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Abstract Mangrove‐saltmarsh ecotones are experiencing rapid alterations due to climate change and
human activities, however, the ecological and morphological implications of these shifts remain largely
unknown. This study systematically explores how interspecific interactions and herbivory influence the
dominant wetland species, as well as the resultant morphological evolution and landscape configuration. To
achieve this, we develop a new eco‐morphodynamic model that integrates hydrodynamics, sediment transport,
bed‐level change, and vegetation dynamics. The novelty of the current model lies in newly incorporated
modules to simulate biotic interactions between mangroves and saltmarshes, enabling exploration of eco‐
morphodynamic feedback in mangrove‐saltmarsh ecotones in response to tidal flows and species interactions.
Our results show that vertical growth rates of coexisting vegetation species are dominant factors in determining
wetland dominance. When mangroves and saltmarshes exhibit comparable growth rates, mangroves typically
become the dominant wetland species. Conversely, if mangroves grow more slowly than saltmarshes, they are
unable to outcompete saltmarshes. Additionally, herbivory can fundamentally alter wetland dominance
depending on herbivore food preferences. Our simulations further underline that saltmarsh‐dominated wetlands
develop channel networks more extensively and rapidly than mangrove‐dominated systems. This pattern is also
observed during species invasions, with invading saltmarshes extending channel networks, while invading
mangroves inhibit ongoing network expansion. This study highlights the pivotal roles of relative growth
properties and herbivory in driving ecotone development in respect to wetland dominance and channel network
development at the intertidal scale.

Plain Language Summary In coastal areas where mangrove trees and saltmarsh grasses exist
together, climate change and human activities significantly impact wetland development. This study uses a
novel computer model to explore how different plants interact, how plant‐eating animals influence plant
distribution and how these factors affect the shape of coastal landscapes. Our findings reveal that mangrove trees
with growth rates similar to saltmarsh grasses can outcompete saltmarshes and become the dominant wetland
species. Additionally, animals that eat plants play a crucial role in determining which plants survive, with their
effects highly dependent on their feeding preferences. Wetlands dominated by saltmarshes tend to develop
deeper channels. This occurs because saltmarshes spread slowly and grow in patches, which changes water flow
and promotes erosion in areas without vegetation. Conversely, wetlands where mangroves are taking over
typically feature fewer and shallower channels. Overall, our study suggests that the growth rates of different
plants and the presence of plant‐eating animals are essential in shaping these coastal environments.

1. Introduction
Coastal wetlands are one of the most valuable ecosystems on the planet, providing critical benefits to coastal
populations such as carbon sequestration, coastal protection, and biodiversity enrichment (Costanza et al., 2014).
Among these wetlands, mangroves and saltmarshes are two common species, often found in similar geomorphic
settings along low‐lying coastlines (Barbier et al., 2011). Globally, mangrove trees and shrubs primarily dominate
sheltered tropical shorelines, while grass‐like saltmarshes prevail along temperate coastlines at higher latitudes
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(Saintilan et al., 2019). However, both systems are facing increasing pressure from climate change and human
activities, potentially reshaping their habitats across the globe. For example, decreases in extreme freeze fre-
quencies have allowed mangrove species around the world to proliferate toward their poleward limits over the
past half century, often at the expense of displaced saltmarshes (Cavanaugh et al., 2019; Saintilan &
Rogers, 2015). In contrast, human introduction of non‐native species, such as Spartina alterniflora saltmarshes, to
limit coastal erosion has unexpectedly spread to mangrove ecosystems (Zhang et al., 2021; Zhu et al., 2019). The
co‐occurrence of these two vegetation types has created unique transitional zones known as mangrove‐saltmarsh
ecotones, which are facing unprecedented change. However, the dynamics of these ecotones and the possibility of
species co‐occurrence leading to shifts in dominant species with potential implications for wetland morphology
remain largely unexplored. New eco‐morphodynamic models accounting for more complex biotic interactions are
needed to help understanding impacts of climate change and anthropogenically induced biological invasions, an
important limitation of our current scientific understanding as outlined by the IPCC (IPCC, 2022).

Mangroves and saltmarshes share similar eco‐morphodynamic feedback processes that shape the coastal land-
scape. They both have the ability to promote sediment deposition by attenuating tidal currents and dampening
waves within vegetated areas (McKee et al., 2020; Möller et al., 2014), although the amount of sediment trapped
per unit of time and surface, the so‐called trapping efficiency, can vary with morphological configuration and
vegetation species (Y. Chen et al., 2018; Morris et al., 2023; Rogers et al., 2006). Both vegetation species can
deviate tidal currents and instigate erosion of adjacent unvegetated areas, thereby initiating channel formation
(Schwarz et al., 2018; van Maanen et al., 2015).

Despite their similarities in ecoengineering effects, mangroves and saltmarshes display key differences in
colonization strategies and growth patterns that fundamentally influence the characteristics of their ecoengin-
eering effects. Mangroves typically colonize through a high amount of viviparous propagules, resulting in a
relatively homogenous spatial distribution and faster colonization (Fromard et al., 2004; Schwarz et al., 2022). In
contrast, temperate saltmarshes (e.g., dominated by the genus Spartina in their pioneer zone) tend to rely on
asexual lateral expansion for habitat colonization, leading to an initial patchy cover and slower colonization (Cao
et al., 2018; Taylor & Hastings, 2004). In terms of growth, mangroves at their latitudinal extremes undergo
growth heavily influenced by temperature and photoperiod (Chapman et al., 2021; Krauss et al., 2008), typically
featuring slow growth rates during winter months (Peng et al., 2018). In comparison, temperate saltmarshes
demonstrate cyclical growth patterns in response to seasonal fluctuations, with peaking in biomass by late
summer, and then experiencing die‐off of aboveground stands in winter (S.‐H. Li et al., 2018; Zheng et al., 2016).
These differences in colonization strategies and growth patterns between mangroves and saltmarshes have been
demonstrated to create distinct channel network properties, with fast/slow colonizing mangroves/saltmarshes
creating sparser/denser channel networks (Schwarz et al., 2022). Nevertheless, it is unknown whether tidal
channel formation is affected differently in systems colonized by single species of either mangroves or salt-
marshes compared to systems where both mangroves and saltmarshes colonize simultaneously. Understanding
the effects of multiple vegetation species and their potential shifts on wetland morphology are essential challenges
for the effective management and conservation of coastal ecosystems.

Mangroves and saltmarshes, occupying overlapping ecological niches in coastal wetlands, undergo diverse biotic
interactions, including facilitation, competition, and herbivory. For instance, saltmarshes can facilitate mangrove
establishment by trapping mangrove propagules within their aboveground stands (Friess et al., 2012; McKee
et al., 2007). However, the dynamics of mangrove‐saltmarsh ecotones have shown to depend strongly on post‐
establishment competition (Howard et al., 2015), particularly regarding access to light and nutrients (Pickens
et al., 2019; Simpson et al., 2013). Previous studies have revealed that saltmarsh replacement beneath mangrove
forests typically results from limited light and resource availability when they compete with taller and larger
mangrove stands (Krauss & Allen, 2003; Patterson et al., 1997; Raabe et al., 2012). Likewise, saltmarshes with
tall stature and high density can outcompete short mangrove seedlings through similar processes. As observed in
numerous mangrove‐saltmarsh ecotones throughout China, S. alterniflora, an introduced saltmarsh species
originating from the United States, has replaced native mangrove seedlings (e.g., Kandelia obovata) due to its
rapid growth (Biswas et al., 2018; Lu et al., 2018). Yet, mangrove species like Sonneratia apetala also occurring
along Chinese coasts, which demonstrate a similar vertical growth rate to S. alterniflora in early development, are
able to effectively control S. alterniflora invasions by overshading them (Peng et al., 2018; Zhou et al., 2015). As
various mangrove‐saltmarsh competition outcomes occur, which are linked to varying vertical growth rates,
relative growth properties between mangroves and saltmarshes could be an important determinant of mangrove‐
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saltmarsh dynamics. However, competition outcomes are intrinsically driven by both growth in response to
inundation time, which results from eco‐morphodynamic feedback, and growth in response to biotic interactions,
underlying the necessity of new model development.

Herbivory, another important biotic interaction within coastal wetlands, was also shown to regulate vegetation
dynamics (Van der Stocken et al., 2019; Xu et al., 2023). Herbivores, such as crabs, insects, and rodents, feed on
seeds and young shoots, thereby affecting the survival of mangroves and saltmarshes (He & Silliman, 2016), as
well as triggering eco‐morphodynamic feedback (Hughes et al., 2024). However, the inclusion of herbivory
within eco‐morphodynamic models has so far been neglected and it thus remains uncertain how multiple biotic
interactions are able to influence the dominance of a specific wetland species and wetland development.

Although several studies have monitored ecotone morphodynamics through field observations and experiments,
there is a lack of systematic investigations into eco‐morphodynamics over decadal scales, particularly concerning
channel networks and sediment transport (Y. Chen et al., 2018; McKee et al., 2020). As such, numerical modeling
presents a valuable approach in elucidating the interactions of the various processes affecting species dominance
and wetland morphodynamics. While significant advancements have been achieved in coastal eco‐
morphodynamic modeling over the past decades, particularly in modeling vegetation dynamics and landscape
evolution, many existing models oversimplify biotic interactions by using a preconfigured biomass productivity
and competitive ability (Marani et al., 2013; Xie et al., 2020). Meanwhile, most modeling studies focus on a single
vegetation species, neglecting the potential for vegetation shifts that characterize mangrove‐saltmarsh ecotones,
such as mangrove modeling (van Maanen et al., 2015; Xie et al., 2020) and saltmarsh modeling (Brückner
et al., 2019; Schwarz et al., 2014). Importantly, mangrove‐saltmarsh interactions are highly context‐dependent
(Guo et al., 2013; Reis et al., 2023) and the outcome of mangrove‐saltmarsh interactions is not only a function
of biotic interactions but also eco‐morphodynamic feedback. Thus, it is essential to develop such a model for
gaining a better understanding of how species interactions alter vegetation cover and landscape configuration.

In this study, we develop a new eco‐morphodynamic model that incorporates mangrove‐saltmarsh interactions, as
well as the influence of herbivory. We use Zhangjiang Estuary as a reference site to set up our model since it (a)
has experienced an ecosystem shift from a mangrove‐dominated wetland to a mangrove‐saltmarsh ecotone (Liu
et al., 2017; Zhu et al., 2019), (b) hosts distinct herbivory effects across vegetation species (Peng et al., 2022;
Zhang et al., 2018), and (c) provides ample field data for model setups and calibration. Our numerical experiments
primarily focus on understanding vegetation‐mediated sediment redistribution and corresponding morphological
changes within the computational domain, rather than on understanding the system response to changes in
external conditions (e.g., varying hydrodynamic, sedimentary, and ecological parameters). Regarding morpho-
logical changes and landscape evolution, we particularly focus on the development of tidal channel networks as
these are key landscape features that control the movement of water, sediment and nutrients, and thus determine
the longer‐term resilience of wetland ecosystems (D'Alpaos et al., 2005; Van de Vijsel et al., 2023). Following
model calibration, we carry out numerical experiments to answer: (a) What factors determine the dominant
wetland species if both mangroves and saltmarshes are present during mudflat colonization? (b) Can newly
colonizing saltmarshes or mangroves alter the dominant wetland species in established habitats? (c) How does a
change in dominant wetland species affect morphology, particularly regarding sediment dynamics and channel
networks?

2. Methods
Mangrove‐saltmarsh ecotone dynamics are simulated by coupling a spatially explicit hydro‐morphodynamic
model (Delft3D) (Lesser et al., 2004) with well‐calibrated vegetation dynamic models (Matlab), including
mangroves (Xie et al., 2022), saltmarshes (Schwarz et al., 2014), and their competition (R. Chen & Twil-
ley, 1998). Every ecological month, Delft3D provides hydro‐morphodynamic information to Matlab for calcu-
lating vegetation dynamics, which are then fed back to Delft3D for subsequent hydrodynamic and
morphodynamic calculations (Figure 1). Moreover, this eco‐morphodynamic model contains a species‐
interaction module, which was specifically developed in this study to address biotic interactions between man-
groves and saltmarshes, allowing us to investigate the factors determining the dominant wetland species when
both mangroves and saltmarshes are present. To calibrate this new module, we compared the model results with
field measurements from a marsh‐organ experiment at the study site (Peng et al., 2018). Following calibration,
different scenarios were designed to explore whether newly colonized saltmarshes or mangroves alter the
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dominant wetland species in established habitats and how changes in dominant wetland species affect
morphology.

2.1. Study Site

Zhangjiang Estuary, located in southern China (117°25′E, 23°55′N), is situated within a back‐barrier tidal basin,
experiencing semidiurnal tides with an annual mean tidal range of 2.32 m and a maximum tidal range of 4.67 m
(Wei et al., 2022; Zhang et al., 2006). Additionally, reservoir construction in upstream rivers has reduced the
sediment supply to this area (Wu et al., 2024).

Vegetation within this wetland is dominated by the native mangrove species, K. obovata, which typically attains a
mean height of 4.5 m in the upper intertidal zone, with a density of 30 trees/100 m2 (Zhang et al., 2006). In recent
decades, S. alterniflora has extensively colonized previously unvegetated lower intertidal zones (Liu et al., 2017;
Zhu et al., 2019). The exotic mangrove species S. apetala was introduced to this site in 2006 and has since been
growing amid native mangroves (Peng et al., 2018). Rattus losea, a common native rodent, inhabits this wetland
and feeds on both mangrove and saltmarsh seedlings (Peng et al., 2022; Zhang et al., 2018). However, there are
significant differences in their consumption preferences among species, resulting in distinct herbivory effects on
plant colonization. For instance, rodent grazing rates, indicating the percentage of stems consumed during a given
period, range from 70% to 100% for K. obovata and 40%–70% for S. alterniflora, whereas for S. apetala, it is only
about 10% (Peng et al., 2022; Zhang et al., 2018).

K. obovata and S. apetala are two widely distributed mangrove species across Eastern Asia (Ren et al., 2009;
Sheue et al., 2003). They exhibit distinct growth properties, experience varying impacts from herbivory, and
demonstrate contrasting outcomes in competition with S. alterniflora. Therefore, our focus centers on these two
mangrove species. K. obovata, hereafter referred to as slow‐growing mangroves (Ms), grows notably slower than
S. alterniflora in China (Peng et al., 2018). S. apetala, which has comparable growth rates to S. alterniflora, is
referred to as fast‐growing mangroves (Mf). The saltmarsh species S. alterniflora is simply termed S.

Figure 1. Schematic illustration of eco‐morphodynamic interactions in mangrove‐saltmarsh ecotones. The morphodynamics
of the ecotone are controlled by both hydro‐morphodynamics and vegetation‐ecoengineering effects. The ecoengineering
effects are determined by the biophysical properties of all vegetation species, such as aerial roots and stem height (hv),
density (n), and drag coefficient (CD), which are strongly influenced by species‐specific colonization strategies, growth
patterns, and biotic interactions. The hydro‐morphodynamic module interacts with the vegetation module every ecological
month. The MORFAC represents the morphological acceleration factor.
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2.2. Eco‐Morphodynamic Model Framework

Taking advantage of previously presented and well established eco‐morphodynamic framework, coastal
morphological evolution is simulated using a spatially explicit numerical model Delft3D. This model first derives
hydrodynamic variables based on the shallow water equations and initial bathymetry, which are employed to
compute sediment transport and associated morphological changes, forming a feedback loop between hydro-
dynamics, sediment transport, and morphological changes (Figure 1). Utilizing the “Trachytope Module” in
Delft3D, the model further integrates vegetation effects, with characteristics determined by vegetation bio-
physical properties, such as stem height, density, and drag coefficient (Baptist et al., 2007). These vegetation
variables dynamically change with growth and death, simulated by widely adopted mangrove and saltmarsh
models in Matlab (Schwarz et al., 2014; Xie et al., 2022). To link the two vegetation models and incorporate
interactions between mangroves and saltmarshes, a species‐interaction module is introduced to this framework
based on existing competition modeling approaches (R. Chen & Twilley, 1998). This enhancement allows for a
more nuanced representation of ecotone dynamics and their effects on wetland morphology. Model parameters
and their sources used to set up the model are summarized in Tables S1–S5 in Supporting Information S1.

2.2.1. Hydro‐Morphodynamic Module

Delft3D is employed to compute the hydrodynamics and sediment dynamics governing the morphological
changes of coastal mudflats (Lesser et al., 2004). The hydrodynamic module solves the depth‐averaged shallow
water equations to derive water levels and velocities along a rectilinear grid (Table S1 in Supporting Informa-
tion S1). Using local flow velocities and eddy diffusivities, the sediment transport module solves the advection‐
diffusion equation for cohesive sediment, utilizing the well‐known Partheniades‐Krone formulation as a resus-
pension criterion (Partheniades, 1965). In this study, sediment composition is simplified as cohesive mud to
streamline the effects of various sediment fractions and reduce model complexity. Changes in bed elevation
resulting from erosion and deposition fluxes of sediment are incorporated into new bathymetry and used in the
subsequent hydrodynamic calculations, forming a so‐called hydro‐morphodynamic cycle (Figure 1). Hydro‐
morphodynamic parameters are primarily based on previous studies (Xie et al., 2022; Zhou et al., 2022),
which are summarized in Table S4 in Supporting Information S1.

2.2.2. Mangrove Module

Building on previous mangrove models (vanMaanen et al., 2015; Xie et al., 2020), mangrove module captures the
dynamic interplay of colonization, growth, and mortality in mangrove ecosystems. This module simulates the
dispersal of mangrove propagules by assuming that mangroves can establish themselves on mudflats under
favorable tidal conditions (Xie et al., 2022). These favorable conditions not only require suitable inundation but
also a calm hydrodynamic environment that allows seedlings to settle and develop resilience against disturbances
(Bouma et al., 2016; Hu et al., 2015). Inundation is estimated by the relative hydroperiod, which represents the
proportion of time a grid cell remains submerged during each tidal cycle. Additionally, we compute the 90th
percentile bed shear stress during each hydrodynamic time step, with a threshold value of 0.2 N/m2 to identify
favorable conditions for propagule settlement (Balke et al., 2011; Xie et al., 2022).

Once established, mangroves exhibit faster growth during the growing season and slower growth during the
winter months (Figure S1 in Supporting Information S1). Their growth, including increases in stem diameter, tree
height, and root number, is influenced by fitness effects and competition (Table S2 in Supporting Information S1)
(Xie et al., 2022). Fitness is linked to the relative hydroperiod (Figure S2 in Supporting Information S1), with
mangroves achieving maximum fitness at their optimal elevation and decreasing as inundation periods lengthen
or shorten (Krauss et al., 2014). Competition for finite resources within the grid cell, such as space, further
constrains their growth, as detailed in van Maanen et al. (2015). Interspecific competition with saltmarshes,
described in the subsequent Section 2.2.4, can also impact mangrove growth.

Prolonged growth inhibition, either due to low fitness or intense competition, can lead to mangrove mortality (R.
Chen & Twilley, 1998). We assess mangrove growth status using a metric determined by the product of fitness
and competition, with a product below 0.5 indicating growth suppression (van Maanen et al., 2015). If this
suppressed state persists for five consecutive years, tree density is reduced at the beginning of each new ecological
year to simulate mangrove self‐thinning (Osland et al., 2012). Detailed descriptions of the mangrove model can be
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found in van Maanen et al. (2015) and Xie et al. (2022). The equations and parameters used in this mangrove
module are listed in Tables S2 and S5 in Supporting Information S1.

2.2.3. Saltmarsh Module

In line with previous saltmarsh modeling studies, the development of saltmarshes is driven by processes such as
establishment, growth, diffusion, and stress‐induced mortality (Schwarz et al., 2014; Temmerman et al., 2007).
When flooding conditions are suitable and water flow is below a critical threshold, saltmarsh seedlings are
randomly allocated with a defined establishment probability to uncolonized grid cells, with initial stem density
and plant height (Schwarz et al., 2014). Once established, saltmarsh growth follows logarithmic growth equations
up to its maximum carrying capacity of density and height (Table S3 in Supporting Information S1) (Temmerman
et al., 2007). Similar to mangroves, saltmarsh growth is also influenced by inundation‐based fitness (Figure S2 in
Supporting Information S1) and potential interspecific competition. Additionally, saltmarshes can expand
laterally to neighboring cells, with a lateral expansion rate determined by the existing stands (Table S3 in
Supporting Information S1).

Saltmarsh mortality is associated with high flow stress, quantified through a dose‐effect relationship (van Oor-
schot et al., 2016). This relationship specifies minimum and maximum thresholds, indicating that saltmarshes
remain unaffected when tidal forces are below the minimum threshold and are entirely removed when flow stress
exceed the maximum threshold. Between these thresholds, the mortality fraction increases linearly with rising
pressure (van Oorschot et al., 2017). Additionally, during non‐growing seasons (Figure S1 in Supporting In-
formation S1), saltmarshes enter a senescence phase, characterized by a gradual reduction in stand height and
stem density. The equations and parameters used in this saltmarsh module can be found in Tables S3 and S5 in
Supporting Information S1.

2.2.4. Species‐Interaction Module

Mangroves and saltmarshes can potentially coexist within the same model grid cell, leading to interspecific
competition for light and space. These interactions are modeled using the concept of the zone of influence (ZOI), a
widely used approach in plant competition modeling (Berger & Hildenbrandt, 2000). Each plant accesses re-
sources within a specific zone around its stem base, and when these zones overlap, competition ensues since only
a limited number of plants can thrive in the shared area (Berger & Hildenbrandt, 2000). Light, a crucial and highly
contested resource, plays a pivotal role in above‐ground interspecific competition (Figure 2). Following the
competition modeling of R. Chen and Twilley (1998), our model calculates the available light for shorter plants by
considering the cumulative leaf area of their taller neighbors (Figure 2). For mangroves, leaf area (LAm) is a
function of diameter (D), while for saltmarshes, leaf area (LAs) depends on height (Hs) and density (P):

LAm = am · Dbm (1)

LAs = as · Hbss · P (2)

where am, bm, as, and bs are species‐specific constants (Table S5 in Supporting Information S1). The available
light (AL) after passing through taller plants is calculated as:

AL = e(− k ·LA · (h2 − h1)) (3)

where k is the attenuation constant (Table S5 in Supporting Information S1), and h1 and h2 are the heights of the
shorter and taller vegetation, respectively. The reduction in available light, which inhibits photosynthesis and
subsequently growth, is determined using the following relationships (Botkin et al., 1972; R. Chen &
Twilley, 1998):

Cinter light = 0.5 · (rs + ri) (4)

rs = 1 − e(− 4.64 · (AL− 0.05)) (5)
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ri = 2.24 · (1 − e(− 1.136 · (AL− 0.08))) (6)

where Cinter light represents the shading effect on growth due to reduced photosynthesis, particularly impacting
shade‐intolerant plants. In this study, Ms, Mf, and S are all identified as shade‐intolerant species (Peng
et al., 2018; Zhang et al., 2012). rs and ri denote the reductions in photosynthesis rates for shade‐tolerant and
shade‐intolerant species, respectively.

Nutrient inputs, another crucial factor in vegetative growth, can lead to belowground interspecific competition
between coexisting vegetation species. Using the ZOI concept (Berger & Hildenbrandt, 2000), we simplify
nutrient competition by assuming that mangroves and saltmarshes have similar nutrient uptake efficiencies.
However, the species occupying a larger fraction of the grid cell can potentially gain more nutrients. Here, the
fraction is defined as the ratio of the species' biomass in the grid to its maximum carrying capacity, representing its
development level and area occupation in the grid. Nutrient competition is then evaluated by the relative fraction
of two coexisting species ( fr), calculated as follows:

Cinter resource =
1

1 + ed2(0.5− fr)
(7)

fr = f2 − f1 (8)

where d2 is a constant controlling the shape of the competition curve, set to − 12. f1 and f2 are the fractions of the
species with the lower and greater fractions, respectively.

The ultimate outcome of interspecific competition hinges on whether light or nutrient competition has a greater
impact, which means we choose the outcome with the greater impact to calculate the competition impact. When
mangrove seedlings compete with saltmarshes, they can always survive the first 2 years of growth suppression by
relying on the energy stored in their propagules, regardless of the intensity of saltmarsh competition. However, if
the mangroves cannot overtop the saltmarshes by the end of these 2 years, they are presumed to die due to the
inability to access essential external resources (Zhang et al., 2006). Additionally, when mangroves or saltmarshes

Figure 2. Conceptual sketch of aboveground and belowground competition between two neighboring plant species.
Aboveground light competition is determined by the height differences between shorter plants (h1) and taller plants (h2).
Belowground resource competition is estimated by the differences in fractions in each grid cell between lower‐fraction plants
( f1) and larger‐fraction plants ( f2).
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grow alone, we do not consider light or nutrient competition within their respective communities to reduce model
complexity.

2.2.5. Herbivory Module

Herbivory predation, another critical biotic interaction, significantly influences the mortality of mangroves and
saltmarshes (He & Silliman, 2016). Using data from the Zhangjiang Estuary (Peng et al., 2022; Zhang
et al., 2018), we correlate potential predation rates on different species with tidal inundation regimes along the
mudflat profile (Figure S3 in Supporting Information S1). To simplify our interpretation, we propose two hy-
potheses: (a) if predation occurs, all individuals of the targeted plant species within the grid are presumed dead;
(b) if the plant is sufficiently robust (i.e., taller than 1 m), predation is insufficient to kill it (Z. Li et al., 2014;
Zhang et al., 2018). Therefore, in this model, predation predominantly affects the survival of newly colonized
seedlings. While mangroves and saltmarshes can also be consumed by other herbivores such as crabs and insects,
this study focuses on the impact of a single herbivore (i.e., rodents) for simplicity. Peng et al. (2022) observed that
herbivory predation in the Zhangjiang Estuary mainly occurs from December to January. Thus, our model ini-
tiates the predation process during the same period (Figure S1 in Supporting Information S1).

2.3. Model Setup and Output Analysis

2.3.1. Model Settings

A simplified two‐dimensional tidal flat model is constructed to represent meso‐tidal mangrove wetlands around
the world (Friedrichs, 2011; Xie et al., 2022). This model features a gentle intertidal zone and a steeper subtidal
zone influenced by an M2 tide with a 1.5‐m amplitude (Figure S4a in Supporting Information S1), similar to field
conditions (Zhang et al., 2006). The spatial resolution is set to 50 m in both the x and y dimensions (Xie
et al., 2020). Since the study site is located in the interior of a semi‐enclosed bay, wave effects are not taken into
account to reduce model complexity. To mimic low sedimentary conditions resulting from the reduced sediment
supply (Wu et al., 2024), external sediment input from the boundary is excluded. To expedite morphological
changes and capture seasonal vegetation dynamics more effectively, a morphological acceleration factor
(MORFAC) of 30 is adopted to update biophysical properties and ecoengineering effects every ecological month
(van der Wegen et al., 2017; Xie et al., 2022). Furthermore, a 1‐year hydrodynamic simulation period is
designated, corresponding to morphological simulations and vegetation growth spanning 30 years (Figure S4 in
Supporting Information S1), ensuring a complete development of vegetation and geomorphology. All hydro‐
morphodynamic parameters are summarized in Table S4 in Supporting Information S1.

2.3.2. Model Calibration

Utilizing data from a marsh‐organ experiment conducted in Zhangjiang Estuary (Peng et al., 2018), we calibrated
the vertical growth of the two mangrove species in our model, considering scenarios with and without saltmarsh
competition (Figure 3). The data were measured monthly over 18 months in Zhangjiang Estuary by monitoring
the initial growth of mangrove seedlings across different elevations and competitive settings (i.e., with and
without saltmarsh presence). By synthesizing these field measurements, we generated time‐series box plots to
depict various growth characteristics. Based on species‐specific fitness curves (Figure S2 in Supporting Infor-
mation S1), and parameters from field observations (Table S5 in Supporting Information S1), our model
initialized mangroves and saltmarshes from seedlings with heights similar to those observed in the field. We first
calibrated vegetation growth for no‐competition scenarios where the model grid cells were consistently inhabited
by a single species. Then, keeping the parameters constant throughout subsequent simulations, we applied the
competition module in scenarios where both mangroves and saltmarshes were present to account for competition‐
induced growth inhibition.

The comparison between field data and model outputs demonstrates the model's accuracy in capturing the initial
growth stages of both mangroves and saltmarshes, as well as the influences of interspecific competition
(Figure 3). Notably, the model reproduces the differing vertical growth of the two mangrove species throughout
both growing and non‐growing seasons, closely mirroring observations from field experiments (Figures 3a and
3c). Furthermore, saltmarsh competition significantly inhibits mangrove seedling growth (Figures 3b and 3d).
However, due to the relatively short height and small biomass of mangrove seedlings in their early stages, their
impact on saltmarsh growth remains insignificant. Consequently, saltmarsh height exhibits limited variation,
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regardless of the absence and presence of mangrove competition (Figures 3e–3h). While the field data covers only
18 months, we believe that our model produces realistic outcomes beyond this period by using field‐based
parameters.

2.3.3. Model Scenarios

To explore the impact of different species acting as eco‐engineers and to understand the effects of various
vegetation dynamics on landscape evolution, 18 model scenarios are designed with various combinations of
species types and initial conditions (Table 1). We first investigate the eco‐morphodynamic evolution of tidal flats
under the influence of single species, namely slow‐growing mangroves (Ms), fast‐growing mangroves (Mf), and
saltmarshes (S) either with or without herbivory (Single species/Mudflat colonization, Table 1). Subsequently, we
conduct simulations to elucidate the effects of multi‐species interactions on ecotone dynamics and mudflat
evolution (Figure S4d in Supporting Information S1), including the competition between slow/fast‐growing
mangroves and saltmarshes (Multiple species/Mudflat colonization, Table 1). These scenarios address the first
scientific question, elucidating factors that determine the dominant wetland species when both mangroves and
saltmarshes are present during mudflat colonization.

Lastly, we simulate eight cases (No. 11–18, Table 1) to understand how newly colonizing saltmarshes or man-
groves can alter the dominant wetland species in established habitats, and how changes in dominant wetland
species affect morphology, particularly regarding sediment dynamics and channel networks (Figures S4e–S4f in
Supporting Information S1). These aim to address the second and third scientific questions posed. In the context
of these simulations, the results from the 30‐year single‐species simulations (No. 1–6, Table 1), capturing
vegetation and morphological developments, serve as initial conditions to explore the effect of the invading
species (Multiple species/Invasion, Table 1).

2.3.4. Output Analysis

To capture the evolving vegetation dynamics within intertidal zones, we compute the mean cover of each species
by averaging their fraction across the entire intertidal area, thereby generating values ranging from 0 to 1. This
result provides a holistic view of vegetation development in intertidal zones. Furthermore, to visualize vegetation
colonization along the cross‐shore profile over time, we calculate the alongshore‐averaged cover by averaging the
species fraction along each alongshore transect.

Figure 3. Comparison of initial growth evaluated over a 2‐year period (red line) for mangroves (Ms and Mf) and saltmarsh
(S) with and without competition against field experimental data (box plots). Panels (a, c, e, g) show scenarios without
competition, while panels (b, d, f, h) illustrate scenarios with competition. Field data sourced from a marsh‐organ experiment
conducted at the study site by Peng et al. (2018). Green‐shaded areas indicate growing seasons (GS), and yellow‐shaded
areas represent non‐growing seasons (NGS). Time intervals are monthly.
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Additionally, we assess the degree of channelization within the tidal system using two metrics: the mean un-
channeled path length (mUpl) and the Hortonian drainage density (DD). The mUpl metric provides insights into
the complexity of tidal channels by measuring the average distance a drop of water must traverse to reach the
nearest channel, thereby characterizing channel intricacy (D'Alpaos et al., 2005). Also, the DD metric reveals the
drainage efficiency of these channels, derived by dividing the total length of tidal channels by the watershed area
(Marani et al., 2003).

To provide further details on morphological development, we also analyze bed‐level changes separately within
tidal channels and on platforms across various scenarios. Here, channels are defined as regions lying below mean
sea level, while platforms refer to the areas between mean sea level and mean high water.

3. Results
In Section 3.1, we illustrate vegetation cover and eco‐morphodynamic development for single‐species scenarios
(Figures 4 and 5). In Section 3.2, we delve into the ecological and morphological development for multiple‐
species scenarios during the mudflat colonization phase (Figures 6 and 7) and the invasion phase (Figures 8
and 9).

3.1. Single Species Dynamics

Due to differences in colonization strategies, mangroves and saltmarshes colonize mudflats in distinct patterns,
creating different channel networks (Figure 4). Over time, mangroves exhibit a “fast‐slow‐fast” growth pattern,
achieving maximum cover in about 15 years (Figures 4a and 4b). In contrast, saltmarshes grow at a relatively
consistent pace, stabilizing after 20 years (Figure 4c). Moreover, saltmarshes reach their maximum height of 2 m
within just 2 to 3 years after colonization, much quicker than mangroves (Figure 4c).

In terms of channel development, saltmarshes develop channel networks more extensively and rapidly than
mangroves, as indicated by an overall smaller mean unchanneled path length (mUpl), greater drainage density
(DD), and a faster decrease/increase in mUpl/DD with increasing vegetation cover (Figure 4f). Despite the

Table 1
Model Scenarios

No. Vegetation species Phase Acronym Species assemblage Herbivory

1 Single Colonization Ms K. obovata ‐

2 Mf S. apetala ‐

3 S S. alterniflora ‐

4 MsH K. obovata RMs

5 MfH S. apetala RMf

6 SH S. alterniflora RS

7 Multiple MsS K. obovata + S. alterniflora ‐

8 MfS S. apetala + S. alterniflora ‐

9 MsHSH K. obovata + S. alterniflora RMs + RS

10 MfHSH S. apetala + S. alterniflora RMf + RS

11 Invasion 30MsS 30‐year K. obovata + S. alterniflora ‐

12 30MfS 30‐year S. apetala + S. alterniflora ‐

13 30MsHSH 30‐year K. obovata + S. alterniflora RMs + RS

14 30MfHSH 30‐year S. apetala + S. alterniflora RMf + RS

15 30SMs 30‐year S. alterniflora + K. obovata ‐

16 30SMf 30‐year S. alterniflora + S. apetala ‐

17 30SHMsH 30‐year S. alterniflora + K. obovata RMs + RS

18 30SHMfH 30‐year S. alterniflora + S. apetala RMf + RS

Note. RMs, RMf, and Rs indicate herbivory predation by rodents on Ms, Mf, and S, respectively.
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varying growth rates of the two mangrove species, their shared colonization strategy creates comparable tidal
channel systems (Figures 4d and 4e). Notably, it takes about 3 years for saltmarshes to develop equivalent channel
networks with a mUpl of 500 m and a DD of 0.04 m− 1 from bare mudflats, while it takes 9 years for mangroves.

Vegetation colonization in the seaward direction is significantly facilitated by eco‐morphodynamic feedback
(Figure 5). As vegetation develops and interacts with tidal flows, it leads to the formation of tidal channels and the
redistribution of sediment within the tidal system. In the saltmarsh system, deeper tidal channels (Figure 5i) and
higher platforms (Figure 5l) are observed compared to the mangrove system (Figures 5g and ;5h and 5j–5k). This
platform accretion drives the progradation of tidal flats, which in turn supports vegetation seaward colonization
(Figures 5a–5c).

3.2. Multiple Species Dynamics

3.2.1. Mudflat Colonization

Different mangrove species exhibit distinct responses to saltmarsh competition and herbivory (Figure 6). When
Ms colonize mudflats together with S, Ms eventually occupy only 40% of the intertidal area (Figure 6a and Figure
S5.3c in Supporting Information S1), whereas Mf can dominate up to 75% of the area (Figure 6b and Figure S5.3f
in Supporting Information S1). Consequently, S have a larger cover in the MsS scenario compared to the MfS
scenario (Figures 6a and 6b). When both competition and herbivory are present, fewMs survive on tidal flats due
to high predation pressure, allowing extensive unoccupied mudflats to be dominated by S (Figure 6c and Figure
S5.4c in Supporting Information S1). In contrast, Mf are less impacted by herbivory and can still dominate the
tidal flats (Figure 6d and Figure S5.4f in Supporting Information S1).

To better reflect the interactions between mangroves and saltmarshes, we conducted a comparative analysis of
mangrove/saltmarsh cover development relative to their single‐species results. In the MsS scenario, both man-
groves and saltmarshes exhibit lower cover compared to their growth alone, indicating negative interactions when
they coexist (Figure 6e). Conversely, the presence of S seems to enhance the development of Mf during the first
15 years (Figure 6f), suggesting a facilitative role of S in Mf colonization. However, there is a simultaneous
progressive reduction in S cover (Figure 6f), indicating significant growth suppression by coexisting Mf. When
herbivory is factored in, Ms development is significantly inhibited, while S cover shows faster colonization
during the first 12 years before reaching a similar level of development as in the reference case (Figure 6g).

Figure 4. Development of vegetation and channels under the influence of single species over 30 years. Scenarios include: (a,
d) slow‐growing mangroves (Ms); (b, e) fast‐growing mangrove species (Mf); (c, f) saltmarsh (S). Vegetation development is
shown through the mean cover and the 90th percentile of plant height in panels (a–c). Channel development is depicted by the
mean unchanneled path length (mUpl) and drainage density (DD) in panels (d–f). Vertical dashed lines indicate the time
point of equivalent channel development.
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Conversely, predation has limited impact on Mf and does not alter the interaction pattern between Mf and S
(Figure 6h).

As single‐species scenarios suggested that S creates more extensive channels, we used the S scenario as a
reference to evaluate channel development in various multi‐species scenarios. This comparison reveals a trend
where reduced S cover correlates with fewer tidal channels. Concurrent colonization of mudflats by Ms and S
results in decreased S cover (Figure 6e), leading to a higher mUpl and a smaller DD (Figures 6i and 6m).
Similarly, in the MfS case, S coverage decreases further (Figure 6f), resulting in a much higher mUpl and a much
smaller DD (Figures 6j and 6n). However, in the presence of herbivory and Ms, S dominate mudflats, yielding
similar final mUpl and DD to the reference scenario (Figures 6k and 6o). Conversely, less tidal channels are once
again observed in the mangrove‐dominant system (Figures 6l and 6p).

After colonization, Ms and S establish a relatively stable distribution (Figure 7a). In contrast, Mf tend to
outcompete S, compressing S habitats in the middle intertidal zone (Figure 7b). When competition and herbivory
combine, Ms are confined to the upper intertidal zone near their optimum elevation, with S dominating most of the
mudflats (Figure 7c). Conversely, predation does not significantly affect the interaction between Mf and S
(Figure 7d).

Figure 5. Spatial‐temporal changes in vegetation and bed level along the cross‐shore profile over 30 years. Scenarios include:
(a, d, g, j) slow‐growing mangroves (Ms); (b, e, h, k) fast‐growing mangrove species (Mf); (c, f, i, l) saltmarsh (S). (a–c)
Changes in alongshore‐averaged vegetation cover on the cross‐shore profile. (d–f) Stem height development, represented by
the 90th percentile of the maximum height in each alongshore transect. (g–i) Alongshore‐averaged bed‐level change per
3 years compared to initial bathymetry in channels, and (j–l) on platforms.
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Regarding morphological changes, saltmarsh‐dominated systems exhibit deeper tidal channels compared to
mangrove‐dominated systems, while the platform remains comparable. Over 30 years, bed‐level changes show
deeper channels forming in systems with higher S cover (Figure 7k). Conversely, systems with lower S cover and
shorter S height develop shallower tidal channels (Figures 7j and 7l). However, platform accretion remains
similar across different systems (Figures 7m–7p).

3.2.2. Species Invasion

When saltmarshes invade well‐developed mangrove ecosystems, mangrove cover remains relatively unchanged,
while the extent of saltmarsh colonization depends on the availability of bare mudflats. Notably, ecosystems
dominated by Ms offer wider bare mudflats due to their lower inundation tolerance and higher susceptibility to
predation (Figures 8a and 8c, Figures S5.5c, and S5.6c in Supporting Information S1). In contrast, Mf exhibit
greater resistance to inundation and predation, allowing them to dominate wider mudflats and limiting space for
saltmarsh colonization (Figures 8b and 8d, Figures S5.5f, and S5.6f in Supporting Information S1). All scenarios
depict further development of tidal channels following saltmarsh invasion, with systems featuring higher salt-
marsh cover post‐invasion developing more extensive tidal channels (Figures 8e and 8g).

In scenarios where Ms invade existing saltmarsh ecosystems, they are unable to replace saltmarshes, and the
dominant species remains the same, despite the presence or absence of herbivory (Figures 8i and 8k, Figures
S5.7c, and S5.8c in Supporting Information S1). Conversely, Mf can replace saltmarshes, shifting a saltmarsh‐
dominant system to a mangrove‐dominant system within 9 years (Figures 8j and 8l, Figures S5.7f, and S5.8f
in Supporting Information S1). Subsequent to this displacement, the tidal channel is less developed compared to
the reference case without mangrove invasion (Figures 8n and 8p).

Saltmarsh encroachment triggers a marginal landward retreat of Ms but has minimal influence on Mf, regardless
of the presence of herbivory effects (Figures 9a–9d). Saltmarshes tend to colonize bare mudflats in front of
mangrove stands and struggle to grow within well‐established mangrove systems. Following saltmarsh invasion,

Figure 6. Vegetation and channelization development over 30 years, with results shown at 3‐year intervals. Scenarios
include: (a, e, i, m) slow‐growing mangroves and saltmarshes (MsS); (b, f, j, n) fast‐growing mangroves and saltmarshes
(MfS); (c, g, k, o) slow‐growing mangroves and saltmarshes with herbivory (MsHSH); (d, h, l, p) fast‐growing mangroves
and saltmarshes with herbivory (MfHSH). Panels (a–d) show changes in mean vegetation cover, (e–h) relative vegetation
cover compared to their single‐species scenario, and (i–p) relative mean unchanneled path length (mUpl) and drainage
density (DD) compared to the saltmarsh scenario (S).
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tidal channels deepen, with channel depth seemingly linked to saltmarsh cover (Figures 9e–9h). Channel erosion
prompts sediment redistribution, where greater erosion correlates with higher platform deposition (Figures 9i–9l).

When Ms invade existing saltmarsh systems, saltmarsh cover remains largely unaffected in both the presence and
absence of herbivore predation (Figures 9m and 9o). Conversely, Mf swiftly replace saltmarshes, transforming
the ecosystem into a mangrove‐dominated system, evidenced by a rise in mangrove cover and a corresponding
decline in saltmarsh cover (Figures 9n and 9p). This shift toward a mangrove‐dominated system results in reduced
channel erosion and platform accretion compared to unaltered saltmarsh‐dominated systems (Figures 9r–9x).

4. Discussion
The growth of mangroves and saltmarshes simulated with our novel eco‐morphodynamic model aligns well with
field experiments under both single‐species and multiple‐species conditions (Figure 3). Our numerical scenarios
indicate that the rate of vertical vegetation growth is a key determinant of competition outcomes and dominance
within ecotones, at least under current model parameterizations representing the Zhangjiang study site. What is
more, biotic interactions such as facilitation, competition, and predation lead to distinct mangrove‐saltmarsh
dynamics across various developmental stages. Importantly, these ecotone dynamics result in different eco‐
morphodynamic feedback, leading to distinct changes in landform configuration. Consequently, in this sec-
tion, we discuss the interactions between single‐species development and morphological evolution (Section 4.1),
how species interactions and growth properties influence ecotone dynamics and the corresponding eco‐
morphodynamic feedback during mudflat colonization (Section 4.2), species invasion (Section 4.3), and addi-
tional relevant factors influencing ecotone morphodynamics (Section 4.4).

Figure 7. Spatial‐temporal changes in vegetation and bed level along the cross‐shore profile over 30 years. Scenarios include:
(a, e, i, m) slow‐growing mangroves and saltmarshes (MsS); (b, f, j, n) fast‐growing mangroves and saltmarshes (MfS); (c, g,
k, o) slow‐growing mangroves and saltmarshes with herbivory (MsHSH); (d, h, l, p) fast‐growing mangroves and
saltmarshes with herbivory (MfHSH). Panels (a–d) show changes in alongshore‐averaged vegetation cover along the cross‐
shore profile, (e–h) stem height development, estimated by the 90th percentile of the maximum height in each alongshore
transect. (i–l) Alongshore averaged bed‐level change per 3 years compared to initial bathymetry in channels, and (m–p) on
platforms. Line colors refer to dots in Figure 6.
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4.1. Eco‐Morphodynamic Feedback From Mudflat Colonization by Single Species

This study aims to unravel how a change in dominant wetland species affects ecotone morphology, as such,
understanding the landscape configuration resulting from eco‐morphodynamic feedback of single mangrove/
saltmarsh species becomes a prerequisite. Consistent with previous findings (Schwarz et al., 2022), our model
predicts that saltmarshes, which colonize mudflats in a patchy manner and at a slower rate compared to man-
groves, create more extensive channel networks (Figures 4d–4f). More specifically, the saltmarsh system exhibits
a mean unchanneled path length (mUpl) of about 100 m (Figure 4f), whereas in mangrove systems, it can reach up
to 300 m (Figures 4d and 4e). These channelization metrics align well with previous observations (Figure S6 in
Supporting Information S1) (Schwarz et al., 2022).

Both mangroves and saltmarshes can attenuate tidal currents, allowing particles to settle in the vegetated zones
and promoting platform progradation (Rodríguez et al., 2017; Temmerman et al., 2022). Additionally, peak
sedimentation tends to occur at the seaward vegetation edge (Figures 5j–5l) (Adame et al., 2010; French &
Spencer, 1993; Rogers et al., 2014). However, the different colonization strategies of mangroves and saltmarshes
lead to distinct eco‐morphodynamic feedback. Initially, fast‐colonizing mangroves form a homogeneous cover
limiting channel incision (Figures 5g and 5h, Figures S5.1a, and S5.1d in Supporting Information S1), potentially
reducing sediment deposition in the upper intertidal zone (Figures 5j and 5k and Figure S7a in Supporting In-
formation S1) (Swales et al., 2019; Xie et al., 2023). In contrast, saltmarshes establish in a patchy configuration
that creates tidal channels earlier (Figure 4f) and facilitates sediment redistribution into the upper intertidal zone

Figure 8. Vegetation and channel development following saltmarsh (a–h) or mangrove (i–p) colonization over 30 years.
Scenarios include: (a, e) 30‐year slow‐growing mangroves and saltmarshes (30MsS); (b, f) 30‐year fast‐growing mangroves
and saltmarshes (30MfS); (c, g) 30‐year slow‐growing mangroves and saltmarshes with herbivory (30MsHSH); (d, h) 30‐
year fast‐growing mangroves and saltmarshes with herbivory (MfHSH). Panels (i–p) show the corresponding scenarios for
mangrove colonization. (a–d) Changes in mean vegetation cover after saltmarsh colonization. (e–h) Comparison of drainage
density (DD) development with and without saltmarsh colonization. (i–l) Changes in mean vegetation cover after mangrove
colonization. (m–p) Comparison of DD development with and without mangrove colonization.
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(Figure 5l and Figure S7d in Supporting Information S1) (Allen, 2000; Boechat Albernaz et al., 2023; Tem-
merman et al., 2005). This implies that while mangroves and saltmarshes interact with tidal forcing in similar
ways to promote sedimentation, their different colonization strategies exert distinct impacts on channel devel-
opment and sediment dynamics.

4.2. Eco‐Morphodynamic Feedback From Mudflat Colonization by Multiple Species

At the intertidal wetland scale, there is increasing recognition that biotic interactions play a crucial role in
determining ecotone dynamics (Cui, DeAngelis, et al., 2024; Guo et al., 2013; McKee & Rooth, 2008; Stevens
et al., 2006). Our findings suggest that these interactions evolve over time and vary among species. More spe-
cifically, facilitation may occur during early development stages, as indicated by a better development of
mangroves or saltmarshes compared to single‐species scenarios (Figures 6f–6h, years 3–10). This facilitation

Figure 9. Spatial‐temporal changes in vegetation and bed level along the cross‐shore profile following saltmarsh or mangrove
colonization over 30 years. Scenarios include: (a, e, i) 30‐year slow‐growing mangroves and saltmarshes (30MsS); (b, f, j)
30‐year fast‐growing mangroves and saltmarshes (30MfS); (c, g, k) 30‐year slow‐growing mangroves and saltmarshes with
herbivory (30MsHSH); (d, h, l) 30‐year fast‐growing mangroves and saltmarshes with herbivory (MfHSH). Panels (m–x)
show the corresponding scenarios for mangrove colonization. (a–d) Changes in alongshore‐averaged vegetation cover after
saltmarsh colonization. (e–h) Alongshore averaged bed‐level changes per 3 years compared to the bathymetry at year 30 in
channels, and (i–l) on platforms. (m–p) Changes in alongshore‐averaged vegetation cover after mangrove colonization. (q–t)
Alongshore averaged bed‐level change per 3 years compared to the bathymetry at year 30 in channels, and (u–x) on
platforms.
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arises from eco‐morphodynamic feedback between coexisting vegetation and hydro‐morphological changes.
Pioneer saltmarshes, for example, attenuate tidal forces within vegetated areas, reducing bed shear stress on marsh
platforms and promoting platform accretion and progradation (Figure S8.1 in Supporting Information S1). This
creates favorable conditions for seaward mangrove colonization by enhancing their inundation‐based fitness
(Figure S8.2 in Supporting Information S1). Such facilitative interactions have been observed in field studies
(Friess et al., 2012; Lewis, 2005; McKee et al., 2007) but, to the knowledge of the authors, are rarely incorporated
into model predictions.

Despite initial facilitation, the dominant vegetation type is often determined by subsequent competition (Clarke &
Myerscough, 1993; Howard et al., 2015), as predicted by our model. Our results show that competition outcomes
are largely determined by the relative growth rates of mangroves and saltmarshes. Slow‐growing mangroves (Ms)
tend to share the mudflat with saltmarshes (S) (Figures 6a and 7a), while fast‐growing mangroves (Mf) can
dominate the vegetation cover within a decade (Figures 6b and 7b). This aligns with field observations in
southeastern China, where native mangrove species (e.g., K. obovata) with slower growth rates (∼0.35 m/yr)
could not outcompete the rapidly growing S. alterniflora (Figure S9 in Supporting Information S1) (L. Chen
et al., 2013; Peng et al., 2018; Zhang et al., 2012). In contrast, fast‐growing species like S. apetala, with a vertical
growth rate of about 1.1 m/yr, comparable to S. alterniflora, can outcompete and replace saltmarshes after
introduction (H. Chen et al., 2014; Zhou et al., 2015). Similar outcomes have been observed in North American
ecotones where mangrove species like Avicennia germinans frequently coexist with S. alterniflora, exhibiting
similar vertical growth rates (∼0.4 m/yr) (Yando et al., 2019). Over time, these mangroves grow taller and
overshadow saltmarshes, leading to saltmarsh replacement—a phenomenon documented worldwide in recent
decades (Cavanaugh et al., 2014; Osland et al., 2013; Saintilan et al., 2014). Thus, our simulations highlight that
vertical growth rates are crucial in determining competition outcomes and species dominance within ecotones,
aligning with existing ecological understanding (Biswas et al., 2018; Pyšek & Richardson, 2007).

Herbivory is another biotic interaction that can regulate the dominance between mangroves and saltmarshes.
While mangrove‐saltmarsh ecosystems globally hosts a variety of herbivores, the consumer pressure varies
greatly between species and location (He & Silliman, 2016; Van der Stocken et al., 2019). In our model as well as
field observations in the Zhangjiang Estuary, rodents (R. losea) significantly limit the colonization of K. obovata
(Figure S5.2c in Supporting Information S1) but have less impact on S. apetala and S. alterniflora (Figures S5.2f
and S5.2i in Supporting Information S1) (Peng et al., 2022; Zhang et al., 2018). As such, S. alterniflora can
dominate in competition with K. obovata (Figure 7c), whereas S. apetala maintains its dominance despite pre-
dation (Figure 7d). This species‐specific herbivory affects coastal geomorphology through eco‐morphodynamic
feedback. Herbivores cause plant mortality, potentially reducing platform accretion and increasing wetland edge
retreat (Figure S5.2c in Supporting Information S1) (Hughes et al., 2024; Xu et al., 2023). As such, this top‐down
control by herbivores fundamentally shapes vegetation dominance within ecotones, adding complexity to ecotone
dynamics and landform evolution.

Changes in vegetation distribution are known to control mudflat evolution through eco‐morphodynamic feedback
(Schwarz et al., 2018; Temmerman et al., 2007; van Maanen et al., 2015). Depending on biotic interactions,
mangrove‐saltmarsh ecotones tend to form either mangrove‐dominant or saltmarsh‐dominant systems. Our multi‐
species scenarios demonstrate that saltmarsh‐dominant systems develop more channels than mangrove‐dominant
ones (Figure S6 in Supporting Information S1), as saltmarsh colonization in patches promotes earlier and deeper
channel formation. These extensive channels enhance sediment redistribution, which may increase wetland
resilience in sediment‐poor environments by providing additional sediment for vegetation trapping (D’Alpaos &
Marani, 2016; Van de Vijsel et al., 2023). Although platform accretion remains similar across different systems
(Figures 7m–7p), saltmarsh‐dominant systems exhibit a higher tendency to ebb‐dominance, leading to greater
sediment export (Figure S10 in Supporting Information S1) (Fagherazzi et al., 2013; Zhou et al., 2018). Thus, the
dominant wetland species significantly impacts channel development, sediment dynamics, and potentially im-
pacts long‐term wetland resilience.

4.3. Eco‐Morphodynamic Feedback From Species Invasion

While mangrove‐saltmarsh dynamics are ubiquitously observed along transitional zones globally, with man-
groves generally outcompeting tidal marshes (Kelleway et al., 2017; Osland et al., 2022). The reasons behind
these changes are often site‐specific, driven by factors such as rising temperatures, barriers to seed dispersal, and
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human activities (An et al., 2007; Osland et al., 2016; Rogers & Krauss, 2019;
Van der Stocken et al., 2019). Field observations highlight that climatic
conditions, such as temperature and water availability, play a crucial role in
shaping mangrove‐saltmarsh zonation and driving competition outcomes,
often favoring mangroves over tidal marshes (Cavanaugh et al., 2019; Sain-
tilan & Williams, 1999). However, our findings indicate that the outcomes
and extent of these changes are also species‐specific. When saltmarsh seed-
lings encroach upon mature mangrove ecosystems, they typically struggle to
establish within dense mangrove forests. Instead, they often colonize seaward
mudflats where mangrove development is limited (Figure 9a–9d, Figures
S5.5, and S5.6 in Supporting Information S1). Consequently, the degree of
saltmarsh invasion hinges on the availability of mudflats for colonization,
which in turn depends on prior mangrove development shaped by factors such
as flooding and herbivory. This pattern of saltmarsh invasion has been
extensively observed in the ecotones along the southeastern coast of China,
where saltmarshes commonly dominate the seaward low‐intertidal zones (Liu
et al., 2017; Zhang et al., 2021). In such cases, future climatic or anthropo-
genic disturbances (e.g., freezing, sea‐level rise, and land‐use changes) may

exacerbate mangrove dieback, potentially leading to increased saltmarsh dominance (Cavanaugh et al., 2019;
Navarro et al., 2021). By contrast, the outcome of mangrove invasion varies depending on the species involved:
slow‐growing mangroves typically fail to displace saltmarshes (Figures 8i and 9m), while fast‐growing man-
groves can lead to saltmarsh replacement (Figures 8j and 9n). These distinct outcomes have also been observed in
China (Biswas et al., 2018; Zhang et al., 2022) and the United States (Kelleway et al., 2017; Osland et al., 2022),
respectively. Thus, our model effectively captures diverse patterns of mangrove/saltmarsh invasion observed in
the field.

Climate change and human activity are driving shifts in coastal ecotones worldwide (An et al., 2007; Osland
et al., 2022), but the consequences of these transformations for ecosystem structure and services remain poorly
understood (IPCC, 2022). Our findings suggest that mangrove invasion may inhibit the development of channel
networks (Figures 8n and 8p), while saltmarsh invasion tends to promote their development (Figures 8e–8h), a
trend observed in field studies where saltmarsh invasion has caused the lengthening of tidal channels (Cui, Ke,
et al., 2024). However, this saltmarsh invasion does not significantly alter the overall configuration of channel
networks; instead, it primarily inherits existing channels and causes minor erosion at channel heads (Figures S5.5
and S5.6 in Supporting Information S1), which may be difficult to discern in satellite images (Figure S9 in
Supporting Information S1).

A clear correlation is identified in this study between changes in saltmarsh coverage and the degree of chan-
nelization (Figure 10a). Tidal wetlands with higher saltmarsh cover are expected to experience greater drainage
density, potentially enhancing ecosystem resilience to disturbances as water, sediment, and nutrient fluxes are
transported primarily through these channels (Kearney & Fagherazzi, 2016; Kirwan & Megonigal, 2013). Our
model results suggest that higher saltmarsh cover leads to a more pronounced eco‐morphodynamic feedback,
resulting in increased channel erosion and platform deposition (Figure 10b). This greater sediment redistribution
potentially enables more sediment to reach the upper vegetated areas, bolstering their resilience against projected
increases in sea‐level rise (Mariotti, 2018). Furthermore, our modeling results indicate that sediment deposition
on platforms is considerably less than erosion in tidal channels (Figure 10b), suggesting that the strong eco‐
geomorphic feedback induced by saltmarshes may also lead to more sediment export (Figure S10b in Support-
ing Information S1). Understanding these distinct effects is crucial for predicting and managing the evolution of
ecotones in response to environmental changes.

4.4. Model Limitations and Perspectives

This study presents a comprehensive eco‐morphodynamic model to investigate how a change in dominant
wetland species affects ecotone morphology. While the vegetation parameters and species interactions in our
model are referenced to Zhangjiang Estuary, the model framework and conceptualization are developed from
well‐established and widely recognized modeling practices. This makes the model adaptable for application in
other mangrove‐saltmarsh ecotones by adjusting the vegetation parameters specific to the target study site (Text

Figure 10. Changes in saltmarsh cover associated with increased drainage
density (DD) compared to initial conditions (a). Comparison of total
accretion and erosion volumes of different species colonizing or invading the
tidal system within 30 years (b).
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S11 in Supporting Information S1). More importantly, the competitive outcomes modeled in our study align with
field observations and established ecological principles derived not only from our specific study site but also from
other terrestrial and freshwater wetland systems (Biswas et al., 2018; Pyšek & Richardson, 2007), making the
insights gained likely to be widely applicable. In this study, the field data adopted only covers 18‐month of
vegetation dynamics within a mangrove‐saltmarsh ecotone, and future field data collection should focus on
longer‐term observations across various sites. This will help to improve the reliability and accuracy of eco‐
morphodynamic model simulations, while at the same time providing deeper insights into the complex pro-
cesses driving mangrove‐saltmarsh ecotone shifts.

However, this study limits the consideration of more complex hydro‐sedimentary conditions that may obscure
certain eco‐morphodynamic mechanisms. For instance, astronomic tides with varying tidal ranges and compo-
nents cause water‐level fluctuations, which can determine vegetation habitat range and growth properties (Balke
et al., 2016; Kumbier et al., 2021), while also affecting sediment resuspension and transport in channels and on
vegetated platforms (Mariotti & Zapp, 2022). Additionally, water availability can be a key factor limiting
mangrove distribution in the intertidal zone (Osland et al., 2014). Climatic phenomena such as the El Niño
Southern Oscillation significantly influence mangrove expansion or retreat. Increased rainfall may promote
mangrove transgression by diluting salts in upper intertidal marsh soils, while droughts create hypersaline
conditions that depress mangrove vigor and hinder their encroachment (Eslami‐Andargoli et al., 2009; Saintilan
& Williams, 1999). Moreover, wind waves have been documented to control plant settlement and colonization
(Balke et al., 2011; Hu et al., 2015; Leonardi et al., 2016), thereby impacting associated eco‐morphodynamic
feedback (Xie et al., 2022). Additionally, ongoing sea‐level rise and reduced sediment supply directly alter
flooding conditions and local topography, consequently influencing accommodation space for plant colonization
and growth (Kirwan & Megonigal, 2013; Krauss et al., 2011; Rogers et al., 2005). Incorporating some of these
factors may enhance the accuracy of predicting mangrove‐saltmarsh ecotones under natural conditions, but it is
beyond the scope of our study and will also complicate the interpretation of complex bio‐physical interactions.

While this study primarily focuses on channel development and sediment redistribution driven by ecotone dy-
namics in a low sedimentary environment, it is essential to recognize that organic matter and subsurface pro-
cesses, which have not been considered, may also impact morphological changes (Cahoon et al., 2021; Rogers
et al., 2014). The senescence of plant roots and leaf litter, combined with allochthonous organic matter imported
by tidal currents, can be important contributors to accretion in both mangrove and saltmarsh wetlands
(McKee, 2011; Morris et al., 2016; Xie et al., 2023). However, high vertical accretion does not mean a net in-
crease in the surface elevation, as sub‐surface processes such as compaction and subsidence can offset elevation
accretion (Cahoon et al., 2021; Rogers et al., 2005). Therefore, future studies should integrate some of these
complex processes to better understand the effects of ecotone dynamics on landscape evolution (Xie et al., 2022).
This is also needed to advance our understanding of the vulnerability of these sensitive ecosystems to both natural
and anthropogenic pressures, with the ultimate goal to develop sustainable management strategies (Osland
et al., 2022).

5. Conclusions
Our study focuses on the role of biotic interactions in shaping mangrove‐saltmarsh ecotone development, while
also examining eco‐morphodynamic feedback influencing landscape evolution. Specifically, we focus on how
species dynamics influence channel development and sediment dynamics during both mudflat colonization and
invasion phases, using a well‐calibrated numerical model that integrates vegetation‐induced ecoengineering ef-
fects on hydrodynamics.

A key finding is that the competitive outcomes between mangroves and saltmarshes, which determine the
dominant wetland species, are significantly influenced by relative growth rates and herbivory predation.
Mangrove species with vertical growth rates comparable to coexisting saltmarshes can outcompete them.
Conversely, their colonization is significantly impeded by saltmarshes if their growth rates lag behind. Addi-
tionally, herbivory predation emerges as a crucial factor in seedling survival, with the potential to reverse species
dominance and exert varying effects among different species.

Ecotone dynamics, shaped by diverse biotic interactions, play a pivotal role in channel development and sediment
dynamics through eco‐morphodynamic feedback. During mudflat colonization, tidal wetlands dominated by
saltmarshes tend to develop channel networks more extensively and rapidly than those dominated by mangroves,
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a consequence attributed to their initial patchy cover and slower colonization. Saltmarsh‐dominant systems also
foster deeper channels and facilitate more extensive sediment redistribution, resulting in higher platform
development compared to mangrove systems. During invasion stages, saltmarshes struggle to compete with well‐
established mangrove forests and instead tend to colonize pioneer bare mudflats. Herbivores can facilitate salt-
marsh colonization by restricting mangrove distribution. Wetlands with greater saltmarsh cover post‐invasion
facilitate channel development, while mangrove invasion can potentially displace existing saltmarshes, leading
to a less developed channel network.

Overall, this study highlights that competition and herbivory are fundamental drivers of ecotone dynamics at the
intertidal scale. The resulting mangrove‐ and saltmarsh‐dominant systems exhibit distinct eco‐morphodynamic
feedback on mudflat evolution. Therefore, research on ecotone dynamics and associated morphodynamics
should adequately consider the relative growth properties of mangroves and saltmarshes, as well as the signifi-
cance of biotic interactions.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
Delft3D is an open‐source code available online from Deltares (2020). The mangrove model code with a
representative setting can be accessed in Xie (2023). The mangrove‐saltmarsh ecotone model code with a
representative setting is available in https://github.com/yizhangw/Mangrove‐Saltmarsh‐Ecotone.git and archived
at Wei (2024).

References
Adame, M. F., Neil, D., Wright, S. F., & Lovelock, C. E. (2010). Sedimentation within and among mangrove forests along a gradient of

geomorphological settings. Estuarine, Coastal and Shelf Science, 86(1), 21–30. https://doi.org/10.1016/j.ecss.2009.10.013
Allen, J. R. (2000). Morphodynamics of holocene salt marshes: A review sketch from the Atlantic and Southern North Sea coasts of Europe.
Quaternary Science Reviews, 19(12), 1155–1231. https://doi.org/10.1016/S0277‐3791(99)00034‐7

An, S., Gu, B., Zhou, C., Wang, Z., Deng, Z., Zhi, Y., et al. (2007). Spartina invasion in China: Implications for invasive species management and
future research. Weed Research, 47(3), 183–191. https://doi.org/10.1111/j.1365‐3180.2007.00559.x

Balke, T., Bouma, T. J., Horstman, E. M., Webb, E. L., Erftemeijer, P. L., & Herman, P. M. (2011). Windows of opportunity: Thresholds to
mangrove seedling establishment on tidal flats. Marine Ecology Progress Series, 440, 1–9. https://doi.org/10.3354/meps09364

Balke, T., Stock, M., Jensen, K., Bouma, T. J., & Kleyer, M. (2016). A global analysis of the seaward salt marsh extent: The importance of tidal
range. Water Resources Research, 52(5), 3775–3786. https://doi.org/10.1002/2015WR018318

Baptist, M., Babovic, V., Rodríguez Uthurburu, J., Keijzer, M., Uittenbogaard, R., Mynett, A., & Verwey, A. (2007). On inducing equations for
vegetation resistance. Journal of Hydraulic Research, 45(4), 435–450. https://doi.org/10.1080/00221686.2007.9521778

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011). The value of estuarine and coastal ecosystem
services. Ecological Monographs, 81(2), 169–193. https://doi.org/10.1890/10‐1510.1

Berger, U., & Hildenbrandt, H. (2000). A new approach to spatially explicit modelling of forest dynamics: Spacing, ageing and neighbourhood
competition of mangrove trees. Ecological Modelling, 132(3), 287–302. https://doi.org/10.1016/S0304‐3800(00)00298‐2

Biswas, S. R., Biswas, P. L., Limon, S. H., Yan, E.‐R., Xu, M.‐S., & Khan, M. S. I. (2018). Plant invasion in mangrove forests worldwide. Forest
Ecology and Management, 429, 480–492. https://doi.org/10.1016/j.foreco.2018.07.046

Boechat Albernaz, M., Brückner, M., van Maanen, B., van der Spek, A., & Kleinhans, M. (2023). Vegetation reconfigures barrier coasts and
affects tidal basin infilling under sea level rise. Journal of Geophysical Research: Earth Surface, 128(4), e2022JF006703. https://doi.org/10.
1029/2022JF006703

Botkin, D. B., Janak, J. F., &Wallis, J. R. (1972). Some ecological consequences of a computer model of forest growth. Journal of Ecology, 60(3),
849–872. https://doi.org/10.2307/2258570

Bouma, T., Van Belzen, J., Balke, T., Van Dalen, J., Klaassen, P., Hartog, A., et al. (2016). Short‐term mudflat dynamics drive long‐term cyclic
salt marsh dynamics. Limnology & Oceanography, 61(6), 2261–2275. https://doi.org/10.1002/lno.10374

Brückner, M. Z., Schwarz, C., van Dijk, W. M., van Oorschot, M., Douma, H., & Kleinhans, M. G. (2019). Salt marsh establishment and eco‐
engineering effects in dynamic estuaries determined by species growth and mortality. Journal of Geophysical Research: Earth Surface,
124(12), 2962–2986. https://doi.org/10.1029/2019JF005092

Cahoon, D. R., McKee, K. L., & Morris, J. T. (2021). How plants influence resilience of salt marsh and mangrove wetlands to sea‐level rise.
Estuaries and Coasts, 44(4), 883–898. https://doi.org/10.1007/s12237‐020‐00834‐w

Cao, H., Zhu, Z., Balke, T., Zhang, L., & Bouma, T. J. (2018). Effects of sediment disturbance regimes on Spartina seedling establishment:
Implications for salt marsh creation and restoration. Limnology & Oceanography, 63(2), 647–659. https://doi.org/10.1002/lno.10657

Cavanaugh, K. C., Dangremond, E. M., Doughty, C. L., Williams, A. P., Parker, J. D., Hayes, M. A., et al. (2019). Climate‐driven regime shifts in
a mangrove–salt marsh ecotone over the past 250 years. Proceedings of the National Academy of Sciences of the United States of America,
116(43), 21602–21608. https://doi.org/10.1073/pnas.1902181116

Cavanaugh, K. C., Kellner, J. R., Forde, A. J., Gruner, D. S., Parker, J. D., Rodriguez,W., & Feller, I. C. (2014). Poleward expansion of mangroves
is a threshold response to decreased frequency of extreme cold events. Proceedings of the National Academy of Sciences of the United States of
America, 111(2), 723–727. https://doi.org/10.1073/pnas.1315800111

Acknowledgments
This study is funded by the National
Natural Science Foundation of China
(NSFC, Grants 42376161, 42361144873),
Carbon Peak & Carbon Neutral Science
and Technology Innovation Project of
Jiangsu Province (Grant BK20220020),
the China Scholarship Council (Grant
202206710062), the Fundamental
Research Funds for the Central
Universities (B230201061), and the fund
of National Key Laboratory of Water
Disaster Prevention (Grants 5240152K2,
524015232). C. Schwarz acknowledges
funding from Belgian Science Policy
Office BL/01/C64 WADER. B. van
Maanen acknowledges funding from the
Natural Environment Research Council
(Grant NE/V012800/1).

Earth's Future 10.1029/2024EF004990

WEI ET AL. 20 of 24

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004990 by T
est, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/yizhangw/Mangrove-Saltmarsh-Ecotone.git
https://doi.org/10.1016/j.ecss.2009.10.013
https://doi.org/10.1016/S0277-3791(99)00034-7
https://doi.org/10.1111/j.1365-3180.2007.00559.x
https://doi.org/10.3354/meps09364
https://doi.org/10.1002/2015WR018318
https://doi.org/10.1080/00221686.2007.9521778
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1016/S0304-3800(00)00298-2
https://doi.org/10.1016/j.foreco.2018.07.046
https://doi.org/10.1029/2022JF006703
https://doi.org/10.1029/2022JF006703
https://doi.org/10.2307/2258570
https://doi.org/10.1002/lno.10374
https://doi.org/10.1029/2019JF005092
https://doi.org/10.1007/s12237-020-00834-w
https://doi.org/10.1002/lno.10657
https://doi.org/10.1073/pnas.1902181116
https://doi.org/10.1073/pnas.1315800111


Chapman, S. K., Feller, I. C., Canas, G., Hayes, M. A., Dix, N., Hester, M., et al. (2021). Mangrove growth response to experimental warming is
greatest near the range limit in northeast Florida. Ecology, 102(6), e03320. https://doi.org/10.1002/ecy.3320

Chen, H., Liao, B., Peng, C., Zhang, Y., Guan,W., Yang, G., et al. (2014). Eradicating invasive Spartina alterniflorawith alien Sonneratia apetala
and its implications for invasion controls. Ecological Engineering, 73, 367–372. https://doi.org/10.1016/j.ecoleng.2014.09.096

Chen, L., Peng, S., Li, J., Lin, Z., & Zeng, Y. (2013). Competitive control of an exotic mangrove species: Restoration of native mangrove forests
by altering light availability. Restoration Ecology, 21(2), 215–223. https://doi.org/10.1111/j.1526‐100X.2012.00892.x

Chen, R., & Twilley, R. R. (1998). A gap dynamic model of mangrove forest development along gradients of soil salinity and nutrient resources.
Journal of Ecology, 86(1), 37–51. https://doi.org/10.1046/j.1365‐2745.1998.00233.x

Chen, Y., Li, Y., Thompson, C., Wang, X., Cai, T., & Chang, Y. (2018). Differential sediment trapping abilities of mangrove and saltmarsh
vegetation in a subtropical estuary. Geomorphology, 318, 270–282. https://doi.org/10.1016/j.geomorph.2018.06.018

Clarke, P., &Myerscough, P. (1993). The intertidal distribution of the grey mangrove (Avicennia marina) in southeastern Australia: The effects of
physical conditions, interspecific competition, and predation on propagule establishment and survival. Australian Journal of Ecology, 18(3),
307–315. https://doi.org/10.1111/j.1442‐9993.1993.tb00458.x

Costanza, R., De Groot, R., Sutton, P., Van der Ploeg, S., Anderson, S. J., Kubiszewski, I., et al. (2014). Changes in the global value of ecosystem
services. Global Environmental Change, 26, 152–158. https://doi.org/10.1016/j.gloenvcha.2014.04.002

Cui, L., DeAngelis, D. L., Berger, U., Cao, M., Zhang, Y., Zhang, X., & Jiang, J. (2024). Global potential distribution of mangroves: Taking into
account salt marsh interactions along latitudinal gradients. Journal of Environmental Management, 351, 119892. https://doi.org/10.1016/j.
jenvman.2023.119892

Cui, L., Ke, Y., Min, Y., Han, Y., Zhang, M., & Zhou, D. (2024). Effects of tidal creeks on Spartina alterniflora expansion: A perspective from
multi‐scale remote sensing. Ecological Indicators, 160, 111842. https://doi.org/10.1016/j.jhydrol.2022.128733

D'Alpaos, A., Lanzoni, S., Marani, M., Fagherazzi, S., & Rinaldo, A. (2005). Tidal network ontogeny: Channel initiation and early development.
Journal of Geophysical Research, 110(F2), F02001. https://doi.org/10.1029/2004JF000182

D'Alpaos, A., & Marani, M. (2016). Reading the signatures of biologic–geomorphic feedbacks in salt‐marsh landscapes. Advances in Water
Resources, 93, 265–275. https://doi.org/10.1016/j.advwatres.2015.09.004

Deltares. (2020). Simulation of multi‐dimensional hydrodynamic flows and transport phenomena, including sediments—User manual [Software].
(Version 3.15). Retrieved from https://oss.deltares.nl/

Eslami‐Andargoli, L., Dale, P., Sipe, N., & Chaseling, J. J. E. (2009). Mangrove expansion and rainfall patterns in Moreton Bay, southeast
Queensland, Australia. Estuarine, Coastal and Shelf Science, 85(2), 292–298. https://doi.org/10.1016/j.ecss.2009.08.011

Fagherazzi, S., Wiberg, P. L., Temmerman, S., Struyf, E., Zhao, Y., & Raymond, P. A. (2013). Fluxes of water, sediments, and biogeochemical
compounds in salt marshes. Ecological Processes, 2, 1–16. https://doi.org/10.1186/2192‐1709‐2‐3

French, J. R., & Spencer, T. (1993). Dynamics of sedimentation in a tide‐dominated backbarrier salt marsh, Norfolk, UK.Marine Geology, 110(3–
4), 315–331. https://doi.org/10.1016/0025‐3227(93)90091‐9

Friedrichs, C. T. (2011). Tidal flat morphodynamics: A synthesis. In E. Eric Wolanski & D. McLusky (Eds.), Treatise on estuarine and coastal
science: Sedimentology and geology (Vol. 3, pp. 137–170). Academic Press.

Friess, D. A., Krauss, K. W., Horstman, E. M., Balke, T., Bouma, T. J., Galli, D., & Webb, E. L. (2012). Are all intertidal wetlands naturally
created equal? Bottlenecks, thresholds and knowledge gaps to mangrove and saltmarsh ecosystems. Biological Reviews, 87(2), 346–366.
https://doi.org/10.1111/j.1469‐185X.2011.00198.x

Fromard, F., Vega, C., & Proisy, C. (2004). Half a century of dynamic coastal change affecting mangrove shorelines of French Guiana. A case
study based on remote sensing data analyses and field surveys. Marine Geology, 208(2–4), 265–280. https://doi.org/10.1016/j.margeo.2004.
04.018

Guo, H., Zhang, Y., Lan, Z., & Pennings, S. C. (2013). Biotic interactions mediate the expansion of black mangrove (Avicennia germinans) into
salt marshes under climate change. Global Change Biology, 19(9), 2765–2774. https://doi.org/10.1111/gcb.12221

He, Q., & Silliman, B. R. (2016). Consumer control as a common driver of coastal vegetation worldwide. Ecological Monographs, 86(3), 278–
294. https://doi.org/10.1002/ecm.1221

Howard, R. J., Krauss, K.W., Cormier, N., Day, R. H., Biagas, J., & Allain, L. (2015). Plant–plant interactions in a subtropical mangrove‐to‐marsh
transition zone: Effects of environmental drivers. Journal of Vegetation Science, 26(6), 1198–1211. https://doi.org/10.1111/jvs.12309

Hu, Z., van Belzen, J., van der Wal, D., Balke, T., Wang, Z. B., Stive, M., & Bouma, T. J. (2015). Windows of opportunity for salt marsh
vegetation establishment on bare tidal flats: The importance of temporal and spatial variability in hydrodynamic forcing. Journal of
Geophysical Research: Biogeosciences, 120(7), 1450–1469. https://doi.org/10.1002/2014JG002870

Hughes, B. B., Beheshti, K. M., Tinker, M. T., Angelini, C., Endris, C., Murai, L., et al. (2024). Top‐predator recovery abates geomorphic decline
of a coastal ecosystem. Nature, 626(7997), 111–118. https://doi.org/10.1038/s41586‐023‐06959‐9

IPCC. (2022). Climate change 2022: Impacts, adaptation, and vulnerability. https://doi.org/10.1017/9781009325844
Kearney, W. S., & Fagherazzi, S. (2016). Salt marsh vegetation promotes efficient tidal channel networks. Nature Communications, 7(1), 1–7.

https://doi.org/10.1038/ncomms12287
Kelleway, J. J., Cavanaugh, K., Rogers, K., Feller, I. C., Ens, E., Doughty, C., & Saintilan, N. (2017). Review of the ecosystem service impli-

cations of mangrove encroachment into salt marshes. Global Change Biology, 23(10), 3967–3983. https://doi.org/10.1111/gcb.13727
Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the face of human impacts and sea‐level rise. Nature, 504(7478), 53–60.

https://doi.org/10.1038/nature12856
Krauss, K. W., & Allen, J. A. (2003). Influences of salinity and shade on seedling photosynthesis and growth of two mangrove species, Rhi-

zophora mangle and Bruguiera sexangula, introduced to Hawaii. Aquatic Botany, 77(4), 311–324. https://doi.org/10.1016/j.aquabot.2003.
08.004

Krauss, K. W., From, A. S., Doyle, T. W., Doyle, T. J., & Barry, M. J. (2011). Sea‐level rise and landscape change influence mangrove
encroachment onto marsh in the Ten Thousand Islands region of Florida, USA. Journal of Coastal Conservation, 15(4), 629–638. https://doi.
org/10.1007/s11852‐011‐0153‐4

Krauss, K. W., Lovelock, C. E., McKee, K. L., López‐Hoffman, L., Ewe, S. M., & Sousa, W. P. (2008). Environmental drivers in mangrove
establishment and early development: A review. Aquatic Botany, 89(2), 105–127. https://doi.org/10.1016/j.aquabot.2007.12.014

Krauss, K. W., McKee, K. L., Lovelock, C. E., Cahoon, D. R., Saintilan, N., Reef, R., & Chen, L. (2014). How mangrove forests adjust to rising
sea level. New Phytologist, 202(1), 19–34. https://doi.org/10.1111/nph.12605

Kumbier, K., Hughes, M. G., Rogers, K., & Woodroffe, C. D. (2021). Inundation characteristics of mangrove and saltmarsh in micro‐tidal es-
tuaries. Estuarine, Coastal and Shelf Science, 261, 107553. https://doi.org/10.1016/j.ecss.2021.107553

Earth's Future 10.1029/2024EF004990

WEI ET AL. 21 of 24

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004990 by T
est, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/ecy.3320
https://doi.org/10.1016/j.ecoleng.2014.09.096
https://doi.org/10.1111/j.1526-100X.2012.00892.x
https://doi.org/10.1046/j.1365-2745.1998.00233.x
https://doi.org/10.1016/j.geomorph.2018.06.018
https://doi.org/10.1111/j.1442-9993.1993.tb00458.x
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1016/j.jenvman.2023.119892
https://doi.org/10.1016/j.jenvman.2023.119892
https://doi.org/10.1016/j.jhydrol.2022.128733
https://doi.org/10.1029/2004JF000182
https://doi.org/10.1016/j.advwatres.2015.09.004
https://oss.deltares.nl/
https://doi.org/10.1016/j.ecss.2009.08.011
https://doi.org/10.1186/2192-1709-2-3
https://doi.org/10.1016/0025-3227(93)90091-9
https://doi.org/10.1111/j.1469-185X.2011.00198.x
https://doi.org/10.1016/j.margeo.2004.04.018
https://doi.org/10.1016/j.margeo.2004.04.018
https://doi.org/10.1111/gcb.12221
https://doi.org/10.1002/ecm.1221
https://doi.org/10.1111/jvs.12309
https://doi.org/10.1002/2014JG002870
https://doi.org/10.1038/s41586-023-06959-9
https://doi.org/10.1017/9781009325844
https://doi.org/10.1038/ncomms12287
https://doi.org/10.1111/gcb.13727
https://doi.org/10.1038/nature12856
https://doi.org/10.1016/j.aquabot.2003.08.004
https://doi.org/10.1016/j.aquabot.2003.08.004
https://doi.org/10.1007/s11852-011-0153-4
https://doi.org/10.1007/s11852-011-0153-4
https://doi.org/10.1016/j.aquabot.2007.12.014
https://doi.org/10.1111/nph.12605
https://doi.org/10.1016/j.ecss.2021.107553


Leonardi, N., Ganju, N. K., & Fagherazzi, S. (2016). A linear relationship between wave power and erosion determines salt‐marsh resilience to
violent storms and hurricanes. Proceedings of the National Academy of Sciences of the United States of America, 113(1), 64–68. https://doi.org/
10.1073/pnas.1510095112

Lesser, G. R., Roelvink, J. V., van Kester, J. T. M., & Stelling, G. (2004). Development and validation of a three‐dimensional morphological
model. Coastal Engineering, 51(8–9), 883–915. https://doi.org/10.1016/j.coastaleng.2004.07.014

Lewis, R. R., III. (2005). Ecological engineering for successful management and restoration of mangrove forests. Ecological Engineering, 24(4),
403–418. https://doi.org/10.1016/j.ecoleng.2004.10.003

Li, S.‐H., Ge, Z.‐M., Xie, L.‐N., Chen, W., Yuan, L., Wang, D.‐Q., et al. (2018). Ecophysiological response of native and exotic salt marsh
vegetation to waterlogging and salinity: Implications for the effects of sea‐level rise. Scientific Reports, 8(1), 2441. https://doi.org/10.1038/
s41598‐017‐18721‐z

Li, Z., Wang, W., & Zhang, Y. (2014). Recruitment and herbivory affect spread of invasive Spartina alterniflora in China. Ecology, 95(7), 1972–
1980. https://doi.org/10.1890/13‐2283.1

Liu, M., Li, H., Li, L., Man, W., Jia, M., Wang, Z., & Lu, C. (2017). Monitoring the invasion of Spartina alterniflora using multi‐source high‐
resolution imagery in the Zhangjiang Estuary, China. Remote Sensing, 9(6), 539. https://doi.org/10.3390/rs9060539

Lu, C., Liu, J., Jia, M., Liu, M., Man, W., Fu, W., et al. (2018). Dynamic analysis of mangrove forests based on an optimal segmentation scale
model and multi‐seasonal images in Quanzhou Bay, China. Remote Sensing, 10(12), 2020. https://doi.org/10.3390/rs10122020

Marani, M., Belluco, E., D'Alpaos, A., Defina, A., Lanzoni, S., & Rinaldo, A. (2003). On the drainage density of tidal networks.Water Resources
Research, 39(2), 1040. https://doi.org/10.1029/2001WR001051

Marani, M., Da Lio, C., & D’Alpaos, A. (2013). Vegetation engineers marsh morphology throughmultiple competing stable states. Proceedings of
the National Academy of Sciences of the United States of America, 110(9), 3259–3263. https://doi.org/10.1073/pnas.1218327110

Mariotti, G. (2018). Marsh channel morphological response to sea level rise and sediment supply. Estuarine, Coastal and Shelf Science, 209, 89–
101. https://doi.org/10.1016/j.ecss.2018.05.016

Mariotti, G., & Zapp, S. M. (2022). A framework to simplify astro‐meteorological water level and wind inputs for modeling coastal marsh
ecomorphodynamics. Journal of Geophysical Research: Earth Surface, 127(11), e2022JF006665. https://doi.org/10.1029/2022JF006665

McKee, K. L. (2011). Biophysical controls on accretion and elevation change in Caribbean mangrove ecosystems. Estuarine, Coastal and Shelf
Science, 91(4), 475–483. https://doi.org/10.1016/j.ecss.2010.05.001

McKee, K. L., Mendelssohn, I. A., & Hester, M. W. (2020). Hurricane sedimentation in a subtropical salt marsh‐mangrove community is un-
affected by vegetation type. Estuarine, Coastal and Shelf Science, 239, 106733. https://doi.org/10.1016/j.ecss.2020.106733

McKee, K. L., & Rooth, J. E. (2008). Where temperate meets tropical: Multi‐factorial effects of elevated CO2, nitrogen enrichment, and
competition on a mangrove‐salt marsh community. Global Change Biology, 14(5), 971–984. https://doi.org/10.1111/j.1365‐2486.2008.
01547.x

McKee, K. L., Rooth, J. E., & Feller, I. C. (2007). Mangrove recruitment after forest disturbance is facilitated by herbaceous species in the
Caribbean. Ecological Applications, 17(6), 1678–1693. https://doi.org/10.1890/06‐1614.1

Möller, I., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., Van Wesenbeeck, B. K., et al. (2014). Wave attenuation over coastal salt marshes
under storm surge conditions. Nature Geoscience, 7(10), 727–731. https://doi.org/10.1038/ngeo2251

Morris, J. T., Barber, D. C., Callaway, J. C., Chambers, R., Hagen, S. C., Hopkinson, C. S., et al. (2016). Contributions of organic and inorganic
matter to sediment volume and accretion in tidal wetlands at steady state. Earth's Future, 4(4), 110–121. https://doi.org/10.1002/
2015EF000334

Morris, J. T., Langley, J. A., Vervaeke, W. C., Dix, N., Feller, I. C., Marcum, P., & Chapman, S. K. (2023). Mangrove trees outperform saltmarsh
grasses in building elevation but collapse rapidly under high rates of sea‐level rise. Earth's Future, 11(4), e2022EF003202. https://doi.org/10.
1029/2022EF003202

Navarro, A., Young, M., Macreadie, P. I., Nicholson, E., & Ierodiaconou, D. (2021). Mangrove and saltmarsh distribution mapping and land cover
change assessment for south‐eastern Australia from 1991 to 2015. Remote Sensing, 13(8), 1450. https://doi.org/10.3390/rs13081450

Osland, M. J., Enwright, N., Day, R. H., & Doyle, T. W. (2013). Winter climate change and coastal wetland foundation species: Salt marshes vs.
mangrove forests in the southeastern United States. Global Change Biology, 19(5), 1482–1494. https://doi.org/10.1111/gcb.12126

Osland, M. J., Enwright, N., & Stagg, C. L. (2014). Freshwater availability and coastal wetland foundation species: Ecological transitions along a
rainfall gradient. Ecology, 95(10), 2789–2802. https://doi.org/10.1890/13‐1269.1

Osland, M. J., Enwright, N. M., Day, R. H., Gabler, C. A., Stagg, C. L., & Grace, J. B. (2016). Beyond just sea‐level rise: Considering mac-
roclimatic drivers within coastal wetland vulnerability assessments to climate change. Global Change Biology, 22(1), 1–11. https://doi.org/10.
1111/gcb.13084

Osland, M. J., Hughes, A. R., Armitage, A. R., Scyphers, S. B., Cebrian, J., Swinea, S. H., et al. (2022). The impacts of mangrove range expansion
on wetland ecosystem services in the southeastern United States: Current understanding, knowledge gaps, and emerging research needs.Global
Change Biology, 28(10), 3163–3187. https://doi.org/10.1111/gcb.16111

Osland, M. J., Spivak, A. C., Nestlerode, J. A., Lessmann, J. M., Almario, A. E., Heitmuller, P. T., et al. (2012). Ecosystem development after
mangrove wetland creation: Plant–soil change across a 20‐year chronosequence. Ecosystems, 15(5), 848–866. https://doi.org/10.1007/s10021‐
012‐9551‐1

Partheniades, E. (1965). Erosion and deposition of cohesive soils. Journal of the Hydraulics Division, 91(1), 105–139. https://doi.org/10.1061/
JYCEAJ.0001165

Patterson, S., McKee, K. L., & Mendelssohn, I. A. J. M. (1997). Effects of tidal inundation and predation on Avicennia germinans seedling
establishment and survival in a sub‐tropical mangal/salt marsh community. Mangroves and Salt Marshes, 1(2), 103–111. https://doi.org/10.
1023/A:1009923917812

Peng, D., Chen, L., Pennings, S. C., & Zhang, Y. (2018). Using a marsh organ to predict future plant communities in a Chinese estuary invaded by
an exotic grass and mangrove. Limnology & Oceanography, 63(6), 2595–2605. https://doi.org/10.1002/lno.10962

Peng, D., Zhang, Y., Wang, J., & Pennings, S. C. (2022). The opposite of biotic resistance: Herbivory and competition suppress regeneration of
native but not introduced mangroves in southern China. Forests, 13(2), 192. https://doi.org/10.3390/f13020192

Pickens, C. N., Sloey, T. M., & Hester, M. W. (2019). Influence of salt marsh canopy on black mangrove (Avicennia germinans) survival and
establishment at its northern latitudinal limit. Hydrobiologia, 826(1), 195–208. https://doi.org/10.1007/s10750‐018‐3730‐9

Pyšek, P., & Richardson, D. M. (2007). Traits associated with invasiveness in alien plants: Where do we stand? Biological Invasions, 97–125.
https://doi.org/10.1007/978‐3‐540‐36920‐2_7

Raabe, E. A., Roy, L. C., & McIvor, C. C. (2012). Tampa Bay coastal wetlands: Nineteenth to twentieth century tidal marsh‐to‐mangrove
conversion. Estuaries and Coasts, 35(5), 1145–1162. https://doi.org/10.1007/s12237‐012‐9503‐1

Earth's Future 10.1029/2024EF004990

WEI ET AL. 22 of 24

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004990 by T
est, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/pnas.1510095112
https://doi.org/10.1073/pnas.1510095112
https://doi.org/10.1016/j.coastaleng.2004.07.014
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://doi.org/10.1038/s41598-017-18721-z
https://doi.org/10.1038/s41598-017-18721-z
https://doi.org/10.1890/13-2283.1
https://doi.org/10.3390/rs9060539
https://doi.org/10.3390/rs10122020
https://doi.org/10.1029/2001WR001051
https://doi.org/10.1073/pnas.1218327110
https://doi.org/10.1016/j.ecss.2018.05.016
https://doi.org/10.1029/2022JF006665
https://doi.org/10.1016/j.ecss.2010.05.001
https://doi.org/10.1016/j.ecss.2020.106733
https://doi.org/10.1111/j.1365-2486.2008.01547.x
https://doi.org/10.1111/j.1365-2486.2008.01547.x
https://doi.org/10.1890/06-1614.1
https://doi.org/10.1038/ngeo2251
https://doi.org/10.1002/2015EF000334
https://doi.org/10.1002/2015EF000334
https://doi.org/10.1029/2022EF003202
https://doi.org/10.1029/2022EF003202
https://doi.org/10.3390/rs13081450
https://doi.org/10.1111/gcb.12126
https://doi.org/10.1890/13-1269.1
https://doi.org/10.1111/gcb.13084
https://doi.org/10.1111/gcb.13084
https://doi.org/10.1111/gcb.16111
https://doi.org/10.1007/s10021-012-9551-1
https://doi.org/10.1007/s10021-012-9551-1
https://doi.org/10.1061/JYCEAJ.0001165
https://doi.org/10.1061/JYCEAJ.0001165
https://doi.org/10.1023/A:1009923917812
https://doi.org/10.1023/A:1009923917812
https://doi.org/10.1002/lno.10962
https://doi.org/10.3390/f13020192
https://doi.org/10.1007/s10750-018-3730-9
https://doi.org/10.1007/978-3-540-36920-2_7
https://doi.org/10.1007/s12237-012-9503-1


Reis, A., Rovai, A. S., da Cunha Lana, P., & Barros, F. (2023). Mangrove interaction with saltmarsh varies at different life stages. The Science of
the Total Environment, 905, 167410. https://doi.org/10.1016/j.scitotenv.2023.167410

Ren, H., Lu, H., Shen, W., Huang, C., Guo, Q., & Jian, S. (2009). Sonneratia apetala Buch. Ham in the mangrove ecosystems of China: An
invasive species or restoration species? Ecological Engineering, 35(8), 1243–1248. https://doi.org/10.1016/j.ecoleng.2009.05.008

Rodríguez, J. F., Saco, P. M., Sandi, S., Saintilan, N., & Riccardi, G. (2017). Potential increase in coastal wetland vulnerability to sea‐level rise
suggested by considering hydrodynamic attenuation effects. Nature Communications, 8(1), 1–12. https://doi.org/10.1038/ncomms16094

Rogers, K., & Krauss, K. W. (2019). Moving from generalisations to specificity about mangrove–saltmarsh dynamics. Wetlands, 39(6), 1155–
1178. https://doi.org/10.1007/s13157‐018‐1067‐9

Rogers, K., Saintilan, N., & Heijnis, H. (2005). Mangrove encroachment of salt marsh in Western Port Bay, Victoria: The role of sedimentation,
subsidence, and Sea level rise. Estuaries, 28(4), 551–559. https://doi.org/10.1007/BF02696066

Rogers, K., Saintilan, N., & Woodroffe, C. D. (2014). Surface elevation change and vegetation distribution dynamics in a subtropical coastal
wetland: Implications for coastal wetland response to climate change. Estuarine, Coastal and Shelf Science, 149, 46–56. https://doi.org/10.
1016/j.ecss.2014.07.009

Rogers, K., Wilton, K., & Saintilan, N. (2006). Vegetation change and surface elevation dynamics in estuarine wetlands of southeast Australia.
Estuarine, Coastal and Shelf Science, 66(3–4), 559–569. https://doi.org/10.1016/j.ecss.2005.11.004

Saintilan, N., & Rogers, K. (2015). Woody plant encroachment of grasslands: A comparison of terrestrial and wetland settings. New Phytologist,
205(3), 1062–1070. https://doi.org/10.1111/nph.13147

Saintilan, N., Rogers, K., & McKee, K. L. (2019). The shifting saltmarsh‐mangrove ecotone in Australasia and the Americas. In G. M. E. Perillo,
E. Wolanski, D. R. Cahoon, & C. S. Hopkinson (Eds.), Coastal wetlands (2nd ed., pp. 915–945). Elsevier.

Saintilan, N., & Williams, R. J. (1999). Mangrove transgression into saltmarsh environments in south‐east Australia. Global Ecology and
Biogeography, 8(2), 117–124. https://doi.org/10.1046/j.1365‐2699.1999.00133.x

Saintilan, N., Wilson, N. C., Rogers, K., Rajkaran, A., & Krauss, K.W. (2014). Mangrove expansion and salt marsh decline at mangrove poleward
limits. Global Change Biology, 20(1), 147–157. https://doi.org/10.1111/gcb.12341

Schwarz, C., Gourgue, O., Van Belzen, J., Zhu, Z., Bouma, T. J., Van De Koppel, J., et al. (2018). Self‐organization of a biogeomorphic landscape
controlled by plant life‐history traits. Nature Geoscience, 11(9), 672–677. https://doi.org/10.1038/s41561‐018‐0180‐y

Schwarz, C., van Rees, F., Xie, D., Kleinhans, M. G., & van Maanen, B. (2022). Salt marshes create more extensive channel networks than
mangroves. Nature Communications, 13(1), 1–9. https://doi.org/10.1038/s41467‐022‐29654‐1

Schwarz, C., Ye, Q., van der Wal, D., Zhang, L., Bouma, T., Ysebaert, T., & Herman, P. (2014). Impacts of salt marsh plants on tidal channel
initiation and inheritance. Journal of Geophysical Research: Earth Surface, 119(2), 385–400. https://doi.org/10.1002/2013JF002900

Sheue, C.‐R., Liu, H.‐Y., & Yong, J. W. (2003). Kandelia obovata (Rhizophoraceae), a new mangrove species from Eastern Asia. Taxon, 52(2),
287–294. https://doi.org/10.2307/3647398

Simpson, L. T., Feller, I. C., & Chapman, S. K. (2013). Effects of competition and nutrient enrichment on Avicennia germinans in the salt marsh‐
mangrove ecotone. Aquatic Botany, 104, 55–59. https://doi.org/10.1016/j.aquabot.2012.09.006

Stevens, P. W., Fox, S. L., & Montague, C. L. (2006). The interplay between mangroves and saltmarshes at the transition between temperate and
subtropical climate in Florida. Wetlands Ecology and Management, 14(5), 435–444. https://doi.org/10.1007/s11273‐006‐0006‐3

Swales, A., Reeve, G., Cahoon, D. R., & Lovelock, C. (2019). Landscape evolution of a fluvial sediment‐rich Avicennia marina mangrove forest:
Insights from seasonal and inter‐annual surface‐elevation dynamics. Ecosystems, 22(6), 1232–1255. https://doi.org/10.1007/s10021‐018‐
0330‐5

Taylor, C. M., &Hastings, A. (2004). Finding optimal control strategies for invasive species: A density‐structured model for Spartina alterniflora.
Journal of Applied Ecology, 41(6), 1049–1057. https://doi.org/10.1111/j.0021‐8901.2004.00979.x

Temmerman, S., Bouma, T. J., Govers, G., Wang, Z. B., De Vries, M., & Herman, P. (2005). Impact of vegetation on flow routing and sedi-
mentation patterns: Three‐dimensional modeling for a tidal marsh. Journal of Geophysical Research, 110(F4), F04019. https://doi.org/10.1029/
2005JF000301

Temmerman, S., Bouma, T. J., Van de Koppel, J., Van der Wal, D., De Vries, M., & Herman, P. (2007). Vegetation causes channel erosion in a
tidal landscape. Geology, 35(7), 631–634. https://doi.org/10.1130/G23502A.1

Temmerman, S., Horstman, E. M., Krauss, K. W., Mullarney, J. C., Pelckmans, I., & Schoutens, K. (2022). Marshes and mangroves as nature‐
based coastal storm buffers. Annual Review of Marine Science, 15(1), 95–118. https://doi.org/10.1146/annurev‐marine‐040422‐092951

Van der Stocken, T., Wee, A. K., De Ryck, D. J., Vanschoenwinkel, B., Friess, D. A., Dahdouh‐Guebas, F., et al. (2019). A general framework for
propagule dispersal in mangroves. Biological Reviews, 94(4), 1547–1575. https://doi.org/10.1111/brv.12514

van der Wegen, M., Jaffe, B., Foxgrover, A., & Roelvink, D. (2017). Mudflat morphodynamics and the impact of sea level rise in South San
Francisco Bay. Estuaries and Coasts, 40(1), 37–49. https://doi.org/10.1007/s12237‐016‐0129‐6

Van de Vijsel, R. C., van Belzen, J., Bouma, T. J., van der Wal, D., Borsje, B. W., Temmerman, S., et al. (2023). Vegetation controls on channel
network complexity in coastal wetlands. Nature Communications, 14(1), 7158. https://doi.org/10.1038/s41467‐023‐42731‐3

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 & Engineering Sciences, 471(2180), 20150115. https://doi.org/
10.1098/rspa.2015.0115

van Oorschot, M., Kleinhans, M., Geerling, G., Egger, G., Leuven, R., & Middelkoop, H. (2017). Modeling invasive alien plant species in river
systems: Interaction with native ecosystem engineers and effects on hydro‐morphodynamic processes. Water Resources Research, 53(8),
6945–6969. https://doi.org/10.1002/2017WR020854

van Oorschot, M., Kleinhans, M., Geerling, G., & Middelkoop, H. (2016). Distinct patterns of interaction between vegetation and morphody-
namics. Earth Surface Processes and Landforms, 41(6), 791–808. https://doi.org/10.1002/esp.3864

Wei, Y. (2024). Mangrove‐saltmarsh ecotone model [Code]. Zenodo. https://doi.org/10.5281/zenodo.13778116
Wei, Y., Chen, Y., Qiu, J., Zhou, Z., Yao, P., Jiang, Q., et al. (2022). The role of geological mouth islands on the morphodynamics of back‐barrier

tidal basins. Earth Surface Dynamics, 10(1), 65–80. https://doi.org/10.5194/esurf‐10‐65‐2022
Wu, W., Zhang, M., Chen, C., Chen, Z., Yang, H., & Su, H. (2024). Coastal reclamation shaped narrower and steeper tidal flats in Fujian, China:

Evidence from time‐series satellite data. Ocean & Coastal Management, 247, 106933. https://doi.org/10.1016/j.ocecoaman.2023.106933
Xie, D. (2023). Estuarine mangroves model [Code]. Zenodo. https://doi.org/10.5281/zenodo.8356151
Xie, D., Schwarz, C., Brückner, M., Kleinhans, M. G., Urrego, D. H., Zhou, Z., & Maanen, B. V. (2020). Mangrove diversity loss under sea‐level

rise triggered by bio‐morphodynamic feedbacks and anthropogenic pressures. Environmental Research Letters, 15(11), 114033. https://doi.org/
10.1088/1748‐9326/abc122

Earth's Future 10.1029/2024EF004990

WEI ET AL. 23 of 24

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004990 by T
est, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.scitotenv.2023.167410
https://doi.org/10.1016/j.ecoleng.2009.05.008
https://doi.org/10.1038/ncomms16094
https://doi.org/10.1007/s13157-018-1067-9
https://doi.org/10.1007/BF02696066
https://doi.org/10.1016/j.ecss.2014.07.009
https://doi.org/10.1016/j.ecss.2014.07.009
https://doi.org/10.1016/j.ecss.2005.11.004
https://doi.org/10.1111/nph.13147
https://doi.org/10.1046/j.1365-2699.1999.00133.x
https://doi.org/10.1111/gcb.12341
https://doi.org/10.1038/s41561-018-0180-y
https://doi.org/10.1038/s41467-022-29654-1
https://doi.org/10.1002/2013JF002900
https://doi.org/10.2307/3647398
https://doi.org/10.1016/j.aquabot.2012.09.006
https://doi.org/10.1007/s11273-006-0006-3
https://doi.org/10.1007/s10021-018-0330-5
https://doi.org/10.1007/s10021-018-0330-5
https://doi.org/10.1111/j.0021-8901.2004.00979.x
https://doi.org/10.1029/2005JF000301
https://doi.org/10.1029/2005JF000301
https://doi.org/10.1130/G23502A.1
https://doi.org/10.1146/annurev-marine-040422-092951
https://doi.org/10.1111/brv.12514
https://doi.org/10.1007/s12237-016-0129-6
https://doi.org/10.1038/s41467-023-42731-3
https://doi.org/10.1098/rspa.2015.0115
https://doi.org/10.1098/rspa.2015.0115
https://doi.org/10.1002/2017WR020854
https://doi.org/10.1002/esp.3864
https://doi.org/10.5281/zenodo.13778116
https://doi.org/10.5194/esurf-10-65-2022
https://doi.org/10.1016/j.ocecoaman.2023.106933
https://doi.org/10.5281/zenodo.8356151
https://doi.org/10.1088/1748-9326/abc122
https://doi.org/10.1088/1748-9326/abc122


Xie, D., Schwarz, C., Kleinhans, M. G., Bryan, K. R., Coco, G., Hunt, S., & van Maanen, B. (2023). Mangrove removal exacerbates estuarine
infilling through landscape‐scale bio‐morphodynamic feedbacks. Nature Communications, 14(1), 1–14. https://doi.org/10.1038/s41467‐023‐
42733‐1

Xie, D., Schwarz, C., Kleinhans, M. G., Zhou, Z., & van Maanen, B. (2022). Implications of coastal conditions and sea‐level rise on mangrove
vulnerability: A bio‐morphodynamic modelling study. Journal of Geophysical Research: Earth Surface, 127(3), e2021JF006301. https://doi.
org/10.1029/2021JF006301

Xu, C., Silliman, B. R., Chen, J., Li, X., Thomsen, M. S., Zhang, Q., et al. (2023). Herbivory limits success of vegetation restoration globally.
Science, 382(6670), 589–594. https://doi.org/10.1126/science.add2814

Yando, E. S., Osland, M. J., Jones, S. F., & Hester, M.W. (2019). Jump‐starting coastal wetland restoration: A comparison of marsh and mangrove
foundation species. Restoration Ecology, 27(5), 1145–1154. https://doi.org/10.1111/rec.12963

Zhang, R., Jia, M., Wang, Z., Zhou, Y., Mao, D., Ren, C., et al. (2022). Tracking annual dynamics of mangrove forests in mangrove National
Nature Reserves of China based on time series Sentinel‐2 imagery during 2016–2020. International Journal of Applied Earth Observation and
Geoinformation, 112, 102918. https://doi.org/10.1016/j.jag.2022.102918

Zhang, Y., Huang, G., Wang, W., Chen, L., & Lin, G. (2012). Interactions between mangroves and exotic Spartina in an anthropogenically
disturbed estuary in southern China. Ecology, 93(3), 588–597. https://doi.org/10.1890/11‐1302.1

Zhang, Y., Meng, H., Wang, Y., & He, Q. (2018). Herbivory enhances the resistance of mangrove forest to cordgrass invasion. Ecology, 99(6),
1382–1390. https://doi.org/10.1002/ecy.2233

Zhang, Y., Wang,W.,Wu, Q., Fang, B., & Lin, P. (2006). The growth of Kandelia candel seedlings in mangrove habitats of the Zhangjiang estuary
in Fujian, China. Acta Ecologica Sinica, 26(6), 1648–1655. https://doi.org/10.1016/S1872‐2032(06)60028‐0

Zhang, Z., Li, J., Li, Y., Liu, W., Chen, Y., Zhang, Y., & Li, Y. (2021). Spatially discontinuous relationships between salt marsh invasion and
mangrove forest fragmentation. Forest Ecology and Management, 499, 119611. https://doi.org/10.1016/j.foreco.2021.119611

Zheng, S., Shao, D., Asaeda, T., Sun, T., Luo, S., & Cheng, M. (2016). Modeling the growth dynamics of Spartina alterniflora and the effects of its
control measures. Ecological Engineering, 97, 144–156. https://doi.org/10.1016/j.ecoleng.2016.09.006

Zhou, T., Liu, S., Feng, Z., Liu, G., Gan, Q., & Peng, S. (2015). Use of exotic plants to control Spartina alterniflora invasion and promote
mangrove restoration. Scientific Reports, 5(1), 12980. https://doi.org/10.1038/srep12980

Zhou, Z., Coco, G., Townend, I., Gong, Z., Wang, Z., & Zhang, C. (2018). On the stability relationships between tidal asymmetry and mor-
phologies of tidal basins and estuaries. Earth Surface Processes and Landforms, 43(9), 1943–1959. https://doi.org/10.1002/esp.4366

Zhou, Z., Wu, Y., Fan, D., Wu, G., Luo, F., Yao, P., et al. (2022). Sediment sorting and bedding dynamics of tidal flat wetlands: Modeling the
signature of storms. Journal of Hydrology, 610, 127913. https://doi.org/10.1016/j.jhydrol.2022.127913

Zhu, X., Meng, L., Zhang, Y., Weng, Q., &Morris, J. (2019). Tidal and meteorological influences on the growth of invasive Spartina alterniflora:
Evidence from UAV remote sensing. Remote Sensing, 11(10), 1208. https://doi.org/10.3390/rs11101208

References From the Supporting Information
Friedrichs, C. T. (2011). Tidal flat morphodynamics: A synthesis. In E. Eric Wolanski & D. McLusky (Eds.), Treatise on estuarine and coastal
science (Vol. 3, pp. 137–170). Academic Press.

Garzon, J. L., Maza, M., Ferreira, C., Lara, J., & Losada, I. (2019). Wave attenuation by Spartina saltmarshes in the Chesapeake Bay under storm
surge conditions. Journal of Geophysical Research: Oceans, 124(7), 5220–5243. https://doi.org/10.1029/2018JC014865

Khan, M. N. I., Sharma, S., Berger, U., Koedam, N., Dahdouh‐Guebas, F., & Hagihara, A. (2013). How do tree competition and stand dynamics
lead to spatial patterns in monospecific mangroves? Biogeosciences, 10(4), 2803–2814. https://doi.org/10.5194/bg‐10‐2803‐2013

Planet Team. (2024). Planet application program interface: In space for life on Earth. Retrieved from https://www.planet.com
Trilla, G. G., Borro, M. M., Morandeira, N. S., Schivo, F., Kandus, P., & Marcovecchio, J. (2013). Allometric scaling of dry weight and leaf area

for Spartina densiflora and Spartina alterniflora in two southwest Atlantic saltmarshes. Journal of Coastal Research, 29(6), 1373–1381.
https://doi.org/10.2112/JCOASTRES‐D‐11‐00201.1

Wang, J. (2020). Growth of mangrove seedlings and its response to invasive Spartina alterniflora‐induced above‐ and below‐ground competition
(Master). Xiamen University. https://doi.org/10.27424/d.cnki.gxmdu.2020.000157

Earth's Future 10.1029/2024EF004990

WEI ET AL. 24 of 24

 23284277, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004990 by T
est, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41467-023-42733-1
https://doi.org/10.1038/s41467-023-42733-1
https://doi.org/10.1029/2021JF006301
https://doi.org/10.1029/2021JF006301
https://doi.org/10.1126/science.add2814
https://doi.org/10.1111/rec.12963
https://doi.org/10.1016/j.jag.2022.102918
https://doi.org/10.1890/11-1302.1
https://doi.org/10.1002/ecy.2233
https://doi.org/10.1016/S1872-2032(06)60028-0
https://doi.org/10.1016/j.foreco.2021.119611
https://doi.org/10.1016/j.ecoleng.2016.09.006
https://doi.org/10.1038/srep12980
https://doi.org/10.1002/esp.4366
https://doi.org/10.1016/j.jhydrol.2022.127913
https://doi.org/10.3390/rs11101208
https://doi.org/10.1029/2018JC014865
https://doi.org/10.5194/bg-10-2803-2013
https://www.planet.com
https://doi.org/10.2112/JCOASTRES-D-11-00201.1
https://doi.org/10.27424/d.cnki.gxmdu.2020.000157

	description
	Mangrove‐Saltmarsh Ecotones: Are Species Shifts Determining Eco‐Morphodynamic Landform Configurations?
	1. Introduction
	2. Methods
	2.1. Study Site
	2.2. Eco‐Morphodynamic Model Framework
	2.2.1. Hydro‐Morphodynamic Module
	2.2.2. Mangrove Module
	2.2.3. Saltmarsh Module
	2.2.4. Species‐Interaction Module
	2.2.5. Herbivory Module

	2.3. Model Setup and Output Analysis
	2.3.1. Model Settings
	2.3.2. Model Calibration
	2.3.3. Model Scenarios
	2.3.4. Output Analysis


	3. Results
	3.1. Single Species Dynamics
	3.2. Multiple Species Dynamics
	3.2.1. Mudflat Colonization
	3.2.2. Species Invasion


	4. Discussion
	4.1. Eco‐Morphodynamic Feedback From Mudflat Colonization by Single Species
	4.2. Eco‐Morphodynamic Feedback From Mudflat Colonization by Multiple Species
	4.3. Eco‐Morphodynamic Feedback From Species Invasion
	4.4. Model Limitations and Perspectives

	5. Conclusions
	Conflict of Interest
	Data Availability Statement



