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Abstract Mud accretion and establishment of biostabilizers, such as microphytobenthos and saltmarsh
vegetation, govern the development of estuarine morphology. Mud facilitates saltmarsh survival and
microphytobenthos growth, which in turn promotes sedimentation and reduces mud erosion.
Consequently, an increasing extent and thickness of mud cover might lead to a stabilization of large‐scale
estuarine morphology. To disentangle the interactions between saltmarsh establishment,
microphytobenthos colonization, and mud layer formation, we use our novel eco‐morphodynamic model
applied to theWestern Scheldt estuary. Our model shows that presence of dynamic saltmarsh vegetation and
microphytobenthos enhances predictions of mud location in the computations compared to field data.
Saltmarsh establishment is partly determined by the antecedent mud content in the bed, resulting in varying
emerging vegetation coverage between model experiments of a generic saltmarsh and a saltmarsh species
that requires prior mud for establishment. In contrast to microphytobenthos enhancing seasonal mud
accretion during their growth period, saltmarshes promote largest accretion when lower biomass and high
water levels are present. Interestingly, thick long‐term mud is enhanced despite the biostabilizers seasonal
growth. The combination of saltmarsh and microphytobenthos leads to expanding saltmarsh cover and mud
area. Generally, mud layer thickness is governed by the ratio of hydroperiod and maximum flow velocity
that is mediated by the biostabilizers. On estuary scale, the presence of intertidal vegetation leads to
increasedmud volumes in the intertidal. Mud layers are enhanced in extent by amud‐dependent species and
in thickness by a generic species. Thus, local biostabilization alters large‐scale morphology controlling
long‐term estuarine development.

1. Introduction

Estuaries are important coastal ecosystems, providing coastal populations with a variety of ecosystem ser-
vices, such as habitat provision for aquatic plants and animals, regulation of water quality, and coastal pro-
tection (Barbier et al., 2011; Gill et al., 2001). As transition zones between the river and the sea, estuaries are
characterized through dynamically changing morphologies (Dalrymple & Choi, 2007). Varying sediment
fractions lead to spatiotemporal differences in sediment transport magnitudes, which affect bed stability
through dynamic erosion and deposition patterns (Dam et al., 2016; Van Ledden et al., 2004; Van der
Wegen & Roelvink, 2012). The presence of muddy sediments, a mixture of silt and clay (D50 < 63 μm),
reduces erodibility through cohesive properties that protect the top layer of the bed (Braat et al., 2017; van
de Lageweg et al., 2018). Similarly, eco‐engineering species, such as microphytobenthos and saltmarsh vege-
tation, can stabilize bars and shorelines (Austen et al., 1999; Fagherazzi et al., 2012; Kirwan & Megonigal,
2013). Consequently, understanding the interactions between hydrodynamics, sand and mud erosion and
deposition, and biological communities becomes crucial for the sustainable management of estuaries (e.g.,
FitzGerald & Hughes, 2019; Wiberg et al., 2019). Here we address the lack of sufficient understanding on
the large‐scale interactions between biostabilizers and morphodynamics related to sand and mud over dec-
adal time scales.

Mud affects the erosion properties of shorelines and tidal bars (De Jorge & Van Beusekom, 1995; Mitchener
& Torfs, 1996). Deposition of muddy sediments strongly depends on hydrodynamics conditions, generally
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leading to muddy sites in morphologically low‐dynamic areas such as the higher intertidal and areas shel-
tered by vegetation (Braat et al., 2017; Lokhorst et al., 2018). In the lower intertidal and subtidal parts, thin
mud layers can be observed close to the surface as a result of seasonal variations in water levels or
spring‐neap variations, which are often stabilized by microphytobenthos during spring and summer and
can be grazed bymacrobenthic species or shore birds (Daggers et al., 2018; Herman et al., 2001; Mathot et al.,
2018; van de Lageweg et al., 2018; Van der Wal et al., 2008; Widdows & Brinsley, 2002). However, interann-
ual preservation of deposited mud in the deeper layers of the bed is often prevented by large floods that erode
the sediment in winter (Herman et al., 2001). While mud can have positive effects on bank accretion and sta-
bility, impacts on water quality, pollution, and enhanced siltation rates can also negatively affect human
activities and ecology (Van Ledden et al., 2004; Wang et al., 2015). We require a better understanding of
the mechanisms driving formation and preservation of mud layers and their consequences on estuarine
planform and morphology.

Eco‐engineering effects by saltmarsh vegetation can cause rapid adaptations of the morphology of coastal
and estuarine systems (Corenblit et al., 2015; Holling, 1973; Jones et al., 1994; Kleinhans et al., 2018;
Lokhorst et al., 2018; Silinski et al., 2016; Wang & Temmerman, 2013). Saltmarshes grow in the intertidal
area betweenmean high water (MHW) andmean lowwater (MLW)where they increase roughness and drag
on the flow. Through their roots, stems, and leaves, they reduce local flow velocities and enhance inundation
period (Brückner et al., 2019), promoting accretion of suspended sediments and enhanced local bed eleva-
tion (Leonard & Luther, 1995). In estuaries with high sediment availability, accretion rates in saltmarshes
are governed by allochthonous sediment supply that is controlled by hydroperiod (Fagherazzi et al., 2012;
FitzGerald & Hughes, 2019; Temmerman et al., 2004). While hydroperiod is an indicator of the lateral sus-
pended sediment gradient from lowmarsh to high marsh, it also correlates with saltmarsh mortality, as high
hydroperiod generally coincides with increased flow velocities causing plant uprooting and reduced oxygen
supply (Balke et al., 2016; D'Alpaos et al., 2006; Friedrichs & Perry, 2001; Hughes et al., 2012; Mendelssohn &
Morris, 2002; Morris & Haskin, 1990; Morris et al., 2002; Reed, 1990). As the plants eco‐engineering effect
depends on its physical attributes, such as plant properties (stem height, flexibility, and diameter) and abun-
dance (density), the spatiotemporal changes of saltmarshes linked to mortality and season (phenology) are
one main driver of seasonal mud collection (Silinski et al., 2016; Van der Wal et al., 2011). As a result, the
dynamics in vegetation growth and mortality define the variability in saltmarsh and mudflat extent and
result in refinement of marsh sediments (Schuerch et al., 2014). Even though the mechanism of mud accu-
mulation by already established vegetation is well known, we lack knowledge whether mud layers facilitate
vegetation establishment or vice versa. In systems with limited mud supply the drivers for the formation of
mud layers and establishment of saltmarsh vegetation remain entangled. We require a close look at those
drivers to understand where mud layer formation or saltmarsh growth precedes the other.

Similarly, microphytobenthos that consists of diverse assemblages of photosynthetic diatoms, cyanobacteria,
flagellates, and green algae that grow in the upper layer of illuminated sediments (Steele et al., 2001), further
referred to as MPB, contribute to seasonal stabilization of the lower mudflats. The growth of MPB has been
linked to bed elevation, emersion time, or water content of the sediments (Friend et al., 2003; Lucas et al.,
2003; Pratt et al., 2014; Ser et al., 1999; Yallop et al., 2000) and is strongly sediment dependent (Lucas et al.,
2003). During their growth period in spring and summer, they produce a local biofilm that increases the sta-
bility of sediments through secretion of extracellular polymeric substances (EPSs) (Paterson, 1994; Vos et al.,
1988; Yallop et al., 1994). The biomass of MPB is usually concentrated at the sediment surface, which alters
the erosion properties of the sediment in the top layer and thus affects local morphology (De Brouwer & Stal,
2001). This reduction in erodibility can lead to reduced sediment resuspension and transport in the water
column (de Jonge, 2000; Staats et al., 2001). A stabilization of 100–500% compared to non‐colonized sedi-
ment has been reported by many authors (Le Hir et al., 2007; Zhu et al., 2019), suggesting that the effect
of EPS is more important than sediment cohesion (Malarkey et al., 2015). On intertidal flats, consideration
of the stabilization by MPB is especially important when predicting morphological change (Zhu et al., 2019).
However, we still lack understanding of the long‐term effects of MPB and how they contribute to anticipated
changes in mud availability and bed accretion, including large‐scale morphological adaptation of estuaries.

Numerical modeling is a convenient tool to untangle complex interactions between several constituents and
subsequently explain emerging patterns that we have yet to fully understand (Fagherazzi et al., 2012; Wiberg
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et al., 2019). Even though recent morphological models are increasingly rich in processes, only few studies
on estuaries or deltas have included sediment mixtures (Braat et al., 2017; Edmonds & Slingerland, 2010;
Waeles et al., 2007) and many neglect detailed representations of biostabilizers (Kleinhans et al., 2018; Le
Hir et al., 2007). However, to be able to disentangle and quantify the drivers that contribute to the
formation of mudflats, mud preservation, and saltmarsh development, a dynamic, meaning temporally
and spatially varying, representation of biostabilizers needs to be combined with an extensive
hydro‐morphodynamic model that includes sand and mud. This allows an assessment of the role of
biostabilization on redistribution of fine sediments and whether biostabilizers improve predictions of mud
layer formation. We hypothesize that the inclusion of dynamic vegetation abundances and MPB growth
will improve the predictions of mud deposition and, hence, the large‐scale morphological development of
estuaries.

In this paper, a dynamic eco‐morphodynamic model is formulated to represent temporal and spatially vary-
ing saltmarsh vegetation through colonization, growth, and mortality rules as described in literature.
Moreover, the model includes a module that parameterizes seasonal MPB growth to investigate its effect
on sediment accretion. Additionally, the model computes sand and mud transport allowing to investigate
the feedback between two types of biostabilizers, sediment transport of two grain sizes, and morphology that
until now have not been combined in previous numerical models. To disentangle the main parameters that
promote mud layer formation affected by the presence of biostabilizers, we studied the interactions between
dynamics of a generic saltmarsh species, a mud‐dependent saltmarsh species, and MPB on mud accretion
patterns in the Western Scheldt estuary. First, we investigate the eco‐morphological causality dilemma,
whether ecology facilitates mud settlement or vice versa. This was studied on a tidal bar of a dynamic estu-
ary, where we compared mud and vegetation patterns between two numerical experiments: generic salt-
marsh establishment and saltmarsh establishment that requires mud in the bed. Second, we determine
the effect of biostabilizers on seasonal and interannual mud preservation to quantify biostabilization effects
on long‐termmorphology. Finally, we analyzed the large‐scale mud redistribution promoted by generic salt-
marsh vegetation and a mud‐dependent species to enhance the understanding of the role of biostabilization
in estuarine morphological change and to investigate if the trends observed on the tidal bar hold for the estu-
ary scale.

2. Methods

Our ecological model parameterized spatiotemporal growth of two important biostabilizers, saltmarsh and
microphytobenthos (MPB), in combination with mud in the sediment bed. To study the succession of
mud settling and vegetation establishment, we further distinguish between a generic saltmarsh species

Figure 1. The Western Scheldt estuary located in the southwest of the Netherlands (blue‐red colors). The medium‐scale
domain, the tidal shoal of Walsoorden, is marked within the blue rectangle. The entire model domain is displayed
in the lower right corner and includes the area marked in the white rectangle, where the blue grid represents
the domain with the small grid sizes.
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governed by hydroperiod and a mud‐dependent species governed by hydroperiod and mud content. The
ecological computations are coupled biweekly to a calibrated 2‐D hydro‐morphodynamic model with sand
and mud in Delft3D. We use this eco‐morphodynamic model to investigate the mud, vegetation, and MPB
pattern in the Western Scheldt: While the Western Scheldt estuary serves as a case study to predict
large‐scale effects of biostabilization on mud redistribution in dynamic estuaries, the tidal bar of
Walsoorden allows for a detailed analysis of the feedback between abiotic and biotic stabilization and
associated mud and species abundance on bar scale. At the same time, large data availability on both the
tidal bar and the entire estuary allow for validation of our model results and verify our findings derive
generalizations for similar systems beyond the Western Scheldt estuary. Below, we first present the site
and general model setup before the coupling between the ecological and hydro‐morphodynamic models
are outlined.

2.1. Site Description

The Western Scheldt estuary is located in the southwest of the Netherlands (514151′′N, 54035′′E) and repre-
sents the seaward part (60 km) of the Scheldt estuary (see Figure 1). The well‐studied and monitored estuary
(e.g., Bolle et al., 2010; Wang et al., 1999; Winterwerp et al., 2000) is a mesotidal to macrotidal environment
with a tidal prism of 2 ∗ 106 m3 (Wang et al., 1999) and a relatively small yearly averaged discharge of 120
m3/s (De Vriend et al., 2011). The estuary provides access to several harbors with the port of Antwerp being
the largest.

The Western Scheldt estuary is characterized by a convergent geometry and contains several vegetated and
unvegetated bars that are located between the ebb and flood channels. The dominant species are the pioneer
species Spartina anglica and Salicornia ssp. and at later succession stages Aster tripolium (De Vriend et al.,
2011). While the mostly sandy estuary contains less than 10% mud, mud contents over 25% can be found
on the intertidal bars and on the shorelines (Braat et al., 2019; van de Lageweg et al., 2018). The extent
and thickness of existing mud layers have increased in recent years, which was linked to the shift of both
subtidal to intertidal and bare to vegetated areas (Wang et al., 2015). During the last decades, heavy dredging
and dumping activities have been carried out to provide sufficiently deep channels to access the port of
Antwerp (Leys et al., 2006; Plancke et al., 2017). To understand ecological functioning, many studies
investigated human‐induced effects on biodiversity and development of tidal shoals (e.g., Ides et al., 2007;
Van der Wal & Herman, 2012; Van der Wal et al., 2008, 2011). The entire Western Scheldt was mapped
for specific years as ecotope maps by the Dutch Water Authorities (RWS) that give information on the vege-
tation cover, different morphological classes, and sediment types in a 3‐ to 4‐year interval (available on the

Figure 2. Bed elevations (a) and ecotope map (b) for the tidal shoal of Walsoorden in 2015. For our analyses we define
bed elevations between mean water (0.15m NAP) and mean high water (3.3 m NAP) of the boundary conditions in
2013 as intertidal area. Mud and vegetation are mainly present at the highest elevations with mud deposits in the
sheltered center of the shoal. Braat et al. (2019) found that sediments within the vegetation are mainly muddy.
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website of RWS). Thesemaps were reduced to vegetated, muddy, and bare cells (see Figure 2b as an example)
and used to validate the model results by comparing vegetation coverage and location of muddy sediments
for several years.

The tidal shoal of Walsoorden (blue rectangle in Figure 1) formed during the second half of the last century
and developed a saltmarsh vegetation cover from the 1990s onward. The shoal showed dynamic morpholo-
gical changes throughout the last 20 years, mostly expanding probably because of natural and
human‐induced accumulation of sediments and a resulting growth in vegetation cover (Brückner et al.,
2019; Cleveringa, 2014; De Vet et al., 2017). At the same time, the intertidal area increased and
shoal‐margin slopes steepened, creating habitat that is less regularly flooded and prone to biodiversity
change. Additionally, along with a larger species richness, increased mud content, MPB growth, and sedi-
ment refinement were observed (Daggers et al., 2018; Van der Wal et al., 2008, 2011). A recent field study
showed that large parts of the saltmarsh contain muddy sediment in the top layer (Braat et al., 2019), indi-
cating a potential sediment sink within the vegetated area. The presence of several biostabilizers and recent
accumulation of fines on the shoal make this area an interesting case study to investigate their interactions
and draw conclusions about drivers of mud accumulation.

Figure 3. (a) Concept of the eco‐morphodynamic model with its three divisions: hydro‐morphodynamic model in
Delft3D, dynamic vegetation model, and MPB model. The arrows show the interactions between the three divisions.
Blue arrows indicate the interactions between hydrodynamics and vegetation establishment and growth, while red
arrows show interactions causing mortality. (b) Qualitative seasonal growth curve of the height (Hv), diameter (D) and
root length (Lr) of the vegetation throughout each year with t1 establishment size, t2 maximum size, and t3 winter size.
For the plant diameter and root length the winter size equals the maximum size (dotted line). All values used in the
model can be found in Table A1.
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2.2. Model Description

Our eco‐morphodynamic model consists of three modules, a 2‐D
depth‐averaged hydro‐morphodynamic model (HM) in Delft3D,
and two ecological models simulating the two types of biostabilizers
(see Figure 3): a dynamic vegetation model and a dynamic microphy-
tobenthos model, both parameterized in Matlab (version 2016a). A
third important biostabilizer, the eelgrass, has been excluded from
the study since its distribution in the Western Scheldt estuary is lim-
ited and more abundant in the muddy Eastern Scheldt (Suykerbuyk,
2019). Both ecological models consist of separate modules individu-
ally coupled biweekly with the Delft3D model to update the ecologi-
cal parameters and further incorporate their effects on flow in the
Delft3D model. Delft3D solves the shallow‐water equations (Lesser
et al., 2004), sediment transport of sand with the Van Rijn transport
predictor (Van Rijn et al., 2004), mud transport with the
Partheniades‐Krone formulation (Partheniades, 1965), and morpho-
logical development by diffusion after an active layer concept.
2.2.1. The Setup of the Eco‐morphodynamic Model
The hydro‐morphodynamic model is based on a two‐dimensional
model of the Western Scheldt (the Dutch‐Flemish model [Nevla

model]) calibrated for hydrodynamics (Maximova et al., 2009a, 2009b; Vroom et al., 2015) and optimized
for morphology (Grasmeijer et al., 2013; Schrijvershof & Vroom, 2016; van Dijk et al., 2019) and includes
an additional fine mud fraction (Braat et al., 2019). Waves and stratification linked to salinity are neglected
as the estuary is generally well mixed (Meire et al., 2005; Savenije, 2006) and the energy by tidal currents
dominates sediment transport in the landward part of the estuary (Hu et al., 2018). Furthermore, compac-
tion is not included in the Delft3D model as we look at qualitative analyses of accretion induced by the pre-
sence of biostabilizers as compared to abiotic mud settling. For our analysis we looked at two grid scales
(Figure 1). First, we used a decomposed domain of the tidal shoal of Walsoorden to investigate mud accumu-
lation, microphytobenthos growth, and saltmarsh colonization on a fine grid size of approximately 30 m (as
described in Braat et al., 2019, and van Dijk et al., 2019) (Table 3, Run1). Second, we study the MPB, salt-
marsh, and mud patterns that emerge from their interaction on a coarser grid (100‐m grid sizes) along the
entire Western Scheldt model domain (Table 3, Run2). The large domain represents the part between the
mouth and the Dutch‐Belgian border (see colored shades in Figure 1).

The hydrodynamic boundaries consist of a time series of four representative spring‐neap cycles in 2013 based
on water‐level measurements, meaning that the model considers most tidal constituents, storm surges, and
discharge and result in sediment input variations as sediment transport is computed using equilibrium sand
transport (van Dijk et al., 2019) and a constant mud input at the river boundary of 0.02 kg/m3 (Braat et al.,
2019). To fit the tidal signal into an integer number (Duran‐Matute & Gerkema, 2015), the tidal cycle of the
dominant M2‐tide was reduced to 720min (as in Brückner et al., 2019). This step was necessary to allow for a
constant forcing period of one tidal cycle when upscaling the model for the morphological and ecological
computations as described below. To accelerate morphological development, the model included a morpho-
logical acceleration factor of 24 that enhanced the computations of erosion and deposition by multiplication.
Morphological and ecological time were set equal, which led to one tidal signal (12 hr) representing 12 days
of morphological and ecological development. To fit the spring‐neap cycle (14 tidal signals) into one mor-
phological, or ecological, year, we applied 28 couplings, leading to 28 ecological time steps (ETSs) with each
being one tidal signal of 720 min. This led to a total simulation time of 20,160 min per ecological year. In
total, we simulated 12 ecological years for the small domain and 8 years for the large domain. All model
parameters are defined in Table 1.
2.2.2. Dynamic Vegetation Model
To account for vegetation effects in the hydro‐morphodynamic model, we used the trachytope approach
with the Baptist formula (Baptist et al., 2007) that allows for several vegetation fractions of different vegeta-

tion types and life stages in one numerical cell. The Baptist formula calculates a net roughness C (
ffiffiffiffiffi

m
p

=s)

from a combination of the bed roughness Cb (
ffiffiffiffiffi

m
p

=s ) and detailed vegetation parameters, such as

Table 1
Model Parameters as Defined in the Delft3D Model

Parameter Value Unit
Numerical settings

Simulation time ecological year 20,160 min
Numerical time step 0.1 min
No. ecological time steps 28 1/ecological year
Sand
D50 2e−4 m
Dry bed density 1,600 kg/m3

Mud
Settling velocity mud 5e−4 m/s
Crit. bed shear stress for erosion 0.2 N/m2

Erosion parameter 1e−4 kg/m2/s
Dry bed density 1,000 kg/m3

Boundary concentration 40 mg/L
Bed settings
Active layer thickness 5e−2 m
Max. storage layer thickness 5e−2 m
Morphological acceleration factor 24 ‐

Note. More details can be found in van Dijk et al. (2019) and Braat et al. (2019).
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vegetation height hv (m), vegetation density n (m/m2), and a bulk dragCD (‐). Depending on the relative local
water depth h (m), C is computed as

with g is gravity (m/s2), κ¼ 0.41 (‐) von‐Kármán constant, and Cb¼ 25 (
ffiffiffiffiffi

m
p

=s), which is derived from the
Manning of the vegetated bars of 0.028 and a water depth of 0.1 m. To compensate for higher local sediment
transport induced by increased C, an additional flow resistance−λ/2*u2 is included in the flow solver, where
λ is defined as

Finally, for each vegetation fraction present in each cell, both λ and C are weighted according to their rela-
tive coverage fi

Ctotal ¼ ∑
if iCi

(3)

and

λtotal ¼ ∑
if iλi

(4)

To investigate the effect of saltmarshes on mud accumulation and bed accretion, we tested both a generic
saltmarsh species as in Brückner et al. (2019) and a mud‐dependent species that only colonizes cells with
a mud fraction in the top layer larger than 40% that is similar to the critical mud fraction for cohesion
(Van Ledden et al., 2004). At each coupling time step, the results of the Delft3D model are fed into the
dynamic vegetation model to calculate the new vegetation parameters. Below, we briefly describe the vege-
tation rules that determine species establishment, growth, and mortality. For more detail on the dynamic
vegetation model, please see Brückner et al. (2019).

The dynamic vegetation model includes colonization, growth, aging, and mortality rules based on literature
(Brückner et al., 2019). Colonization is defined at the beginning of each year while vegetation growth is
defined by a seasonal increase in biomass, based on height and stem diameter, throughout the ecological
year. Aging is accounted for by parameterization of a second life stage for plants that survive their first year,
consequently reaching larger maximum plant sizes and higher resilience to stresses. Mortality induced by
hydro‐morphodynamic stresses reduces the vegetation fraction in a cell and makes room for new seedling
establishment.

Establishment occurs at the beginning of each ecological year. For the generic species, cells that are located
in the intertidal area (flooded and subsequently dried during one ETS) are filled with an initial fraction of
0.4. The mud‐dependent species additionally requires a 40%mud fraction in the top bed layer, which is char-
acteristic of Spartina (Huckle et al., 2000). After initial settling in t1, vegetation grows linearly until the eco-
logical summer (t2), remains constant until autumn (t2− t3), and above‐ground biomass decays at the
beginning of winter (t3) (see Figure 3b). After surviving their first year, the vegetation enters a new life stage
with larger sizes and higher resilience and regrows. At the same time, new seedlings can establish as long as
the maximum fraction of 1 in the cells is not exceeded. The parameters for the vegetation growth can be
found in Table A1. Vegetation cover can decline through mortality that is calculated every coupling interval.
Mortality rules include dying due to inundation period, uprooting by velocity, erosion of roots, and burial of
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above‐ground biomass. Hereby, inundation period and velocity cause gra-
dual, linear mortality depending on pressure strength while burial and
scour immediately remove the entire fraction if a threshold value is
exceeded. The mortality parameters are summarized in Table A2.

The dynamic vegetation model is mortality driven, which means that spe-
cies can settle with an initial fraction, which represents patch density
rather than individual plant density and makes rhizomal growth of, for
example, S. anglica irrelevant. In suitable cells, every year new fractions
are added to the cell, which account for lateral expansion or seedling

establishment, leading to the saltmarsh growth that is observed in reality (Brückner et al., 2019).
Mortality is a percentage of the initial fraction, which allows for constant die‐off rates independent of the
plant fraction present. This strategy allows us to model several ecological concepts of saltmarsh vegetation,
both rhizomal expansion and single seedling establishment, which leads to dense vegetation higher up the
marsh and single species surviving more difficult abiotic conditions at lower elevations (Brückner et al.,
2019).
2.2.3. The Microphytobenthos Model
The effect of MPB growth on mud stabilization was investigated for both domains. Linked to the secretion of
EPSs, MPB stabilize the sediment and reduce local erosion (van de Koppel et al., 2001). We account for this
effect by an alteration of the resuspension properties of the mud fraction in cells where MPB grow. Hereby,
we assume that MPB live on top of the sediments altering the critical bed shear stress for erosion τcr,e of the
mud while the erosion parameterM (kg/m2/s) remains unchanged. This directly affects the erosion flux Em
of the mud between the bed and the water column (kg/m2/s) in the Partheniades‐Krone formulations
(Partheniades, 1965) as

Em ¼ MSðτcw; τcr; eÞ (5)

with τcw maximum shear stress at the bed (N/m2) and S erosional step function. This equation is used for
the computations of mud erosion and deposition while the Van Rijn et al. (2004) transport predictor com-
putes sand transport.

Since MPB in the Western Scheldt grows seasonally under warm temperatures and sufficient sunlight
(Herman et al., 2001), we defined a growth period of 10 ecological time steps. In contrast to the dynamic vege-
tation model, newly establishing MPB was calculated each coupling interval with the Delft3D model (every
ETS) as a function of inundation period i and mud fraction fmud in the top layer and was added to the already
established MPB cover MPBpre leading to increasing MPB coverMPBest throughout the growth period

MPBest ¼ f ði; f mudÞþMPBpre (6)

indirectly selecting sheltered areas with limited erosional and depositional processes (Herman et al., 2001).
The colonization thresholds can be found in Table 2.

In cells where MPB was present, the critical shear stress of the mud fraction was increased by a factor of 4
from 0.2 to 0.8 N/m2 as reported in Le Hir et al. (2007) that provide a literature review of the effects of bios-
tabilizers on erodibility. Consequently, the microphytobenthos model was driven by colonization, which
accounted for a gradual spread of the MPB in summer when water levels are reduced. As a result, no
cell‐specific growth or mortality through hydro‐morphodynamic pressures or grazing were considered (Le
Hir et al., 2007). At the end of the growth season, MPB was entirely removed and the critical bed shear
was set to its abiotic value in all cells.

3. Results

To quantify interactions between mud layers, saltmarsh growth, and microphytobenthic stabilization, our
eco‐morphodynamic model is based on a calibrated and optimized two‐dimensional hydro‐morphodynamic
model combined with a dynamic and interactive representation of vegetation and microphytobenthos
(MPB). We ran the model on a medium‐scale grid of the tidal bar of Walsoorden to investigate the interac-
tions between the two biostabilizers and seasonal mud layer formation and preservation. A large‐scale grid

Table 2
Colonization Thresholds for Binary MPB Establishment

Microphytobenthos Min. threshold Max. threshold

Inundation perioda 0.35 0.5
Mud fractionb 0.3
aDaggers et al. (2018) and van de Koppel et al. (2001). bWiddows and
Brinsley (2002).
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of the Western Scheldt estuary allowed to investigate the large‐scale effect of biostabilization on
redistribution of mud and consequences for mud layer thickness (see Figure 1).

Using the medium‐scale grid, we first validate and quantify the spatial representations by our model com-
pared to the ecological development over several years in the ecotope maps (2004, 2008, and 2012) to inves-
tigate decadal saltmarsh establishment and MPB growth on bar scale. To gain insights into the feedbacks
between mud and saltmarsh vegetation growth, we compare vegetation pattern for the generic and the
mud‐dependent species as well as to a run with only sand. Second, we disentangle the effect of several bios-
tabilizers on mud layer formation by comparing a mud pattern resulting from generic or mud‐dependent
saltmarsh colonization and presence of MPB (see Table 3, Run1‐scenarios). Here we distinguish in (a) sea-
sonal mud layers with a thickness of smaller than 10 cm (Herman et al., 2001) that are washed away between
years and have ecological but insignificant morphological effects and (b) mud preservation defined as layers
reaching 10 cm or larger thicknesses that are preserved in the lower layers of the bed and become part of the
morphology.

Finally, we look at the mud distribution along the Western Scheldt estuary to predict large‐scale morpholo-
gical change and subsequently investigate the influence of the generic saltmarsh and a mud‐dependent salt-
marsh to quantify their effects on the large‐scale morphological development of estuaries (Table 3, Run2‐
scenarios). We compare trends of seasonal mud and preserved mud layers to make generalization on
large‐scale pattern of mud and biostabilizers and their interactive effects.

3.1. Mud Settling and Biostabilizers

To investigate the interaction between the spatial distribution of saltmarsh vegetation and mud, we com-
pared the results of the vegetation pattern of all scenarios of Run1 in Figure 4. A comparison between the
generic saltmarsh species cover on only sand (Figure 4b) with a scenario with mud (Figure 4c) did not show
a significant difference in cover location, implying that the mud accumulation did not affect generic salt-
marsh growth significantly. In comparison with the ecotope maps that show an increase in vegetation cover
through time, the generic saltmarsh species (Figure 4c) overpredicted total cover toward the north‐west of
the bar by predicting nearly constant growth through time. On the other hand, the mud‐dependent species
underpredicted coverage as mapped in the southwest of the bar but showed better correspondence in salt-
marsh pattern over time (Figure 4d). Figure 4e represents the mean growth period that MPB was present
during the growth period showing main growth on the lower mudflats especially at the southwestern tip
of the bar as has already been reported by previous studies (Daggers et al., 2018; Van der Wal et al., 2008).
A combination of the generic saltmarsh and MPB (Figure 4f) led to increased MPB coverage at the edges
of the bar. Figure 4 illustrates that vegetation and microphytobenthos growth locations on Walsoorden
can locally be affected by the presence of mud.

Table 3
Model Scenarios Based on Initial Bathymetries, Years of Simulation Time, Grid Cell Sizes, and the Years of the Ecotope Maps that the Model Results Were
Compared to

Model scenario Ecol. sim. time Ecotope maps Grid cell size Biostabilizer

Run1_GVegSand 12 2004, 2008, 2012 ∼16m× 27m Generic SM
Run1_GVeg 12 2004, 2008, 2012 ∼16m× 27m Generic SM
Run1_MVeg 12 2004, 2008, 2012 ∼16m× 27m Mud‐dependent SM
Run1_MPB 12 2004, 2008, 2012 ∼16m× 27m MPB
Run1_GVegMPB 12 2004, 2008, 2012 ∼16m× 27m Generic SM+MPB
Run1_Ref 12 2004, 2008, 2012 ∼16m× 27m ‐

Run2_GVeg 8 2008 ∼50m× 180m Generic SM
Run2_MVeg 8 2008 ∼50m× 180m Mud‐dependent SM
Run2_Ref 8 2008 ∼50m× 180m ‐

Note. We investigated the eco‐morphodynamic model over 12 years of morphological development (2000, 2004, 2008, and 2012) for the generic saltmarsh (SM)
with only sand (Run1_GVegSand) as well as sand andmud (Run1_GVeg), mud‐dependent saltmarsh (Run1_MVeg), microphytobenthos (Run1_MPB), the com-
bination of generic saltmarsh andMPB (Run1_GVegMPB), and reference scenarios without biostabilizers (Run1_Ref). Model runs for a coarser grid spanning the
entire estuary (Run2‐scenarios) were conducted to investigate large‐scale effects of generic and mud‐dependent saltmarsh vegetation (SM) on mud accretion.
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The generic and mud‐dependent vegetation types both led to different vegetation and mud patterns on the
bar. The generic species (Figure 5c) largely covered the bar in year 4 and only spread partly during the
remaining simulation time, while the mud‐dependent species gradually expanded in cover with time
(Figure 5d). The mud cover increased with increasing vegetation cover in the vegetated cells for both vegeta-
tion types, leading to mud fractions larger than 0.5 in the top layer, while adjacent to the saltmarsh mud in
the bed only appeared in lower fractions of around 0.25. This increase in mud on the bar led to a gradual
spread of the mud‐dependent species, which enhanced settling within young patches and initiated a positive
feedback between mud layers and saltmarsh growth (Figure 4d). Thus, saltmarsh growth resulted in high
mud contents covering large parts of the bar for the vegetated scenarios. In contrast, the reference scenario
without vegetation (Figure 5b) showed similar mud fractions at the southern tip as the vegetation scenarios
while the center and western parts of the shoal were covered with lower mud fractions in the top layer. As a
result, under hydrodynamically calm conditions mud can settle without saltmarsh vegetation, whereas vege-
tation promotes mud layer formation at exposed areas where it acts as a local sediment sink.

In contrast to the saltmarsh scenarios, the scenario with MPB (Figure 5d) showed similar mud locations as
the reference scenario while a scenario with both the generic saltmarsh and MPB (Figure 5f) resembled the
results of Run1_GVeg. As the MPB required sufficient mud in the top layer, it was mainly found at south-
western tip of the bar where prior mud settling occurred (Figure 4e) and showed limited effects on mud area
extent. Interestingly, the locations where MPB were present do not necessarily co‐occur with the highest
mud fraction in the top layer, suggesting that there is a more complex feedback between biostabilization
by MPB and mud.

The performance of the mud model, as evaluated by the ecotope maps, was significantly improved by the
presence of vegetation (Figure 5 bar plot). The generic vegetation scenario improved the predictions for cells
that contained a substantial amount of mud compared with the reference scenario by over 50%. Similarly,
the mud‐dependent species increasingly enhanced predictions over time while MPB resulted in limited
improvements. As we started from a bed without mud, the generic vegetation enhanced predictions

Figure 4. Saltmarsh and MPB growth for simulation years 4, 8, and 12 compared to the ecotopes (2004, 2008, and 2012) for all scenarios. Colors in ecotope maps:
dark green is dense vegetation cover (>50%), light green is sparse vegetation cover (<50%), and gray is sand (a). Our results show good correspondence in
location of dense vegetation coverage (b and c) with the mud‐dependent vegetation expanding in cover with time (d). Relative MPB presence in growth period
increases with time toward the southern tip of the bar (e). Combined generic saltmarsh and MPB growth leads to enhanced growth periods of MPB (f). Blue shades
represent bed elevations with contour lines in 4‐m intervals.
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especially in the first years of the simulation and became less important with accumulation of themud in the
bed whereas the mud‐dependent species enhanced predictions with increasing cover and time. Best
predictions were obtained when both saltmarsh vegetation and MPB were present. In general, this shows
that predictions of surface mud are improved when vegetation establishment and growth are included.

We investigated the effects of biostabilization on seasonal mud accretion by comparing mean mud accretion
for all scenarios that include mud over one ecological year (Figure 6). For MPB, mud accretion was greatest
during its growth period and low water levels and reduced with increasing water levels toward the end of the
year. For the scenarios including saltmarsh vegetation, mud accretion was greatest induced by a combina-
tion of low plant sizes and high water levels at the beginning and end of the year, possibly due to enhanced
inundation periods on the bar. On the other hand, the combination of low water levels and high biomass
during growth season prevented flooding of the marsh during summer, leading to lower accretion rates than
the reference scenarios. As a result, seasonal variations in vegetation size had negative impacts onmud accu-
mulation during growth season while low vegetation biomass and high water levels in winter led to largest
accretion through both enhanced trapping and protection of the existing surface mud. The combination of
both the generic saltmarsh and MPB led to enhanced accretion along the entire ecological year.
Interestingly, in this scenario accretion during the growth period of MPB was lower than when only MPB
was present but promoted larger sedimentation rates toward the end of the year.

3.2. Mud Preservation and the Role of Biostabilization

To better understand the influence of biostabilizers onmud preservation in the bed, we comparedmud thick-
ness among five scenarios (Figure 7). The thickness of mud layers was enhanced by the presence of saltmarsh

Figure 5. Mud fraction is the top layer for simulation years 4, 8, and 12 of all scenarios compared to the surface classified as muddy in the ecotope maps (brown
colors). Contour lines in 0.1 mud fraction intervals. Mud fraction increases with time in all scenarios where vegetation promotes mud settling. Vegetation
cover of the generic species increases mud accretion in the center and southern parts of the bar while the reference scenario without vegetation mainly shows
accretion in the south‐east. The mud‐dependent species leads to a gradual increase in mud cover. MPB shows a similar mud cover as the reference scenario
whereas the mud cover from the combination of both the generic saltmarsh and MPB resembles the mud pattern of the run with generic saltmarsh only.
The performance of the model was computed by comparing cells including sufficient mud (>30%) in the model with the ecotope maps. The bar plot shows a
positive effect on performance when including vegetation or both vegetation and MPB while MPB alone has insignificant effects.
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vegetation compared to the reference scenariowith onlymud.Mud preser-
vation was strongest at the southern tip and also the only part of the bar
where mud settled without vegetation cover (Figure 7‐1). Especially in
the center and western parts of the bar, mud could only settle within vege-
tation patches and thickness increased over the period that vegetation was
present (cf. Figures 7‐2 and 7‐3). This indicates that shielding makes the
saltmarsh the driver of mud accretion on top of the shoal of Walsoorden
that allows for preservation in the lower layers of the bed.

Cross‐sectional analysis revealed higher absolute accretion thickness by
the three biostabilizing species (Figures 7‐2, 7‐3, 7‐4, and 7‐5). The trans-
ects (displayed in Figure 7‐1) are representative for several bed elevation
gradients and vegetation densities, showing that relative mud accretion
was enhanced at higher elevations and in vegetated cells. This in turn
led to an increase in bed elevation and preserved a large part of the avail-
able fine sediment in the first few top decimeters of the bar. However, the
accretion was not directly dependent on the vegetation density of the com-
putational cell, showing accumulation in but also next to the densely colo-
nized cells. The mud‐dependent species showed the same mud accretion
pattern. Mud layer thickness was observed at intermediate elevations for
transect 1 in all scenarios (coordinate 64.5–65 km), showing that mud pre-
servation not necessarily correlated with bed elevation. MPB presence
showed similar trends as the saltmarsh vegetation, where accretion
occurred at high elevations and in cells adjacent to colonized cells
(Figure 7‐4a–h). Mud thickness and vegetation fractions increased when
both vegetation and MPB were combined (Figure 7‐5q–t), suggesting a
positive feedback that enhanced saltmarsh abundance when MPB were
present (Figure A1). Consequently, and in contrast with the results from
Figure 5 that shows that top layer mud fractions were enhanced within
colonized cells, mud preservation in the lower layers of the bed was gov-
erned by local effects at bar scale that emerged from a combination of
local bed elevations and biostabilization.

3.3. Vegetation Effects Along the Estuarine Gradient

Similar to the processes on the tidal bar of Walsoorden, we observed enhanced mud accretion by vegetation
presence along the entire Western Scheldt estuary. Vegetation occurred at the high elevations on the shoals
and at the shores (Figures 8a1 and 8a2). Hereby, vegetation densities were largest toward the highest parts of
the estuary. Mud (Figures 8b1 and 8b2) accreted mainly on the higher mudflats at the edges of the estuary
while only limited deposition was observed in the channels and on the bars. Smaller mud fractions occurred
in hydrodynamically active areas while large mud fractions were exclusively observed in colonized areas.
The presence of saltmarsh vegetation promoted mud settling on the bars and along the sides of the estuary.
The mud difference maps (Figures 8c1 and 8c2) show that vegetation increased mud settling (Hoge Platen,
Walsoorden, Saeftinghe). However, at the highest areas along the estuary fringes accretion rates were lower
than in the reference scenario as the vegetation slowed down the flow, causing settling closer to the channels
with limited fine sediment transport toward the shores. The presence of the mud‐dependent species led to
reduced fractions but larger extent of mud in the top layer.

A more detailed analysis of the trends observed in Figure 8 reveals that the total mud area for thin layers
reduced toward higher elevations while extent of thick mud layers increased (Figure 9). Once vegetation
was introduced, the mud layer extent increased for both thick and thin layers with distinct peaks at higher
intertidal elevations (GVeg and MVeg). Hereby, thick layers were found at higher elevations than the thin
layers. However, the settling of mud within the vegetation led to reduced mud availability at the highest ele-
vations, reducing mud extent at high bed elevations where the largest vegetation cover occurred.

Interestingly, the generic saltmarsh enhanced thick mud layers close to the vegetation edge compared to a
mud‐dependent species linked with enhanced sedimentation within the sparse vegetation at the marsh

Figure 6. Seasonal trapping efficiency for intertidal area (above
MLW¼−2.5 NAP) averaged over the last 4 years of simulation time is
compared to the relative high water level at the boundaries over one
ecological year (one hydrological spring‐neap cycle), showing mud
accumulation for all scenarios. Arrows indicate qualitative plant sizes for
the saltmarsh growth cycle (SM) and start and end of the growth period of
MPB within the ecological year. In contrast to the reference scenario, the
accretion under biostabilization is governed by a combination of the
variations in water level and seasonal growth: While MPB clearly
enhances trapping during its growth period vegetation promotes largest
trapping at the beginning and end of the year with reduced accretion during
its growth season. The combination GVegMPB enhances accretion
throughout the entire ecological year.
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edge. On the other hand, the mud‐dependent species was able to increase thin mud layer extent along large
parts of the intertidal domain leading to the establishment of newmud layers away from the marsh. This can
be linked with the gradually expanding saltmarsh already observed in Figure 4 allowing for more gradual
sedimentation with expanding plant cover. As a result of the modification of the mud pattern by vegetation,
the area of the thin and thick mud layers in the estuary was increased by 15–25% and 55% of the reference
run, respectively (Figures 9a and 9b).

3.4. Discussion

Spatiotemporal variations in mud deposition, saltmarsh, and microphytobenthos (MPB) growth govern the
morphology of tidal systems by stabilization of shorelines and tidal bars that definemulti‐channel systems in
estuaries (Allen, 2000; Braat et al., 2017; Le Hir et al., 2007; Temmerman et al., 2003). To be able to under-
stand the feedback between biostabilization, mud layer formation, and morphology, a detailed
eco‐morphodynamic model is required that accounts for eco‐engineering effects on dense temporal and spa-
tial scales (Brückner et al., 2019). Models that simplify saltmarsh growth and sediment settling as monoto-
nously increasing are only applicable in systems with unlimited suspended sediment supply and where
saltmarshes matured to a cohesive cover that leads to sheet flow above the canopy with constant sedimenta-
tion rates (Fagherazzi et al., 2012). For the first time, this model enables us to study the feedbacks between
differences in mud layer formation and biostabilization to draw conclusions on the effects on morphology in
a dynamic, large‐scale estuarine system.

Themodels including the generic saltmarsh and both the generic saltmarsh andMPB improve predictions of
mud locations by more than 50% compared to the reference run without biostabilization, as evaluated by the
ecotope maps. The performance reduces with simulation time as the reference scenario accumulates mud
with simulation time. On the other hand, a mud‐dependent species leads to improved model predictions
over time as mud and vegetation spread gradually, which increases performance in the later years.
Overall, this shows that including saltmarsh vegetation into hydro‐morphological computations enhances
mud predictions depending on the initial state of the model and the choice of the vegetation. However,
MPB does not enhance predictions of mud layer formation.

Our model computes sediment transport and morphodynamics by state of the art relations and includes
literature‐based seasonal saltmarsh and microphytobenthos (MPB) dynamics that predicts patterns compar-
able to field data (Figures 4 and 5). The simulation results of Run1_MPB show similar locations of MPB
growth as previously reported in literature at the lower mudflats of the tidal bar (Daggers et al., 2018; Van
der Wal et al., 2008; Widdows & Brinsley, 2002). Our model predicted enhanced mud layers on the tidal
shoal of Walsoorden in the presence of vegetation and MPB despite their seasonality (Figure 7). By compar-
ing a generic saltmarsh growing independently of mud thickness with a mud‐dependent species expanding
gradually with increasing mud cover, our results suggest that antecedent presence of mud can control salt-
marsh cover. As a result, on a bar scale local hydro‐morphodynamic conditions control if mud settling pre-
cedes vegetation establishment or vice versa. Large‐scale morphology is altered by the presence of
biostabilizers through their capability to facilitate mud layer formation and thus limiting mud availability
on adjacent mudflats and in marshes.
3.4.1. Interactions Between Biotic and Abiotic Stabilization
Saltmarsh growth and expansion depend on several environmental factors, including hydrodynamic stresses
and sediment type. Our results show that bed level accretion is not necessarily the main mechanism facili-
tating plant survival of the generic saltmarsh type even though sediment supply is known to be one impor-
tant factor for saltmarsh resilience (FitzGerald & Hughes, 2019). Our generic saltmarsh species covers a
similar area on the bar from the beginning of the simulation and barely expands with increasing bed eleva-
tion (Figure 4c). This is especially pronounced compared to the scenario with sand only, where very low sedi-
mentation on the shallow parts of the bar leads to a similar extent in generic saltmarsh species pattern
(Figure 4b). Instead, flow reduction through plant growth appears to be controlling marsh extent of the gen-
eric saltmarsh species, similarly as in Brückner et al. (2019). Mud layers, however, form at different parts of
the shoal and drastically increase in extent post vegetation establishment (Figures 5c and 5d). As a result, the
accretion of the mud observed in the ecotope maps requires prior saltmarsh growth for large parts of the bar,
suggesting that preservation of mud on the shoal of Walsoorden is strongly driven by the presence of vegeta-
tion. We think that this mechanism can be characteristic for dynamic morphological features, such as tidal
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bars that experience high flow velocities that prevent large mud fractions on bare flats: While mud can
accrete on sheltered, unvegetated parts on the bar, vegetation helps accrete mud in otherwise too dynamic
locations (Figures 5 and 7). This process is based on higher resilience of saltmarshes to hydrodynamics
than inherent to mud, which leads to an alteration of the hydrodynamic forcing as soon as vegetation is
present and facilitates mud layer formation. As a result, limited saltmarsh growth by hydrodynamic
stresses at exposed sites is potentially limiting mudflat formation and expansion.

We find varying behavior of vegetation species that require different sedimentary conditions for their estab-
lishment. The generic saltmarsh, governed by hydrodynamic stresses only, can colonize large parts of the bar
while a mud‐dependent species gradually increases with enhanced mud settling as mud is not present in the
initial bathymetry (Figure 4). While the former alters hydrodynamics and sedimentation instantaneously
and causes strong mud accretion along the vegetated surface, the latter facilitates gradual increase in surface
mud content by concurrent saltmarsh expansion. On a decadal time scale, the mud‐dependent species is not
capable of covering the same extent as the generic species but nevertheless shows closer resemblance to
observed saltmarsh development. This suggests that mud‐dependent saltmarsh establishment might be an
important factor constraining saltmarsh development observed in nature.

Van Hulzen et al. (2007) showed that Spartina prefers muddy sediment due to enhanced nutrient avail-
ability and soil drainage. Moreover, seed retention in the bed was linked to both a lack of mud erosion
(Zhu et al., 2014) or mud deposition (Xiao et al., 2009). Consequently, the suggestion from literature

Figure 7. Mud preservation on the tidal bar for the reference scenario (1) compared to the two vegetation scenarios (2 and 3), the microphytobenthos (4), and the
combination generic vegetation and MPB (5). At the southern tip (transect 3), mud preservation occurs in all scenarios with similar thicknesses while the
presence of vegetation is crucial for mud accretion rates on the north‐western part of the tidal bar (transects 2 and 4). Cross‐sections in several transects on
Walsoorden show different local accumulation thicknesses between scenarios, dependent on vegetation fraction (green colors). Compared to the reference
scenario, vegetation enhances bed elevation throughout all transects where it is present, but not necessarily at the highest densities or bed elevations.
Microphytobenthos enhances bed accumulation also adjacent to the colonized cells (yellow colors). Both biota and mud coverage for combined vegetation and
MPB (q‐t) increase in all transects. Blue lines indicate mean hydroperiod along bed elevation in the reference scenario.
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that antecedent mud presence can facilitate saltmarsh growth together with our model results points to
the presence of a geomorphological window of opportunity similar to Balke et al. (2014). If saltmarsh
formation is strongly governed by mud presence during recruitment in early spring, then the presence
or absence of winter storms, removing or conserving the top mud layer, exerts a major control on
saltmarsh development. Thus, initial saltmarsh colonization might not only depend on the
hydrodynamic conditions during seed dispersal but similarly on the preceding hydrodynamics allowing
for mud settling prior to seedling germination. The existence of a geomorphologic window of
opportunity is thus based on the occurrence of seasonal disturbances such as winter storms and might
help elucidate observed differences in interannual saltmarsh growth in dynamic coastal environments.
However, we expect that as soon as saltmarsh establishment takes place vegetation potentially relies
less on mud for survival due to its eco‐engineering capabilities (Brückner et al., 2019) but still
constitutes an important habitat for mud to settle. We show that the feedback loop between mud
sedimentation and species growth leads to different emerging species abundances that are controlled by
the preceding geomorphic setting and lead to species‐specific mud layer formation.

In contrast to the enhanced settling by the saltmarsh vegetation, MPB leads to similar muddy locations as the
reference scenario but stabilizes the deposited mud (Figures 5 and 7) on the shoal of Walsoorden.
Stabilization of fine sediments by MPB has been observed by field studies on intertidal flats in the
Western Scheldt (Herman et al., 2001; van de Koppel et al., 2001), the Humber estuary (Widdows &

Figure 8. (1) Run2_GVeg and (2) Run2_MVeg at the end of eight morphodynamic years for vegetation fraction on bathymetry (a) and mud fraction in top layer
(>5%) (b). The mud fraction difference to the Run2_Ref‐scenario (c) with red larger and blue reduced mud fractions shows larger deposition within
vegetation and reduced deposition at higher bed elevations on the bars and toward the sides of the estuary. Flow velocities along estuary (d) show flow deviation
into the channels by the vegetation. Black lines define the mean low water line.
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Brinsley, 2002), and theWadden Sea (Riethmüller et al., 2000). However, on intertidal flats the destruction of
the biofilm by grazing through macrofauna and shore birds is an important control on the stability of the
mudflat that we do not account for (Herman et al., 2001; Mathot et al., 2018; Van der Wal et al., 2008;
Widdows & Brinsley, 2002). Similarly, we simplify erodibility reduction by MPB by assuming a constant
biomass that possibly overpredicts local biostabilization. The balance between biostabilization through
MPB and grazing by Macoma balthica largely depends on yearly variations in temperature, where warm
winters can lead to decreased grazer densities (e.g., M. balthica) and large microphytobenthic cover
(Widdows & Brinsley, 2002). In the face of global warming increasing biofilms will affect fine sediment
dynamics by local stabilization and accretion. We found that MPB occurs only 20% of the total simulation
time (not shown) but surprisingly can lead to higher mud fractions in the bed layers over several years.
Consequently, the seasonal effect of MPB can have a long‐term effect on mud retention. Resulting
emerging patterns contribute to locally enhanced bed elevation, sediment refinement, and increasing
stability of the intertidal area that persist throughout several years.

Our results show that mud layer formation is largely governed by local interactions between biotic and abio-
tic processes. The elevational gradient of stabilization along the mudflat‐saltmarsh interface leads to increas-
ing local mud layer thickness and as a result controls the development of the cross shoal profile. New
vegetation establishment on tidal bars enhances sedimentation and acts as a local sediment sink that can
facilitate saltmarsh establishment. However, maturity of the marsh leads to organic accretion rates enhan-
cing bed elevations while autocompaction (not modeled here) reduces mud thickness that add further chal-
lenges to the predictions of mud sedimentation and bed level changes in estuarine systems (Allen, 2000).

Figure 9. Total mud area along bed elevation (0.1‐m steps) of thin and thick mud layers of the intertidal area (lines)
shows largest thin mud area at lowest elevations that reduce toward the higher intertidal while thick mud layers
peak at intermediate and high elevations in the reference run. When vegetation is present, the total mud area for
both thick and thin layers increases toward the higher intertidal. The values are smoothed by a moving average of 5
points. The qualitative mean vegetated area (surface area) shows largest vegetation cover at the highest elevations.
The bar plots show enhanced mean mud area compared to a reference run (a) and total vegetated area (b) confirming
that GVeg has a larger extent than MVeg.
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However, we do not expect these simplifications to change the main trends observed in our results, where
biostabilizers facilitate mudflat formation and expansion and on a secondary level control the extent of
marshes andMPB. Vegetation establishment in areas with high flow velocities is crucial to allow for mudflat
formation, whereas mud was not a prerequisite for saltmarsh growth, but potentially an important factor
limiting their extent.
3.4.2. Conditions for Interannual Mud Preservation
Deposition of fine sediments in intertidal areas is controlled by the hydrodynamics, such as flow velocity
and inundation period, as well as sediment supply. Generally, the total trapping within the vegetation is
highest for a combination of high water levels and low biomass, leading to largest accretion at the begin-
ning and end of the growth season. Increasing water levels and reduced plant sizes during winter allow
for longer inundation times that lead to larger sediment accretion. On the other hand, mud accretion
under MPB presence mainly occurs during their growth period stabilizing present mud layers
(Figure 6). Understanding the conditions under which seasonal mud layers form and get preserved in
the stratigraphy is crucial for ecological functioning, the prediction of bar stability, and marsh resilience
in threatened environments through sea level rise or human impact (FitzGerald & Hughes, 2019). To be
able to determine which parameters control mud layers under two types of biostabilizers, we analyze the
relationship between mud thickness, mean inundation period, 90‐percentile maximum flow velocities,
and bed elevation over the last 4 years of simulation time on the shoal of Walsoorden (Figure 10). We
define two mud thicknesses: thin or seasonal and thick or multi‐annual mud (Herman et al., 2001).
The reference scenario (triangles), the generic vegetation species scenario (circles), and the microphyto-
benthos scenario (crosses) are linked to bed elevation (color shades), while the regression line represents
the averaged ratio between inundation period and velocity.

On the shoal of Walsoorden, the hydrodynamic forcing is reduced through the presence of vegetation, which
shields themud layers from erosion and enhances bed accretion up to several decimeters thickness (Figures 6
and 10). As a result, seasonal mud that is otherwise removed during winter can be preserved in the stratigra-
phy as has been reported by other authors (Le Hir et al., 2007). As the top 1–2 cm of the sediment are the bio-
chemically active part of the mudflat that acts as an interface between the benthic and aquatic as well as the
atmospheric and anaerobic system (Chen et al., 2016), the understanding of seasonal mud layer formation is
crucial to guarantee ecological functioning of estuaries. We found that thin layers (red data points) can estab-
lish under dynamic conditions characterized by high velocities and long hydroperiods (Figure 10).
Contrastingly, thick layers (blue data points) form at low flow velocities and short inundation periods.
This indicates that seasonal mud settling can occur under a wide range of hydrodynamic combinations while
thick layers require calm conditions. TheMPB scenario preservesmud at lower bed elevations than the refer-
ence run, while vegetation promotes settling at higher elevations on the bar (see also Figures 4 and 7). The
latter induces small flow velocities and slightly shorter inundation periods that are caused by the vegetation
roughness. Contrastingly, MPB allows formation of thin layers at locations with higher flow velocities and
inundation period than the reference scenario through reduced erodibility of the mud. In contrast to pre-
viously reported results (e.g., Le Hir et al., 2007), the formation and stability of thick mud layers is strongly
enhanced by biostabilization that controls mud preservation beyond its direct seasonal impact.

The slope of the regression line is an indicator for the ratio of hydroperiod and flow velocity required for mud
layer formation (Figure 10b). While the reference scenario has a ratio based on the physical and empirical
relations in the model, biostabilization‐induced effects alter the inundation period‐velocity ratio in two
ways: MPB has largest effects on the formation of thin layers that are facilitated under higher
relative velocities while vegetation strongly reduces velocities with relatively high inundation periods caus-
ing the ratio to increase. Ultimately, these mechanisms determine mud thickness along bed elevation (num-
bers in brackets) with thick layers generally occurring at higher bed elevations. The graph confirms that
mean bed elevation for the two mud thickness classes increase under vegetation but surprisingly reduce
under the presence of MPB. Thus, biostabilization plays a fundamental role in facilitating mud layer thick-
ness along the elevational gradient that emerges from the alteration of the hydrodynamic drivers.

Understanding the importance of biostabilizers and their interaction with their environment for predic-
tions of mud preservation is crucial for dynamic estuarine systems. Even though both biostabilizers have
a similar effect on mud preservation, the causes differ: Vegetation promotes accretion by a reduction of
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the flow velocity while MPB reduces erosion by reducing erodibility of the sediment, which in turn allows
mud accretion at higher velocities. While the former promotes mud layers in sheltered parts of the bar,
the latter facilitates mud settling mainly on unvegetated mudflats where the flow is more dynamic.
These two contrasting processes lead to new emerging biota and mud patterns that in turn control the
establishment of the type of biostabilizer. The contrasting preservation of fine sediments affects the
stability of bars and shorelines and the ecology on intertidal flats (Braat et al., 2017; van de Lageweg
et al., 2018).
3.4.3. Large‐Scale Redistribution of Sediments
Our results confirm that mud distribution in theWestern Scheldt as reported by previous authors mainly set-
tles at sheltered sites and increases toward the flanks of the estuary (Figure 8) (Braat et al., 2017; van de
Lageweg et al., 2018). Similarly, we predict higher mud percentages (>50%) at the higher elevations along
the estuary and the tidal bars creating a more cohesive and ecologically diverse habitat (Braat et al., 2017;
Herman et al., 2001; Meire et al., 2005). As was shown for the tidal shoal of Walsoorden, mud is captured
by the establishing saltmarsh at intertidal elevations that otherwise are too dynamic to preserve mud
(Figure 5). Interestingly, sparse local vegetation cover enhances the total mud area implying that mud accre-
tion is largely facilitated by the vegetation. Consequently, higher up the marsh sediment transport is limited,
which reduces mud percentages toward the flanks of the estuary compared to the reference run (Figure 9).
As a result, thick mud layers move from intermediate elevations in the reference scenario toward the higher
intertidal under vegetation presence, having wide‐ranging effects on the morphological development of
estuaries. Similar patterns have been observed in well‐established marshes where levee formation leads to
reduced transport into the marsh, which can threaten the survival of vegetation at higher elevations
(Temmerman et al., 2003). At the same time, thin layers can form under vegetation along the entire interti-
dal domain. This effect is especially pronounced under a gradually expanding saltmarsh that requires
increasing mud in the bed for establishment. Consequently, local marsh species can lead to different mud

Figure 10. Corresponding maximum 90‐percentile velocity and hydroperiod of cells containing mud along the last two
morphological years of the simulation time on the shoal of Walsoorden. Colors indicate mud layer thickness class (thin:
red and thick: blue) and shades bed elevations. Thin layers (red) form at lower bed elevations and similar
inundation‐velocity ratios for all scenarios, while thick layers (blue) occur higher on the bar and are promoted by
contrasting stabilization mechanisms: Vegetation reduces velocity while MPB facilitates mud layer formation at
higher velocities and inundation period. Vegetation promotes thick layer formation on the highest elevations of the
bar. The bar plot displays the slope of the linear fit in the scatter plot for both thickness classes and all scenarios.
Numbers are slope value and corresponding mean elevation in brackets. Vegetation promotes mud at higher whereas
MPB controls mud at lower elevations than the reference.
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patterns along the intertidal domain and determine the area covered with mud. As a result, we show that in
dynamic estuaries with limited sediment supply large‐scale mud pattern and bed accretion are affected by
local vegetation.

As a result, changes in fine sediment availability by dredging and dumping activities, construction of dams
or storm surge barriers, or nature preservation projects can have wide‐ranging effects on settling locations
and accretion rates. Waves that have been excluded due to tide domination in the Western Scheldt might
lead to enhanced mud transport toward the upstream part of the estuary and reduces mud accumulation
on “Hoge Platen.” Consequently, vegetation cover might be reduced in themore offshore parts of the estuary
and lead to larger mud accretion upstream. As a result, the observed redistribution of sediments along the
elevational gradient will have large effects on the survival of marsh species that possibly get destroyed under
low sediment supply and wave action (FitzGerald & Hughes, 2019). Human‐induced local changes in sedi-
ment availability can therefore have large effects on the survival of marshes and mud layer formation at the
larger scale. The amount of vegetation in intertidal areas significantly affects sediment budgets, redistribu-
tion of fines, turbidity and siltation, multi‐channel formation, and ecology.

The large‐scale redistribution of sediments differs with inclusion of vegetation that creates sediment scarcity
adjacent to and within the marsh. We show that local variations in saltmarsh coverage can lead to a redis-
tribution of fine sediment that holds for similar systems with moderate mud transport rates: The establish-
ment of the vegetation causes sediment scarcity adjacent to the marsh due to enhanced mud settling within
the vegetation patch. Consequently, the enhanced local mud settling promotes mud pattern that does not
necessarily coincide with the highest bed elevations or vegetation cover (Figure 7) but is governed by the
hydrodynamics (Figure 10). We show that mud layer formation is governed by the interactions between
hydro‐morphodynamics and dynamic biostabilization that lead to enhanced local mud cover, which persists
over decadal time scales. As a result, the interaction between saltmarsh species, flow, and sediment availabil-
ity controls local mud thickness (Figures 4 and 8) and marsh expansion, which in turn affects large‐scale
mud and saltmarsh pattern.

4. Conclusions

Our novel eco‐morphodynamic model shows that saltmarsh growth considerably improves predicted mud
deposition. We show that detailed seasonal representations of saltmarsh vegetation, microphytobenthos
(MPB), and empirical sediment transport relations determine mud layer location in dynamic estuarine sys-
tems. Local mud settling is controlled by saltmarsh species and marsh extent, while generic saltmarsh estab-
lishment occurs independently of mud accretion, and mud accretion can also occur without prior vegetation
establishment. Contrarily, a mud‐dependent species shows different expansion and mud accumulation pat-
tern, demonstrating that species type determines mud accretion and that saltmarsh abundance can be con-
trolled by mud.

Seasonal and interannual mud layers control saltmarsh establishment and marsh extent as vegetation
growth partly depends on a geomorphological window of opportunity that provides sufficient mud cover
for plant establishment. Vice versa, mud layers form under different flow conditions mediated by biostabil-
ization. While thin, seasonal layers form under dynamic conditions determined by high flow velocities and
hydroperiods, thick, multi‐annual mud layers occur in calmer areas. Biostabilizers affect this ratio between
hydroperiod and velocity that determines mud layer formation. Vegetation reduces flow velocity more effi-
ciently than it enhances hydroperiod, which leads to higher slopes for the mean ratio of hydroperiod and
velocity for both thin and thick mud layers. MPB, on the other hand, promotes thin mud layer formation
under higher velocities than the reference run. Interestingly, despite the seasonality of the biostabilizers,
mud is preserved interannually and can lead to long‐term changes in morphology. For large‐scale morphol-
ogies, increasing local mud deposition induced by vegetation leads to reduced large‐scale sediment availabil-
ity: The presence of saltmarsh strongly increases accretion rates at the marsh edge, which leads to sediment
scarcity adjacent to the marsh and determines accretion rate in the high marsh. This feedback depends on
species type as a generic species promotes thick mud layers at lower elevations in the marsh and a
mud‐dependent species facilitates new thin mud layer formation in and adjacent to the marsh.
Consequently, mediated sedimentation through biostabilization has large‐scale implications for sediment
availability and hence large‐scale morphology.
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Our results show that local biostabilization can have large‐scale effects on morphology by altering the loca-
tion and thickness of local mud layers, which results in higher local sedimentation and reduced sediment
availability in uncolonized parts of the estuary. For highly managed systems, such as the Western Scheldt,
knowledge of sediment budgets and fine sediment accretion is essential for understanding and managing
ecological functioning of the estuary. Our findings are applicable to dynamic sandy systems that undergo
continuous morphological change through vegetation establishment, benthic activity, changes in sediment
availability, or human‐induced engineering works.

Appendix A: Vegetation Parameters
Here the parameters used for the dynamic vegetationmodel are summarized with according references. Two
life stages were parameterized to account for aging of the plants after 1 year from seedlings to mature vege-
tation. As a result, plant size, density, and resilience against mortality change between life stages. For both
saltmarsh species all parameters are the same.

Table A2
Mortality Parameters of Our Generic and Mud‐Dependent Saltmarsh Vegetation Species

Saltmarsh species Min. threshold Max. threshold

Seedling stage (1 year)
Inundation perioda 0.3 0.45
Uprooting 0.25 m/s 0.4 m/s
Mature vegetation (19 years)
Inundation perioda 0.3 0.45
Uprootingb 0.4 m/s 0.56m/s

Note. The values are based on a combination between Spartina anglica and Salicornia ssp. The seedling stage changes
into mature vegetation after year 1 with a maximum total age of the plant of 20 years.
aVan Belzen et al. (2017). bBouma et al. (2013).

Table A1
Physical Parameters of the Generic Saltmarsh Vegetation Type Based on a Combination Between Spartina anglica and
Salicornia ssp.

Generic and mud‐dependent species Unit t1 t2 t3

Seedling stage (1 year)
Plant heighta,b (m) 0.1 0.6 0.3
Stem diameterc (m) 0.005 0.01 0.01
Root lengthb,d (m) 0.05 0.2 0.2
Plant densitye (stems/m2) 500 500 500
Bulk drag CD (‐) 1.0 1.0 1.0
Bed roughness Cb (

ffiffiffiffiffi

m
p

/s) 25 25 25
Mature vegetation (19 years)
Plant heighta,c,e (m) 0.5 1.0 0.5
Stem diametere (m) 0.01 0.01 0.01
Root lengtha (m) 1.0 1.0 1.0
Plant densitye (stems/m2) 600 600 600
Bulk drag CD (‐) 1.1 1.1 1.1
Bed roughness Cb (

ffiffiffiffiffi

m
p

/s) 25 25 25

Note. t1, t2, and t3 are onset of growth season, onset of maximum biomass in summer, and onset of reduced biomass in
winter. The seedling stage changes intomature vegetation after year 1 with amaximum total age of the plant of 20 years.
aDavy et al. (2001). bPoppema et al. (2017). cNehring and Hesse (2008). dCooper (1982). eBouma et al. (2013).
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Data Availability Statement

The ecotope maps were created by the Dutch Water Authorities (Rijkswaterstaat) and can be found on their
website (https://www.rijkswaterstaat.nl). The Nederlands‐Vlaams‐Model was created and calibrated by
Deltares. Delft3D is an open source code available online (at https://oss.deltares.nl). The dynamic model
code is provided under https://doi.org/10.5281/zenodo.3862032.
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