W) Check for updates

ASLO

Limnol. Oceanogr. 69, 2024, 2377-2390

© 2024 The Author(s). Limnology and Oceanography published by Wiley Periodicals LLC
on behalf of Association for the Sciences of Limnology and Oceanography.

doi: 10.1002/In0.12676

=

Nature-based shoreline protection in newly formed tidal marshes
is controlled by tidal inundation and sedimentation rate

Marte M. Stoorvogel ©,"?* Stijn Temmerman ©,> Lotte Oosterlee ©,> Ken Schoutens ©,> Tom Maris ©,3

Johan van de Koppel ©,"* Patrick Meire ©,* Tjeerd ). Bouma ©'?

!Department of Estuarine and Delta Systems, NIOZ Royal Netherlands Insitute for Sea Research, Yerseke, The Netherlands
2Department of Physical Geography, Utrecht University, Utrecht, The Netherlands

*ECOSPHERE Research Group, Department of Biology, University of Antwerp, Antwerp, Belgium

*Conservation Ecology Group, Groningen Institute for Evolutionary Life Sciences, University of Groningen, Groningen,
The Netherlands

Abstract

Many tidal marshes have been lost by past land use changes, but are nowadays increasingly restored and cre-
ated to provide valuable ecosystem services such as nature-based flood and erosion protection along estuarine
shorelines. To be functional for flood and shoreline erosion protection, restored and created tidal marshes
should develop erosion resistant sediment beds. Here, we investigated which factors drive the spatial variations
in sediment strength and erosion resistance in a developing tidal marsh restoration site. Our results show that
decreasing tidal inundation frequency, decreasing sedimentation rate, and better drainage led to stronger con-
solidation in deeper sediment layers. This consolidation resulted in greater sediment strength, quantified here
by shear strength and penetration resistance. Generally, sediment strength was greater when sediment had
higher bulk density, while a higher water and fine fraction (= clay and silt) content decreased sediment
strength. Overall, all measurement locations were relatively erosion resistant, likely caused by the dense root
network and cohesive sediment. To restore or create resilient tidal marshes for nature-based flood and shoreline
erosion protection, we should thus aim for sites with relatively low tidal inundation frequency, moderate sedi-
mentation rates, and cohesive sediment mixtures of clay, silt, and sand, which are well drained and have poten-
tial for vegetation establishment. These conditions have a high likelihood of resulting in restored or created
tidal marshes that contribute to nature-based flood and shoreline erosion protection.

shoreline erosion prevention (Lo et al. 2017; Wang
et al. 2017), and flood protection (Vuik et al. 2016; Zhu
et al. 2020; Temmerman et al. 2023). Tidal marshes contribute
to flood protection along estuarine shorelines by attenuating
waves (Vuik et al. 2016; Zhu et al. 2020) and reducing the
height of storm surges (Smolders et al. 2015; Fairchild

Tidal marshes provide many important ecosystem services,
such as carbon sequestration (McLeod et al. 2011; Duarte
et al. 2013), water purification (Nelson and Zavaleta 2012),

*Correspondence: marte.stoorvogel@nioz.nl

Additional Supporting Information may be found in the online version of

this article.

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Author Contribution Statement: MS: Conceptualization; Methodol-
ogy; Investigation; Formal analysis; Visualization; Writing — original draft
preparation; Writing — review and editing. ST: Funding acquisition; Super-
vision;  Conceptualization;  Methodology;  Data interpretation;
Writing — review and editing. LO: Methodology; Data interpretation;
Writing — review and editing. KS: Data interpretation; Writing — review
and editing. TM: Conceptualization; Methodology; Resources;
Writing — review and editing. JvdK: Funding acquisition; Supervision; Con-
ceptualization; Methodology; Data interpretation; Writing — review and
editing. PM: Resources; Writing — review and editing. TB: Funding acquisi-
tion; Supervision; Project administration; Conceptualization; Methodol-
ogy; Data interpretation; Writing — review and editing.

et al. 2021). Furthermore, along estuaries where man-made
dikes are present, tidal marshes in front of dikes reduce the
probability and dimensions of dike breaches during storms
(Zhu et al. 2020). Many tidal marshes have been embanked in
the past or are currently under pressure from sea-level rise,
coastal squeeze, and erosion (Doody 2013; Kirwan and
Megonigal 2013). However, the value of tidal marshes as
nature-based flood protection and for other ecosystem services
is becoming more and more recognized (Barbier et al. 2011),
which leads to a strongly increased effort to restore and create
new tidal marshes around the world (Gourgue et al. 2022;
ABPmer 2023).

Tidal marshes can be restored or created in previously
embanked areas, through (1) managed realignment, (2) the
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implementation of regulated tidal exchange systems, or
(3) the creation of transitional polders. In the case of (1) man-
aged realignment, existing flood defenses are relocated land-
wards, allowing full tidal exchange between the estuary and
newly formed marsh restoration/creation site (French 2006).
With (2) the implementation of regulated tidal exchange
systems, the tidal exchange occurs through structures
(e.g., culverts) installed in the original embankment. Regu-
lated tidal exchange allows for more control over the flood
regime than managed realignment and can be used to intro-
duce tidal influence in areas with relatively low elevation,
such as flood control areas, designated for safety (Maris
et al. 2007; Ridgway and Williams 2011; Temmerman
et al. 2013; Masselink et al. 2017). In (3) transitional polders,
the restoration/creation of marshes (either by managed
realignment or by implementing regulated tidal exchange sys-
tems) is used as temporary measure to raise the surface eleva-
tion of farmland by sediment accretion. As soon as the surface
elevation surpasses the target elevation, the marsh is returned
to farmland again (Zhu et al. 2020; Weisscher et al. 2022).

Regardless of the restoration or creation method used,
establishment of marshes on an unvegetated tidal area always
requires a “window of opportunity” for pioneer species to
establish (Balke et al. 2014). That is, seedling establishment
requires skipped tidal inundations (Fivash et al. 2023), rela-
tively calm periods to prevent dislodgement by waves and cur-
rents (Hu et al. 2015), and relatively stable sediments (Cao
et al. 2018). It has been observed at a tidal marsh restoration
site that sediment beds at locations with very high sedimenta-
tion rates can remain very soft and fluid (Oosterlee
et al. 2020). This may be attributed to their relatively low posi-
tion in the intertidal frame, as sedimentation rates are typi-
cally high when the surface elevation of the marsh within the
intertidal zone is low. The latter is caused by longer and more
frequent tidal inundations, which results in more supply and
deposition of fine suspended sediments (Oosterlee et al. 2018;
Wang and Temmerman 2013). Such soft and relatively fluid
sediments may hamper vegetation establishment (Crooks
et al. 2002; Mossman et al. 2012; Cao et al. 2021) and make
the sediment beds vulnerable to erosion (Grabowski
et al. 2011), resulting in failure to obtain resilient marshes in
the long term.

An increase in sediment erosion resistance after deposition
can be caused by sediment consolidation (i.e., the increase in
sediment strength; Torfs et al. 1996), among other processes.
Through consolidation, pore water is expelled from the sedi-
ment matrix, which makes the sediment structure denser and
hence increases bulk density (Torfs et al. 1996; Brain et al. 2011;
Barciela-Rial et al. 2020). There are two types of consolidation
that take place in tidal marshes: self-weight consolidation and
over-consolidation, also known as drying-induced consolida-
tion. Self-weight consolidation occurs under the weight of sedi-
ment particles that are deposited on top (Zhou et al. 2016;
Barciela-Rial et al. 2020), while drying-induced consolidation
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occurs because of sediment drying during low tides (Dong
et al. 2020; Colosimo et al. 2023). In fine sediment beds, con-
sisting of clay and silt particles (such as typically deposited in
tidal marshes), consolidation increases bulk density, decreases
water content, and compacts sediment structure, which all con-
tribute to increasing cohesive strength (Grabowski et al. 2011;
Chen et al. 2012; Zhou et al. 2016). Hence, erosion resistance
increases when sediments consolidate. In addition to this effect
of consolidation, sediment erosion resistance was also observed
to increase with decreasing water content (e.g., when sediments
become exposed) because of the influence of water content on
the mechanical properties of clays (van Ledden et al. 2004;
Nguyen et al. 2020).

The temporal development of sediment consolidation, and
related sediment properties such as strength and erosion resis-
tance, in new tidal marshes remains poorly documented. Thus,
limited insights exist into the main environmental drivers of
sediment consolidation and into the role of vegetation. We
hypothesize that sediment surface elevation in the intertidal
zone, which determines tidal inundation frequency and dura-
tion, has an important influence on the drying-induced consol-
idation rate. Furthermore, the influence of sedimentation rate
is difficult to predict, as it may be expected on the one hand
that high sedimentation rates can increase self-weight consoli-
dation, but on the other hand can prevent drying-induced con-
solidation, because the sediment gets buried before drying out
(Brain et al. 2011). Oosterlee et al. (2020) showed that rapidly
accreting sediments had a low bulk density, remained very
fluid and were thus poorly consolidated in a tidal marsh resto-
ration project. Such soft sediments are generally expected to be
very vulnerable to erosion when subjected to hydrodynamic
forces (Grabowski et al. 2011), but this remains poorly docu-
mented for newly forming tidal marshes. If we want to restore
or create new, resilient tidal marshes for flood and shoreline
erosion protection and other valuable ecosystem services such
as carbon sequestration, it is important that their sediment
beds become erosion resistant (McTigue et al. 2021; Schoutens
et al. 2022). However, it remains unclear how spatial variations
in tidal inundation and sedimentation rates within a tidal
marsh restoration or creation site affect development of sedi-
ment strength and erosion resistance, where the presence of
vegetation may also play a role.

Our aim is to improve the current understanding of
the influence of tidal inundation and sedimentation rate on
the development of tidal marsh sediment strength and erosion
resistance in restored and newly created tidal marshes, as well
as the influences of drainage, sediment, and vegetation on this
development. For this, we measured sediment strength and
erosion resistance of sediment layers with different accretion
ages in a closely monitored restored tidal marsh with a con-
trolled reduced tidal exchange (Cox et al. 2006; Maris
et al. 2007) along the Scheldt estuary in Belgium. When this
tidal marsh was created in 2006, initial bed elevation differ-
ences in the area led to differences in tidal inundation
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frequency and duration, and differences in sedimentation rate
(Vandenbruwaene et al. 2011; Oosterlee et al. 2018; Maris
et al. 2021). By also determining drainage characteristics and
measuring sediment and vegetation characteristics, we were
able to identify the effect of these variables on the develop-
ment of sediment strength and erosion resistance.

Methods

Study area

We conducted our study at the tidal marsh of Lippenbroek,
along the Scheldt estuary in Belgium (Fig. 1a). Lippenbroek is a
previously embanked agricultural area, where the tide was
reintroduced in March 2006 to allow the development of a
tidal marsh ecosystem (Cox et al. 2006; Beauchard et al. 2011).
A culvert system was installed in the dike between the restora-
tion area and the estuary to create a controlled reduced tidal
exchange, which is a form of regulated tidal exchange. This
resulted in a tidal inundation regime that is similar to that in
existing tidal marshes along the estuary, hence creating suit-
able conditions for tidal marsh development (Beauchard
et al. 2011; Vandenbruwaene et al. 2011; Supporting Informa-
tion Material: Study area). Underneath the sediment deposited
after 2006 lies a strongly compacted relict agricultural soil,
which restricts groundwater fluctuations to the top layer of the
newly deposited sediment (van Putte et al. 2020). Regular mon-
itoring campaigns are being executed at Lippenbroek to study
how hydrodynamics, geomorphology, and ecology, among
others, are evolving over time since the reintroduction of the
tide (Maris et al. 2021).

Measurement locations and sampling depths

Since the tidal reintroduction in the area, surface elevation
changes are being measured every 2 months using Surface Eleva-
tion Tables (SETs; Cahoon et al. 2002; Nolte et al. 2013) at
10 locations in the newly formed tidal marsh of Lippenbroek
and at 3 locations in the pre-existing natural marsh nearby
Lippenbroek, which is considered as a reference site for the newly
formed marsh (Maris et al. 2021). At all measurement locations,
sedimentation was the governing process of surface elevation
changes, resulting in a gradual increase of surface elevation with
time (Oosterlee et al. 2018). Therefore, assuming that other pro-
cesses affecting surface elevation change were negligible com-
pared to sedimentation, we approximated sedimentation rates by
the increases of surface elevation.

For this study we selected measurement locations directly
adjacent to eight surface elevation tables in the newly formed
marsh of Lippenbroek and to the three surface elevation tables
on the reference marsh (Fig. 1b). Tidal inundation frequency
and duration of all measurement locations were calculated
from the bed level elevations according to the methods
described in Oosterlee et al. (2018) (Supporting Information
Material: Calculations of tidal inundation variables), using the
R package Tides (Cox 2014). The measurement locations were
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classified based on initial inundation frequency, as inundation
characteristics are strong determinants of habitat development
(Olff et al. 1997; Oosterlee et al. 2018): Measurement locations
1, 2, and 3 had a medium inundation frequency (50-80%)
when the tide was introduced in 2006, measurement locations
4, 5, and 6 had a high inundation frequency (80-100%), and
measurement locations 7 and 8 had a low inundation fre-
quency (0-50%; Supporting Information Material: Tidal inun-
dation and surface elevation change characteristics of
measurement locations Supporting Information Table S1).
These locations cover the whole range of relative elevations in
the tidal frame that exists in Lippenbroek (Vandenbruwaene
et al. 2011). Reference location 1 had a medium inundation
frequency (50-80%), while reference locations 2 and 3 had a
low inundation frequency (0-50%; Supporting Information
Material: Tidal inundation and surface elevation change char-
acteristics of measurement locations Supporting Information
Table S1).

Since surface elevation changes have been intensively moni-
tored at all selected measurement locations (Maris et al. 2021),
we knew the dates when the sediment at specific present-day
depths was deposited, and thus how old these sediment layers
were. This allowed us to quantify the sediment strength for dif-
ferent sediment depths with different sediment age, and hence
to study the rate of sediment consolidation. For several age
categories of sediment (0-5, 5-10, and 10-15 yr old), we calcu-
lated their current depth in the sediment profile, using the
recorded surface elevation change data (Fig. 1c; Maris
et al. 2021). In this calculation we neglected the occurrence of
erosion and sediment compaction (Supporting Information
Material: Calculations of sampling depths).

Field measurements of erosion resistance proxies
and sediment sampling

At all measurement locations, we took measurements of
sediment strength, collected sediment samples, and recorded
the vegetation species in August 2022. We measured sediment
shear strength and penetration resistance, which are measures
of sediment strength and can both be used as proxies for
erosion resistance (Watts et al. 2003; Amer et al. 2017;
Marin-Diaz et al. 2021). We measured shear strength of the
sediment surface with a pocket shear vane tester (Eijkelkamp,
The Netherlands) and shear strength from the depth of the
upper boundary of the sediment layers of 0-5, 5-10, and 10-
15 yr old (Fig. 1¢) until 5.1 cm below that with a field inspec-
tion shear vane tester (Eijkelkamp, The Netherlands). We used
a penetrologger (Eijkelkamp, The Netherlands) to measure
penetration resistance of the sediment until the depth of the
lower boundary of the 10-15 yr old layer at 1 cm intervals.
Finally, we collected sediment samples with a gouge auger (9
8 cm; Eijkelkamp, The Netherlands) from the upper to lower
boundary depths of the sediment layers of 0-5, 5-10, and
10-15yr old. We took all measurements and samples in
triplicate.
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Fig. 1. (a) Location of Lippenbroek, a new tidal marsh developed on previously embanked land, along the Scheldt estuary in Belgium. (b) Measurement

locations in the newly formed marsh of Lippenbroek and at the adjacent reference marsh along the Scheldt estuary. Gray locations indicate the reference

locations with an initially medium (REF1) or low tidal inundation frequency (REF2 and REF3), red, yellow, and blue locations indicate the locations at the

newly formed marsh with an initially low, medium, and high inundation frequency, respectively. (c) The depths of the sediment layers of 0-5 (black),
5-10 (dark gray), and 10-15 (light gray) years old for all measurement locations, based on surface elevation change data. The colors indicate the initial

inundation frequency in 2006.

Laboratory measurements on sediment properties and

belowground biomass

We weighed all sediment samples, that were taken from
the upper to lower boundary depths of the sediment layers of

0-5, 5-10, and 10-15yr old, in the laboratory, after which
they were frozen, freeze dried, and re-weighed. By dividing the
dry weight of the samples by their volume, we calculated their
dry bulk density. We sieved the samples over a 1 mm sieve to
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remove and determine belowground biomass (live and dead
combined). We then determined the fine fraction content
(<63 ym) and median grain size (Dso) of all samples using
laser diffraction (Mastersizer 2000, Malvern, UK). We mea-
sured organic matter content with the loss on ignition
method (Heiri et al. 2001), for which the samples were heated
at 550°C for 4 h.

Flume measurements on erosion resistance of sediment
samples

We tested sediment erosion resistance in the fast flow
flume, of which the working principle is extensively described
by Marin-Diaz et al. (2022). A few adjustments were made to
this flume (Supporting Information Material: Fast flow flume),
and flow velocity in the flow channels was 4.3 m s~'. Such a
high flow velocity simulates the flow velocities over a marsh
that can be reached during a dike breach under storm surge
conditions (Kamrath et al. 2006; Albers 2014).

To test erosion resistance under fast water flow in this
flume, we collected triplicate erosion test samples (40 cm
long x 13 cm wide x 20 cm deep) in April 2023 (i.e., winter
state of vegetation) at a selection of measurement locations
(2, 6, 7, 8, and REF1). This selection was based on inundation
frequency class and present vegetation: location 2 with
medium inundation frequency and common reed, location
6 with high inundation frequency and common reed, loca-
tions 7 and 8 with low inundation frequency and common
reed and grass, respectively, and reference location 1 with
medium inundation frequency and grass. Once the erosion
test samples were placed in the flume, we measured their
erosion resistance (Supporting Information Material: Fast
flow flume).

Data analyses

We used the geoprocessing tool “Near” in ArcGIS Pro, ver-
sion 3.0.2, to calculate the distances between measurement
locations in the newly formed marsh of Lippenbroek and the
main creek and the culverts in the dike. We excluded the mea-
surement locations on the reference marsh from this analysis,
since these points are inundated by and drain to the Scheldt
estuary, so are not affected by the creeks and culverts in the
newly formed marsh.

We performed all statistical analyses in R version 4.2.1
(R Core Team 2021). To calculate averages of the variables per
measurement location we used the dplyr package (Wickham
et al. 2022). We applied linear regressions to test relationships
between environmental, sediment, and vegetation characteris-
tics and sediment strength variables. For the relationships of
erosion depth and surface shear strength (both measured at
the sediment surface) with sediment depth and age, we used
depth and age of the surface (0 cm and O yr, respectively). For
the other sediment strength variables, we used average depth
and age of the tested sediment layers. We extracted the slope
of linear regressions between depth and shear strength,
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penetration resistance, and bulk density as a measure for the
depth increase of these variables. For shear strength and bulk
density we used the data of the sediment layers (0-5, 5-10,
and 10-15 yr old) and average layer depths for these computa-
tions, while for penetration resistance we used all penetration
resistance data (with an interval of 1 cm) and all 1 cm interval
depths. Then we performed a linear regression between envi-
ronmental characteristics and these depth increases to study
how environmental characteristics affected the increases of
shear strength, penetration resistance, and bulk density with
depth. When the p value of linear regressions was below
0.050, we classified it as significant.

Results

Effect of inundation frequency, sedimentation rate, and
drainage on sediment strength and erosion resistance

When considering data of all measurement locations, aver-
age sedimentation rate (herein approximated by increase of
surface elevation) between 2006 and 2021 related positively
to inundation frequency in both 2006 (Fig. 2a) and 2021
(Fig. 2b).

Of the environmental characteristics that we studied, inun-
dation frequency in 2006 and 2021 most often significantly
affected sediment strength variables (Fig. 3; Supporting Infor-
mation Material: Statistics of linear regressions Supporting
Information Table S2). When we considered data of all mea-
surement locations, inundation frequency in 2021 showed a
significant negative relationship with surface shear strength,
and inundation frequency in both 2006 and 2021 showed sig-
nificant negative relationships with shear strength, penetra-
tion resistance, and bulk density (Fig. 3). Erosion depth related
positively to the average sedimentation rate between 2006
and 2021, while shear strength related negatively to the aver-
age sedimentation rate.

When we excluded data of the reference marsh, most of
the relationships between environmental characteristics and
sediment strength variables were similar to those when we
included all data (Fig. 3; Supporting Information Material: Sta-
tistics of linear regressions Supporting Information Table S2).
However, the relationships between surface shear strength
and inundation frequency in 2021, between erosion depth
and average sedimentation rate, and between shear strength
and average sedimentation rate were non-significant when
excluding data of the reference marsh. When excluding data
of the reference marsh, distance to a creek branch negatively
affected surface shear strength and bulk density, and distance
to the culverts negatively affected shear strength (Fig. 3).

Effect of inundation frequency, sedimentation rate, and
drainage on consolidation

When we considered data of all measurement locations,
the increase of sediment strength variables with depth (here
assumed to be indicators of sediment consolidation) related
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Fig. 3. Relationships between sediment strength variables (y-axis; erosion depth was measured after 3 h) and environmental characteristics (x-axis; inun-
dation frequency in 2006, inundation frequency in 2021, average sedimentation rate between 2006 and 2021, distance to the culverts, and distance to a
creek branch). Linear regressions of erosion depth after 3 h and surface shear strength are only based on surface layer data, because these variables were
only sampled at the surface, while the linear regressions of shear strength, penetration resistance, and bulk density are based on data of all three sampled
depths. Points represent an average of three replicates, and in the case of penetration resistance also of all measurements done within that sediment
layer. A black, continuous linear regression line indicates a significant (p < 0.050) linear regression between two variables when all data is included, a
green, dashed linear regression line a significant linear regression when data of the reference marsh is excluded. The absence of a line indicates a non-
significant linear regression. The colors of the points indicate the initial inundation frequency in 2006. Note that data from the reference marsh was
excluded from the linear regressions with distance to the culverts and distance to a creek branch, because these locations do not inundate or drain
through the creek or culverts.

2382

85U8017 SUOLILLIOD BA 181D 3|cedtdde 8Ly Aq peuenob ale sejoie YO ‘8sn JO Sa|n 10} ARIq178UIUO 43|/ UO (SUO1IPUOD-PUR-SWB) L0 A3 1WA e1q) Ul UO//SdNL) SUORIPUOD pue swie | 84} 89S *[202/TT/Lz] Uo AriqiTauliuO A8]IM ‘Oju| UF 8pUNXSIM JI00A Win1ueD Aq 92921 0U|/Z00T 0T/I0p/W00" A8 |m Ake.d1jpuluo'sgndo se//:sdny woiy peapeojumod ‘0T ‘4202 ‘06556E6T



Stoorvogel et al.

Shoreline protection in tidal marshes

Depth
increase:
Shear 17 i ' ’ ’ o _
strength =R g . . Al Initial inundation
(kPa cml) S PSR B LA B SEEA. * 4 |- frequency
' © . . . + Low/medium (reference)
Penetration S 1 ¥ @ e ® ¢ + Low
resistance 1 " . ‘ ol b Medium
(MPaCm_l) §: & “ & . 2 . . . * H|gh
o
Biill: ensit gf\ rt ¢ kR ° 1 —— With reference locations
N Y © 4 ~ — Without reference locations
(gecm3cm?) N7 3 S e . N8 Ta bS
C)' _I LI |.| T T I‘ T T T I. T T T T 1 T T T T T T T T
@20 50 80 30 50 70 1 3 5 100 250 0 50 150
IF 2006 IF 2021 Sed. Dist. Dist.
(%) (%) rate culverts creek
{(cmyr?) (m) (m)

Fig. 4. Relationships between the increase of sediment strength variables with depth (y-axis) and environmental characteristics (x-axis; inundation fre-
quency in 2006, inundation frequency in 2021, average sedimentation rate between 2006 and 2021, distance to the culverts, and distance to a creek
branch). Points represent an average of three replicates. A black, continuous linear regression line indicates a significant (p < 0.050) linear regression
between two variables when all data is included, a green, dashed linear regression line a significant linear regression when data of the reference marsh is
excluded. The absence of a line indicates a non-significant linear regression. The colors of the points indicate the initial inundation frequency in 2006.
Note that data from the reference marsh was excluded for the linear regressions with distance to the culverts and distance to a creek branch, because

these locations do not inundate or drain through the creek or culverts.

most often significantly to the inundation frequency in 2006.
Significant negative relationships existed between inundation
frequency in 2006 and the increase of penetration resistance
with depth and of bulk density with depth (Fig. 4; Supporting
Information Material: Statistics of linear regressions Supporting
Information Table S3). None of the other environmental char-
acteristics that we studied significantly affected the depth
increase of any of the sediment strength variables.

However, when we only studied relationships within the
newly formed marsh (excluding data from the reference
marsh), we found that the depth increases of shear strength,
penetration resistance, and bulk density related negatively to
the average sedimentation rate between 2006 and 2021
(Fig. 4; Supporting Information Material: Statistics of linear
regressions Supporting Information Table S3). When exclud-
ing data from the reference marsh, the increase of bulk density
with depth and distance to the culverts were also negatively
related. No significant relationships existed with inundation
frequency in 2021 and with distance to a creek branch, either
with or without the reference marsh data (Fig. 4).

Effect of sediment and vegetation characteristics on
sediment strength and erosion resistance

Of all sediment characteristics, bulk density and water con-
tent were the most important factors affecting surface shear
strength, shear strength and penetration resistance (Fig. 5;

Supporting Information Material: Statistics of linear regressions
Supporting Information Table S4). Surface shear strength, shear
strength, and penetration resistance related positively to bulk
density, while all these variables related negatively to water
content. A significant negative relationship between bulk den-
sity and water content also existed. The median grain size, D5,
showed positive relationships with shear strength, penetration
resistance, and bulk density, while fine fraction and organic
matter content showed negative relationships with shear
strength and penetration resistance. Organic matter content
and belowground biomass significantly decreased bulk density.
Shear strength and penetration resistance increased signifi-
cantly with age, while erosion depth did not significantly relate
to any of the other variables (Fig. 5).

Discussion

To restore or create new, resilient tidal marshes, especially in
the context of nature-based flood and shoreline erosion protec-
tion, it is important that they develop erosion resistant sediment
beds. However, it remained unclear how sedimentation rates,
especially when very high due to high tidal inundation fre-
quency and duration, affect development of sediment strength
and erosion resistance within restored/newly created tidal
marshes. Our results from a unique, long term and closely moni-
tored field site showed that lower tidal inundation frequency,
lower sedimentation rate, and better drainage positively affect
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Fig. 5. Relationships between sediment strength variables (y-axis; erosion depth was measured after 3 h) and sediment characteristics (x-axis; bulk den-
sity, water content, median grain size (Ds), fine fraction content, organic matter content (OM), belowground biomass, sediment depth, and sediment
age). The linear regressions of erosion depth after 3 h and surface shear strength are only based on surface layer data, because these variables were only
sampled at the surface, while the linear regressions of shear strength, penetration resistance, and bulk density are based on data of all three sampled
depths. Points represent an average of three replicates, and in the case of penetration resistance also of all measurements done within that sediment
layer. A linear regression line indicates a significant (p < 0.050) linear regression between two variables, the absence of a line a non-significant linear
regression. The colors of the points indicate the initial inundation frequency in 2006.

consolidation and the associated increase in sediment strength.
In addition, we showed that somewhat coarser sediments con-
tribute to strong marsh sediments (Fig. 6).

How inundation frequency, sedimentation rate, and
drainage affect consolidation

The higher the initial inundation frequency and thus the
higher the average sedimentation rate were (Fig. 2; Oosterlee
et al. 2018; Vandenbruwaene et al. 2011), the smaller was the
increase of bulk density with depth (Fig. 4). It is assumed that
an increasing bulk density with depth has been the result of
consolidation (cf. Zhou et al. 2016), although differences in
fine fraction and organic matter content with depth might
also have played a small role (Supporting Information Mate-
rial: Depth profiles of fine fraction and organic matter content
Supporting Information Fig. S3). This suggests that little con-
solidation has taken place at locations with high tidal inunda-
tion frequency and sedimentation rates (Fig. 6). As discussed
in Brain et al. (2011) and Colosimo et al. (2023), high sedi-
mentation rates lead to reduced drying of the deposited
sediment, because these sediments are buried by new sedi-
ment layers before they can dry out completely. This hinders

the occurrence of drying-induced consolidation. Locations
with high inundation frequency and duration also have less
time to drain than high locations and thus remain wetter
(Stagg and Mendelssohn 2010), which further reduces drying-
induced consolidation.

Inundation frequency and sedimentation rate were strongly
correlated (Fig. 2; Oosterlee et al. 2018; Vandenbruwaene
et al. 2011), which makes it difficult to fully separate the effects
of inundation frequency and sedimentation rate on consolida-
tion. It is striking that bulk density at all sediment depths
decreased significantly with initial and current inundation fre-
quency (Fig. 3) while the increase of bulk density with depth
only decreased significantly with initial inundation frequency
and sedimentation rate (Fig. 4). Since differences existed in fine
fraction and organic matter content between sites (Fig. 5), this
could be a result of the effect of fine fraction and organic mat-
ter content on bulk density (Brooks et al. 2021; Fig. 6), which
would have affected the absolute bulk density values but not
the increase of bulk density with depth.

Locations farther away from the culverts (i.e., the tidal in-
and outlet through which water drains from the marsh toward
the estuary at low tides) had a smaller increase of bulk density
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Fig. 6. Conceptual framework of this study showing the effects of environmental (white boxes), sediment (brown boxes), and vegetation (green box)
characteristics, as well as of the consolidation process (gray box), on sediment strength (black box), and the relationships between them. Green, continu-
ous arrows and pluses indicate positive effects, red, continuous arrows and minuses indicate negative effects, and gray, dashed arrows indicate the
absence of an effect. *There was no measured effect of vegetation on sediment strength, possibly caused by the presence of vegetation at all locations or
by the small sampling volume of belowground biomass. However, a potentially protective function of belowground biomass was observed in the flume

measurements.

with depth (Fig. 4). This can be interpreted as locations farther
away from the culverts are likely to experience slower and
reduced sediment bed drainage as compared to nearby loca-
tions. Furthermore, this spatial variability in sediment drain-
age is likely to be especially large in a tidal marsh site on
previously embanked cropland, due to the very consolidated
relict agricultural soil that underlies the sediment deposited
after reintroduction of the tide (van Putte et al. 2020). The
resulting wetter conditions far away from the culverts (possi-
bly also partially caused by the higher inundation frequency
of some of these locations) are expected to reduce consolida-
tion (Fig. 6; Colosimo et al. 2023; Dong et al. 2020).

How consolidation and drainage affect sediment strength
and erosion resistance

Drying-induced consolidation leads to an increase in bulk
density (Zhou et al. 2016; Colosimo et al. 2023) and our
results showed that positive relationships exist between bulk
density and sediment strength variables (shear strength and
penetration resistance; Figs. 5, 6). The effect of drying-induced
consolidation on sediment strength was also illustrated by the
negative relationship between sediment strength variables and
water content (Fig. 5), and corresponds with previous litera-
ture discussing how consolidation of clays and silts generally
leads to increases in sediment strength and erosion resistance
(Dade et al. 1992; Grabowski et al. 2011; Chen et al. 2012).
The increase of penetration resistance with depth decreased
with increasing initial inundation frequency (reference and

newly formed marsh combined) and sedimentation rate (only
newly formed marsh), and the increase of shear strength with
depth also decreased with increasing sedimentation rate (only
newly formed marsh; Fig. 4). This can be explained by the fact
that shear strength and penetration resistance increase with
consolidation and increasing bulk density (Vaz et al. 2001).

We found that the lower the sedimentation rate of a location,
the greater the erosion resistance (Fig. 3), likely due to more con-
solidated soils at the locations with lower sedimentation rate
(Fig. 6). However, all tested locations were relatively erosion
resistant (< 8 cm erosion after 3 h under high flow velocity),
which is assumed to mainly result from the dense root and rhi-
zome network (Gyssels et al. 2005; Chen et al. 2012; Lo
et al. 2017; Brooks et al. 2021) and the cohesive sediment
(Grabowski et al. 2011; Brooks et al. 2021).

Shear strength related negatively to distance to the culverts,
and surface shear strength and bulk density related negatively
to distance to the creek that drains the marsh (Fig. 3). In addi-
tion to the effect of drainage on consolidation, the wetter con-
ditions far away from the culverts or a creek branch could also
directly lead to a smaller sediment strength (Fig. 6; Grabowski
et al. 2011).

How sediment and vegetation characteristics affect
sediment strength and erosion resistance

Previous studies showed that sediment strength increases
with higher fine fraction and organic matter content as a result
of increased cohesivity (Houwing 1999; Feagin et al. 2009; Ford
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et al. 2016; Lo et al. 2017; Brooks et al. 2021). In contrast, we
found that shear strength and penetration resistance decreased
with increasing fine fraction and organic matter content
(Figs. 5, 6). When fine fraction contents are higher than 30-
50%, erosion resistance starts to decrease, because of the
decrease in bulk density (Mitchener and Torfs 1996; Grabowski
et al. 2011). This could explain our observed negative relation-
ship between fine fraction and sediment strength. A very high
fine fraction content can also impair drainage (Brooks
et al. 2021; Cao et al. 2021) and thereby lead to wetter sedi-
ments, which decreases sediment strength as well (Vaz
et al. 2001; Grabowski et al. 2011). These wet sediment condi-
tions could reduce organic matter decomposition, due to
slower microbial activities, and thus lead to higher organic mat-
ter contents (Yousefi Lalimi et al. 2018). Locations with high
fine fraction and water contents therefore often have high
organic matter contents, and the observed negative relation-
ship between sediment strength and fine fraction content
could thus also be the reason for the negative relationship
between sediment strength and organic matter content that we
found.

Although belowground biomass has previously been found
to increase erosion resistance (Gyssels et al. 2005; Chen
et al. 2012; Lo et al. 2017; Brooks et al. 2021), we did not find
a significant effect of belowground biomass on erosion resis-
tance, shear strength, or penetration resistance (Figs. 5, 6).
Vegetation was present at all locations (at most locations
dense reed), so we might not have measured at a wide enough
vegetation range to test this effect. Another potential explana-
tion could be that belowground biomass was determined from
the sediment samples with a diameter of 8 cm. This relatively
small sampling volume, and thus the probability of sampling
a large rhizome and a lot of roots or almost no roots at all,
might have led to the absence of these relationships. However,
we did observe a potentially protective function of below-
ground biomass when subjecting sediment samples to water
flow in the flume. Once a few centimeters of erosion had
taken place, a maze of roots covered the sediment surface,
which might have prevented erosion from continuing much
further. In addition, a greater erosion resistance of the deeper
sediment layers themselves might also have contributed to
this. This made the sediment generally erosion resistant

to high flow velocities of 4.3 m s™'.

Implications for tidal marsh restoration and creation

When restoring or creating tidal marshes by reintroducing the
tides in previously embanked areas with high inundation fre-
quency and duration, sedimentation rates may be very high. This
can lead to very fluid sediments with low bulk densities
(Oosterlee et al. 2020). In turn, this may result in high erosion
risks if hydrodynamic forces are high (Grabowski et al. 2011) and
will likely slow down vegetation establishment (Cao et al. 2021).
Our study showed that locations in tidal marshes with low inun-
dation frequency, low sedimentation rates, and good drainage

Shoreline protection in tidal marshes

experience most drying-induced consolidation, resulting in
strong and erosion resistant sediment. Clay-silt-sand mixtures
and vegetation (depending on the spatial scale) also increased
sediment strength and erosion resistance. Therefore, to restore or
create resilient tidal marshes for flood and shoreline erosion pro-
tection and other ecosystem services, the aim should be to:

1. Ensure that sedimentation rates will not be extremely high
(as, e.g., up to 4 m yr ' which was observed in a restored
marsh with full tidal exchange along the Scheldt Estuary
by Oosterlee et al. (2020)). This can be accomplished in
two ways. First, by selecting areas with relatively high bed
level for marsh restoration or creation, which would lead to
a lower tidal inundation frequency and duration and thus
to lower sedimentation rates (Oosterlee et al. 2018). If no
areas with high sediment bed levels are available, it can be
considered to increase the elevation with sediment nour-
ishments (Vuik et al. 2019; Baptist et al. 2021), although
care should then be taken that the nourished sediment is
not too sandy and therefore easily erodible (Marin-Diaz
et al. 2022). Second, by the implementation of a controlled
reduced tide (using culverts through dikes or dams), the
water depth and inundation frequency and duration in
the tidal marsh can be reduced, also resulting in smaller
sedimentation rates (Oosterlee et al. 2020).

2. Enhance drainage by digging creeks, ensure that possibili-
ties for natural creek formation exist, or increase hydraulic
conductivity of the compacted relict agricultural subsoil.
The latter could be achieved by for example deep plowing
(Brooks et al. 2015). Increasing hydraulic conductivity
would stimulate drainage and hence lead to reduced sedi-
ment water contents, thereby stimulating consolidation
(Dong et al. 2020; van Putte et al. 2020; Colosimo
et al. 2023). The lower water content will also directly lead
to more erosion resistant sediments because the cohesive-
ness will be higher (van Ledden et al. 2004; Grabowski
et al. 2011). It is important to keep in mind that this lower
sediment water content due to enhanced drainage is likely
to increase organic matter decomposition (Yousefi Lalimi
et al. 2018). If one of the marsh restoration or creation
goals is carbon sequestration, this should be carefully
weighed against the goal of erosion resistant marshes con-
tributing to flood and shoreline erosion protection.

3. Select locations with a sufficient supply of clay and silt parti-
cles (5-10% clay particles of the available sediments to tran-
sition from non-cohesive to cohesive behavior according to
van Ledden et al. 2004), but also of some sand. Clay and silt
particles will enhance cohesion and thus erosion resistance
(Grabowski et al. 2011), but the presence of some sand parti-
cles will prevent the clay and silt content to surpass 30-
50%. This will prevent a decrease in erosion resistance
(Mitchener and Torfs 1996; Grabowski et al. 2011).

4. Stimulate vegetation establishment, by ensuring that seed
availability is high enough, that the sediment is suitable for
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establishment, and that a “window of opportunity”
for seedling establishment exists (Balke et al. 2014). If seed
availability is not sufficient for vegetation establishment,
planting or seeding could be considered (Hudson
et al. 2021). Good sediment drainage will enhance vegeta-
tion establishment and growth (Mendelssohn and Sen-
eca 1980; Cao et al. 2021). Seeds require disturbance free
“windows of opportunity” for their initial establishment
and to be able to grow large enough to withstand hydrody-
namic disturbances (Hu et al. 2015).

5. Give the system enough time for vegetation establishment
and consolidation, to ensure the development of erosion
resistant sediment. A vegetated tidal marsh with
erosion resistant sediment does not develop instanta-
neously when a dike is breached or when culverts are
installed for marsh restoration or creation. This is expected
to take at least 6 yr (Watts et al. 2003). Taking this into
account, the tide should be reintroduced in restoration or
creation projects a few years before the marsh is necessary
or used for their flood and shoreline erosion protection
benefits and ecological value.

In conclusion, if the goal is to restore or create tidal
marshes for flood and shoreline erosion protection, we should
aim for sites with relatively low inundation frequency, moder-
ate sedimentation rates, and cohesive sediment mixtures of
clay, silt, and sand, which are well drained and have potential
for vegetation establishment. These conditions have a high
likelihood of resulting in restored or created tidal marshes that
contribute to nature-based flood and shoreline erosion
protection.

Data availability statement

The data of this study are openly available in the research
data repository 4TU: https://doi.org/10.4121/ee3a00ea-6557-
43ef-8bd3-7aa28a79b6al.
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