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ARTICLE INFO ABSTRACT

Keywords: Intertidal areas often host tidal marsh vegetation, which plays a crucial role in influencing hydrodynamic pro-
Saltmarsh species cesses. This study investigates the influence of saltmarsh vegetation on fringing and mid-channel flats on currents
Currents

in the Western Scheldt, the Netherlands. We quantify how and over which spatial scale vegetated intertidal areas
affect estuarine currents, and how this varies over time when vegetation cover changes. Using vegetation maps
spanning ca 25 years, we assessed changes in saltmarsh vegetation extent and distribution, with notable vege-
tation expansion on mid-channel flats. A depth-averaged Delft3D-FM model was adopted to quantify the effect of
both mono-specific and multi-species vegetation on peak ebb and flood currents. Results indicate that species
diversity is particularly important when considering currents at the marsh-mudflat scale, and its effect is
negligible at the broader estuarine scale. During storm conditions, mono-specific and multi-species vegetation
reduced peak velocities by 10-80% on the vegetated zone, and by 1-30% in the surroundings, over an area
comparable to or smaller than the vegetated zone. During calm-weather conditions, the effect was limited to the
vegetated zone (10-80%, although with smaller magnitude and extent compared to storm conditions). Over the
period 1993-2016, both bathymetrical changes and changes in vegetation had a comparable magnitude of
impact on altering current velocities over the saltmarshes. These findings emphasize that saltmarsh vegetation
alters currents at the marsh-mudflat scale in particular. This will have estuary-wide implications for sediment
dynamics, morphology and ecology over a timescale of decades.

Decadal timescale
Eco-hydrodynamic modelling
Spatially extended effects
Scheldt estuary

1. Introduction

Estuaries are dynamic environments where fresh water from rivers
meets salt seawater, creating complex and variable hydrodynamic
conditions. These areas are vital for various economic activities,
including port logistics and fishing, and are also valued for their
ecological services. Within estuaries, intertidal zones are particularly
important due to their role in modulating waves and currents (Bouma
et al., 2005a; Moller et al., 2014; Rupprecht et al., 2017; Temmerman
et al., 2005; Willemsen et al., 2020). Intertidal areas often host tidal
marsh vegetation, which plays a crucial role in influencing hydrody-
namic processes. Vegetation in these zones generally causes a reduction
in average current velocities, wave energy and dampening of turbulence
(Leonard and Croft, 2006; Moller et al., 2014; Nepf, 1999). This
reduction in hydrodynamic energy promotes increased sediment ac-
cretion due to a reduction in bed shear stresses (Shi et al., 2012). Next to
the reduction of wave and current energy, vegetated intertidal areas
offer additional ecosystem services, including habitat provision (Barbier
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et al., 2011), erosion control through plant cover, encompassing both
aboveground and belowground biomass (Brooks et al., 2021; Cahoon
et al., 2021; Shi et al., 2012; Silliman et al., 2019), and carbon seques-
tration (McLeod et al., 2011).

These ecosystem services highlight the role of saltmarsh vegetation
as ecosystem engineering species, as they modify their environment,
influence physical conditions, and thereby impact other species (Jones
et al., 1994). Understanding how saltmarsh vegetation impacts hydro-
dynamic conditions is crucial, especially in the context of changing
environmental factors such as sea level rise, variations in river
discharge, storm surges and sediment supply. Both natural fluctuations
and human activities contribute to these changes, which have led to a
decline in the global extent of salt marshes over the past few decades
(Campbell et al., 2022). Ongoing efforts are taking place to restore
intertidal areas, often from a nature-based solutions (NBS) perspective.
Marshes in front of dikes, also referred to as vegetated foreshores,
receive increasing attention as integrated features in flood safety (Borsje
et al., 2011; Bouma et al., 2014; Marin-Diaz et al., 2023; Morris et al.,

Received 18 November 2024; Received in revised form 29 January 2025; Accepted 31 January 2025

Available online 31 January 2025

0272-7714/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0001-8091-298X
https://orcid.org/0000-0001-8091-298X
https://orcid.org/0000-0002-0357-6270
https://orcid.org/0000-0002-0357-6270
https://orcid.org/0000-0002-2319-056X
https://orcid.org/0000-0002-2319-056X
mailto:jesse.bootsma@utwente.nl
www.sciencedirect.com/science/journal/02727714
https://www.elsevier.com/locate/ecss
https://doi.org/10.1016/j.ecss.2025.109177
https://doi.org/10.1016/j.ecss.2025.109177
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecss.2025.109177&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Bootsma et al.

2018; Narayan et al., 2016; Sutton-Grier et al., 2015; Temmerman et al.,
2013, 2023; van Zelst et al., 2021; Vuik et al., 2016). Changes in extent,
morphology and vegetation cover alter the impact these systems have on
hydrodynamics (Bouma et al., 2005b; Koch et al., 2009; Maza et al.,
2015; Stark et al., 2017a; van Veelen et al., 2020; Willemsen et al., 2020;
Ysebaert et al., 2011). To integrate vegetated intertidal areas in NBS’s,
we need to understand the interaction between vegetation dynamics and
ecosystem engineering capacity, both at local levels and through
spatially extended effects. The biomechanical characteristics of vege-
tation species influence their impact on currents and waves, which can
be used as a proxy for ecosystem engineering capacity (Bouma et al.,
2005b). While much of the existing research has focused on the impact
of vegetation on waves, understanding its effects on currents is equally
important. Key morphological traits, such as vegetation height, stem
diameter and stem flexibility, play a significant role in this interaction.
Environmental changes can cause shifts in vegetation species and
therefore modify the impact on currents (Crain et al., 2004; Zhu et al.,
2020). Within estuaries, salinity and inundation frequency largely
define ecosystem habitats (Crain et al., 2004; Guerra-Chanis et al., 2022;
Neubauer, 2013; Pennings et al., 2005). Therefore, when moving from
the saltwater region near the mouth towards the brackish and fresh-
water regions further upstream, these habitats change, thereby
impacting the distribution of intertidal vegetation (Zhu et al., 2020).

In addition to the biomechanical properties of vegetation, the impact
of saltmarsh vegetation on currents and waves also depends on meteo-
rological conditions. During storm conditions, elevated water levels
cause a higher submergence rate of the vegetation (the ratio of vegeta-
tion height to water depth), generally leading to a reduced impact on
hydrodynamic energy (Maza et al., 2015). Nevertheless, for flood safety,
these storm conditions are critically important. Calm-weather condi-
tions, which prevail for most of the year, should not be overlooked, as
they can play a role in estuarine dynamics (for instance in geomor-
phological or ecological processes, e.g. (Z. Hu et al., 2018; Willemsen
et al., 2020)).

At the plant and marsh scale, the impact of saltmarsh vegetation on
currents is thoroughly studied (e.g. Leonard and Luther, 1995; Nepf,
1999; Temmerman et al., 2005). The physical structure of plants mod-
ifies the flow through additional drag. This typically results in reduced
current velocities, dampening of turbulence and changes in flow routing
(Leonard and Croft, 2006; Leonard and Luther, 1995; Nepf, 1999;
Temmerman et al., 2005). When water flows onto a marsh, there is
usually a sudden increase in turbulent kinetic energy (TKE), and in some
cases an increase in current velocity, at the vegetated edge. However,
just a few meters into the marsh, TKE and current velocities are drasti-
cally reduced (Leonard and Croft, 2006; Leonard and Reed, 2002;
Neumeier, 2007; Neumeier and Amos, 2006; Tempest et al., 2015). This
reduction in flow velocity can be offset by a negative water level
gradient. Subsequently, the delayed drainage of the marsh can create a
positive water level gradient, which in turn enhances ebb currents.

In contrast, studies on the scale of an entire estuary are less common,
although some studies exist (Bennett et al., 2023; Fairchild et al., 2021;
Stark et al., 2017b). Stark et al. (2017b) performed a study on the impact
of the elevation of intertidal flats and the location of managed realign-
ment sites on estuarine tidal hydrodynamics in the Scheldt estuary. They
found that both their position along the estuary and the ratio of their
storage volume to the local tidal prism govern the extent and magnitude
of the impact on tidal hydrodynamics. Furthermore, in a study by Ben-
nett et al. (2023), the impact of marsh vegetation on wider estuarine
hydrodynamics was explored. Their results show that marsh vegetation
is able to reduce tidal amplitudes, both on the marsh platform and
proximity, and the wider estuary. Additionally, changes in residual
currents were observed on the marsh platform, as well as in tidal
channels and saltmarsh creeks. These residual currents, which represent
the net flow of water over a tidal cycle after averaging out the effects of
oscillating tidal currents, play a crucial role in sediment transport. The
three estuaries studied by Bennett et al. (2023) are classified as small
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estuaries (5.2-45 km? respectively), and have an extensive coverage of
vegetated intertidal area (200-2200 ha respectively). Therefore, the
effects of saltmarsh vegetation on estuarine hydrodynamics in smaller
estuaries are expected to be more extensive compared to larger estuaries
with smaller ratios of vegetated intertidal area to estuary area.

Although some studies exist on the estuary-scale impact of vegetated
intertidal areas on hydrodynamics, these often include a spatially uni-
form vegetation parametrization (Bennett et al., 2023; Willemsen et al.,
2020) by using representative biomechanical vegetation properties i.e.
uniform height, stem diameter and stem density. Furthermore, temporal
variation in the impact on estuary scale hydrodynamics is understudied
since existing studies mainly focus on a single snapshot in time (Bennett
et al., 2023). Studies using remote sensing information have indicated,
however, that dynamics in estuarine vegetation extent over decades can
be significant (e.g., Van der Wal et al. (2008) for the Western Scheldt).
At the same time, establishment of vegetation depends on hydrodynamic
conditions (e.g. Z. Hu et al., 2015; Wang et al., 2017). To come to an
estuary-scale understanding of ecosystem engineering capacity of marsh
vegetation, spatially varying vegetation characteristics and multiple
years have to be included in the analysis. Therefore, this study aims to
quantify the spatial scale over which vegetated intertidal areas affect
estuarine hydrodynamics and the temporal variation herein driven by
changes in vegetation cover and species composition. To fulfil the aim,
three research questions are formulated: 1) How does saltmarsh vege-
tation in a funnel-shaped estuary change over space on a timescale of
decades? 2) What is the impact of spatial variation in vegetation on
currents, both in storm and calm-weather conditions? and 3) How have
changes in bathymetry and vegetation cover affected the impact on
currents? Particular attention is given to the impact of saltmarsh vege-
tation on currents, as these are the primary drivers of sedimentation and
erosion processes. This focus contrasts with previous research, which
has predominantly explored the wave-attenuating capacity of saltmarsh
vegetation. Furthermore, a comparison across scales is provided to
determine whether marsh-mudflat and estuarine scale require a
different level of vegetation parametrization.

In this study, the Scheldt estuary on the Dutch-Belgian border is
selected as a case study site as a typical funnel-shaped estuary with a full
salinity gradient. Reasons for this selection include the availability of
data, extensive dynamics in physical processes due to natural and
anthropogenic influences, and the presence of spatiotemporal dynamics
in vegetation species. The impact of vegetated intertidal areas, both
fringing (foreshores) and mid-channel (shoals, bars, flats), is studied
using a previously calibrated and validated model in Delft3D-Flexible
Mesh (Tiessen et al., 2016). By including different levels of vegetation
detail (mono-specific vs multi-species) based on available field data and
literature covering ca 30 years, insights into decadal-scale variation of
vegetated intertidal areas and their impact on currents are gathered.

2. Methodology

The methods of this paper are divided into two main parts: (1) to
study spatiotemporal vegetation dynamics using vegetation maps,
which we use in part (2) to model the impact of saltmarsh vegetation on
estuarine currents. For the former, readily available vegetation maps of
the Scheldt estuary are used. These are the result of regular mapping of
vegetation based on aerial false-colour imagery and fieldwork. Based on
these maps, changes in total marsh extent, extent per species and species
distribution are studied. Subsequently, vegetation is parametrized in the
Delft3D Flexible Mesh software (DFM; version 2023.01) within a model
schematization of the Scheldt estuary (Tiessen et al., 2016) to study the
impact of saltmarsh vegetation on estuarine currents.

2.1. Study area

The estuary under study is the Scheldt estuary on the Dutch-Belgian
border (Fig. 1). This paper has a particular focus on the Dutch Western
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Fig. 1. The Scheldt estuary on the Dutch-Belgian border with its main saltmarsh vegetation species. A rough estimate of the mean salinity profile is displayed (Breine et al.,
2008), showing the salinity range in which each vegetation species is present. (a). The bottom panel presents an overview of the vegetation scenarios (c-d). The 2016 bathymetry
(b) (Tiessen et al., 2016) and vegetation are shown with a zoom displaying the mono-specific vegetation (c) and multi-species vegetation (d) scenarios, here displayed by the
vegetation density. The drawings of Sporobolus spp., B. maritimus and P. australis are from the Integration and Application Network (ian.umces.edu/media-library), licensed
under CC BY-SA 4.0. The drawings of T. pannonicum, Salicornia spp. and E. athericus are retrieved from Wikimedia Commons (public domain).

Scheldt, given its significant extent of intertidal area. Tidal influence
reaches as far as the sluices of Gent, Belgium, which is 160 km upstream
of the mouth near Vlissingen. The estuary is defined as a tide-dominated,
meso-to macrotidal estuary, with a tidal range of 3.8 m at the mouth,
amplifying to 5.2 m 100 km upstream (near Antwerp), after which it
decreases again towards Gent (Meire et al., 2005). Marine waters come
from the North Sea at the offshore boundary of the estuary, and river
discharge originates from the Scheldt river with a long-term yearly
average discharge of ~100 m>/s (Baeyens et al., 1997). The Western
Scheldt is characterized by a multi-channel system of ebb and flood
channels, separated by intertidal flats. This multi-channel system re-
duces to a single channel system near the Dutch-Belgian border. The
intertidal flats, both mid-channel and fringing the dikes along the es-
tuary, are home to saltmarsh vegetation species. Currently, the intertidal
area covers ~9000 ha, which is much smaller than it was decades ago.
Numerous embankments of intertidal area led to a decrease of the es-
tuary area (at MSL) of ~33% between 1650 and 1968 (Van der Spek,
1997). The Braakman is a particular example: this area used to be a tidal
inlet but successive empoldering led to a large decrease in area, and in
1952 the tidal arm was completely closed off. Next to the embankments
of intertidal area, the navigation channels have undergone repeated
deepening and dredging efforts since the 1970s. The channels have been
deepened three times, the last of which occurred between 2008 and
2011. During the first deepening, the sediment was largely removed
from the estuary, while during the following deepenings the sediment
was redistributed over the estuary (Stark et al., 2020 and references
therein). While the estuary area of the Scheldt decreased significantly,
the tidal prism only decreased by ca 10%, thereby resulting in an in-
crease in tidal range (Van der Spek, 1997). In recent years, efforts have

been made to restore and conserve intertidal areas in the Scheldt estu-
ary. Projects such as the “Sigma Plan” in Belgium and the “Natuurpakket
Westerschelde” in the Netherlands aim to enhance flood protection and
restore natural habitats, respectively.

2.2. Vegetation dynamics

Spatial and temporal changes in saltmarsh vegetation are studied
using vegetation maps from Rijkswaterstaat (the Dutch water authority)
for the Western Scheldt. These maps are available for the years 1993,
1998, 2004, 2010 and 2016. The 1993 vegetation map does not include
the Sieperdaschor, breached in 1990, situated east of the Saeftinghe
marsh. Therefore, a separate vegetation map of this marsh from the year
1995 was added to the 1993 vegetation map to ensure similar spatial
domain coverage for all years, allowing temporal analysis of the entire
domain. The maps were based on false colour aerial photographs to
obtain polygons of similar colour, texture, structure and relative height.
Subsequently, vegetation communities with key species were assigned
to each polygon through fieldwork.

In the current study, information on six vegetation species was
extracted from the vegetation maps, namely: Salicornia spp. (both
S. europaea and S. procumbens) (Common Glasswort), Sporobolus spp.
(both S. anglica and S. alterniflora) (Common Cordgrass, previously
known as Spartina spp.), Bolboschoenus maritimus (Saltmarsh Bulrush),
Phragmites australis (Common Reed), Elymus athericus (Couch Grass) and
Tripolium pannonicum (Sea Aster). These species were selected for their:
1) presence and abundance (together, these species account for ca 80%
of the marsh vegetation in the Scheldt estuary); 2) representation across
different salinity levels: ranging from saltwater species to brackish/
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freshwater species; and 3) contrasting biomechanical characteristics.
Therefore, a contrasting ecosystem engineering capacity can be
expected.

Each polygon in the vegetation maps represents one or more vege-
tation communities. Thus, there may be multiple vegetation commu-
nities containing one of the seven vegetation species considered. In our
study, we simplified the vegetation maps by combining all vegetation
communities that contain one of the seven species considered as a
dominant species (e.g., polygons covered by Sporobolus spp. for 60% and
Phragmites spp. for 40% were classified as having Sporobolus spp. as the
dominant species). However, for the calculation of the areal extent per
species, the cover percentage was multiplied by the area of the polygon.

2.3. Model set up

2.3.1. Model description

A depth-averaged model of the Scheldt estuary, previously set up,
calibrated, and validated by Deltares, was used in this study (Tiessen
et al.,, 2016). This so-called Nederlands-Vlaams (NeVla) (i.e.
Dutch-Flemish model) was constructed in the Delft3D Flexible Mesh
software. The model domain covers the entire tide-influenced part of the
Scheldt estuary and an offshore part of the North Sea. Grid resolution
ranges from 1 to 4 ha in the estuary mouth (~70 by ~160 m) up to less
than 1 ha (~50 by ~150 m to ~80 by ~80 m) in the Western Scheldt
and Sea Scheldt. The bed roughness, used as a calibration parameter in
the original model, was set to a spatially uniform Manning roughness of
0.023 s m~'/3 to isolate the effect of vegetation on currents. In the
calibration of the original model, saltmarsh vegetation was not consid-
ered, although the Saeftinghe marsh was assigned a higher bed rough-
ness. In Supplementary Materials C the difference in peak ebb and flood
velocities between the original model and the model with uniform bed
roughness is presented. It can be seen that there was limited impact of
the changed bed roughness on the validation locations, while a signifi-
cant impact was observed on intertidal areas, thereby underlining the
importance of this study. The D-Flow module was utilized here, which
adopts the unsteady shallow water equations (depth-averaged in this
case), resulting in a water level and flow field over the model domain. In
the Scheldt estuary, tidal currents increasingly dominate the generation
of bed shear stresses as one moves further upstream (Z. Hu et al., 2018).
Although waves are relevant in the Scheldt estuary (wind waves near the
mouth and ship waves further upstream), we focus on currents in this
study. The boundary conditions for the model are based on a 2013
hindcast run, with the offshore boundaries defined by water levels along
the boundary parallel to the coast and flow velocities along the
boundaries transverse to the coast. These time series were derived from
a hindcast run of the larger scale model DSCMv6-Zunov4 (Zijl et al.,
2013, 2015). The upstream discharge boundaries consist of time series
of measured discharges for all tributaries. A spatially uniform wind field
was used, which incorporates the potential wind as defined by the KNMI
(the Dutch meteorological institute), based on measurements from sta-
tion Vlissingen. The forces exerted by the wind are coupled to the flow
equations as a shear stress, with a constant drag coefficient of 0.0026 for
all wind speeds.

2.3.2. Vegetation parametrization

Flow-vegetation interaction in the model was included using the
trachytope module, part of the Delft3D-FM software. This module is
based on the Baptist equation (Baptist et al., 2007) and determines the
flow resistance in a grid cell based on the biomechanical characteristics
of the plant species present. This flow resistance is incorporated into the
model as an adapted bed roughness. For submerged vegetation, this
roughness predictor by Baptist is expressed as (Eq. (1)):
C=;+%gln<h£> if h>h, @

1 Cynbyhy,
c2 + 2g
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Where C is the net bed roughness, C, is the initial bed roughness (i.e. for
grain and form roughness), Cy is the bulk drag coefficient [-], n is the
plant density [stems/mz], by is the stem diameter [m], h, is the vege-
tation height [m], h is the water depth [m], g = 9.81 [m/s?] is the
gravitational acceleration and k = 0.41 [-] is the von-Karmén constant.
The second term in the equation goes to zero at the transition from
submerged to emerged vegetation. Therefore, in the case of emerged
vegetation, the roughness predictor becomes (Eq. (2)):

1 .
C:Wlfh<hv @)
\ ¢ 2

The total effect of vegetation on flow in each grid cell was computed
by taking the weighted average values i.e. taking the fraction of the
vegetation species present.

2.3.3. Scenarios

From the 2013 hindcast, a period of calm-weather conditions in May
and a period of storm conditions in December were selected. In both
cases, the model was run for two spring-neap cycles. The storm in
December is known as the Sinterklaasstorm (extratropical cyclone
Xavier), with a surge peak of 2.5 m (difference between forecasted as-
tronomical tide and actual measured water level during the storm)
coinciding with the rising tide during spring tide and wind speeds (10-
min average at 10 m above the surface) peaking around 20 m/s pre-
dominantly in northwest direction (Carrion Aretxabala, 2015).

To study the impact of saltmarsh vegetation on currents, multiple
vegetation scenarios were defined (Table 1). As a baseline, the model
was run without vegetation. Secondly, model runs with mono-specific
vegetation were performed by incorporating spatially homogeneous
biomechanical characteristics for all locations where vegetation is pre-
sent. Here, biomechanical characteristics of Sporobolus spp. were
adopted. Thirdly, multi-species vegetation runs were conducted, with
the vegetation species distribution derived from the vegetation maps
and assigning the biomechanical characteristics of the key species as
presented in Table 2.

All three scenarios are run for a vegetation cover corresponding to
the year 2016 for the Western Scheldt. Furthermore, a comparison was
made between the snapshot of 2016 (combination of bathymetry and
vegetation cover) and a snapshot of 1993. This 1993 snapshot was
implemented in the model based on the 1993 (+1995 Sieperdaschor)
vegetation maps and the 1996 bathymetry for the Western Scheldt,
which was the complete bathymetry closest to the year 1993.

2.3.4. Literature-based vegetation characteristics

For each of the six vegetation species included, biomechanical
characteristics were derived from literature. An overview of the char-
acteristics used in the model is provided in Table 2. The vegetation
heights, stem diameters and stem densities have a direct impact on the

Table 1

Overview of model scenarios. (No) refers to no vegetation, (Mono) to mono-
specific vegetation, and (Multi) to multi-species vegetation. (93) refers to
1993, (16) to 2016, (c) to calm-weather conditions, and (s) to storm conditions.

Scenario id Vegetation Conditions Snapshot year
No_ 93¢ No vegetation Calm-weather 1993
No_16_c 2016
No_93s Storm 1993
No_16_s 2016
Mono_93 ¢ Mono-specific vegetation Calm-weather 1993
Mono_16_c 2016
Mono_93_s Storm 1993
Mono_16_s 2016
Multi_93_c Multi-species vegetation Calm-weather 1993
Multi_16_c 2016
Multi_93_s Storm 1993

Multi_16_s 2016
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Table 2
Overview of literature-based vegetation characteristics, used as input for the
hydrodynamic model.

Species Height Stem Stem Source
[m] diameter density
[m] [stems/m?]
Salicornia spp. 0.30 0.005 200 (Bouma et al.,
2013; Schwarz
et al., 2018)
Sporobolus spp. 0.60 0.003 700 (Bouma et al.,
2013; Schwarz
et al., 2018);
Bolboschoenus 0.7 0.0075 400 Vuik et al. (2018)
maritimus
Tripolium 0.5 0.005 200 van Veelen et al.
pannonicum (2020)
Elymus athericus 0.8 0.0017 1700 Rupprecht et al.
(2017)
Phragmites 2.0 0.005 250 Schoutens et al.
australis (2022)

flow resistance by vegetation. Annual average characteristics are
included for each species to approximate seasonal variations in e.g.
vegetation density and biomass, as these traits can change throughout
the year (Marin-Diaz et al., 2023). For all vegetation species, a bulk drag
coefficient of 1 was applied in the model for both calm-weather and
storm conditions. This is a typical value for the drag coefficient of a rigid
cylinder (Sonnenwald et al., 2019; Stone and Shen, 2002), and is
commonly applied in modelling of vegetation resistance (Ashall et al.,
2016; Baptist et al., 2007; Bennett et al., 2023; K. Hu et al., 2018).

From the vegetation maps, each polygon may consist of multiple
vegetation species. Therefore, the weighted average characteristics are
determined for each polygon. These weighted averages are imported in
to the Delft3D-FM model by taking the weighted average again per grid
cell of the model domain.

2.4. Analysis of model output

From the model output, particular attention is given to single tidal
cycles: one during storm conditions and one during calm-weather con-
ditions. During storm conditions, this includes the tidal cycle around the
peak of the storm, resulting in the highest water levels due to both storm
surge and spring tide. For comparison, a tidal cycle at the same phase
within the spring-neap cycle - specifically, at spring tide-was selected
during calm-weather conditions. The analysis of the impact of vegeta-
tion on currents focuses on peak ebb and peak flood velocities. These are
essential parameters for characterizing tidal flow asymmetries, associ-
ated sediment dynamics, and subsequent morphological development.
The phase difference in water levels and corresponding current veloc-
ities is accounted for in determining the peak ebb and flood velocities by
extending the end of the flood phase with the phase difference in the
direction of cross-sectionally averaged velocity. For more details, see
Supplementary Materials A.

At first, zooms are presented on a few of the vegetated intertidal
areas, both fringing and mid-channel flats, to study the impact on peak
ebb and flood velocities on the marsh-mudflat scale. Subsequently, the
different scenarios are compared based on the spatial scale of impact on
peak ebb and peak flood velocities around the vegetated intertidal areas.
This way, differences in excluding vegetation, including mono-specific
vegetation and including multi-species vegetation are studied on an
estuarine scale. Finally, model results for the 2016 snapshot of ba-
thymetry and vegetation cover are compared with output of the 1993
snapshot. This focuses on the difference in peak ebb and flood velocities
as modeled, isolating the effect of the bathymetrical and vegetation
changes.
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3. Results
3.1. Spatiotemporal vegetation dynamics

Between 1993 and 2016, the total extent of saltmarsh vegetation in
the Western Scheldt increased from 2483 ha to 3350 ha. This increase
occurred primarily between 1998 and 2010, while in recent years, the
total extent of saltmarsh vegetation has stabilized (Fig. 2). However, this
increase is neither equally distributed among the considered plant spe-
cies nor consistent over time; only reed (P. australis) shows a continuous
increase across all years.

By subtracting the 1993 vegetation map from that of 2016, the
establishment, retreat and persistence of vegetation over these years
becomes evident (Fig. 3). It is clearly seen that the increase in saltmarsh
vegetation is primarily due to vegetation establishment on the mid-
channel flats (Hooge Platen and Walsoorden); which transition from
bare flats in 1993 to having an extensive vegetation cover in 2016.
Furthermore, most flats on the north side of the estuary show a decrease
in vegetation extent whereas most flats on the south side show an in-
crease in extent.

The longitudinal (along-estuary) relative distribution of vegetation
species (Fig. 4) is shown as normalized area per 10 km bin. As expected,
more salt-tolerant species are found near the mouth, while less salt-
tolerant species appear further up the estuary. A gradual change in
relative species distribution is observed when moving further inland.

3.2. Local scale effects of vegetation on currents

Zooming in on several flats within the Western Scheldt allows for a
comparison of the impact on currents on the vegetated marsh platforms
and near surroundings (marsh-mudflat scale). From these zooms, a large
reduction in current velocities is observed on the vegetated areas when
compared to the no vegetation scenario, both during flooding and
ebbing (10-80%). Furthermore, an increase in peak ebb and flood ve-
locity is observed for some of the tidal creeks on the Saeftinghe marsh. In
Supplementary Materials B, the absolute difference maps are presented.
When examining the impact on peak flood velocity during storm con-
ditions, differences between the mono-specific and multi-species vege-
tation scenarios become apparent. These differences are primarily
present in the magnitude of the impact on velocities, rather than the
extent around the vegetated zone. Especially on Saeftinghe, the type of
vegetation appears to have an impact, with an even larger reduction in
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Fig. 2. Vegetation extent [ha] per species between 1993 and 2016. The bars
indicate the total vegetated area per year with the dashed line representing the
sum of the species considered in this study.



J. Bootsma et al.

Estuarine, Coastal and Shelf Science 315 (2025) 109177

W
Viissingen
Hnuge Platen

Zuldgors

Vegetated - unchanged
I Loss of vegetation
Il Vegetation establishment

{

\\:kaﬂ/w

N\

Wa!soorden

Saeftinghe

Fig. 3. Difference map of vegetation extent in the Western Scheldt between 1993 and 2016.
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Fig. 4. Longitudinal vegetation distribution in 2016, presented as normalized area per species community for each 10 km bin when moving from the mouth (left, km
0) further upstream (right, km 50). Mean salinity is derived from a map provided by Rijkswaterstaat (modeled data of 1992).

current velocities over the vegetated area when including multiple
species (Fig. 5). The Seaftinghe marsh is mainly covered by Elymus
athericus, Bolboschoenus maritimus, Phragmites australis and some species
not considered in this study. This diversity in species may explain the
observed differences between the mono-specific and multi-species
model runs. The difference between the mono-specific and multi-
species vegetation is much smaller for Hooge Platen and Zuidgors,
where the vegetation is dominated by Sporobolus spp., Salicornia spp.,
Elymus athericus and species not considered in this study. Therefore, the
biomechanical properties of vegetation in the model are more similar in
these areas, since the mono-specific vegetation characteristics are based
on Sporobolus spp.

Results for the peak ebb velocities during storm conditions show a
similar impact by the vegetation and, again, minor differences between
the mono-specific and multi-species vegetation implementations
(Fig. 6). Compared to the influence on peak flood velocities, the extent of
the impact on ebb velocities is larger around the mid-channel flat Hooge
Platen. Furthermore, the area of impact around the Saeftinghe marsh is
more confined to the area next to the creeks, whereas during flooding
this is mainly adjacent to the vegetated edge.

3.3. Spatial scale of hydrodynamic impact

On the estuarine scale (rather than the marsh-mudflat scale), in
general, a minor effect of several percentage difference in the peak ebb

and flood velocities is observed when including either mono-specific or
multi-species vegetation (Fig. 7). In this study, peak flood velocities
during the peak of the storm are lower compared to those during calm-
weather conditions (Fig. 7a). This is due to the ebb water level prior to
the peak water level during storm conditions being elevated by the
storm surge. This is clearly visible in Supplementary Materials A.

During calm-weather conditions, the effect of vegetation on peak ebb
and flood velocities is negligible on an estuarine scale (Fig. 8), in both
relative and absolute terms (see Supplementary Materials B). However,
a clear effect is still observed around the edge of the vegetation. In all
scenarios (both storm and calm-weather conditions), the area of impact
around the vegetation is observed to be in the order of magnitude of the
vegetated extent or smaller.

The spatial extent of impact appears to be independent of vegetation
parametrization: i.e. independent of including a single species (mono-
specific vegetation) or multiple species (multi-species vegetation) in the
model. Note that the differences on an estuarine scale are only a few
percent. In Supplementary Materials D, the estuary-scale relative dif-
ferences in peak ebb and peak flood velocities are presented as the 25th
percentile, median and 75th percentile. In all model scenarios, both
increases and decreases in peak ebb and flood velocity are observed.
However, close to the vegetation edge of fringing flats, flood velocities
are predominantly reduced, whereasebb velocities show an increase.
This is most clearly observed around the Saeftinghe marsh. Furthermore,
these effects are more pronounced during calm-weather conditions,
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Fig. 5. Peak flood velocities during storm conditions for a zoom on Hooge Platen (left), Zuidgors (middle), and Walsoorden and Saeftinghe (right). The top panel
shows the peak flood velocity for the no vegetation scenario, the middle panel the relative difference between the mono-specific and no vegetation scenario and the
bottom panel the relative difference between the multi-species and the no vegetation scenario. The green contour represents the vegetation edge in the middle and
lower panels.
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Fig. 6. Peak ebb velocities during storm conditions for a zoom on Hooge Platen (left), Zuidgors (middle), and Walsoorden and Saeftinghe (right). The top panel
shows the peak ebb velocity for the no vegetation scenario, the middle panel the relative difference between the mono-specific and no vegetation scenario and the
bottom panel the relative difference between the multi-species and the no vegetation scenario. The green contour represents the vegetation edge in the middle and
lower panels.
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Fig. 7. Peak flood (a) and ebb (b) velocities during storm conditions for 2016 snapshots. In (c-d) the relative difference between the mono-specific vegetation and no
vegetation scenario is shown. In (e—f) the relative difference between the multi-species vegetation and no vegetation scenario is shown. The colorbars for the dif-
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Fig. 8. Peak flood (a) and ebb (b) velocities during calm-weather conditions for 2016. In (c-d) the relative difference between the mono-specific vegetation and no
vegetation scenario is shown. In (e-f) the relative difference between the multi-species vegetation and no vegetation scenario is shown. The colorbars for the dif-
ference in flow velocity and the vegetation density correspond to all subplots c-f.

whereas during storm conditions, greater spatial variation is observed. 3.4. Bathymetry vs vegetation changes: which has a greater impact on
Besides the impact on peak flood and ebb velocities in the vicinity of currents?

saltmarsh vegetation, an impact is observed on shallow, non-vegetated

areas. These can be distinguished by the low peak ebb and flood ve- The effect of changes in bathymetry and vegetation cover on peak
locities (Fig. 7a-b). ebb and flood velocities are studied by comparing the 2016 snapshot of

(a) Difference in bathymetry deeper parts, 2016 - 1993
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Fig. 9. Difference in bathymetry, with positive values indicating accretion and negative values erosion. Difference in bathymetry deeper parts (<0 m + NAP in both
years) (a), difference in bathymetry shallow parts (>0 m + NAP in both years) (b) and difference in vegetated frontal area per square meter (c) computed as
2016-1993 based on the multi-species snapshots.
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Fig. 10. Difference in peak flood (a) and ebb (b) velocities for the multi-species vegetation scenarios of 2016 and 1993. Panels (c) and (d) show the bathymetrical

component of this difference and panels (e) and (f) the vegetation component.

bathymetry and vegetation cover with the 1993 snapshot. Bathymetrical
changes between 1993 and 2016 reveal significant dynamics in the ebb
and flood channels (Fig. 9a), showing accretion and erosion rates of
several meters due to channel migration. On the shallower areas, spatial
variations in erosion and accretion rates are observed, with magnitudes
of up to ca 1 m (Fig. 9b). The largest changes occur close to the edge of
the shallow areas. The largest changes in vegetated frontal area are
found on the mid-channel flats, resulting from vegetation establishment
between 1993 and 2016 (Fig. 9c). Furthermore, significant changes in
vegetated frontal area are also observed on the fringing flats, driven by a
combination of vegetation establishment, retreat and species composi-
tion changes.

The difference in peak ebb and flood velocities between 2016 and
1993 for the scenario with multi-species vegetation is shown in Fig. 10.
Significant differences are observed in the deeper parts of the estuary,
primarily due to the migration of ebb and flood channels. Presenting the
bathymetric component and vegetation component separately allows for
investigating the effect of bathymetrical changes and vegetation changes
to the peak flood and ebb velocities. On the vegetated intertidal areas,
contrasting effects of bathymetric and vegetation changes are observed
for both the peak flood and ebb velocities. This is most evident on the
Saeftinghe marsh, where the peak flood velocity predominantly in-
creases. This increase is mainly due to changes in vegetation cover, since
the bathymetrical changes actually caused a decrease in peak flood
velocity.

The impact of vegetation establishment on the mid-channel flats
Hooge Platen and Walsoorden is clearly seen in the vegetation compo-
nent subfigures through the decrease in current velocities on the vege-
tated areas. In general, the impact of changes in vegetation cover is
observed to be of the same order of magnitude as the impact due to
changes in bathymetry over the period 1993-2016.

4. Discussion

In this study, we assessed the influence of vegetated intertidal areas
on currents across different spatial scales within an estuarine environ-
ment. Our findings reveal that saltmarsh vegetation plays a crucial role
in modulating currents, with its effects varying depending on the spatial
scale. At broader estuarine scales, the presence of vegetation can be
generalized, with mono-specific representations sufficiently capturing
spatially extended effects on currents. However, at local marsh-mudflat
scales, more detailed vegetation characteristics, including species-
specific biomechanical properties, are essential to accurately represent
the vegetation’s influence on currents. This applies during both calm-
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weather and storm conditions, although the spatial extent of the
impact on currents beyond the vegetated zone is almost negligible on an
estuarine scale during calm-weather conditions. Between 1993 and
2016, we also found that within the vegetated area, bathymetrical
changes and vegetation changes had a comparable magnitude of impact
on altering current velocities. Given the highly dynamic nature of salt-
marsh vegetation—characterized by significant temporal and spatial
variations in cover and species distribution—our results underscore the
importance of incorporating up-to-date and detailed vegetation data,
particularly for models focusing on the marsh-mudflat scale.

4.1. Mono-specific vs multi-species vegetation

Saltmarsh vegetation reduces current velocities by inducing drag.
This drag force depends on vegetation characteristics such as stem
diameter, stem density and plant height. Gradients in environmental
conditions lead to spatially varying plant species as well as inter-species
variability in biomechanical properties. Therefore, the impact of vege-
tation on currents also varies spatially. From this study, it is observed
that spatial variation is particularly important when assessing the
impact of vegetation on currents at the scale of a marsh-mudflat system.
In contrast, when studying estuary-scale hydrodynamics, spatial varia-
tion in vegetation species and corresponding biomechanical properties
appears less relevant. However, these conclusions may depend on the
ratio of vegetated intertidal area to the total estuary area. Bennett et al.
(2023) found that in smaller estuaries with a higher ratio of vegetated
intertidal area, the frictional drag exerted by vegetation can reduce tidal
amplitudes and residual currents. Their study focused on mono-specific
vegetation, highlighting the potential value of comparing these findings
with those from multi-species vegetation in similar estuarine environ-
ments. However, the differences in the modeled impact on currents
between mono-specific and multi-species vegetation depend on the
species present. When the biomechanical properties of the species in a
multi-species community are similar to those used in a mono-specific
approach, only minor differences in model outcomes are expected.
However, even when using mono-specific vegetation in models, it is
essential to have a basic understanding of the vegetation’s characteris-
tics, such as those defined at the ecotope level, to ensure accurate re-
sults. Furthermore, the inclusion of mono-specific or multi-species
vegetation is study area dependent. When the range of vegetation spe-
cies and corresponding biomechanical characteristics is large (e.g. from
grasses like Glasswort to trees like Willows), a mono-specific vegetation
implementation might not provide an accurate estimate of the vegeta-
tion impact, even at the estuarine scale.
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4.2. Seasonal variability in vegetation impact

Our results indicate that the impact of saltmarsh vegetation on cur-
rents is less pronounced during calm-weather conditions compared to
storm conditions, both in magnitude and spatial extent. However, it is
important to note that in this study, vegetation characteristics were
modeled as static and independent of the varying forcing conditions. In
reality, storminess is typically more prevalent during autumn and winter
months, when vegetation usually has different characteristics compared
to summer (or even dies off). This affects the drag exerted by the
vegetation and, therefore, influences current velocities. Additionally,
during a storm, vegetation can experience damage (e.g. stem breakage)
or in the case of flexible vegetation it can bend, reducing the frontal area
(Paul et al., 2016; Rupprecht et al., 2017; Vuik et al., 2018). Both result
in a smaller impact on current velocities during storm conditions.
Moreover, during storms, the water levels are elevated, reducing the
ratio of plant height to water depth (submergence ratio), which de-
creases hydrodynamic energy dissipation (Maza et al., 2015). However,
at the same time, the elevated water levels cause the intertidal areas to
be inundated completely, thereby increasing the extent of vegetated
intertidal area impacting the flow field. During calm-weather condi-
tions, this is not the case (at least not in our study area). Next, the
vegetated areas remain inundated for a longer part of the tidal cycle
compared to calm-weather conditions. This makes that the vegetated
zone contributing to the flow carrying width of the estuary is larger
during storm conditions.

4.3. Biogeomorphological interactions

Our results indicate that changes in bathymetry and vegetation cover
both significantly affect currents. In the comparison between two
snapshots (combination of bathymetry and vegetation cover at a single
moment in time) neither factor can be neglected, as the impact of
changes are estimated to be of a similar order of magnitude. Moreover,
they can have opposing effects, for example, a change in bathymetry
might increase peak ebb or peak flood velocities, while the change in
vegetation cover could decrease it, or vice versa. Although treated
separately in this paper, vegetation cover, bathymetrical changes and
hydrodynamics are interconnected through biogeomorphological in-
teractions, together shaping wetland landscapes (Schwarz et al., 2018).
Such interactions are crucial for understanding long-term changes in
vegetation and geomorphology (Feng et al., 2025). While this study
considers static snapshots of vegetation and bathymetry, succession in-
troduces a dynamic component over multi-year timescales, influencing
both marsh-mudflat and estuarine-scale interactions. By incorporating
these longer-term successional dynamics into models, we can better
anticipate gradual changes in estuarine morphology and hydrodynamic
behavior. One implication of this can be that, although vegetation does
not seem to impact currents on an estuarine scale, at the marsh-mudflat
scale hydrodynamic impact might result in changes to the geo-
morphology of the estuary, thereby indirectly influencing currents at the
estuarine scale. So far, biogeomorphological modelling is usually per-
formed on a marsh-mudflat scale (Best et al., 2018; Fagherazzi et al.,
2012; Schwarz et al., 2018; Willemsen et al., 2022). However, estuary
scale biogeomorphological modelling could enhance our understanding
of the evolution of estuaries, especially under changing environmental
conditions (Siemes et al., 2024).

Additionally, this study employed a 2D model focusing solely on
currents, excluding waves, wave-current interactions, and 3D hydro-
dynamic effects. However, wave action plays a key role in sediment
resuspension and transport, influencing sediment availability for plant
establishment and stability. Wave-current interactions can affect vege-
tation anchoring and growth, while denser vegetation can dampen
waves and foster sediment accumulation, supporting succession.
Including 3D hydrodynamics would allow for a more detailed repre-
sentation of velocity gradients across the water column, particularly in
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areas with sharp transitions in bathymetry and vegetation density. By
integrating 3D models and wave effects, future research could better
capture the feedback between hydrodynamics and vegetation,
improving our understanding of long-term biogeomorphological
interactions.

4.4. Retrieving vegetation information

Accurately defining the extent and biomechanical characteristics of
saltmarsh vegetation for model parameterization is challenging due to
the complexity of natural environments. Spatial heterogeneity, diffi-
culties in field measurements, and the dynamic nature of vegetation
across different seasons and years further complicate this task. Remote
sensing techniques offer a potential solution by enabling large-scale
mapping of the extent and dynamics of saltmarsh area (Laengner
et al.,, 2019), saltmarsh plant species or vegetation community (e.g.
Belluco et al., 2006), as well as retrieving vegetation characteristics such
as Leaf Area Index (Oteman et al., 2019). Maza et al. (2022) found that
the mean meadow height and aboveground biomass of marsh vegetation
are good proxies for its wave attenuating capacity, and can be derived by
remote sensing techniques. However, retrieving plant-specific charac-
teristics like the stem diameter by remote sensing techniques remains a
challenge.

4.5. Nature-based solutions

Given the growing interest in incorporating nature-based solutions
for various purposes (e.g. coastal protection, salt intrusion mitigation,
erosion prevention), a thorough understanding of biogeomorphological
interactions is essential. The impact on current velocities on and around
the vegetated intertidal areas, as shown in this study, are especially
important for the sake of coastal protection and erosion prevention.
However, from a salt intrusion perspective, estuary scale impacts are
more relevant (Hendrickx et al., 2023; Hendrickx and Pearson, 2024;
Siemes, 2024). On this estuarine scale, the vegetation cover itself may
not significantly influence estuarine hydrodynamics. However, the
extent of intertidal area can have a substantial impact on this scale. In
other words, changes in intertidal areas within the current estuary
boundaries have a limited effect on estuarine hydrodynamics, whereas
modifications to intertidal areas outside the current boundaries—such
as through managed realignment or land claim—can significantly alter
the tidal prism, water levels and flow structure (Bennett et al., 2020;
Siemes et al., 2024; Stark et al., 2017b; Weisscher et al., 2022). More-
over, incorporating vegetation in nature-based solution can offer bene-
fits for erosion prevention, and therefore resilience, of the solution in
place. To maximize the effectiveness of nature-based solutions, it is
important to consider adaptive management strategies that account for
both short-term and long-term changes in vegetation and sediment dy-
namics. Ongoing monitoring of these systems is crucial for under-
standing the evolving interactions between biotic and abiotic factors and
for refining models that strive to predict the outcomes of such in-
terventions. One example of such an approach is the study by Brunink
and Hendrickx (2024), who predicted ecotopes based on model output
from a hydrodynamic model. This can aid in the prediction of ecological
shifts resulting from changes in hydrodynamics when implementing
nature-based solutions.

5. Conclusions

This study quantified how and over which spatial scale vegetated
intertidal areas influence estuarine currents and examined the temporal
variation caused by changes in vegetation cover. These changes were
most prominent on the mid-channel flats of the Scheldt estuary. Vege-
tation establishment on these mid-channel flats contributed to an overall
increase in saltmarsh area within the estuary (2483 ha-3350 ha from
1993 to 2016). The species distribution generally corresponds to the
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streamwise salinity distribution. Using a Delft3D-FM model schemati-
zation of the Scheldt estuary, we demonstrated that saltmarsh vegeta-
tion reduces both ebb and flood peak velocities (10-80% within the
vegetated zone and 1-30% around the vegetated zone), both during
calm-weather and storm conditions. In this, both magnitude and extent
of impact are smaller during calm-weather conditions compared to
storm conditions. The influence on current velocities extends beyond the
vegetated edge during storm conditions, typically over an area compa-
rable to or smaller than the size of the vegetated zone, whereas the
impact is limited to the vegetated zone during calm-weather conditions.
On this estuarine scale, the spatial extent of impact appears independent
of vegetation parametrization, with no significant difference between
mono-specific and multi-species vegetation. However, at the smaller
marsh-mudflat scale, the inclusion of multiple species leads to a different
spatial pattern in the magnitude of impact within the vegetated area,
while the spatially extended effects remain similar. Furthermore,
decadal-scale variations in vegetation extent and distribution were
found to impact current velocities to a similar order of magnitude as
changes in bathymetry over the same period. These findings emphasize
the importance of saltmarsh vegetation’s influence on currents at the
marsh-mudflat scale in particular.
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