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A B S T R A C T

Tidal marshes provide many valuable ecosystem services and can play an important role in nature-based flood
risk mitigation along low-lying coasts and estuaries, by attenuating waves and increasing erosion resistance.
There is an effort around the world to restore or create tidal marshes, but it remains unknown how different
marsh restoration and creation techniques affect the development of erosion resistant sediment beds, which is
essential for their contribution to long-term erosion and flood risk mitigation. Here, we compared sediment shear
strength and erosion resistance under very high flow velocity (i.e. as may occur during the breach of a dike or
seawall behind the marsh) of a managed realignment site versus a sediment nourishment site, restored and
created respectively, and assessed the effects of tidal inundation, sediment characteristics, and vegetation.
Managed realignment consists of the landward relocation of flood defence structures like seawalls and dikes and
tidal flooding of low-lying land, creating a sheltered environment for tidal deposition of fine-grained sediments,
while sediment nourishment is the seaward placement of mostly more coarse-grained dredged sediment. This
study showed that at both sites sediment shear strength and erosion resistance were higher at vegetated locations
than at unvegetated locations. In addition, at the managed realignment site, tidal inundation duration affected
shear strength negatively, while bulk density affected shear strength positively. At the sediment nourishment
site, sediment grain size was the most important driving factor of shear strength and erosion resistance, besides
vegetation presence: a decreasing shear strength and erosion resistance were observed with increasing sediment
grain size. Managed realignment and sediment nourishment both have advantages and disadvantages for the fast
development of an erosion resistant sediment bed. Managed realignment will likely lead to fine-grained, cohesive
sediments, which are in this case colonised by dense, but slowly establishing, mud-loving Spartina vegetation. In
contrast, sediment nourishments are typically done with more coarse-grained, non-cohesive sediments, which
are in this case colonised by initially sparse, fast establishing Salicornia vegetation. Dense Spartina increased
erosion resistance more than sparse Salicornia. If we plan well ahead of time and temporarily support their
development, restored or created marshes have time to become erosion resistant, thereby enabling sustainable
use of marsh ecosystem services for long-term nature-based flood risk mitigation.
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1. Introduction

Tidal marshes are intertidal wetlands that provide many valuable
ecosystem services, such as carbon sequestration (Duarte et al., 2013;
Rogers et al., 2019; Temmink et al., 2022), water purification (Nelson
and Zavaleta, 2012), habitat provisioning (Spencer and Harvey, 2012),
coastal erosion prevention (Lo et al., 2017; Wang et al., 2017), and
recreational activities (Barbier et al., 2011). It is increasingly recognized
that tidal marshes can also play an important role in flood risk mitiga-
tion along coastal and estuarine shorelines. Their vegetated surface and
erosion resistant, elevated surface bed attenuate waves (Marin-Diaz
et al., 2023; Möller et al., 2014; Zhu et al., 2020) and reduce storm surge
heights (Fairchild et al., 2021; Smolders et al., 2015), thereby reducing
dike breach probabilities along shorelines where dikes are used for flood
risk mitigation (Vuik et al., 2016; Zhu et al., 2020). Moreover, in the
extreme case that a dike breach would occur, an elevated, erosion
resistant marsh bed in front of a dike reduces the breach dimensions and
thereby results in a slower water level rise behind the breach, which
would lead to less damage and casualties (van den Hoven et al., 2023;
Zhu et al., 2020). Furthermore, one of the major advantages of using
tidal marshes for nature-based flood risk mitigation is that marshes can
grow with sea-level rise (Coleman et al., 2022; Fagherazzi et al., 2012;
Temmerman et al., 2023). This climate-proofs their flood defence values
and makes climate adaptation more affordable compared to engineered
flood defences such as dikes that need regular, costly maintenance (van
Zelst et al., 2021). Unfortunately, many tidal marshes are under pressure
due to erosion and decreasing sediment supplies because of dam and
barrier construction (Doody, 2013; Kirwan and Megonigal, 2013).
However, with increasing recognition of tidal marsh services (Barbier
et al., 2011) and the growing need for affordable flood defences that are
able to adapt to the consequences of climate change (e.g. sea-level rise;
van Zelst et al., 2021), there is a global effort to restore and create tidal
marshes for nature-based flood risk mitigation (ABPmer, 2024; Gourgue
et al., 2022).

Many different techniques for tidal marsh restoration and creation
exist, and their suitability depends on the location and goal. What all
restoration and creation approaches have in common is that they aim to
provide a wave-sheltered, high intertidal bed surface elevation, and
thereby create disturbance free ‘Windows of Opportunity’ that allow
plant seedling establishment (Balke et al., 2014; Hu et al., 2015). Marsh
restoration on historically embanked, low-lying land (i.e. landward of
original flood defences) can be done by (1) managed realignment
(ABPmer, 2024), where a previously embanked area is exposed again to
the tides by building new flood defences (e.g. dikes) more inland and
removing or breaching part of the original flood defences (French,
2006). A similar option for marsh restoration on low-lying embanked
land is (2) regulated tidal exchange, where the original dike is kept in
place and tidal exchange occurs through structures (e.g. sluices or cul-
verts) built in the original flood defences (Maris et al., 2007; Temmer-
man et al., 2013;Wolters et al., 2005). This enables control over the tidal
regime in the restored area. Marsh habitat creation seaward in front of
flood defences, at locations where nomarsh has occurred in the past, can
be achieved by a range of techniques. One of these is (3) aiming to
reduce hydrodynamics by placing brushwood groynes (i.e. an often
temporary and relatively low (typically <1.5 m) wave-attenuating
structure made by tying wooden branches horizontally in between
vertical wooden poles that are placed deep into the sediment for sta-
bility; Winterwerp et al., 2020), oyster or mussel reefs, or stone or
concreate dams, to enhance sediment accumulation and thus increase
bed surface elevation to stimulate tidal marsh development (e.g. De
Groot and Van Duin, 2013; Dijkema et al., 2007; Gedan et al., 2011).
Further, (4) sediment nourishment to raise bed surface elevation at too
low areas, by applying dredged material, could create a suitable envi-
ronment for vegetation establishment (De Groot and Van Duin, 2013).
Once the bed is elevated, marsh development can be further enhanced
by seeding salt marsh vegetation (Baptist et al., 2021). Whereas all these

four techniques can be used for tidal marsh restoration or creation, the
resulting marshes will only be able to contribute significantly to long-
term flood risk mitigation if their sediment beds become erosion resis-
tant, also under the high flow velocities associated with the breach of a
dike or seawall behind the marsh.

Mature tidal marsh sediment beds have been shown to be erosion
resistant, both under wave attacks (Möller et al., 2014; Wang et al.,
2017) and under high flow velocities (Marin-Diaz et al., 2022; Schoutens
et al., 2022). During tidal marsh development, erosion resistance of
sediment beds can increase through several processes. The first is sedi-
ment consolidation (i.e. increase in sediment strength), where sediment
particles form a denser structure as pore water is expelled from the
sediment matrix (Torfs et al., 1996). This leads to an increase in bulk
density (Colosimo et al., 2023), and thereby an increase in erosion
resistance (Chen et al., 2012; Grabowski et al., 2011; Zhou et al., 2016).
Sediment consolidation can happen due to the weight of newly depos-
ited sediment on top, called self-weight consolidation (Barciela-Rial
et al., 2020; Zhou et al., 2016), and through drying out of the sediment,
called drying-induced consolidation (Colosimo et al., 2023; Dong et al.,
2020). A second process that can increase erosion resistance is the
accumulation of fine-grained cohesive particles, such as clay and silt
particles, that are supplied with the flooding tides as suspended partic-
ulate matter (Brooks et al., 2021; Grabowski et al., 2011). Plants can
contribute to fine-grained suspended sediment deposition by 1) directly
capturing the suspended particles on plant structures and by 2) reducing
flow velocities and thereby increasing suspended particle settling rates
(Fagherazzi et al., 2012). Third, vegetation growth generally leads to an
increase in erosion resistance. Once seedlings establish on bare tidal
flats, their roots will start to increase erosion resistance by binding the
sediment (Chen et al., 2012; Lo et al., 2017; Wang et al., 2017).
Increasing root biomass was found to decrease sediment erodibility
(Ford et al., 2016; Wang et al., 2017).

Although these mechanistic insights into the development of erosion
resistance of marsh sediment beds exist, a comparison of the develop-
ment of sediment strength and erosion resistance under high flow ve-
locity (i.e. as may occur during the breach of a dike or seawall behind the
marsh) between different marsh restoration and creation techniques
remains lacking. In addition, it is unknown which other site-dependent
factors drive the development of sediment strength and erosion resis-
tance in restored and created tidal marshes. The lack of this knowledge
results in the inability to quantify the long-term effectiveness of restored
or created tidal marshes for the purpose of flood risk mitigation. Our aim
is therefore to improve our current understanding of the development of
sediment strength and erosion resistance under a high flow velocity in
restored and created tidal marshes, and of how this development is
affected by tidal inundation, sediment characteristics, and vegetation.
For this, we compared sediment strength and erosion resistance at a
managed realignment site (since 2015) and at a sediment nourishment
site combined with brushwood groynes (since 2018). At both these sites,
we selected locations with differences in tidal inundation duration,
sediment grain size, and vegetation presence or absence, to test the ef-
fect of these factors on sediment strength and erosion resistance.

2. Methods

2.1. Studied tidal marshes

We conducted our study at two tidal marshes in the Netherlands; the
managed realignment site Perkpolder in the Western Scheldt estuary
(SW Netherlands) and the sediment nourishment site Marconi in the
Ems-Dollard estuary (NE Netherlands; Fig. 1).

Perkpolder is a managed realignment site of 75 ha where a new ring
dike was built more landward around the area and the original
embankment was breached in June 2015, for the purposes of nature
restoration and compensation, flood defence, and recreational activities
(Brunetta et al., 2019; Walles et al., 2019). Before de-embankment, the
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area was used for agriculture. Below the newly deposited sediment a
strongly compacted, relict agricultural soil is still present, which re-
stricts groundwater fluctuations to the newly deposited sediment (Van
Putte et al., 2020). During the restoration process several creeks were
dug (Brunetta et al., 2019; Walles et al., 2019). Average salinity in the
Western Scheldt around Perkpolder ranges between 10 and 18 PSU and
bed level changes ranged between 2016 and 2018 between − 1.12 m
around the creeks and inlet and+ 0.34 m on the platforms (Walles et al.,
2019). In July 2015, five approximately 6-week-old Spartina anglica and
Scirpus maritimus seedlings, harvested as seeds from tidal marshes in the
Western Scheldt, were planted in a 50× 50 cm quadrat at 15 locations in
Perkpolder, and their survival was monitored. By August 2015 all Scirpus
maritimus seedlings had disappeared, and by September 2017 Spartina
anglica seedlings only remained at six locations, which had grown into
tussocks by September 2023 (when we took our measurements; Fig. 1b).
By 2023, natural Spartina anglica seed dispersal was also taking place,
resulting in newly forming tussocks, especially in the somewhat higher
elevated NW corner of Perkpolder. However, by 2023 Perkpolder
remained for the largest part an unvegetated tidal flat.

The goal of the overall Marconi Project was to reconnect the city of
Delfzijl with the Ems-Dollard estuary and to improve ecological and
recreational services. It included the creation of tidal marsh habitat by
sediment nourishment, a bird breeding island, a city beach, a boulevard
for biking and walking, and a bridge connecting the city with marshes
and beach (De Vries et al., 2021; Eems-Dollard 2050, n.d.; Gemeente
Eemsdelta, n.d.). Within the Marconi Project, a pilot pioneer marsh of
15 ha was created in 2018 through sediment nourishment, by elevating

the bed level of the designated area mainly with sand. The area was split
into six sections that were delineated with permeable brushwood
groynes. Since the marsh was intended for a pilot study on, among
others, the effect of fine fraction content (clay + silt, < 63 μm) on marsh
development, dredged fine fraction material was mixed in different
percentages (5, 20, and 50 %) with the sand until a depth of 1 m (De
Vries et al., 2021). The dredged fine fraction material was ripened (i.e.
converted from waterlogged sediments into soil by desiccation and
structure development; Vermeulen et al., 2005) in a storage facility on
land before mixing with the sand. However, we observed in the field that
the sand and fine sediment were not fully mixed, as the sediment in the
20 and 50 % sections consisted of a sand matrix with large blocks (Ø up
to 10 cm) of fine fraction sediment in between. We decided to only use
the three eastern sections for our study, because the surface area and
alongshore width are equal: one with each of the fine fraction contents
(Fig. 1c). Bed level changes between 2018 and 2020 in these sections
were relatively small at the higher marsh (< 0.50 m), but large at the
lower marsh (up to − 2.0 m and+ 2.0 m) (De Vries et al., 2021). Salinity
of the Ems-Dollard at Delfzijl was on average 22 PSU between 1980 and
1990 (Ysebaert et al., 1998). To test the effect of seeding on marsh
development, half of our studied sections were sown in May 2019 with
fragments of Salicornia procumbens that were collected from a nearby
marsh (De Vries et al., 2021). However, vegetation cover and species
richness did not differ significantly anymore between the seeded and
non-seeded areas in 2020, indicating that the effect of seeding was only
temporary (De Vries et al., 2021). Where pioneer vegetation was present
mainly depended on the magnitude of bed level change during events:

Fig. 1. a) Location of Perkpolder in SW Netherlands and the Marconi Project in NE Netherlands. b) Left: Locations of the studied tussocks at Perkpolder and the four
vegetated (veg.) measurement locations in the tussocks and the four bare measurement locations on the tidal flat next to the tussocks. The background map is a false
colour aerial image of 2022 (collected by Rijkswaterstaat), with red indicating vegetation. Right: Photo of Perkpolder, showing tussock 3. c) Left: Locations of the
sections with 50 %, 20 %, and 5 % fine fraction content at Marconi, and per section the four vegetated high marsh measurement locations, the four vegetated mid
marsh measurement locations, and the four bare tidal flat measurement locations. The background map is a false colour aerial image of 2020 (collected by Rijks-
waterstaat), with red indicating vegetation. Dashed, black lines indicate the brushwood dams, separating the three sections. Right: Photo of Marconi, section 50 %.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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large bed level changes were observed at bare locations and small
changes at vegetated locations (Willemsen et al., 2022).

The different restoration or creation techniques of these two tidal
marshes enabled us to study if sediment strength and erosion resistance
developed differently under these two techniques.

2.2. Measurement locations

At Perkpolder (herein referred to as the Managed Realignment site;
MR-site) we placed our measurement locations near the six planted
Spartina anglica tussocks that survived until September 2023. Inundation
duration of these tussocks ranged between 31.2 % (tussock 4) and 43.4
% (tussock 3), allowing us to study the effect of tidal inundation dura-
tion on the development of sediment strength and erosion resistance. To
also test the effect of vegetation, the measurements and samples were
taken with four replicates inside the tussock (at locations which had
gotten vegetated with Spartina anglica between 2020 and 2022, as
derived from false colour aerial images of Rijkswaterstaat) and with four
replicates ±1 m outside of the tussock, on the bare tidal flat (Fig. 1b).

At the pilot pioneer marsh of the Marconi Project (herein referred to
as the Sediment Nourishment site; SN-site) we took our measurements
and samples in the selected three equally-sized sections, with fine frac-
tion contents of 5, 20, and 50 % (herein referred to as sections 5, 20, and
50 %), to investigate the effect of grain size distribution on the devel-
opment of sediment strength and erosion resistance. The measurement
locations were located at the western sides of all sections, which were
seeded with Salicornia procumbens. It was noted that the non-seeded part
had the same vegetation in terms of cover and species. To study the
effects of tidal inundation duration and vegetation, we placed mea-
surement locations at two tidal marsh elevations (herein referred to as
‘high marsh’ and ‘mid marsh’) and on the bare tidal flat, at each location
with four replicates (Fig. 1c).

2.3. Field measurements and sediment sampling

In September 2023 we took measurements at all measurement lo-
cations of both the MR- and SN-site. First, we measured bed elevation
(m + NAP) with an RTK-DGPS (Trimble, USA). We determined shear
strength of both the sediment surface and of deeper sediment layers,
which is a measure of sediment strength. The surface measurements
were done with a pocket shear vane tester (torvane; Eijkelkamp, The
Netherlands), and the measurements at depths of 10, 20, 30, and 40 cm
with a field inspection shear vane tester (Eijkelkamp, The Netherlands).
If the maximum measurable shear strength was reached with the pocket
shear vane tester (3.2 kPa at the MR-site and 21.9 kPa at the SN-site,
depending on attachment used) or field inspection shear vane tester
(65 kPa at the MR-site and 130 kPa at the SN-site, depending on
attachment used), this shear strength value was noted down as the
minimum shear strength and used in the statistical analyses. To deter-
mine sediment characteristics, we collected sediment samples with a
gouge auger from 0 to 10, 10–20, 20–30, and 30–40 cm depth. Some-
times it was not possible to take sediment samples of all depths because
of strongly compacted layers. At all measurement locations we also
noted down present vegetation species.

We took erosion test samples at a selection of locations to measure
erosion resistance under fast water flow (as may occur during a dike
breach) in a flume, and from the same samples we determined below-
ground biomass. To study the effects of vegetation and inundation
duration on erosion resistance, these samples were taken at the MR-site
in tussock 1 (relatively short inundation duration) and on the bare
mudflat next to it, as well as in tussock 2 (relatively long inundation
duration) and on the bare mudflat next to it, at each location with four
replicates. To study the effects of grain size, vegetation, and inundation
duration on erosion resistance, we took these samples at the SN-site in
section 5 % at the high marsh and bare mudflat, as well as in section 50
% at the high marsh and bare mudflat, also at each location with four

replicates. We used a metal frame to take the erosion test samples of 40
cm long x 13 cm wide x 20 cm deep, according to the methodology
described in Marin-Diaz et al. (2022). The samples were placed in boxes
for transport and stored in saline water (30 PSU) to prevent them from
drying out before the erosion tests. Transport did not visually result in
additional sediment consolidation, which could potentially have
affected sediment erosion resistance. Before testing the erosion resis-
tance of these samples, 8 cm was cut off at one side of the samples to
determine belowground biomass, leaving samples of 32 × 13 × 20 cm
for the erosion test.

2.4. Laboratory measurements on sediment properties and belowground
biomass

In the laboratory we weighed all wet sediment samples that were
taken with the gouge auger, froze, and freeze-dried them, and weighed
their dry weight afterwards. From these weights and their volume, water
content and dry bulk density (herein referred to as bulk density) were
calculated. We sieved the samples over a 1 mm sieve to remove large
particles and belowground biomass, and then analyzed grain size dis-
tribution, including fine fraction content (clay + silt, < 63 μm), using a
Mastersizer 2000 (Malvern Panalytical, UK).

The 8 × 13 × 20 cm samples that were cut off from the erosion test
samples were sieved over a 3 mm sieve to extract belowground biomass.
We placed the belowground biomass in a 60 ◦C oven for two weeks, and
afterwards weighed dry biomass.

2.5. Flume measurements on erosion resistance

Sediment erosion resistance of the erosion test samples was
measured in a fast flow flume, following the principles described by
Marin-Diaz et al. (2022). For this study, a new, improved version of this
flume was used (Appendix A: Fast flow flume, Fig. A.1). The new fast
flow flume consists of three water tanks, each of which opens into four
flow channels, through four openings of 11 cm wide x 2 cm high. Flow
speed in the flow channels was 4.3 m s− 1 (Appendix A: Fast flow flume).
Such a high flow velocity simulates the flow conditions that can be
reached over a tidal marsh after a dike breach under storm surge con-
ditions (Albers, 2014; Kamrath et al., 2006).

The shoots of the erosion test samples were clipped to exclusively
measure sediment erosion resistance without interference of above-
ground biomass effects and the samples were placed in the flow chan-
nels. Each channel had two side panels to lock the samples in place,
leaving a surface area of 32 cm long × 11 cm wide exposed to the water
flow. At the start, after 10 min, and after 1, 2, and 3 h of water flow we
measured the sediment surface level of the erosion test sample. These
surface level measurements were done according to the sedimentation-
erosion bar method (Nolte et al., 2013), where a bar with holes was laid
over the sediment sample, always at the exact same location. A metal pin
was lowered through the holes until it touched the sediment surface,
after which the length of the pin above the bar was measured to deter-
mine the sediment surface level. The fixed positions of the holes ensured
that the measurement points were always the same. The measurement
points lay in two lines over the sample parallel to the water flow, 3 cm
apart, and there were ten points per line, 3.7 cm apart (resulting in a
total of 20 measurement points). To calculate erosion at each of the
measurement moments, we subtracted the sediment surface levels after
10 min and 1, 2, and 3 h from the surface level at the start of the
experiment. To quantify the erosion behaviour of the sediment samples
in the fast flow flume, the erosion data were translated into a sediment
loss rate (Appendix A: Fast flow flume).

2.6. Data and statistical analyses

All data and statistical analyses were performed in R, version 4.3.0 (R
Core Team, 2023).
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To correct bed elevation data for the different tidal ranges of the two
studied marshes, we translated bed elevation data into tidal inundation
duration data using water level data from Rijkswaterstaat Waterinfo
(Rijkswaterstaat, 2023). We defined tidal inundation duration here as
the percentage of time or hours per day a given location is submerged
(Balke et al., 2016). We downloaded water level data from January 1st
2023 until December 31st 2023, recorded with a 10 min interval, for the
closest tide gauge for both tidal marshes. These were Walsoorden for the
MR-site and Delfzijl for the SN-site.

We used the dplyr package (Wickham et al., 2023) to calculate av-
erages and standard deviations of the measured variables for all loca-
tions. We tested our data for normality with Shapiro-Wilk tests. If our
data was normally distributed (only shear strength data of deeper layers
at the SN-site and belowground biomass data of vegetated locations for
the MR- and SN-sites combined), we applied ANOVA and Tukey HSD
tests to test the significance of differences. Where this was not the case
(all other data), we applied Kruskal-Wallis tests and Dunn’s tests with
Bonferroni correction for the p-values. We used linear regressions to
study relationships between erosion, shear strength, inundation dura-
tion, sediment characteristics, and belowground biomass.

3. Results

3.1. Inundation duration, sediment grain size, and belowground biomass

Average inundation duration of all our measurement locations
combined was significantly longer at the MR-site (38.9 ± 4.7 %) than at
the SN-site (14.1 ± 8.7 %; χ2 = 58, p < 0.001; Fig. 2). At the MR-site,
inundation duration did not significantly differ between the vegetated
and bare locations (χ2 = 0.98, p = 0.32), but inundation duration be-
tween the tussocks did significantly differ (χ2= 41, p< 0.001; Fig. 2a). A
Dunn’s test showed that inundation duration of tussocks 1 and 4 was
significantly shorter than that of the other tussocks (e.g. p = 0.002 be-
tween tussocks 1 and 6 and p < 0.001 between tussocks 4 and 3). At the
SN-site, inundation duration was not significantly different between the
different sections for all locations combined (χ2 = 4.8, p = 0.089;
Fig. 2b). However, when excluding the bare tidal flat locations (looking
at only the high and mid marsh locations), section 5 % had the shortest
inundation duration, followed by section 20 % and then by section 50 %
(χ2 = 20, p < 0.001). Inundation duration of the high and mid marsh
locations was significantly shorter than that of the bare tidal flat loca-
tions (χ2 = 24, p < 0.001; Fig. 2b).

Average median grain size was more than two times higher at the SN-
site (118.0 ± 55.9 μm) than at the MR-site (41.3 ± 27.3 μm), and there

was more variability in median grain size at the SN-site (Fig. 3). At the
MR-site the median grain size of the top 10 cm of all vegetated locations
did not significantly differ from that of all bare tidal flat locations (χ2 =

0.58, p = 0.446), but there were significant differences in median grain
size between the tussocks (χ2 = 39, p < 0.001; Fig. 3a). Average median
grain size of the top 10 cm at tussock 1 was much higher (99.2 ± 30.7
μm) than at the other five tussocks (ranging between 15.9 and 37.7 μm).
At the SN-site median grain size of the top 10 cmwas significantly higher
in section 5 % than in sections 20 and 50 % (χ2 = 15, p< 0.001; Fig. 3b).
There was no significant difference between sections 20 and 50 % (p =

1.000 in a Dunn’s test), likely due to the enormous variability caused by
the clay and silt being patchily distributed in the sandy matrix. The bare
tidal flat locations had a higher median grain size of the top 10 cm than
the high and mid marsh locations (χ2 = 7.4, p = 0.024). Most of the fine
fraction content (clay + silt, < 63 μm) patterns were similar but in the
opposite direction as those of median grain size (so high fine fraction
content where median grain size was low, and vice versa; Appendix B:
Fine fraction content and bulk density depth profiles, Fig. B.1).

Only Spartina anglica was present at the MR-site, and therefore all
belowground biomass that we sampled there was of Spartina anglica as
well. Salicornia procumbens and Salicornia europaea were the dominant
species at the SN-site, but some other species occurred as well, such as
Puccinellia maritima, Suaeda maritima, Spergularia marina, and Aster tri-
polium. Due to these species differences, the belowground biomass of the
vegetated locations was significantly higher at the MR-site than at the
SN-site (F1,14 = 35, p < 0.001), while belowground biomass of the bare
locations was significantly higher at the SN-site than at the MR-site (χ2

= 4.9, p = 0.027; Fig. 4). At the SN-site it seemed like a relict root
network was present in the samples of the bare tidal flat, likely resulting
from the presence of vegetation in earlier years (e.g. in 2020; De Vries
et al., 2021). At the MR-site the vegetated locations had significantly
higher belowground biomass than the bare tidal flat locations where
roots were absent (χ2 = 13, p < 0.001), while no significant difference
existed between tussocks 1 and 2 (χ2 = 0.81, p = 0.370; Fig. 4a). At the
SN-site the vegetated high marsh locations had significantly higher
belowground biomass than the bare tidal flat locations (χ2 = 6.4, p =

0.011), and belowground biomass was higher in section 50 % than in
section 5 % (χ2 = 5.2, p = 0.023; Fig. 4b).

3.2. Sediment strength and erosion resistance

Average surface shear strength of all locations combined was
significantly higher at the SN-site (8.25 ± 3.87 kPa) than at the MR-site
(1.11 ± 0.61 kPa; χ2 = 61, p < 0.001; Fig. 5). At the MR-site, overall

Fig. 2. Inundation duration of all measurement locations (n = 4) in % and average hours/day at the MR-site (a) and at the SN-site (b). Vegetation symbols above the
boxplots indicate the vegetated locations. a) Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the
tussocks (Bare). b) Dark green indicates the high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations
(Bare). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

M.M. Stoorvogel et al. Ecological Engineering 210 (2025) 107439 

5 



surface shear strength did not significantly differ between the vegetated
and bare tidal flat locations (χ2 = 2.6, p = 0.105), but was significantly
higher at tussocks 1 and 4 than at the other tussocks (χ2 = 31, p< 0.001;
Fig. 5a). At the SN-site surface shear strength differed significantly be-
tween the three sections (highest in section 50 %, then in section 20 %,
lowest in section 5 %; χ2 = 8.2, p = 0.017; Fig. 5b). In addition, surface
shear strength was highest at the high marsh locations, followed by the

mid marsh locations, and lowest at the bare tidal flat locations (χ2 = 14,
p < 0.001).

At both the MR- and SN-site, shear strength generally increased with
depth, but this was not always the case (.Fig. 6). At many of the tussocks
of the MR-site we could not measure shear strength until 40 cm, since
the shear vane was not able to penetrate the strongly compacted, relict
agricultural soil, which was often present within 40 cm of the bed

Fig. 3. Depth profiles of median grain size (D50) of all measurement locations (n = 4) at the MR-site (a) and at the SN-site (b). The error bars indicate standard
deviations. a) Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks (Bare). b) Dark green
indicates the high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations (Bare). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Belowground biomass of a selection of locations (n = 4) at the MR-site (a) and at the SN-site (b). a) Light green indicates the vegetated locations inside the
tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks (Bare). b) Dark green indicates the high tidal marsh locations (High) and grey the bare tidal
flat locations (Bare). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface. At the MR-site shear strength at 10 cm depth was significantly
higher within the vegetated tussocks than on the bare tidal flat (χ2= 4.2,
p = 0.040), although not for all tussocks separately (Fig. 6a). Significant
differences in shear strength at 10 cm depth between tussocks existed
(χ2 = 26, p < 0.001), and that of tussock 4 was the highest (Fig. 6a). At
the SN-site shear strength at 10 cm depth was significantly higher at the
vegetated high and mid marsh locations than at the bare tidal flat

locations (F2,33 = 5.5, p = 0.009; Fig. 6b). In addition, section 20 % had
the highest shear strength at 10 cm depth, followed by section 50 %, and
section 5 % had the lowest (F2,33 = 19, p < 0.001; Fig. 6b).

The erosion test samples of both the MR- and SN-site had the highest
erosion rates during the first 10 min of the erosion tests, after which they
reduced more and more over the course of the flume runs (Fig. 7a,
Fig. 7b). At the MR-site the samples of the bare mudflat locations had a

Fig. 5. Surface shear strength of all measurement locations (n = 4) at the MR-site (a) and at the SN-site (b). Please note that the y-axes of the MR- and SN-site are
different. a) Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks (Bare). b) Dark green
indicates the high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations (Bare). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Depth profiles of shear strength of all measurement locations (n = 4) at the MR-site (a) and at the SN-site (b). The error bars indicate standard deviations. a)
Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks (Bare). b) Dark green indicates the
high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations (Bare). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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significantly higher sediment loss rate than the samples of the vegetated
locations within the tussocks (χ2 = 6.9, p = 0.008; Fig. 7c), so the bare
mudflat location samples eroded faster. The loss rate did not differ be-
tween the two tussocks (χ2 = 0, p = 1.000; Fig. 7c), as especially the
vegetated locations of the two tussocks eroded similarly (Fig. 7a). At the
SN-site the sediment loss rate was higher in the samples of section 5 %
than in the samples of section 50 %, (χ2 = 9.3, p = 0.002; Fig. 7d),
indicating that the section 5 % samples eroded faster. The loss rates of
the bare tidal flat and high marsh did not differ (χ2 = 1.6, p = 0.207).
The samples of the bare tidal flat in section 5 % had fully eroded after 3
h, while the samples of the other locations had not (Fig. 7b). The
vegetated samples of the MR-site had eroded significantly less after 3 h
than those of the SN-site (χ2 = 96, p< 0.001; Fig. 7a, Fig. 7b), indicating
that those of the MR-site were more erosion resistant.

3.3. Relationships between erosion, shear strength, inundation duration,
sediment, and biomass

Many relationships existed at both sites between sediment loss rates,
shear strength, inundation duration, sediment characteristics, and
belowground biomass (Fig. 8). Shear strength at 10 cm depth decreased
with increasing inundation duration at both sites (MR: F1,46 = 37, R2 =

0.44, p < 0.001; SN: F1,34 = 9.2, R2 = 0.19, p = 0.005), while surface
shear strength only decreased with increasing inundation duration at the
MR-site (F1,46 = 77, R2 = 0.62, p < 0.001). At the MR-site, bulk density
positively affected sediment loss rates (F1,14 = 4.8, R2 = 0.20, p =

0.047), surface shear strength (F1,46 = 33, R2 = 0.40, p < 0.001), and
shear strength at 10 cm depth (F1,46 = 17, R2 = 0.25, p < 0.001), while
bulk density only positively affected sediment loss rates at the SN-site

Fig. 7. a) Evolution of erosion of sediment samples from the MR-site over three hours in the fast flow flume. We measured erosion of vegetated locations within
tussock 1 (light green), vegetated locations within tussock 2 (dark green), bare tidal flat locations close to tussock 1 (grey), and bare tidal flat locations close to
tussock 2 (dark grey). Error bars indicate standard deviations. b) Evolution of erosion of sediment samples from the SN-site over three hours in the fast flow flume. We
measured erosion of high marsh locations in section 50 % (light green), high marsh location in section 5 % (dark green), bare tidal flat locations in section 50 %
(grey), and bare tidal flat locations in section 5 % (dark grey). Error bars indicate standard deviations. c) Sediment loss rates of the sampled locations at the MR-site
(n = 4). Colors correspond to panel a. d) Sediment loss rates of the sampled locations at the SN-site (n = 4). Colors correspond to panel b. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Relationships between sediment loss rate (Sed. LR), surface shear strength (SSS), shear strength at 10 cm depth (SS 10 cm), inundation duration (ID), bulk
density of the top 10 cm (BD top 10 cm), water content of the top 10 cm (WC top 10 cm), median grain size of the top 10 cm (D50 top 10 cm), and belowground
biomass (BB) at the MR-site (a) and at the SN-site (b). A linear regression line indicates a significant (p < 0.050) correlation between two variables, the absence of a
line a non-significant (p > 0.050) correlation. Relationships within the blue box are the key relationships that we studied here, the others might sometimes be auto-
correlations (e.g. between bulk density and water content). a) Light green points indicate measurements at the vegetated locations inside the tussocks (Veg.) and grey
points measurements at the bare tidal flat locations next to the tussocks (Bare). b) Dark green points indicate measurements at the high tidal marsh locations (High),
light green points measurements at the mid tidal marsh locations (Mid), and grey points measurements at the bare tidal flat locations (Bare). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(F1,14 = 5.7, R2 = 0.24, p = 0.032). A negative relationship existed be-
tween water content and surface shear strength at the MR-site (F1,46 =

58, R2 = 0.55, p < 0.001), while a positive one existed at the SN-site
(F1,34 = 7.6, R2 = 0.16, p = 0.010). Moreover, shear strength at 10 cm
depth decreased with increasing water content at the MR-site (F1,46 =

28, R2 = 0.36, p < 0.001), and sediment loss rates decreased with
increasing water content at the SN-site (F1,14 = 5.7, R2 = 0.24, p =

0.031). D50 positively affected sediment loss rates at both sites (MR:
F1,14 = 5.2, R2 = 0.22, p = 0.038; SN: F1,14 = 10, R2 = 0.37, p = 0.007),
and surface shear strength increased with increasing D50 at the MR-site
(F1,46 = 25, R2 = 0.33, p < 0.001). In contrast, shear strength at the
surface and at 10 cm depth decreased with increasing D50 at the SN-site
(surface: F1,34 = 14, R2 = 0.27, p< 0.001; 10 cm depth: F1,34 = 21, R2 =

0.36, p < 0.001). At both sites, negative relationships existed between
belowground biomass and sediment loss rates (MR: F1,14 = 13, R2 =

0.44, p < 0.003; SN: F1,14 = 6.1, R2 = 0.26, p = 0.027), while below-
ground biomass positively affected shear strength at the surface (MR:
F1,14 = 8.3, R2 = 0.33, p = 0.012; SN: F1,14 = 13, R2 = 0.45, p = 0.003)
and at 10 cm depth (MR: F1,14= 13, R2= 0.45, p= 0.003; SN: F1,14= 13,
R2 = 0.44, p = 0.003). This indicates that the positive effects of
belowground biomass on sediment strength and erosion resistance were
most consistent, as well as the effects of bulk density and D50 on erosion
resistance and the effect of inundation duration on shear strength at 10
cm depth. Many of the relationships that we found for the MR- and SN-
site separately also existed when we combined the data of both sites
(Appendix C: Relationships between erosion, shear strength, inundation
duration, sediment, and biomass for the managed realignment and
sediment nourishment marshes combined, Fig. C.1).

4. Discussion

This study showed that at both a managed realignment and sediment
nourishment site sediment strength and erosion resistance were higher
at vegetated locations than at unvegetated locations. In addition, at the
managed realignment site – which is located low in the intertidal zone –
inundation duration affected shear strength negatively, while bulk
density affected shear strength positively. At the sediment nourishment
site – which is built to a higher elevation in the intertidal zone suitable to
host marsh vegetation – sediment grain size was the most important
driving factor of shear strength and erosion resistance, besides vegeta-
tion presence: a decreasing shear strength and erosion resistance were
observed with increasing sediment grain size.

4.1. Abiotic controls on the development of vegetation

Although previous literature found parabolic relationships between
elevation and plant growth (Kirwan and Guntenspergen, 2012; Morris
et al., 2002), we did not find significant relationships between inunda-
tion duration (which is a function of elevation, among others) and
belowground biomass at either site (Fig. 8). The inundation duration
range over which wemeasured may have been too small or other driving
factors (such as grain size distribution) may have been dominant over
inundation duration. Another possible explanation may be that
morphological development and plant growth interact differently at
restored and created tidal marshes than at natural tidal marshes due to
the interventions that took place.

The significant higher belowground biomass that we found in section
50 % than in section 5 % at the SN-site (Fig. 4) may result from the
higher levels of plant-available nutrients of fine sediments than sandy
sediments (e.g. Staver et al., 2020). It has been shown that success in
vegetation establishment and growth in sandy sediments can therefore
be enhanced by the addition of fertilizer (Broome et al., 1988; Morris
and Sundberg, 2024) or fine sediments (Delaune et al., 1990; Staver
et al., 2020). Additionally, fine sediments generally have a higher water
content than sandy sediments (Flemming and Delafontaine, 2000),
which may speed up seed germination and vegetation establishment

(Baptist et al., 2021; Doneen and Macgillivray, 1943; Noe and Zedler,
2000).

4.2. Abiotic controls on the development of sediment strength and erosion
resistance

4.2.1. Inundation duration
Inundation duration of the MR-site was longer than that of the SN-

site (Fig. 2), which is generally the case when applying managed
realignment to low-lying, historically embanked land (van den Hoven
et al., 2022). The former agricultural use of managed realignment sites
generally leads to decades of soil subsidence, while tidal sediment
supply and accretion are blocked by the protective dike, together lead-
ing to a bed surface elevation below mean sea level (Brunetta et al.,
2019; Oosterlee et al., 2018; van den Hoven et al., 2022;Weisscher et al.,
2022). At the SN-site, the bed surface elevation was artificially raised
with sand enriched with a percentage of dredged fine fraction material,
to create an environment with a suitable elevation within the tidal frame
for vegetation establishment (De Vries et al., 2021).

At the MR-site, the locations with shortest inundation duration had
the highest sediment shear strength (Fig. 8a). Shorter inundation dura-
tions allow the sediment to dry out further, which could enhance drying-
induced consolidation and thereby sediment strength (Colosimo et al.,
2023; Dong et al., 2020; Grabowski et al., 2011). However, erosion
resistance of the sampled bare mudflat with shorter inundation duration
(near tussock 1) was lower than that of the sampled bare mudflat with
longer inundation duration (near tussock 2; Fig. 7c). The larger sediment
grain size of tussock 1 than of tussock 2 (Fig. 3a), and thus lower
cohesion (Brooks et al., 2021; Grabowski et al., 2011), is the likely cause
for the higher erodibility of tussock 1. This difference highlights the
variability of sediment erodibility even at a single site.

At the SN-site, shear strength at 10 cm depth increased with
decreasing inundation duration (Fig. 8b). It seemed as if this effect was
mainly caused by the relatively high shear strength of vegetated high
and mid marsh locations (short inundation duration) on the one hand
and by the relatively low shear strength of bare mudflat locations (long
inundation duration) on the other hand. This could indicate that vege-
tation presence is a stronger driver of sediment strength than inundation
duration. This strong positive effect of vegetation on sediment strength
was not surprising and aligns with existing literature (Chen et al., 2012;
Gyssels et al., 2005; Stoorvogel et al., 2024a). Although inundation
duration of the vegetated high and mid marsh locations in section 50 %
was longer than of sections 20 % and 5 %, surface shear strength of the
vegetated high and mid marsh locations was highest in section 50 %
(Fig. 2b; Fig. 5b). This contradicts existing knowledge that sediment
strength increases with decreasing inundation duration as a result of
stronger drying-induced consolidation (Colosimo et al., 2023; Dong
et al., 2020). However, section 50 % had a higher fine fraction content
and therefore higher sediment cohesion than the other sections
(Grabowski et al., 2011; Houwing, 1999; Van Ledden et al., 2004),
which presumably led to the higher sediment strength. The higher
sediment cohesion of section 50 % than of section 5 % is likely also the
reason for the higher erosion resistance of section 50 % (Fig. 7d). From
these findings we can conclude that at the SN-site the sediment grain size
distribution of the nourished sediment mixture in early phases of
development is a dominant driver of sediment strength and erosion
resistance development, which is more important than inundation
duration. This is probably due to the effect of sediment grain size dis-
tribution on cohesive sediment strength, with the sand fraction being
typically non-cohesive and the silt and clay fraction having a cohesive
nature (Grabowski et al., 2011; Houwing, 1999; Van Ledden et al.,
2004). Shear strength of deeper sediment layers was highest in section
20 % (Fig. 6b), which might indicate that this section had the optimal
conditions of relatively high sediment cohesion (higher than section 5
%) but also a relatively short inundation duration (shorter than section
50 %).
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4.2.2. Sediment type
At the MR-site, we found that bulk density positively affected shear

strength (Fig. 8a), resulting from the denser degree of packing of sedi-
ment grains (Grabowski et al., 2011). However, bare sediment from near
tussock 1 (with higher bulk density; Appendix B: Fine fraction content
and bulk density depth profiles, Fig. B.2) eroded faster than from near
tussock 2 (with lower bulk density; Appendix B: Fine fraction content
and bulk density depth profiles, Fig. B.2; Fig. 7c). The relatively high
bulk density near tussock 1 was likely caused by a larger sand fraction
(Appendix B: Fine fraction content and bulk density depth profiles,
Fig. B.1) instead of by more consolidation, leading to less cohesion and
thereby to a lower erosion resistance (Brooks et al., 2021; Feagin et al.,
2009; Ford et al., 2016; Lo et al., 2017).

At the SN-site, there were no relationships between bulk density and
shear strength, while we found a strong negative effect of median grain
size on shear strength and erosion resistance (Fig. 8b). The lack of re-
lationships with bulk density at the SN-site seems to be caused by a
general lack of differences in bulk density between the sections and
locations (Appendix B: Fine fraction content and bulk density depth
profiles, Fig. B.2). The sediment at the SN-site is a mixture of sand and
dredged fine fraction material and we visually observed that the sedi-
ment was not everywhere well-mixed and very heterogeneous. This
large small-scale spatial variability in sediment properties might explain
the variability in our bulk density data. More sandy sediments led to a
higher erodibility, due to a lack of sediment cohesion (Brooks et al.,
2021; Feagin et al., 2009; Ford et al., 2016; Lo et al., 2017). Marsh
restoration or creation using sediment nourishment are done with both
clayey/silty (Cornwell et al., 2020; Kadiri et al., 2011) and sandy (Croft
et al., 2006) sediments, depending on the source of the nourished
sediment (Kadiri et al., 2011). The resulting effect of the nourished
material on the sand, silt, and clay content of the marsh sediment will
strongly influence sediment erosion resistance, as shown in this study, as
well as other parameters such as primary production and carbon burial
(Staver et al., 2020).

4.3. Biotic controls on the development of sediment strength and erosion
resistance

At the MR-site, we did not find a strong effect of vegetation presence
on shear strength (Fig. 5a; Fig. 6a), but we did find that erosion resis-
tance was significantly higher in the vegetated tussocks than on the bare
mudflat (Fig. 7c). This agrees with previous studies that showed the
protective effect of plant roots on erosion resistance (Lo et al., 2017;
Marin-Diaz et al., 2022; Wang et al., 2017). Plant roots increase sub-
strate stability and thereby reduce sediment erodibility (Gyssels et al.,
2005). The smaller spatial scale of the shear strength tests (e.g. with the
field inspection shear vane tester 5.1 cm2 at the MR-site and 3.1 cm2 at
the SN-site) than of the erosion tests (352 cm2) might be the reason that
we did not find a vegetation effect on shear strength, since there is a
probability that vegetation roots were not sufficiently sampled with the
shear strength tests. We found positive effects of belowground biomass
on erosion resistance and shear strength (Fig. 8a), as more roots will lead
to a stronger increase in substrate stability (Brooks et al., 2021).

At the SN-site, the vegetated high and mid marsh locations had a
higher shear strength than the bare locations (Fig. 5b; Fig. 6b), sug-
gesting that the presence of vegetation increases sediment strength.
However, the bare locations also had a longer inundation duration than
the vegetated locations (Fig. 2b), making it difficult to separate the ef-
fects of sediment consolidation and vegetation growth. Belowground
biomass increased erosion resistance and shear strength (Fig. 8b),
showing that at least part of the difference between bare and vegetated
locations can be explained by vegetation growth.

At both the MR- and SN-site, vegetation reduced erosion more at the
sandier locations than at the more clayey locations (Fig. 7c; Fig. 7d).
This difference is in line with earlier findings by e.g. Evans et al. (2022),
Feagin et al. (2009), Lo et al. (2017), and Schoutens et al. (2019). As

previously argued by these authors, sediment at the clayey locations was
already cohesive (and therefore relatively erosion resistant) by itself,
which probably reduced the vegetation effect.

At both the MR- and SN-site, locations with coarser sediment (D50 >

± 100 μm) and without vegetation eroded very fast under high flow
velocities (up to 20 cm erosion within 10 min; Fig. 7), which is in line
with fast-flow erosion results of Marin-Diaz et al. (2022) for (semi-)
natural sandy tidal flats. However, more cohesive sediments and vege-
tation decreased erodibility under both marsh restoration/creation
techniques (Fig. 7). These effects were also found for (semi-)natural tidal
flats and marshes by Marin-Diaz et al. (2022), although we found that
the silty tidal flat samples did not always completely erode. Moreover,
our cohesive, vegetated samples of both the MR- and SN-site had after
three hours under fast flow eroded more (more than 2 cm) than the silty
pioneer marsh samples of Marin-Diaz et al. (2022) (generally less than 2
cm), potentially because the vegetation and sediment at theMR- and SN-
site were still relatively young (at most from 2015 and 2018,
respectively).

4.4. The development of restored and created tidal marshes

The Spartina anglica tussocks at the MR-site grew very dense and
created a lot of belowground biomass (Fig. 4), which contributed
strongly to the erosion resistance of the sediment (Figs. 7c; 9). Spartina
anglica can grow very well in muddy sediments such as in the MR-site
(Huckle et al., 2000). However, there was still little vegetation at the
MR-site; only a few patches were vegetated. This likely resulted from the
too low bed elevation to start marsh development and from the fact that
Spartina anglica is a slow-colonizing species (Schwarz et al., 2018). The
large proportion of bare surface makes the overall area currently
vulnerable to erosion (Fig. 9). Hydrodynamic forces at managed
realignment sites are generally smaller than in natural marshes though,
due to the wave-sheltered conditions (Weisscher et al., 2022), so sedi-
ment accretion will likely be fast if suspended sediment concentrations
are high enough (Coleman et al., 2022; Oosterlee et al., 2020; Weisscher
et al., 2022). Once conditions will be more suitable for vegetation
establishment, vegetation expansion can go very fast (Fivash et al.,
2023), depending on the dominant vegetation species (Schwarz et al.,
2018).

The SN-site seemed a more established marsh than the MR-site even
though it is 3 years younger, as a more consistent vegetation coverage
(not just tussocks) and more diverse plant species composition were
observed (the tussocks at the MR-site only consist of Spartina anglica;
Fig. 9). The higher coverage and diversity likely resulted from the higher
bed surface elevation at the SN-site due to the sediment nourishment,
leading to shorter inundation duration and more Windows of Opportu-
nity for vegetation establishment (Balke et al., 2014; Hu et al., 2015),
and the fact that Salicornia spp. is a fast-colonizing species (Schwarz
et al., 2018). However, the vegetation at the SN-site was much sparser
than the Spartina anglica tussocks at the MR-site (Fig. 4), and therefore
contributed less strongly to sediment erosion resistance (Fig. 7; Fig. 9).
Sandier sediment (such as in some sections of the SN-site) is likely to be
colonised by the annual Salicornia spp. with a shallow and sparse root
system (Chirol et al., 2021), instead of by Spartina anglica, also at loca-
tions where Salicornia procumbens was not seeded (Bouma et al., 2013;
Langlois et al., 2003). Moreover, sediment nourishments are generally
made with sandy sediment, which leads to sediments that are more
easily erodible (Lo et al., 2017; Marin-Diaz et al., 2022). Even after three
more years (the age difference between the MR- and SN-site) of devel-
opment, it is not expected that the sandy sediments will have acquired a
similar erosion resistance as finer, cohesive sediments, since grain size
seemed a dominant driver of erosion resistance. Mixing finer sediment
through the sand matrix is needed to increase cohesion and erosion
resistance but it has shown to be difficult to create a well-mixed sedi-
ment (Fig. 9). More studies and tests on this mixing process or on the use
of cohesive sediments in Building with Nature projects (as e.g. done in a
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freshwater environment at the Marker Wadden, The Netherlands;
Saaltink, 2018) could hopefully lead to insights in more successful
techniques. In addition, the establishment of denser species with more
biomass in such created marshes could be a solution that leads to a high
vegetation coverage and strong increases in erosion resistance, offering
good perspectives for using marshes created by sediment nourishment as
part of nature-based flood risk mitigation.

4.5. Recommendations and conclusions for implementing marsh
restoration and creation techniques to generate nature-based flood risk
mitigation

Only two marsh restoration and creation sites were compared in this
study, as the number of such existing sites is still relatively limited,
which makes it difficult to make widely applicable recommendations for
marsh restoration and creation to generate nature-based flood risk
mitigation. However, this lack of sites makes it important to try to derive
early lessons to enable larger-scale implementation. This study showed
that tidal inundation duration, sediment characteristics, and vegetation
presence and characteristics are all, although to a different extent,
important factors driving the development of sediment strength and
erosion resistance in tidal marsh restoration and creation projects
(Fig. 9), which is in line with e.g. Evans et al. (2022), Ford et al. (2016),
Lo et al. (2017), and Stoorvogel et al. (2024b). Therefore, if we want to
apply marsh restoration and creation techniques, we should consider
these factors to increase the marsh contribution to nature-based flood
risk mitigation.

It is important to decide on the main goals of restoration or creation
projects before their implementation. If we want to quickly create a fully
established marsh with erosion resistant sediment for flood risk miti-
gation, it could be suitable to apply a sediment nourishment, but only if
well-mixed with finer sediment (Fig. 9). If the mixing is successful, the
combination of cohesive sediment and fast vegetation establishment
(due to the suitable bed surface elevation) will lead to the fast devel-
opment of an erosion resistant sediment bed. In addition, sediment
nourishments will likely lead to a stronger contribution to flood risk
mitigation through wave attenuation on the short-term than managed
realignments, because of the faster development of a consistent

vegetation coverage (Temmerman et al., 2023; Vuik et al., 2016).
However, if the restoration or creation goals focus more on nature
development, habitat creation and/or carbon sequestration, it might be
more beneficial to let sediment naturally accrete (as in e.g. managed
realignment), and thereby also stimulate tidal flat development (e.g. for
bird foraging; Walles et al., 2019) and carbon sequestration (Temmink
et al., 2022). If planned well ahead of time, natural accretion processes
inherent to this approach will generate marshes that are erosion resis-
tant (Fig. 9).

In conclusion, if the goal is to restore or create marshes for nature-
based flood risk mitigation, we should decide what the most suitable
restoration or creation technique is, depending on the specific location,
goals, and available time. Moreover, we should consider the necessary
bed surface elevation (affecting tidal inundation duration), vegetation
establishment chances, expected vegetation species, and the envisioned
sediment grain size, with the highest probability of leading to erosion
resistant sediment beds. If we plan well ahead of time and temporarily
support their development (with e.g. brushwood groynes), marshes have
time to become erosion resistant, thereby preventing erosion shortly
after the nature-based flood defence has been restored or created. This
would enable sustainable use of marsh ecosystem services on the long-
term.
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Appendix A. Fast flow flume

Fig. A.1. a) The fast flow flume with three vertical water tanks (on the right), and each water tank connects to four flow channels through four openings (11 cm wide
x 2 cm high) at the bottom of the tank. Water is pumped from the water basin (on the left; 5.0 × 2.0 × 1.5 m) into the water tanks by three pumps (one for each tank).
The water then flows from the water tanks through the flow channels over the sediment samples (one sample per flow channel) to test erosion resistance of the marsh
sediment. The water flows from the flow channels back into the water basin. b) The sediment sample sections (40 × 13 × 22 cm) of four flow channels. Aboveground
biomass was clipped before running the erosion test.

Flow velocity calculation for the fast flow flume
Flow velocity in the flow channel (u) of the fast flow flume was calculated, according to Van Rijn (1990), with
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u =
q
h2

Where q is the discharge and h2 is the minimum water depth behind the gate.
q was calculated with

q = h0h2

(
2g

h0 + h2

)0.5

Where h0 is the water depth in the tank (0.945 m) and g is the gravitational acceleration (9.81 m s− 2).
h2 was calculated with

h2 = μ h1

Where μ is the contraction coefficient (0.6) and h1 the height of the gate opening (0.02 m).

Fig. A.2. Flow in the fast flow flume channels under a gate and over a horizontal bottom (from Marin-Diaz et al., 2022).

Estimating sediment loss rates of erosion test samples
To quantify the erosion behaviour of the sediment samples in the fast flow flume, the erosion data were translated into a sediment loss rate. First,

the average erosion was calculated (i.e. average vertical height change in mm) for each sample at every measurement moment (with n= 20). Then, we
used the modified maximum likelihood estimator recently developed for survival analysis in continuous proportional data (Schotanus et al., 2020) to
estimate the loss rate of the tested sediment samples due to erosion. We assumed that the loss (i.e. erosion) is proportional to the sediment volume
present in the core and thus decays exponentially over time due to the applied supercritical flow regime. Therefore, the average lifetime τ of the
sediment within the experiment was estimated following:

τ =
1

1 − ρtend

∑n− 1

i=1
((1 − ρi+1) − (1 − ρi) )ti+1

Here ρ is the proportion of the total sediment retained at observation time ti, n is the number of observations including the initial proportion at t0.
The estimated average experimental lifetime of the core was corrected for the uneroded proportion ρtend at the end of the flume run (i.e. censored
observation).

Next, the rate at which the sediment sample was lost was determined by the decay constant ε, or loss rate. This loss rate ε is inversely related to the
average lifetime τ of the sediment sample:

ε =
1
τ
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Appendix B. Fine fraction content and bulk density depth profiles

Fig. B.1. Depth profiles of fine fraction content (clay + silt, < 63 μm) of all measurement locations (n = 4) at the MR-site (a) and at the SN-site (b). The error bars
indicate standard deviations. a) Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks
(Bare). b) Dark green indicates the high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations (Bare). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. B.2. Depth profiles of bulk density of all measurement locations (n = 4) at the MR-site (a) and at the SN-site (b). The error bars indicate standard deviations. a)
Light green indicates the vegetated locations inside the tussocks (Veg.) and grey the bare tidal flat locations next to the tussocks (Bare). b) Dark green indicates the
high tidal marsh locations (High), light green the mid tidal marsh locations (Mid), and grey the bare tidal flat locations (Bare). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix C. Relationships between erosion, shear strength, inundation duration, sediment, and biomass for the managed realignment
and sediment nourishment marshes combined

Fig. C.1. Relationships between sediment loss rate (Sed. LR), surface shear strength (SSS), shear strength at 10 cm depth (SS 10 cm), inundation duration (ID), bulk
density of the top 10 cm (BD top 10 cm), water content of the top 10 cm (WC top 10 cm), median grain size of the top 10 cm (D50 top 10 cm), and belowground
biomass (BB) at the MR-site (orange) and at the SN-site (blue). A linear regression line indicates a significant (p < 0.050) correlation between two variables, the
absence of a line a non-significant correlation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Karunarathna, H., Griffin, J.N., 2021. Coastal wetlands mitigate storm flooding and
associated costs in estuaries. Environ. Res. Lett. 16 (7). https://doi.org/10.1088/
1748-9326/ac0c45.

Feagin, R.A., Lozada-Bernard, S.M., Ravens, T.M., Möller, I., Yeager, K.M., Baird, A.H.,
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