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Scientific Significance Statement

Saltmarshes are highly valued coastal ecosystems developing near sea level, which are threatened by sea level rise, and whose sur-
vival depends on their capacity to gain elevation by sediment accretion. A generally persisting paradigm is that dense vegetation
facilitates sediment accretion by locally trapping suspended sediments and producing organic matter. However, the long-term rel-
evance of such local processes has never been studied at the landscape scale. Using a state-of-the-art numerical model compared
with field observations, we reveal important, contrasting insights, indicating that dense saltmarsh vegetation inhibits sediment
accretion at the landscape scale by hindering sediment transport from tidal channels to platform interiors. Our findings warn
against overestimation of the capacity of densely vegetated coastal wetlands to survive future rates of accelerating sea level rise.

Abstract

To save saltmarshes and their valuable ecosystem services from sea level rise, it is crucial to understand their natu-
ral ability to gain elevation by sediment accretion. In that context, a widely accepted paradigm is that dense vege-
tation favors sediment accretion and hence saltmarsh resilience to sea level rise. Here, however, we reveal how
dense vegetation can inhibit sediment accretion on saltmarsh platforms. Using a process-based modeling approach
to simulate biogeomorphic development of typical saltmarsh landscapes, we identify two key mechanisms by
which vegetation hinders sediment transport from tidal channels toward saltmarsh interiors. First, vegetation con-
centrates tidal flow and sediment transport inside channels, reducing sediment supply to platforms. Second, vege-
tation enhances sediment deposition near channels, limiting sediment availability for platform interiors. Our
findings suggest that the resilience of saltmarshes to sea level rise may be more limited than previously thought.
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Saltmarshes develop within the tidal range in the presence
of favorable conditions for plant growth (Fagherazzi
et al. 2020). They are among the most productive ecosystems
(Barbier et al. 2011), providing invaluable services such as nat-
ural shoreline protection against storms (Temmerman
et al. 2022) and carbon sequestration (Rogers et al. 2019).
However, accelerating sea level rise (Schuerch et al. 2018) and
decreasing sediment supply (Tognin et al. 2021) threaten their
survival, which mainly depends on their ability to gain eleva-
tion by sediment accretion at rates greater than sea level rise
(Kirwan et al. 2016). Saltmarshes are dissected by complex
tidal channel networks, which control the supply of sedi-
ments toward the vegetated platforms and therefore play an
essential role in saltmarsh accretion. It is generally hypothe-
sized that sediment distribution is affected by geometric char-
acteristics of tidal channel networks, such as drainage density
(i.e., total length of channel network per unit surface area;
Marani et al. 2003) and drainage efficiency (which also
accounts for channel branching and meandering; Kearney
and Fagherazzi 2016). Indeed, high drainage density or effi-
ciency means that the average distance between tidal chan-
nels and internal areas is low, which may potentially facilitate
sediment distribution over saltmarsh platforms. However, the
impact of channel network geometry on long-term saltmarsh
accretion, and hence resilience to sea level rise, remains
poorly quantified.

Saltmarsh vegetation influences the geometry of tidal chan-
nel networks. The establishment of vegetation on a bare inter-
tidal landscape increases flow concentration and facilitates
channel formation within topographic depressions (D’Alpaos
et al. 2006) and between expanding pioneer patches
(Temmerman et al. 2007). Vegetation stabilizes channel banks
and contributes to meander formation (Finotello et al. 2018).
Certain vegetation traits, such as slow patchy colonization
pattern and high stem density, promote the self-organization
of channel networks with relatively high drainage density and
efficiency (Schwarz et al. 2018). Dense vegetation facilitates
local sediment accretion by trapping mineral sediments and
producing organic matter (Fagherazzi et al. 2012). However,
the combined impact of saltmarsh vegetation on both chan-
nel network self-organization and long-term accretion pat-
terns remains poorly understood.

In addition to the influence of vegetation, the geometry of
tidal channel networks is controlled by abiotic factors, such as
platform elevation and tidal range (Liu et al. 2022), which
both govern channel-forming flood and ebb discharges.
Disentangling vegetation impacts on channel network self-
organization from observations of different systems is there-
fore very challenging, but numerical modeling is a widely
used alternative approach, in which environmental condi-
tions can be fully controlled (Kirwan et al. 2016). Saltmarsh
models able to explicitly simulate the impact of vegetation on
tidal channel self-organization necessitate large computational
resources, as they require grid resolutions of a few meters to
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represent the formation of small channels. As a result, their
application is often limited to relatively small domains of less
than 1km? and relatively short periods of a few decades
(Belliard et al. 2015; Wang et al. 2021), or they resort to very
simplified hydro-morphodynamics equations (Rodriguez
et al. 2017; Mariotti 2020). Here we use high-performance
supercomputing and the multiscale biogeomorphic model
Demeter (Gourgue et al. 2022) to explicitly simulate the inter-
actions between tidal flow, sediment transport and saltmarsh
vegetation dynamics over a domain of 4 km? and a period of
200 yr. More precisely, we perform a virtual controlled experi-
ment, in which we enable or disable plant establishment in a
saltmarsh environment, to isolate and understand the direct
impact of saltmarsh vegetation on its ecosystem. Such con-
trolled experiment is hardly possible in the field, as vegetated
saltmarshes and unvegetated mudflats do not occur in the
same environmental conditions.

Our results confirm prior observations that tidal channel
networks are denser and more complex with vegetation than
without. However, they also reveal that the drainage density
and the drainage efficiency are not suitable indicators for sedi-
ment supply toward saltmarsh platforms, as they do not
account for the impact of vegetation on the hydrodynamics
and the sediment transport at the landscape scale. Our study
identifies two key mechanisms by which saltmarsh vegetation
hinders sediment transport from tidal channels to platform
interiors: platform vegetation concentrates flow and sediment
transport within channels and enhances sedimentation near
channels. These vegetation-induced processes combined
reduce sediment accretion in saltmarsh interiors.

Methods

Numerical model

We use the biogeomorphic model Demeter (Gourgue 2022)
to simulate explicitly the feedbacks between intertidal hydro-
dynamics, sediment transport and vegetation dynamics
(Supporting Information Fig. S1a; Gourgue et al. 2022). Deme-
ter uses the finite-element model Telemac (Hervouet 2007) to
simulate the hydro-morphodynamics in a two-dimensional
horizontal framework (Supporting Information Section S1.1).
The vegetation resistance force on the hydrodynamics is
modeled as the drag force on a random array of rigid cylinders
(Baptist et al. 2007), with parameters calibrated against flume
measurements of flow deceleration within, and flow accelera-
tion around, real vegetation patches of the considered species
(Gourgue et al. 2021).

Demeter also includes a cellular automaton that simulates
the vegetation dynamics through stochastic evaluation of
establishment, lateral expansion, and die-off processes
(Supporting Information Section S1.2), which are modulated
by hydrodynamics conditions provided by Telemac
(i.e., hydroperiod and exposure to excessive bed shear
stress; Supporting Information Section S1.3). We use a
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morphological acceleration factor (Lesser et al. 2004;
Roelvink 2006) to upscale one semi-diurnal tidal cycle of
hydrodynamics to 1 yr of morphodynamics, after which the
vegetation module is wupdated (Supporting Information
Fig. S1b; Section S1.4).

Model setup

We simulate the development of an initially bare inter-
tidal landscape (Supporting Information Fig. S2) colonized
by saltmarsh pioneer species occurring globally but pre-
senting contrasting colonization and morphological traits.
Spartina marshes encroach intertidal mudflats in small, iso-
lated patches of dense, tall stems, which slowly grow laterally
(Fig. la-l). Salicornia marshes encroach intertidal mudflats
quickly and homogeneously over large areas with sparse,
short stems (Fig. 1m-x). We also consider a control case
without vegetation (Fig. 1y-ad). See Supporting Information
Section S2 for more details on the model setup. The environ-
mental conditions and the different model parameter values
are representative of the macrotidal, moderately turbid West-
ern Scheldt Estuary, the Netherlands (Supporting Informa-
tion Tables S1-S3), allowing for a fair comparison with
available field observations (Supporting Information Section-
S3). We also perform a model sensitivity analysis to assess
whether our conclusions still hold for configurations rep-
resenting a larger variety of systems (Supporting Information
Section S4).

Channel network analysis

We use TidalGeoPro (Gourgue and Pelckmans 2022) to
identify channel and platform grid nodes using a multi-
window median neighborhood analysis (Liu et al. 2015) and
extract channel network skeletons (i.e., channel centerlines;
Fagherazzi et al. 1999). On the platforms, TidalGeoPro com-
putes the unchanneled path length (i.e., the shortest distance
to a channel; Tucker et al. 2001). Along the skeleton, it com-
putes the upstream tidal watershed area (based on distances to
channels; Vandenbruwaene et al. 2013, 2015), the maximum
upstream length (i.e., the length of the longest channel
stretch within the upstream watershed), the total upstream
length (i.e., the combined length of all channel stretches
within the upstream watershed), the drainage density (i.e., the
total upstream length divided by the upstream watershed area;
Marani et al. 2003), the drainage efficiency (i.e., the inverse of
the channel density divided by the mean unchanneled path
length within the upstream watershed; Kearney and Fag-
herazzi 2016), the channel width, the channel depth and the
channel cross-section area.

All model input and output files, as well as supporting
data and source code to generate them and the figures of this
manuscript are openly available (Gourgue et al. 2023a,b,
2024a,b,c).
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Results

Our results show that vegetation facilitates faster develop-
ment of secondary channels (i.e., smaller tributaries), but has
little impact on large primary channels (Fig. 1, 2°¢ row). In
the setup used here (Supporting Information Fig. S2), primary
channels develop before any vegetation can establish in the
seaward half of the domain (Fig. 1, 1°* two rows), so that sub-
sequent vegetation encroachment can only stabilize them. As
a result, primary channels remain very similar over time and
across scenarios (Fig. 1) and variations in tidal channel net-
work characteristics (Fig. 2a,b) are mostly attributed to the
development of secondary channels.

In general, the drainage density is higher with vegetation
than without, and higher in Spartina marshes than in
Salicornia marshes (Fig. 2a). While differences in drainage den-
sity across scenarios decrease over time, the drainage effi-
ciency remains higher with vegetation than without on the
long term (Fig. 2b). However, dense, branching channel net-
works do not necessarily promote high platform accretion
rates: unvegetated mudflats accrete faster than sparse Sal-
icornia marshes, which themselves accrete faster than dense
Spartina marshes (Fig. 2¢). These differences in accretion rates
can be unequivocally attributed to differences in vegetation
density, here and below defined in a broad sense that encom-
passes all parameters affecting the vegetation drag (i.e., stem
density, diameter and height, bulk drag coefficient). Indeed,
our model sensitivity analysis demonstrates that, all other
things being equal, platforms accrete faster with decreasing
vegetation density (Supporting Information Fig. S3) and con-
firms that unvegetated mudflats accrete faster than sparse
Salicornia marshes, and even faster than dense Spartina
marshes, regardless of sediment characteristics (Supporting
Information Section S4).

Below we identify two overlooked mechanisms that con-
tribute to this vegetation-induced reduction of platform accre-
tion rates.

Vegetation decreases sediment supply from channels to
platforms

The drag created by vegetation concentrates water flow
into the channels and, at the same time, decreases flow veloci-
ties from the channels to the surrounding platforms (Fig. 3).
This has crucial implications for the transport of sediments.
While vegetated saltmarshes import more sediments than
unvegetated mudflats during the flood phase (Fig. 4a), vege-
tated saltmarshes also endure more in-channel deposition
(Fig. 4b). Indeed, because of the vegetation-induced drag on
the platforms, less suspended sediments can leave the chan-
nels and flow onto the vegetated platforms. Hence, with vege-
tation, more sediments are trapped inside the channels, where
they temporarily deposit at high-water slack, and hence more
sediments are remobilized and exported from the system dur-
ing the ebb phase (Fig. 4a). In total, unvegetated mudflats
have a higher net sediment import balance than vegetated
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saltmarshes (Fig. 4a). The same reasoning holds when compar-
ing Spartina and Salicornia marshes. The higher drag created
by vegetation in dense Spartina marshes systematically leads
to more temporary in-channel deposition than in sparse
Salicornia marshes, and lower net sediment import on average.

This feedback between platform vegetation drag and tem-
porary in-channel sedimentation explains why unvegetated
platforms experience higher sediment supply and accretion
rates than sparse Salicornia marshes, and even more so than
dense Spartina marshes (Fig. 2¢).

Vegetation increases near-channel sedimentation

The drag created by vegetation also enhances sedimenta-
tion on the platforms close to the channel edges, which has
two important implications: it deprives saltmarsh interiors of
suspended sediments, and it creates levee-depression patterns
(Fig. 5a,b), ultimately leading to pond formation (Fig. 5d,e).
Because of the differences in flow resistance between vege-
tated platforms and unvegetated channels, flooding occurs
first through the channel network, then from the channels
into the platforms once the water level inside the
channels exceeds the elevation of the channel banks. From
the channels to the platforms, the flow velocities quickly drop
(Fig. 3a, b) and the sediments rapidly settle, which over time
leads to levee formation close to the channels and depressions
away from them. After 200 yr, the elevation difference
between levees and ponds is on average about 60 cm in dense
Spartina marshes and 50 cm in sparse Salicornia marshes
(Fig. 5a,b), suggesting that this mechanism is amplified with
increasing vegetation density.

Without vegetation, suspended sediments can be trans-
ported more easily toward platform interiors, and there is no
levee-depression pattern (Fig. 5¢). Without vegetation, the dif-
ferences in flow resistance between platforms and channels
are much lower and flooding occurs as sheet flow from the
open-water body, with flow velocities more homogeneously
distributed (Fig. 3c). The fact that the platforms of the
unvegetated system (Fig. 5¢) are on average higher than
the levees of the vegetated saltmarshes (Fig. Sa,b) is another
illustration that, with vegetation, there is more temporary in-
channel deposition (Fig. 4b), and therefore less sediment
transport from the channels to the platforms (previous
section).

Discussion

The increasing threat of accelerating sea level rise makes
saltmarsh vulnerability a crucial issue of the present century
(Ganju et al. 2017; Jankowski et al. 2017; Schuerch
et al. 2018; Murray et al. 2019; Saintilan et al. 2020). As
coastal wetlands are expected to face sea level rise rates that
are globally unprecedented in recent history (Oppenheimer
et al. 2022), numerical models are essential to predict their
fate. Here we wuse a multiscale process-based modeling
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approach (Gourgue et al. 2022), which is compared with field
observations (Supporting Information Section S3) and able to
represent centennial developments of tidal channel networks
and spatial sediment accretion patterns with unmatched
details (Fig. 1), under a constant contemporary rate of sea
level rise. While present insights are largely based on the para-
digm that dense vegetation promotes sediment accretion and
marsh elevation gain in balance with sea level rise (Fagherazzi
et al. 2012; Kirwan et al. 2016), we identify two key mecha-
nisms through which dense vegetation also inhibits sediment
accretion in saltmarsh interiors.

Reduced sediment supply and elevation deficit in saltmarsh
interiors are well-established results confirmed by numerical
models (D’Alpaos et al. 2007; Best et al. 2018) and field mea-
surements (Coleman et al. 2020; Schepers et al. 2020). The
novelty of our study is the thorough description of the mech-
anisms leading to these observations. In general, these obser-
vations are solely attributed to enhanced settling of
suspended sediments on the saltmarsh platforms near the
channel edges due to vegetation and increased friction. If that
were the only significant mechanism at play, vegetated

platforms would still on average accrete faster than
unvegetated platforms, even more so considering that vegeta-
tion promotes dense, branching channel networks (Kearney
and Fagherazzi 2016; Fig. 2a,b). Our results show a complete
opposite trend: unvegetated platforms accrete on average
faster than sparsely vegetated platforms, and even faster than
densely vegetated platforms (Fig. 2c). These unexpected
results in view of the current knowledge are explained by the
fact that vegetation concentrates flow velocities (Fig. 3) and
sediment transport (Fig. 4) inside the channels, hence reduc-
ing sediment supply toward platforms. Therefore, contrary to
what is usually assumed implicitly in long-term platform
accretion models with constant sediment supply from the
channel (Kirwan et al. 2016; Duran Vinent et al. 2021), not
all sediments in suspension inside tidal channels are avail-
able to supply the platforms, and hence saltmarshes are
potentially more vulnerable to sea level rise than previously
thought.

Previous studies highlight the positive effects of vegetation
through biogeomorphic feedbacks on saltmarsh resilience to
sea level rise (Morris et al. 2002; Kirwan et al. 2016): dense
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vegetation attenuates tidal flow and wind waves, which is Although this is locally true, our results show that larger
widely considered to enhance trapping of mineral sediments landscape-scale effects of vegetation on sediment distribution
(Mudd et al. 2010; Fagherazzi et al. 2012) and reduce shore- are more complex (Figs. 4, 5a—c), and that vegetation density
line erosion (Moller et al. 2014; Schoutens et al. 2019). is not necessarily positively correlated with platform accretion
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rates (Fig. 2c). Similar vegetation effects are also observed in
river-dominated settings (Nardin and Edmonds 2014; Hiatt
and Passalacqua 2017; Wright et al. 2018; Albernaz
et al. 2020; Xu et al. 2022; Beltran-Burgos et al. 2023).
Furthermore, previous studies focus on vegetation effects on
tidal channel network characteristics, arguing that vegetation
promotes the development of dense, branching, and
meandering channel networks, which are claimed to be more
efficient at draining coastal wetlands and delivering sediments
to platform interiors (Kearney and Fagherazzi 2016; Schwarz
et al. 2018, 2022). Our results reveal that vegetation density
has a bigger impact on reduced sediment supply to saltmarsh
interiors, and that tidal channel self-organization only plays a
secondary role (Fig. 2).

Our results are in line with the paradigm that saltmarsh
vegetation has a local positive impact on sediment trapping at
the plant scale, but they reveal that saltmarsh vegetation also
develops self-predatory mechanisms at the larger landscape
scale, which can jeopardize their own survival. The potential
die-back of vegetation due to increased water retention in
densely vegetated saltmarshes is already reported in a prior
study (Briickner et al. 2019). Here we also show that this is
aggravated by the vegetation-induced formation of levees and
topographic depressions (Fig. Sa,b), resulting from enhanced
sedimentation on the vegetated platforms near the channels,

and reduced sedimentation on their interiors. These topo-
graphic depressions can be temporarily converted into
unvegetated ponds when disconnected from the channel net-
work (Figs. 1, 5d,e) because of waterlogging and vegetation
die-back. In the cases studied here, ponds get revegetated after
a few decades once they reconnect to the channel network, a
process also reported from observations (Wilson et al. 2014).
Under less favorable conditions, however, pond formation
can lead to considerable saltmarsh drowning (Schepers
et al. 2017; Mariotti et al. 2020).

This study focuses on the specific case of a macrotidal sys-
tem, with a moderate sediment supply and a contemporary
rate of sea level rise. Current knowledge suggests that
saltmarshes subject to lower tidal ranges, lower sediment
supplies, or faster sea level rise are more vulnerable than the
cases studied here (Kirwan et al. 2016; Duran Vinent
et al. 2021) and we can reasonably expect that the mecha-
nisms revealed in this study stay relevant in these condi-
tions. In microtidal saltmarshes, platform elevation changes
are also influenced by processes that are neglected in our
model, such as local organic production (Temmerman
et al. 2004; Kirwan et al. 2010) and storm surges (Goodbred
and Hine 1995; Tognin et al. 2021). Although the tidal sup-
ply of inorganic sediments remains a key process determin-
ing accretion rates in such environments (Ganju et al. 2013,
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2015; Belliard et al. 2023), we must acknowledge that our
conclusions are especially relevant for mesotidal to mac-
rotidal systems, where accretion is predominantly driven by
inorganic material (French 2006). Additionally, low-tide rain-
fall runoff is a platform sediment removal mechanism that is
neglected in our model, which could have a stronger effect
on mudflats due to the absence of vegetation canopy to miti-
gate raindrop impact. However, this process is poorly quanti-
fied (Mwamba and Torres 2002). Another process that is
neglected in our model is flocculation, a process by which
suspended sediment particles come together to form larger
aggregates or flocs, which impacts settling velocities. By test-
ing the model sensitivity to settling velocities in a range that
is consistent with observed values for flocs in similar envi-
ronmental conditions (van Leussen 1999), we show that our
conclusions are not impacted by such potential variations
(Supporting Information Section S4). Finally, although our
model also neglects the vegetation-induced reduction of tur-
bulence (Leonard and Croft 2006), the latter enhances sedi-
mentation on the platforms and therefore reinforce our
conclusions.

Our model results are in good agreement with field obser-
vations of channel network characteristics and accretion his-
tory (Supporting Information Section S3). However, the
specific mechanisms identified here, that vegetation concen-
trates flow velocities (Fig. 3) and sediment transport (Fig. 4)
inside the channels, hence reducing sediment supply toward
the platforms, remain difficult to observe in the field (Boldt
et al. 2013). Our study calls for the development of new field
techniques and the collection of new observational datasets,
with the aim to validate these mechanisms and their influ-
ence on long-term saltmarsh dynamics. Healthy saltmarshes
have managed to persist in many places for hundreds or more
years. However, by identifying mechanisms by which
saltmarsh vegetation hinders sediment transport from chan-
nels to platform interiors, our study cautions against potential
overestimation of the capacity of densely vegetated
saltmarshes to gain elevation and keep pace with sea
level rise.
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