortality rate of
adult plant under hydrodynamic stress (yr?), rP[1 — (P / Cna)]
is the logistic growth term to simulate the population self-
growth, Rger(1 — Rsmor v)S(1 — Rsmor_s) is the survived seedling
under the stress of hydrodynamics and sediment deposition,
and PRamor_v is the mortality of adult plants under hydrodyna-
mic stress.

The seed density in seedbank grids assumed value from the
literature (Xiao et al., 2009). We further assumed that the seed-
bank provided seeds for germination at a constant rate through-
out the germination period. A few centimeters thick sediment
layer might form after flooding and thus affects seed germina-
tion and seedling establishment due to lack of oxygen (Sunetal.,

2010). Hence, we assumed that seeds only germinated below a
threshold burial depth (see Equation 3), and burial depth was es-
timated from the elevation change in the non-growing season.

1
I:{ger = 0

where Eb is seed burial depth (m), and hz is the threshold depth
for seed germination (m).

After seeds germinate, the most vulnerable stage arrives.
The seedlings will be uprooted if the flow velocity is greater than
their tolerated level. During the seedling establishment stage
(from t1 to t2), a linear dose-effect relation in which the mortal-
ity rate increases with increasing pressure was used to calculate
the mortality caused by hydrodynamic stress (Brickner et al.,
2019) (see Equation 4). When the plants grew into adult stage
(from t2 to t4), another threshold with linear dose-effect relation
was used for calculating adult plant mortality (see Equation5). In
addition, we assumed that if the elevation change (AE) exceeds
plant height growth (hz), the seedlings were unable to survive
(Brixkner et al., 2019) (see Equation 6).

®)

Otherwise

E,<h }

0 ifv<v, .

I:zam::)riv = (V - Vamin )/(Vamax - Vamin) if vamin <vs Vamax (4)
0.1 ifv>v, .
0 ifv<vg,,

Rsmor_v = (V ~ Vsmin )/(Vsmax ~ Vsnin ) if Vemin <V < Vimax (5)
0.3 ifv>v.,
0 ifvsv, .

I:zamor_v = (V ~Vamin )/(Vamax - Vamin) if Vamin <V < Vamax (6)
0.1 ifv>v, ..

where v is depth-averaged grid velocity (m/s); vsmax is the veloc-
ity upper limit for linear seedling mortality range (m/s); Vsmin is
the velocity lower limit for linear seedling mortality range (m/s).
vamax IS the velocity upper limit for linear adult mortality range
(m/s); vamin is the velocity lower limit for linear adult mortality
range (m/s), hz is the plant height growth (m), AE is elevation
change (m). The parameters of the vegetation dynamics model
assumed ranges of value reported in the literature and from per-
sonal communications wherever possible. Detailed information
ofallmodelling variables and parametersare provided in Table 3.

2.4. Simulation of Coupled Ecogeomorphological Model

Before all formal scenario simulations, we ran a prelimnary
simulation to obtain initial vegetation distribution. Specifical-
ly, the results of the template hydro- and morphodynamics sim-
ulation were used as the initial condition to feed the vegetation
dynamics model, and we started with the assumption that all
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cells above 0 m in the initial mouth bar formed were covered
by vegetation (Lietal., 2018). We further used the resultant vege-
tation distribution to run one year simulation of both Delft3D
and the vegetation dynamics model, assuming that high flow
(2,500 m¥/s and equilibrium sediment concentration) occurred
from 226" Julian day (August 15) and lasted for 40 days when
plants were mature and clonally spreading in mid-summer. The
vegetation density and seed bank distribution obtained at the
end of the growing season was adopted as the initial vegetation
distribution for all subsequent unsteady flow scenarios.

The coupling time interval for the two models was one day,
and the outputs of Delft3D simulation (bed level, water depth,
land/sea boundary and velocity) during this interval were time-
averaged and fed as input for vegetation dynamics model. The
flowchart of the modelling approach is shown in Figure 4.

Typical Delft3D-Flow Matlab Vegetation
Setup Model
—»| Initial Bathymetry _ Mortality
]
1 3
=
o Self-growth
Hydrodynamics = eli-gro
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g +Seed dispersal
e Morphology +Seed deposition
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Delft3D output and coupling [ Inputs (Vegetation)
time interval are one day *Bed Level
*Water depth
*Velocity
*Burial depth

Figure 4. Flowchart of modelling approach (adapted from Best
et al. (2018)).

2.5. Analyses of Numerical Results

The effects of unsteady river discharge on marsh vegeta-
tion spatial distribution were examined at the key time nodes dur-
ing the growing season, including the onset of high flow, the end
of high flow, and the end of the growing season. Following (Ge
etal., 2015b), agrid was considered to be occupied by vegetation
when vegetation density exceeded 2/3 of maximum capacity.
The number of vegetated grids at the end of the growing season
was counted and compared with that at the onset of high flow.
Vegetation density change at the different mouth bar zones was
also examined to better understand the spatial dependence of
the vegetation response to the unsteady river discharge.

In this study, current velocity and sediment deposition are
two key stressors controlling vegetation distribution (Equations
4~6). Therefore, we adopted normalized cross-section averaged
velocity v* and relative sediment concentration S™ at the river
outlet as proxies of the “velocity” and “sedimentation” stresses
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to evaluate the vegetation response to unsteady river discharge:
V* = (V ~ Vamin )/(Vamax - Vamin) (7)

$'=5/s, 8

where v is cross-section averaged velocity at river outlet during
the period of high flow (m/s). S and Se are sediment concentra-
tion (kg/m®) and equilibrium sediment concentration (kg/m3),
respectively, at the river outlet during the period of high flow.

3. Results

3.1. The Effects of Unsteady River Discharge on
Hydrodynamics and Geomorphology

Figure 5 shows the representative hydrodynamics simula-
tion results on 230" Julian day (mid-summer, high flow stage)
after the short transition period. The corresponding geomorpho-
logical changes before and after the high flow are presented in
Figure 6. For the scenario with relatively low river discharge
(D1S1T1), velocity decreases with distance from the river out-
let (Figure 5b), and there is no significant change in elevation
in the mouth bar zone before and after the high flow (Figure 6
a). In contrast, velocity is much greater at the proximal part and
two flanks of the mouth bar for the relatively high discharge sce-
narios (D2S2T1and D2S1T1, see Figures 5¢~5d). In such cases,
geomorphological changes vary with varying sediment concen-
tration. For the scenario with relatively low sediment concentra-
tion(D2S2T1), highflowseriously erodes proximal partand both
flanks of the mouth bar (Figure 6b). However, the elevation in
the center of the mouth bar increases slightly after the high flow.
On the contrary, for the scenario with relatively high sediment
concentration (D2S1T1), high flow carries extra sediment load
and leads to mouth bar accretion and expansion (Figure 6¢). No-
tably, newly created subaerial area is found in distal mouth bar
zone in both scenarios with relatively high river discharge.

3.2. Vegetation Density Before and After High Flow

Figure 7 shows the vegetation density for the various scenar-
ios on the 266" Julian day when high flow ends. Our simulation
results show that the vegetation response varies significantly a-
mong the different scenarios. For the relatively low discharge
scenario (D1S1T1), we found a steady decrease of vegetation
density when approaching the mouth bar front (Figure 7b). This
indicates that high flow causes strong damaging effects on the
vegetation density in the proximal mouth bar zone. We attribute
this type of marsh erosion to the drag force induced by flood
(TypeI) (Figure 5b). Alternatively, for the scenario with relative-
ly high discharge and low sediment concentration (D2S2T1),
shrinkinginvegetated areais noted atboth flanks of the mouth bar
during the high flow stage (Figure 7c). We attribute this type of
erosion to substrate erosion combined with the drag force (Type
I1) (Figures 5c and 6b). While for the scenario with relatively
high discharge and high sediment concentration (D2S1T1), the
lateral extent of the mouth bar significantly increases during the
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high flow stage (Figure 6¢). However, the vegetation density in
the newly created land isstill low atthe end of the high flow stage
(Figure 7d) due to the pressure from high velocity (Figure 5d). It
suggests that hydrodynamic force is still the dominant force in
controlling vegetation distribution and expansion in such cases.
Besides, vegetation density in the central and distal mouth bar
zone is highest for the relatively high velocity scenarios, which
is consistent with the locally reduced hydrodynamic pressure
largely due to the higher elevation (Figures 5¢ ~ 5d).

0 02 04 06 08 1 12 14 16 18 2
Velocity (m/s)

Figure 5. Comparison of velocity field before high flow (a)

andthatduring high flow period (230" Julian day) for different

scenarios: (b) D1S1T1, (c) D2S2T1,and (d) D2S1T1. The black

line indicates the mouth bar outline before high flow stage.

3.3. The Evolution of Vegetated Area and Mouth Bar Area

The evolution of the vegetated area and subaerial mouth bar
area (elevation > 0 m) over time for all scenarios with high flow
occurring from the 226™ Julian day is shown in Figure 8a. The
vegetated area increases at the beginning of the seedling stage,
which can be attributed to plant clonal reproduction resulting
from sparsely distributed cells and colonization by seedling re-
cruitment. The vegetated area reaches its maximum in mid-
growing season and remains unchanged until high flow occurs
as all suitable area of the mouth bar are fully occupied by the
vegetation at this stage. Strong vegetation mortality occurs after
the onset of the high flow, leading to immediate decline of the
vegetated area. As the high flow ends, the vegetated area grows
back and the recovery continues for a while in the subsequent
low flow stage. As expected, the decline is minimal for the rela-
tively low (discharge) velocity scenario (D1S1T1). For the more
severely affected relatively high (discharge) velocity scenarios,
the vegetated area at the end of the growing season does not re-
cover the level before the decline for the low sediment concen-
tration scenario (D2S2T1). This suggests that the vegetated area
gained at the distal mouth bar zone is unable to compensate the
eroded vegetated area due to Type Il erosion at the two flanks of
the river mouth (Figures 6b and 7¢). On the contrary, the vegetat-
ed areasignificantly increases after the high flow stage and even-

tually exceeds the level before the decline for the high sediment
concentrationscenario (D2S1T1). Thisis mainly due tothe vege-
tation expansion into the considerable newly created land across
the whole mouth bar (Figures 6¢ and 7d). The contrast between
the various scenarios also indicates the trade-off effects of the

high flow on the marsh vegetation.
7 5

"
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Figure 6. Comparison of elevation changes after high flow be-
tween different scenarios: (a) D1S1T1; (b) D2S2T1; and (c)
D2S1T1. The black line indicates the mouth bar outline before
high flow stage.
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Figure 7. Comparison of vegetation density before high flow
(a) and that after high flow for different scenarios: (b) D1S1T1,
(c) D2S2T1, and (d) D2S1T1.

Our numerical results show that the evolution of the veg-
etated area is also related to that of the subaerial mouth bar area.
Before the high flow strikes, the two areas are identical because
all suitable area of the mouth bar are almost fully occupied by
the vegetation. During the high flow, vegetated area drops more
significantly for both relatively high discharge scenarios (D2S2-

115



S. Zheng et al. / Journal of Environmental Informatics 42(2) 108-122 (2023)

T1 and D2S1T1), suggesting that both Type I and Type Il ero-
sions contribute to marsh erosion. After the high flow, the veg-
etated area grows back with the growing subaerial mouth bar
area, and the two areas gradually match again at the end of the
growing sea, except for the scenario with relatively high dis-
charge and high sediment concentration (D2S1T1). This is be-
cause the termination of the vegetation growth leaves no chance
for further vegetation expansion into the large remaining newly
created land.
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Figure 8. Evolution of vegetated area and subaerial mouth bar
area (> 0 m) over time. (a) when high flow occurs from 226"
Julian day (mid-summer); (b) when high flow occurs from 76™
Julian day (early spring). The black lines indicate vegetated
area, the grey lines indicate mouth bar area.

3.4. Regimes of Vegetation Response to Unsteady River
Discharge

Based on the simulated spatial variations of vegetation dis-
tribution and density as well as the vegetated area throughout
the whole growing season presented above, the vegetation res-
ponse is subject to the trade-off between vegetation expansion
and erosion induced by unsteady river discharge, particularly
the dominant high flow stage. The overall effect of the trade-
off can be summarized by three different regimes defined on the
parameter space of normalized velocity and sediment concentra-
tion metrics (Equations 7 and 8) during the period of high flow
and at the river outlet (see Figure 9). The three vegetation re-

116

sponse regimes are described as follows:

R1. Minimal impact with small flood. Relatively low dis-
charge during the period of high flow has little direct impact on
the plants, and the flood-induced erosion of the mouth bar is
also relatively low.

R2. Erosion with big flood and low sediment supply. Rela-
tively high discharge during the period of high flow causes signi-
ficant damage on the plants (e.g., uprooting) due to the flood-
induced drag force, and also causes significant erosion at the
proximal part and both flanks of the mouth bar due to limited sed-
imentsupply. Marsh recovery isincomplete after the high flow.

R3. Expansion with big flood and high sediment supply.
Flood-induced drag force causes the same damage on the plants,
but due to sufficient sediment supply, net accretion, and expan-
sion occurs at the mouth bar, allowing marsh expansion after
the high flow.
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Figure 9. Responses of vegetation to unsteady river discharge.
(a) ~ (c) spatial vegetation distribution patternsin response to dif-
ferentunsteady river discharge scenarios when high flow occurs
from the 226" Julian day. Red line, green line and blue line re-
present the edge of spatial vegetation distribution at the onset of
high flow, the end of high flow aswell as the end of the growing
season, respectively. (d) Distribution of the three regimeson V™
vs S” space. V" and S” are normalized cross-section averaged
velocity and relative sediment concentration, respectively.

4, Discussion

4.1. The Trade-Off Effect of Unsteady River Discharge on
Vegetation Distribution

Our results indicate that there is trade-off effect of unsteady
river discharge on vegetation distribution. Negative effects are
observed through the response of vegetation to flood in the
proximal part and two flanks of the mouth bar. When high flow
occurs from the 226" Julian day (mid-summer), the seedlings
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have already grown into mature plants and developed a strong
root system to increase their tolerance to flow impact and pre-
vent severe damages such as uprooting (Cao et al., 2018). This
is parameterized by the seedling and adult life-stage in our mod-
el (Equations4and5). Despitethetolerancetovelocity, high flow
can still cause negative effects on vegetation and lead to marsh
erosion at the proximal part and two flanks of the mouth bar.
Similarly, Carle et al. (2015) reported that in Wax Lake Delta,
vegetated area directly downstream of the river mouth and along
the main distributary channel experienced erosion.

Our results also indicate that the negative effects are strong-
ly spatially dependent and dictated by the spatially varying flow
velocity and elevation (Figures 5b ~ 5d and Figures 6a ~ 6c).
The spatially varying effects are also observed in river sand bar
or gravel bar, where vegetation is subject to flood disturbance
aswell (Caponi etal., 2019; Wintenberger et al., 2019). Winten-
bergeretal. (2019) demonstrated that vegetation in fixed sand bar
area, which is characterized by minor morphological changes,
is more susceptible to Type | erosion, whereas vegetation in
eroded area, where sedimentary processes are intense, is more
prone to Type Il erosion. Similarly, our simulation results show
that floods significantly increase flow velocity for the majority
of the mouth bar area (see Figures 5b ~ 5d). This leads to imme-
diate vegetation erosion directly downstream of the river mouth
due to flood-induced drag force (Type I). When high flow ends,
vegetation is able to recover and occupy the proximal mouth bar
zone as long asthe reduced flow disturbance is below its survival
threshold (Figure 8a). At the same time, vegetation at the two
flanks of the mouth bar can be eroded if the high flow is relatively
high and the carried sediment concentration is relatively low
(Figure 7c), which is irreversible because the erosion occurs to
the mouth bar as the substrate for the vegetation colonization
(Figure 6c), i.e., the Type Il erosion.

The positive effects of high flow arise from extra sediment
delivery. Most sediments are delivered into coastal bays and the
inner shelf during the high flow stage, and then reworked by tides
orwaves, leading to sediment deposition at distal mouth bar area
and thus vertical and horizontal accretion (Twilley et al., 2019;
Liuetal., 2021) (see Figures 6b ~ 6¢). New land created through
accretion during the high flow stage provides an opportunity for
vegetation expansion after the high flow (Figures 8aand 9c). No-
tably, when the high flow is relatively high, we found that the
trade-off effect is highly dependent on the associated sediment
concentration. Atthe proximal partand both flanks of the mouth
bar, increasing sediment concentration transforms geomorpho-
logical changes fromerosion to accretion. The dominanterosion
force is also shifted from Type Il to Type I. The geomorphologi-
cal change eventually leads to net vegetation expansion and a
regime shift from R2 to R3.

4.2. The Effects of Timing of High Flow

To test how timing of the high flow affects vegetation res-
ponse, we ran another group of scenarios (Group I1) assuming
that high flow occurs in winter or spring, as in many European
rivers such as Elbe River and Scheldt River (Szczypta et al.,
2012; Wang et al., 2019). Further considering the growing sea-

son for saltmarsh vegetation, we chose the 76" Julian day (March
16"™) when seeds started to germinate and plants were juvenile
as the onset of the high flow. As shown in Figure 10, the over-
all patterns of the vegetation distribution of Group Il scenarios
are similar to those of Group I. The major difference is that the
proximal mouth bar has not been fully occupied by vegetation
when the high flow is shifted to early spring. Figure 8b shows
that the shift of high flow to the seedling stage does hamper the
seedling establishment and vegetation expansion, particularly
for the scenario with relatively high discharge and low sediment
concentration (D2S2T2). In contrast, vegetation expansion con-
tinuesthroughthe seedling stage without flow stress for all Group
I scenarios (Figure 8a). For Group Il scenarios, high velocity at
the proximal mouth bar area persists during the high flow stage,
preventing seedling establishment by directly imposing drag
on the seedling (Equation 5) until high flow ends.
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Figure 10. Spatial vegetation distribution patterns in response
to different unsteady river discharge scenarios when high flow
occurs from the 76" Julian day. Red line, green line and blue
line represent the edge of spatial vegetation distribution at the
onset of high flow, the end of high flow as well as the end of the
growing season, respectively.
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Figure 11. The spatial distribution of probability of flow dis-
turbance of R4 during the high flow stage

As suggested by Hu et al. (2015), a sufficiently long dis-
turbance-free period during seedling stage is the key for the oc-
currence of colonization events. The growth of seedling also re-
quires a disturbance-free period so that their root can withstand
the flow (Balke etal., 2011). The probability of flow disturbance
was calculated by dividing the number of days when flow ve-
locity was below velocity threshold by the duration of high flow.
Figure 11 shows that the central mouth bar zone with higher ele-
vation tends to have a larger probability in having a long enough
disturbance-free period. Besides, the distal mouth bar zone tends
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Figure 12. Comparisons of vegetated area before and after high flow: (a) ~ (c) location of the mouth bar and vegetation distributions
in different time nodes during the growing season. (a) ~ (c) are mouth bar at the Yellow River Estuary (YRE), Wax Lake Delta
(WLD), and the Jiuduansha Shoals (JDS), Yangtze River Estuary, respectively. Red line, green line and blue line represent the edge
of spatial vegetation distribution before and after high flow period, as well as end of the growing season, respectively. (d)
comparison of relative vegetated area between generic model simulation and real cases.

to experience long disturbance-free period as predicted by our
hydrodynamics simulation (Figure 5). Less disturbance in the
distal mouth bar zone results in lower vegetation loss during
the high flow period (Figures 10b ~ 10c). Similar phenomenon
was observed inthe Wax Lake Delta (Carle et al., 2015). Vegeta-
tion was eroded in the proximal mouth bar zone in the history-
ical 2011 Mississippi River flood, whereas lower erosion oc-
curred in the middle and distal mouth bar area.

Even though the timing of the high flow is vastly different,
the vegetated area at the end of the growing season does not
differ significantly between the Group | and Il scenarios, ex-
cept for the scenarios with relatively high velocity and high
sediment concentration (R3 vs R6). Although both scenarios
create almost equal amount of new land due to the high flow,
the onset of the high flow in mid-summer results in shorter re-
maining growing season (40 days for R3 vs 190 days for R6) for
subsequent vegetation expansion to newly created land. More-
over, when high flow occurs in the seedling stage, the flood af-
fects less vegetated area and the affected seedlings can revive
after a shorter recovery time (see Figure 8b). In such case, the
timing of the high flow affects the ultimate saltmarsh extent.

4.3. Verification with Real Cases

In this study, we developed a vegetation dynamics model
based on perennial herbaceous saltmarsh species S. alterniflora,
and further coupled with Delft3D model to investigate how un-
steady river discharge affected marsh vegetation. Our model suc-
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cessfully reproduces the well-established vegetation expansion
pattern (see Movie S1). The short-distance vegetation expansion
is characterized by a number of clonal propagules that are able
to expand laterally, resulting in a single large patchy vegetation
pattern (Schwarz et al., 2018). The long-distance vegetation ex-
pansion is characterized by small patchy vegetation pattern
which is far away fromits original community (Ge etal., 2015b).
Separated vegetation patch are connected through clonal spread
ing, and are eventually combined into one continuous vegeta-
tion patch (Taylor et al., 2004).

We further analyzed the response of vegetated area to un-
steady river discharge in three natural mouth bar cases using the
same methods presented in Section 2.5. Moreover, the relative
vegetated area for three key time nodes, namely, before high
flow, after high flow and at the end of the growing season, were
calculated as well (see Supplementary Material for details). In
principle, the three chosen cases verify the vegetation response
regimes we proposed above. Specifically, for R1 (relatively low
discharge), which is exemplified by the mouth bar at the Yellow
River Estuary (YRE), both vegetation distribution and area chan-
ge little before and after the high flow stage (Figures 12a and
12d). For cases with relatively high discharge and low sediment
concentration, such as the Wax Lake Delta (WLD) (Figure 12b),
vegetation erodes at the proximal and both flanks of the mouth
bar during the high flow stage (Shaw et al., 2013; Carle et al.,
2015; Olliveretal., 2020), resulting in significant marsh erosion.
The subsequent recovery, albeit incomplete, is also well captur-
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ed. For R3 (relatively high discharge and high sediment concen-
tration), which is exemplified by the Jiuduansha Shoals (JDS)
at the Yangtze River Estuary (Guo, 2013) (Figure 12c). Vegeta-
tion experiences minor erosion during the high flow period,
and expands throughout the whole mouth bar area after the
high flow, resulting in increased vegetated area at the end of
the growing season.

In summary, the vegetation response to unsteady river dis-
charge is dictated by the overall effect of the trade-off between
expansion and erosion, which further depends on the timing,
magnitude and duration of the high flow as well as the carried
sediment concentration. This is illustrated in the conceptual di-
agram shown in Figure 13. In relatively low flow velocity con-
dition, vegetation tends to remain in a stable condition, due to
limited hydrodynamic pressure and geomorphological change
(lightgreenareain Figure 13). This can be observed from Yellow
River Estuary (Figure 12a). Inrelatively high flow condition with
low sediment concentration (dark yellow in Figure 13), vegeta-
tion erosion is primarily caused by Type Il erosion. Therefore,
it is unable for the vegetated area to recover to the level before
the high flow. Such phenomenon is observed in the proximal
mouth bar zone in Wax Lake Delta (Figure 12b). However, there
are still chances for vegetation to grow back as long as the sed-
iment supply is abundant. The sediment concentration can rever-
se the trade-off effect in relatively high velocity condition (blue
arrow). In such condition, the vegetation erosion induced by
Type | erosion is reversable as long as enough growing season
remained in low flow stage (Figures 8, R3 vs R6). This can be
observed at the Jiuduansha Shoal, Yangtze River Estuary (Fig-
ure 12c), where vegetation erodes slightly during the high flow
stage, recovers after the high flow and ultimately attains a larger
vegetated area at the end of the growing season.
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Figure 13. Conceptual model on how trade-off between river
velocity and sediment concentration variation is affecting veg-
etation development at a river mouth bar.

4.4. Implications for Wetland Restoration

The fate of many deltaic floodplains relies on the sediment
supply in combating wetland loss and degradation (Hiatt et al.,
2019). Almost all sediments in the deltaic zone come directly or
indirectly from rivers. In this context, restoration and regulation
schemes such as water diversion and WSRS are considered the
most effective tools for deltaic floodplain and wetland restora-

tion. In order to maximize restoration goals, the sediment load
and flood timing should be properly designed and optimized in
a restoration project.

Based on the trade-off effects demonstrated in our study,
we emphasize the importance of sediment supply with the river
discharge in maintaining the stability of the ecogeomorpholog-
ical system. The sediment concentration can shift the trade-off
effect in relatively high velocity condition. In relatively high
velocity with high sediment concentration condition, high flow
could lead to vegetation loss due to Type I and Type Il erosion
but will eventually lead to net vegetation gain once it ends (Fig-
ure 8, R3 and R6). On the contrary, insufficient sediment sup-
ply results in veg- etation loss in the end. The important role of
sediment in wetland restoration is well reported in the literature
(Ezcurra et al., 2019; Ganju, 2019; Ladd et al., 2019; Liu et al.,
2021), and a unsuccessful wetland restoration project at the
Caernarvon diversion site also proved that extra freshwater
with limited sediment supply contributed little to wetland res-
toration (Elsey-Quirk et al., 2019). Therefore, we emphasize
that enough sediment supply should be considered when diver-
sion project is conducted.

Another important issue on diversion management is how
to minimize the negative effect of short-term flood pulse in caus-
ing vegetation loss while maximizing long-term wetland gain.
The timing of the high flow can make a difference as demon-
strated by our scenario simulations. Amongst other factors, the
timing of the high flow relative to the plant life history determines
the tolerance of the plant to the stress and thus its response, as
well as the remaining period of the growing season and thusthe
duration of vegetation recovery after the high flow. Based on our
simulation results, it is preferable to conduct water diversion in
early growing season so that less vegetation will be influenced
and longer vegetation recovery will be allowed. Similar strategy-
ies were put forward by Peyronnin et al. (2017) that diversion
during winter months could achieve better wetland restoration
outcome through land building and preventing vegetation loss
from prolonged and continuous flooding as plants are in the
dormant state.

River mouth bar is widely recognized as a key morpho-
logical unit formed at the estuary or delta front that is subject to
intense terrestrial and marine forcing, including river discharge,
waves and tides, giving rise to complex depositional patterns.
For example, in tide-dominated system, mouth bars are charac-
terized by trifurcations rather than a wide mouth bar in river-
dominated system (Leonardi et al., 2013), and vegetation is re-
gularly influenced by daily to fortnightly variations in the tide
and annual water level variations (Suchrow and Jensen, 2010),
resulting in distinct geomorphology and hence the vegetation
distribution. In wave-dominated system, extra wave-induced
bed shear stress can be important for the morphodynamics of
the mouth bar (Gao et al., 2018), as well as seeding establish-
ment (Hu et al., 2015; Brickner et al., 2019). Further research
can be extended to these tide/wave-dominated systems.

Inaddition, biotic feedbacks can be taken into consideration
in future studies. Stabilization arises from below ground roots
that can withstand higher tensile stresses and increase material
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strength and from dense aboveground biomass that diminishes
turbulent kinetic energy in the flow, thereby increasing deposi-
tion and reducing sediment erosion (Fagherazzi et al., 2015). As
suggested by Nardin and Edmonds (2014), wetlands in the
proximal delta behave differently from that in the distal delta
zone in how biotic feedbacks influence sedimentation as a func-
tion of vegetation heightand density. Developing an ecogeomor-
phological model that considers the interacttions between veg-
etation, hydrodynamics and geomorphology in a two-way cou-
pling fashion can provide a more comprehensive understanding
on how the system evolves under environmental changes such
as altering river discharges.

5. Conclusions

In this study, numerical experiments were performed using
an ecogeomorphological modelling approach through the cou-
pling of an in-house vegetation dynamics model and the hydro-
and morphodynamics model Delft3D, to study the responses of
vegetation to unsteady river discharge throughout the plant life
history. Delft3D was used to simulate the evolution of a schema-
tized river mouth bar under prototypical unsteady river discharge
scenarios. The simulated hydrodynamic and morphodynamic re-
sults were further used to drive the vegetation dynamics model
developed based on the Spartina alterniflora species with global
relevance to simulate the response of spatio-temporal vegetation
distribution to different unsteady river discharge scenarios.

Ourresultsshow that: 1) the imposed seasonal high flow can
create more potential suitable habitat for the vegetation expan-
sion and at the same time, cause erosion of vegetation through
flood-induced drag force (Type 1) as well as substrate erosion
(Type 11); 2) The net overall effect of the trade-off between ex-
pansion and erosion depends on the timing, magnitude and dur-
ation of the high flow as well as the carried sediment concen-
tration, leading to three vegetation response regimes defined on
the parameter space of normalized velocity and sediment concen-
tration metrics, namely, minimal impact with small flood (R1),
erosion with big flood and low sediment supply (R2), expansion
with big flood and high sediment supply (R3); 3) the timing of
the high flow determines whether the vegetation has enough
time to occupy the newly created land at the rejuvenation stage
after the high flow and thereby affects the overall saltmarsh ex-
tent; and 4) The three vegetation response regimes are verified
in principle by observed flood-induced vegetation changes in
real cases such as mouth bars at the Yellow River Estuary, Wax
Lake Delta, and the Jiuduansha Shoal at the Yangtze River Es-
tuary. Our results have important implications for understanding
how saltmarsh vegetation respond to unsteady river discharge,
and how to protect and restore them under intensive human ac-
tivitiesand climate change.
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