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Abstract

Salt marshes are considered valuable habitats and provide a wide range of ecosys-
tem services, including contributing to coastal protection, stabilising coastlines, car-
bon storage and providing habitat and marine nursery grounds. Therefore, many
projects have attempted to create and restore salt marshes but are often hindered
by a lack of thorough understanding of initial vegetation establishment. To deter-
mine if vegetation can establish on an intertidal flat, Balke et al. (2011) developed
the Windows of Opportunity (WoO) framework. The framework consists of three
successive periods or windows,in which certain hydrodynamic conditions can not
be exceeded. In the first window, vegetation requires a short disturbance-free pe-
riod to develop roots (WoO1). This is followed by a period with calm hydrodynamic
conditions (WoO2) in which the vegetation’s roots can gain more strength and a
period in which the high-energy events do not exceed the vegetation limits (WoO3).
This thesis aims to determine the conditions under which juvenile pioneer salt marsh
vegetation fails and how this knowledge can be applied for the restoration and cre-
ation of salt marshes.

An experiment was used to study the above and below ground development of ju-
venile pioneer salt marsh vegetation in different sediments. The plants were sub-
sequently tested in a wave flume, using irregular waves to examine failure. For
this experiment the pioneer salt marsh species “Salicornia procumbens ” was se-
lected; this species is native to the Dutch coast and often one of the first plants to
establish on bare intertidal flats. Four batches of seedlings of different ages were
cultivated and tested in defaunated cohesive sediment (mud) and non-cohesive sed-
iment (sand). During the flume experiment the wave height and flow velocity were
measured at several locations in the wave flume.

The development of Salicornia seedlings aboveground was comparable in sediment
of the cohesive and non-cohesive type, although, in cohesive sediment, the plants
became more complex in a shorter period. Belowground, the bio morphology of the
Salicornia seedlings was significantly different. In sand, a complex root system de-
veloped with numerous long thin roots, while in cohesive sediment, the roots were
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thick and short and the root system relatively simple. This difference was most likely
related the increase in soil strength as a result of the consolidation in cohesive sed-
iment and other sediment properties like nutrient availability. Another consequence
of this consolidation and increase in soil strength was that the erosion resistance
increased rapidly in recently deposited cohesive sediment.

The irregular waves in the flume stressed the seedlings due to the to-and-fro motion
of the plants and erosion as a result of the oscillating flow velocities produced by the
waves. Seedlings in cohesive sediment received on average more wave energy over
time because of the larger frontal surface area of these seedlings. Moreover, distinct
failure mechanisms were observed between the sediment types. In non-cohesive
sediment, erosion was the dominant process causing failure, while in cohesive sed-
iment, the to-and-fro motion of the plants that pried out and broke the roots was the
dominant process causing failure. Furthermore, the seedlings growing in cohesive
sediment could withstand a more extended period of wave loading and more wave
energy before failure, compared to seedlings of similar age in sand.

In practice, sediment with higher clay content may result in a higher survival rate of
Salicornia seedlings on the intertidal flats, especially near the regions with harsher
hydrodynamic conditions. Salicornia stands enable perennial salt marsh plants to
establish on the intertidal flats, for example, by trapping vegetative tillers of these
plants. These species are essential for further increasing biodiversity and plant suc-
cession on a recently established salt marsh as well as stabilising the soil. This, sub-
sequently, will benefit the ecosystem services like wave attenuation, carbon storage
and provides more habitat and marine nursing grounds.
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Chapter 1

Introduction

In the past decennia, the social and scientific perception of salt marshes experi-
enced a transition (Gedan et al., 2009). Instead of viewing these intertidal wetlands
as swampy wastelands used to buffer human impacts along the coast, salt marshes
are considered valuable habitats whose worth is generated by a suite of ecosys-
tem services (Gedan et al., 2009). For example, salt marshes contribute to coastal
protection by dissipating wave energy, stabilising shorelines and mitigating coastal
flooding (Jadhav et al., 2013). Furthermore, the carbon storage performed by salt
marshes gains importance with climate change; salt marshes are effective carbon
sinks (Gedan et al., 2009). In addition to this, salt marshes also deliver ecosystem
services, including support of biodiversity (Adam, 2018) and providing habitat and
marine nursery grounds (Mohan et al., 2019; Townend et al., 2011).

More than 40% of the world’s population resides near the coasts (Gedan et al.,
2009)) and are vulnerable to flooding events and sea-level rise. Climate change will
increasingly affect sea-level rise and storm intensity, frequency, and duration in fu-
ture scenarios. These are key drivers that influence sea level extremes and ocean
waves (Church & Gregory, 2019), increasing the risk and magnitude of coastal flood-
ing (JRC PESETA II project, 2009). This increasing flood risk combined with a grow-
ing coastal population, is the reason why salt marshes are increasingly valued for
their function of coastal protection. Contradictorily, due to numerous stresses, the
amount of natural salt marsh area has diminished significantly (Rozas et al., 2016;
William, 2019). Stresses like land reclamation, coastal squeeze, alterations in wet-
land drainage and sediment inputs have caused the disappearance of half of the salt
marshes in the world in the last century (Mitsch & Gosselink, 2007; Nicholls et al.,
1999; William, 2019).
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2 CHAPTER 1. INTRODUCTION

1.1 Restoration efforts

The revaluation of how society perceives salt marshes and how they can be utilised
for coastal protection, led to growing interest in conserving and recreating these
tidal wetlands, resulting in worldwide efforts to restore salt marshes (Sun et al.,
2010). Projects in China (Sun et al., 2010), The United States (Faber & Phyllis,
2001; Rozas et al., 2016) and Europe (Wolters et al., 2005) have actively tried to
restore salt marshes, with mixed success. The process of recreating salt marshes
is often not simple and the effect of certain interventions is often uncertain. For ex-
ample, active planting does not necessarily lead to the successful establishment of
marshes (Cao et al., 2018). In addition, other restoration techniques like brushwood
fences or construction of offshore breakwaters to limit erosion, can be expensive
and labour-intensive or require constant monitoring (Nottage & Robertson, 2005).
Therefore, studying and quantifying the parameters that influence successful salt
marsh establishment can improve the effectiveness of some restoration efforts.

For restoring salt marshes, it is essential to understand how the transition of a barren
mud or sandflat to a biodiverse salt marsh is dictated. Pioneer salt marsh species
are key for this transition. The pioneer species of the genus Salicornia L, are fre-
quently the first vascular plants colonising the low salt marsh (Davy et al., 2001)
and enable other species to colonise a bare intertidal flat. Salicornia is therefore
essential for successful salt marsh establishment. So it is imperative to know the
vulnerabilities of this pioneer plants species in the corresponding lifecycle stages, to
prevent failure due to physical stress. Salicornia is an annual halophyte that forms
sparse vegetation patches consisting of stiff shoots (Bouma et al., 2013). Annual
plants are plant species that conclude their life cycle within one growing season. Af-
ter completion of its life cycle, from germination to the production of seeds, the plant
perishes and the cycle starts over again. So every year an entirely new population
of Salicornia plants is built up (Beeftink, 1985). The life cycle of Salicornia can be
divided in several phases. Each phase presents its own vulnerabilities.

Figure 1.1: Growth phases of Salicornia procumbens
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1.2 Physical stressors that influence salt marsh veg-
etation and failure

Many factors determine the success of salt marsh creation, and many involved pro-
cesses are poorly understood. Only a handful of studies have focused on physi-
cal disturbance mechanisms in the salt marsh pioneer zone (Balke, 2013; Cao et
al., 2018; Schoutens et al., 2021). In recent years the focus on salt marsh veg-
etation has elevated and several research papers have been written that pertain
to salt march pioneer vegetation. These studies focus primarily on the germina-
tion and seedling phase of the vegetation because these phases are critical for salt
marsh establishment; pioneer vegetation like Salicornia is most vulnerable in these
phases. Many physical stressors influence juvenile salt marsh vegetation develop-
ment. These parameters include bed level change, temperature, nutrient availability,
sedimentation, inundation free period, inundation frequency and hydrodynamic en-
ergy (Cao et al., 2018; Friess et al., 2012; Hendriks, 2020; Houwing, 2000; van
Regteren et al., 2020; Willemsen et al., 2018).

On salt marshes, there are also many processes that lead to seedling failure. Mul-
tiple environmental variables such as oxygen limitation, bioturbation and salt stress
may cause a seedling to fail. This study, however, focuses primarily on mechanical
failure as a result of wave action. Mechanical failure of individual seedlings depends
on the equilibrium between the vectorial sum of the buoyancy, together with drag
forces of the waves on the aboveground biomass and the resistance due to root
anchoring (Edmaier et al., 2011). If this equilibrium is unbalanced, for example due
to erosion, the seedlings will topple or flush away completely and will be deemed to
have failed.

1.3 Erosion and consolidation of sand-mud mixtures

Intertidal sediments in estuaries generally consist of a mixture of sand and mud;
both fractions mutually influence the soil mechanical and therefore, the morpholog-
ical behaviour of sand-mud mixtures (Jacobs, 2011). Different geotechnical failure
mechanisms are presented in the research of Jacobs (2011), that characterises dif-
ferent erosion modes as a function of flow-induced stresses and soil mechanical
parameters. Bed stability is generally related to gravitational, adhesive or cohesive
forces, whereas in geotechnical engineering, the (un)drained sediment strength is
applied (Jacobs, 2011). The drained and undrained sediment strength may differ
by orders of magnitude. Erosion modes are therefore divided between drained (floc
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and surface erosion) and undrained failure mechanisms (mass erosion). Drained
refers to cohesive and adhesive forces, whereas undrained refers to apparent cohe-
sion.

A stable bed occurs when turbulent stress fluctuations (τb) do not exceed the drained
strength of the bed (cd). When these fluctuations exceed cd, flocs are locally eroded
(i.e. floc erosion). Surface erosion occurs when τ̄b is larger than cd , but smaller than
the undrained strength (cu). Finally, mass erosion occurs when τ̂b exceeds cu. Floc
and surface erosion may co-occur (Jacobs, 2011).

Floc and surface erosion are expected to govern the morphological behaviour of
estuaries and are susceptible to biological and physicochemical influences. Floc
erosion concerns the removal of individual flocs due to turbulent peak stresses ex-
ceeding the drained bed strength. Surface erosion is less dependent on the stochas-
tic character of the flow. The research of Jacobs (2011) derived a formula for the
surface erosion (equation 1.1 and equation 1.2), assuming that failure of the bed
occurs at the critical state. Es is the surface erosion rate and Ms the surface ero-
sion parameter. Ms is a function of the coefficient of pore water dissipation and the
undrained strength.

Es = Ms(τb − τe) for τb > τe (1.1)

Ms =
cvρdry
δecu

(1.2)

where:

Es the surface erosion rate (kg ∗m−2s−1)
Ms the surface erosion parameter (kg ∗m−2s−1Pa−1)
τb the bed shear stress (Pa)
τe the critical bed shear stress (Pa)
cu the undrained shear strength (Pa)
cv the pore water dissipation (m2/s)
δe the erosion depth (m)
ρdry the density of dry sediment (kg/m3)

The undrained shear strength is directly related to the consolidation degree of the
sediment and increases over time (Germaine et al., 1998). Therefore, the consoli-
dation process is an essential factor when calculating the surface erosion parameter
(equation 1.2). The consolidation process is not linear, and divided into several
phases (Figure 1.2). During the first phase of consolidation, the primary consolida-
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tion phase, a slow-building up of contact forces (grain stresses), is accompanied by
relatively large strains, and the pore water is driven out (van Rijn & Barth, 2018).
Most soils continue to compress after the primary consolidation phase due to creep
deformation of the soil structure. This phenomenon is called secondary consoli-
dation (Germaine et al., 1998). The settling and consolidation processes are es-
sentially vertical processes with a downward movement of sediments and upward
movement of expelled pore water (van Rijn & Barth, 2018).

Figure 1.2: Diagram of the division of the primary consolidation and the secondary
consolidation (Wang et al., 2020)

The research of Khan et al. (2014) also noted that erosion resistance of cohesive
sediment increased with decreasing water content and compaction of the material.
In addition to this, Kothyari et al. (2014) showed that erosion rate decreases with the
increase in clay content of cohesive sediment.

Therefore, the clay content and soil strength of the sediment will affect the formation
of a depression around a seedling. This depression around a seedling can disrupt
the equilibrium between uprooting forces and the resistance due to root anchoring.
The term for the formation of an erosion depression around a plant is scouring or
self-scouring. Scouring is the process in which the presence of vegetation gener-
ates vortices that locally change the bottom stress induced erosion around the plant
(Bouma et al., 2009; Friess et al., 2012). Another process for the formation of a
depression around a plant is local sediment deformation. Sediment deformation is
the process in which the to-and-fro motion of the plant due to wave action creates a
narrow cavity around the base of the plant.
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1.4 The Windows of Opportunity (WoO) framework

To determine whether hydrodynamic conditions permit salt marsh establishment,
the Windows of Opportunity (WoO) framework can be used. This framework, con-
sisting of three subsequent windows, was developed by Balke et al. (2011), and
initially intended for the establishment of mangrove seedlings. Seeds that start ger-
minating, require a disturbance-free period to grow roots and gain some anchorage
to the bed and not be flushed away instantly (WoO1). This disturbance-free pe-
riod needs to be followed by a period with calm hydrodynamic conditions (WoO2)
in which the seedlings can grow stronger and increase root anchorage. In the next
window (WoO3), the plants are mature and well-rooted. In this period, high-energy
events should not exceed the uprooting limits of the vegetation.

Recently the framework was adapted and applied to evaluate salt marsh establish-
ment (Cao et al., 2018; Hu et al., 2015; D. W. Poppema et al., 2019) (Figure 1.3).
It states that juvenile salt marsh vegetation can establish when the local conditions
on the intertidal flats remain below the thresholds of the subsequent windows of
opportunity. In the research of Hu et al. (2015), the WoO framework was defined
in terms of critical bed shear stress (BSS), which was used as a proxy for erosion,
where BSS, only expresses the conditions at a specific point in time. The effect of
sedimentation and erosion on the seedlings accumulates over time. So erosion and
sedimentation can influence the seedlings without the need for strong BSS peaks.
To improve the framework D. W. Poppema et al. (2019) used bed level change in-
stead of BSS to simulate erosion. This change enables the WoO framework to take
the effects of both moderate conditions and extreme events into account.



1.5. KNOWLEDGE GAPS 7

Figure 1.3: An illustration of the WoO framework, showing a scenario with success-
ful establishment. The bed shear stress (blue lines)] always remains
under the time-dependent critical bed shear stress (red line) (Hu et al.,
2015)

1.5 Knowledge gaps

Most studies that explore the restoration of salt marshes look into salt marsh estab-
lishment on a macro level (Gedan et al., 2009; Lo et al., 2017; Spencer et al., 2016;
van der Wal & Herman, 2012; Yeager et al., 2009). Only a handful of experiments
have been conducted to investigate the processes that induce failure of individual
seedlings, so the available data on how individual seedlings fail and influence salt
marsh establishment is minimal (Cao et al., 2019; D. W. Poppema et al., 2019; Silin-
ski et al., 2016).

The adaptation of the Windows of Opportunity framework is a result of the most
recent research into the establishment of salt marsh vegetation. However, the effect
of sediment type on the WoO framework, especially in WoO2, is not yet explored
in depth. Almost all previous research was done with exclusively sandy sediments
(Cao et al., 2018; Edmaier et al., 2011; D. W. Poppema et al., 2019; Silinski et al.,
2016). In reality, salt marshes consist of a wide range of sediment types and sedi-
ment mixture. It is not unconventional for these sediments to have high mud content
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and cohesive characteristics (Bradley & Morris, 1990). Research at the Marconi
site in Delfzijl already demonstrated that a high clay content in the sediment could
positively affect the establishment of salt marsh pioneer vegetation (De Vries et al.,
2021; Hendriks, 2020). Investigating the effect of sediment type on the WoO2 win-
dow can therefore be imperative to accurately simulate the establishment of a wider
variety of salt marshes.

Previous research used monochromatic waves to simulate hydrodynamic conditions
present on intertidal flats (Balke et al., 2011; D. W. Poppema et al., 2019). The
research of Balke et al. (2011) used currents in addition to waves, but Callaghan
et al. (2010) found that waves are dominant over currents as a forcing mechanism.
In reality, however, incoming wave trains are not monochromatic. So the hydrody-
namic conditions used in these previous studies might not accurately represent the
conditions typical for intertidal flats. Therefore, investigating the effect of adopting ir-
regular waves instead of monochromatic waves (which are closer to wave conditions
in the field) might be beneficial. Especially because these irregular waves might in-
duce different modes of failure in salt marsh vegetation compared to regular waves;
for example, breakage of the roots, failure of soil-root cohesion (slipping) and failure
of soil cohesion at the edge of the root ball (Schutten et al., 2005).

summarise, three (separate) knowledge gaps in existing literature have been identi-
fied:

• The processes that induce failure in individual pioneer salt marsh seedlings
are still understudied; only a few studies have looked into the failure of individ-
ual seedlings

• The effect of sediment properties, especially of cohesive sediment, on the es-
tablishment of salt marsh pioneer vegetation, has not been explored in depth
yet

• The effect of irregular waves (in contrast to monochromatic waves) on the es-
tablishment of salt marsh pioneer vegetation has not yet been studied
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1.6 Research objective

The purpose of this research is to resolve the identified knowledge gaps. To accom-
plish this, the following research objective is defined:

“To determine a set of biophysical parameters and processes underlying the failure
of juvenile pioneer salt marsh vegetation, specifically the effect of sediment proper-
ties (cohesive and non-cohesive) and wave characteristics, and use these findings
to improve the understanding of salt marsh plant failure”

The set of biophysical parameters that will be studied in this research are the mor-
phological plant traits (plant height, stem diameter, frontal surface area, root length
and root thickness), the characteristics of irregular waves (oscillatory flow velocity,
flow-induced shear stress) and the sediment properties (cohesive and non-cohesive,
consolidation, shear strength and erosion resistance). For this research the salt
marsh species Salicornia procumbens is used as representative pioneer salt marsh
vegetation.

1.7 Research questions

1. How do plant traits, sediment properties and wave characteristics affect the
critical erosion depth and failure of juvenile pioneer salt marsh vegetation
species “Salicornia procumbens ”?

a. How do plant traits affect the critical erosion depth and failure of Salicornia
procumbens seedlings?

b. How do sediment properties (cohesive vs. non-cohesive) affect the plant
and plant traits over time of Salicornia procumbens seedlings?

c. How do sediment properties (cohesive vs. non-cohesive) affect the critical
erosion depth and failure of Salicornia procumbens seedlings?

d. How do irregular wave characteristics affect the critical erosion depth and
failure of Salicornia procumbens seedlings?

This question aims to determine how plant traits, sediment properties, and
wave characteristics affect the critical erosion depth and failure of pioneer salt
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marsh vegetation. Using the data obtained from the flume experiment, the re-
lationships between these parameters will be examined. The possible biophys-
ical relations that are obtained are then evaluated using statistical methods like
the Pearson correlation method and student’s T-test.

2. How can the observations of the flume experiment improve the understanding
of salt marsh vegetation failure?

a. How can the observations of the flume experiment be used to improve the
Windows of Opportunity framework for salt marsh establishment?

b. What are the practical implications of the observations of the flume experi-
ment for restoration of salt marshes?

This research question aims to expand the WoO framework introduced by
Balke et al. (2011) and revised by D. W. Poppema et al. (2019) and explore
the practical implications of the observations of the flume experiment. Explic-
itly effect the influence of sediment properties and wave characteristics on the
seedling establishment of Salicornia seedlings.



Chapter 2

Methods

In this chapter, the methods and practices used to answer the research questions
are described. First, the setup and methodology of the flume experiment are pre-
sented in sections 2.1 and 2.2. Next, in sections 2.3, 2.4, 2.5 and 2.6, the de-
termination of different plant parameters and wave characteristics are considered.
This is followed by section 2.7, where the statistical methods used to evaluate the
experiment’s findings are explained.

2.1 Flume experiment: failure of Salicornia procum-
bens seedlings

The research of Callaghan et al. (2010) found that for the hydrodynamic forcing on
the bottom sediment, the influence of wind-generated waves was dominant com-
pared to tidal- or wind-driven currents. Therefore, a wave flume producing irregular
waves was selected for the experiment. The purpose of the flume experiment was
to determine the thresholds like critical erosion depth (CED) for the successful es-
tablishment of pioneer plants in salt marshes. The CED is defined as the minimum
net erosion occurring in a short amount of time that causes a seedling to to (Bouma
et al., 2016). Furthermore, the experiment aims to determine the impact of sediment
type and wave load over time on the CED. Section 2.1.1 presents the procedure for
the preparation of the flume experiment. Section 2.1.2 describes the preparation of
the samples before entering the flume, followed by section 2.1.3, which describes
the measurement methods used during the experiment.

In this research, Salicornia procumbens (Glasswort) was selected for the experi-
ments because it is a pioneer species on mudflats both in the Westerschelde and
Wadden Sea. Moreover, the relatively small plant size of Salicornia allows flume ex-
periments without the need for scaling and makes manual handling straightforward.

11



12 CHAPTER 2. METHODS

In addition, since Salicornia is an annual plant that spreads by producing seeds,
good seeds are relatively easy to obtain and they germinate fairly easy in contrast
to e.g. Spartina, which is a perennial plant that mainly spreads via its root system
and is more troublesome to grow from seeds in the limited time available.

2.1.1 Preparation: growing plants and collecting sediment

The Salicornia procumbens seeds originated from the salt marshes at Rattekaai in
the western part of the Eastern Scheldt and were collected in 2018. The seeds ger-
minated in a climate-controlled environment at room temperature on moist (mildly
saline; 7 g NaCl/l) paper towels for seven days. The sediment was obtained from
the intertidal mudflats near Zuidgors, Westerschelde. The sediment was defaunated
by freezing for ten days and kept in closed buckets until further use. Part of the col-
lected sediment was mixed with fine sand (115 microns, poorly graded; 85 kg sand +
6.5 kg mud) to create a sandy substrate. The Zuidgors sediment consists of 16.8%
clay, 60.5% silt and 22.6% sand with a D50 of 18 microns (Malvern Matersizer anal-
ysis).

Figure 2.1: Particle size distribution Zuidgors sediment

After the germination process, the seedlings were planted in rectangular boxes
filled with homogenised Zuidgors sediment. The moment of planting was consid-
ered timestep 0 in the growing process. The moment the plants were placed in the
flume was the final timestep. During germination, the seedlings already developed
roots and shoots, so the morphological plant characteristics were not zero at the time
of placement. Therefore 18 seedling samples were selected and measured before
placement in the boxes. The resulting average value for various plant characteris-
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Table 2.1: age of the sample batches
Batch Placement date time between placement Relative age to last batch
1 11-8-2020 8 22
2 19-8-2020 6 14
3 25-8-2020 4 8
4 2-9-2020 0 0

tics, like root length, shoot length, root thickness, stem diameter and frontal surface
area, were used as starting values for all seedlings at timestep 0. Four batches of
boxes with samples were created at four time intervals so tests could be conducted
with plants of various ages. The aboveground development of the seedlings was
monitored and documented during the growing phase.

The dimensions of the boxes in which the germinated Salicornia seedlings were
placed were: 60 cm length, 15 cm width, 15 cm internal depth, 17 cm stack height.
The length allows placement of plants at 20 cm from either side, which was con-
sidered sufficient to avoid plant-induced scour interfering with rim-induced erosion.
because of the width of the boxes, no substantial rim-induced erosion was expected.
Therefore, two seedlings could be placed at each side of a box (1 cm apart) and
grown in situ to avoid losses to impaired seedling growth. So, each box contained
four seedlings, at 20 cm from the rim. If all seedlings survived, one individual was
eliminated at each side before the flume experiment was initiated to prevent interac-
tion between the seedlings.

Half of the boxes were filled with the original silty Zuidgors sediment and the other
half was filled with the mixed sandy sediment. The boxes had a vertically adjustable
bottom to raise the sediment to the box rim in case of consolidation. The boxes were
irrigated bidaily for 5 min with fresh water without fertiliser and they were not water-
tight so excess water could drain. The depth of the sediment in the boxes was larger
than the foreseen root depth of Salicornia procumbens. Furthermore, the seedlings
were not protected from the abiotic environment (wind, rain, sun, etc.). The boxes
were however protected from biotic factors like foraging animals.

During the growing phase of the experiment, per batch one box of each sediment
type was filled with sediment and no seedlings. These boxes were used to deter-
mine specific sediment characteristics at different ages, like the shear strength using
a shear vane. Each box was sufficiently large so at least two shear measurements
could be conducted.
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In addition to the samples germinated in a climate-controlled environment and arti-
ficially grown in the rectangular boxes, some plants were collected from the field to
investigate the difference between artificially grown plants and plants grown in the
field. These plants originated from the Marconi project site near Delfzijl. The plants
were collected at two sections of the Marconi site with different sediment compo-
sitions of the top layer (samples from the section with 5% clay and samples from
the section with 50% clay). So during the experiment also the effect of different
sediments on the field plants could be examined.

2.1.2 Flume sample preparation

Preceding each run of the flume experiment, each chosen box with samples was
prepared and documented. The sediment consolidation in each box was measured
at six locations; at the corners and in the middle at both sides. The consolidation
was measured using a ruler. These six measurements were used to calculate an
overall mean value for the consolidation per box. Next, the dimensions of the above-
ground biomass of the seedlings in each box were measured (plant height, stem
thickness). The plant height was measured using a ruler and the stem thickness
was measured using a calliper. Furthermore, the plants were photographed in front
of a white background. The background included a scale, so the frontal surface area
of the plants could subsequently be determined using photoshop. Depending on
the survival rate of the seedlings during the growing phase of the experiment, the
excess of plants in the boxes was removed. This was done using a tensile strength
meter to measure the pulling force a plant could withstand. The root length and
root thickness of the pulled-out seedlings were measured with a ruler and calliper,
respectively. The condition of the root system was noted; this included observations
pertaining to the health of the roots, the complexity of the root system and if the
roots broke during the pulling process.

In several boxes, the bed level did not align with the top edge of the boxes. Especially
the boxes filled with mud exhibited significant consolidation. Therefore, the bed
elevation was adjusted to match the top edge of the box before placement in the
flume. Furthermore, several boxes displayed a hardened top layer or biofilm. This
layer was carefully removed.

2.1.3 Flume tests and measurements

For the flume experiments the Westerscheld flume of Deltares in Delft was used.
The flume measures 55 meters in length, has a width of 1 meter and a height of 1.2
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meters (Figure 2.2 ). A double bottom was built into the flume, so the boxes with
plants could be lowered into the flume at bed level. This double bottom reduced
the initial bottom by 18 cm. The transition zone leading to the double bottom was
located 37 meters from the front of the flume and had a slope of 1:50.
For this experiment a water height of 0.5 meters was used in the flume. Waves
were generated at one side of the flume, and at the other side, a vertical “cliff”
was installed. An Active Reflection Compensation (ARC) system, which eliminates
reflecting waves, was activated during the experiment. Several wave conditions were
tested and the most suitable wave conditions were determined. The experiment
used irregular waves with a period of 2.5 seconds and an amplification factor of 0.5
to 0.8 (table 2.2).

Figure 2.2: A sketch with dimensions of the test set-up in the wave flume (with dis-
tances given in cm)

Three types of measurement devices were installed at different locations in the
flume. Six Wave Height Meters (WHM), three Flow Velocity Meters (SHM) and three
Ultrasonic High Concentration Meters (UHCM) were installed in the flume. The loca-
tion of these measurement devices in the flume is illustrated in figure 2.3. The wave
height meters were distributed over the flume length and placed in the middle of the
flume at the still water line (z=0). Each flow velocity meter was located in the middle
of the flume near the bed between a pair of sample boxes. At these locations, the
flow velocity was measured in both the x and y-direction. The Ultrasonic High Con-
centration Meters were placed right next to the seedlings in the boxes. The output
of the meters was documented every 25 ms. These meters can potentially indicate
if the seedlings have failed, in case the water is too turbid to observe this failure with
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the naked eye. In this research the plants are deemed to have failed when flushed
away or flat against the bed.

Figure 2.3: Location of the different measurement devices in the flume (with dis-
tances given in millimeters)

The flume could accommodate six separate boxes per run. Each test in the flume
had a maximum duration of 30 minutes. However, if a plant’s failure was observed
during the experiment, the run was shut down. The erosion around the collapsed
plant was measured using a calliper. This ensured that the erosion depth around
the plant at the time of the failure was documented, and prevented the scour-holes
from being washed away once the plants had failed.

The total erosion that induced seedling toppling was recorded as the critical ero-
sion depth (CED). After finalising a run, all boxes were examined and the erosion
around the plants was measured using a calliper. If the plants in a box appeared not
to have failed, another run could be added to examine the effect of more prolonged
exposure to wave loading.

After the box was removed from the flume, the belowground plant biomass of the
seedlings was measured. Each plant was carefully dug out of the sediment. The
root length and root thickness were measured using a ruler and calliper respectively,
and the plants were again photographed.
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Table 2.2: Overview boxes in the flume and wave characteristics

Sediment Number of
Boxes

Number of
Samples

vegetation
Species

Wave period
(s)

Amplification
factor

Waveheight
(m)

Sand 12 24 Salicornia
procumbens

2.5 0.5-0.8 0.125-0.2

Clay 9 13 Salicornia
procumbens

2.5 0.5-0.8 0.125-0.2

2.2 Flume experiment: sediment characteristics of
fresh mud

In addition to the failure of Salicornia seedlings, the erosion of freshly deposited co-
hesive sediment under wave loading was also investigated. Section 2.2.1 describes
the preparation of the samples before entering the flume. Section 2.2.2 presents the
measurement techniques used during the flume experiment.

2.2.1 Flume sample preparation

Ten of the rectangular boxes were filled with homogenised Zuidgors sediment. This
was done in two intervals, so samples were available in which the mud had settled
for one day and in which the mud had settled for five days. Two boxes of each time
interval were not tested in the wave flume, but were used to determine the shear
strength. The shear strength (kPa) of these sediments was determined using a
shear vane. Each box was sufficiently large so at least two shear measurements
could be conducted.

The consolidation of the boxes containing fresh (newly homogenised) mud was
measured before being placed in the flume. The consolidation was measured at
six locations in the box (at the corners and in the middle at both sides) using a ruler.
These six measurements were then used to calculate an overall mean value for the
consolidation per box.
In six of the boxes, two rods were placed at approximately the place the seedlings
would be located. These rods indicated how scour-holes develop in fresh mud. The
boxes were photographed before being placed in the flume.

2.2.2 Flume tests and measurements

The boxes were placed in the flume and received wave loading in periods of 30 min.
The waves produced by the flume were irregular with a peak period of 2.5 seconds
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and an amplification factor of 0.8, which equates to a significant wave height of 0.2
m. This setup was equal to the setup used while testing the Salicornia seedlings.
The boxes were placed in the flume for up to 120 minutes or four runs. After every
interval, the boxes were removed from the flume to document the development of
the sediment. The erosion in the boxes was measured using the same procedure as
the measurement of consolidation in the boxes. Finally, the scour-hole depth around
the poles was determined using a calliper.

2.3 Calculation of plant traits

Some of the plant traits, like the frontal surface area of the seedlings and the sur-
face area of the root system, were not directly measured but were calculated sub-
sequently. Section 2.3.1 describes the calculation of the frontal surface area of the
seedlings. Section 2.3.2 presents the calculation of the root system area. Section
2.3.3 explains the determination of the density of fresh Salicornia.

2.3.1 Frontal surface area of the aboveground biomass

During the flume experiment the plants were photographed in front of a white back-
ground. The background included a scale (2 cm). The frontal surface area of the
plants was subsequently determined using photoshop. In photoshop the frontal sur-
face area of a plant was calculated by comparing the number of pixels of the plant
picture with the number of pixels of the scale included in the background. This cal-
culation was done for all samples and the resulting frontal surface area of each plant
was documented in square mm.

2.3.2 Surface area of the root system

For the root system a similar approach was taken. The root systems were pho-
tographed after concluding the stay in the flume. The samples were again pho-
tographed in front of a white background, including a scale and then the area of
the root system was determined using photoshop. The roots presented more chal-
lenges than the aboveground biomass because some of the roots broke off during
the flume experiment and there was still some sediment present in some samples,
which had to be accounted for. The root surface area was documented in square
mm.



2.4. CALCULATION TIME AND RECEIVED ENERGY IN THE FLUME 19

2.3.3 Density of fresh Salicornia

Fresh Salicornia has a density of 433.33 kg/m3. The density was measured by
weighing 100 grams of Salicornia stems and then determining the volume by placing
the measured 100 grams of Salicornia into a measuring cup containing 500 ml of
water. Once the Salicornia is placed in the cup and completely submerged, the
water level in the cup will rise by a certain amount. This amount is then the volume
of 100 grams of Salicornia. This measurement is repeated three times to reduce
measurement uncertainty.

2.4 Calculation time and received energy in the flume

The experiment used irregular waves with a period of 2.5 seconds and an amplifica-
tion factor of 0.6 to 0.8. For every amplification factor the same wave scenario was
used, which lasted approximately 30 minutes. The majority of the samples in the
flume did not fail after a single run and were therefore subjected to several subse-
quent runs with varying amplification factors. Comparing the seedling by using the
time occupied in the flume may give skewed results, because the wave scenario with
an amplification factor of 0.6 will have less wave energy than a wave scenario with
an amplification factor of 0.8. Two methods were used to compensate for the vary-
ing amplification factors. Section 2.4.1 describes the first method, and the second
method is presented in section 2.4.2.

2.4.1 Adjusted time in the flume

In the first method the time in the wave flume was adjusted for the amplification
factor. For this parameter, the time under each wave scenario was multiplied with
the associated amplification factor, to account for the different wave scenarios. If a
plant received wave loading from several different wave scenarios, the adjusted time
under each scenario was calculated separately and then aggregated.

2.4.2 Energy received by plant and drag force

The second method to compensate for varying amplification factors was to calcu-
late the wave energy received by each plant. The wave energy received by each
seedling was calculated using a Matlab script. In the script the relevant data for the
calculation were loaded. These included the measured flow velocities at every am-
plification factor, the duration each plant received wave loading of the separate wave
scenarios with varying amplification factors and the relevant bio-morphological plant
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properties (plant height, stem diameter, frontal surface area).

Due to the oscillatory nature of the flow velocities generated by waves, the absolute
values of the flow were used to calculate the energy received by the plants. First,
the drag forces experienced by the plant in each time interval were calculated. For
this calculation it was assumed that the plants were cylinders. The drag force per
timestep was calculated using Equation 2.1.

Fd(z, t) =
1

2
CDρw∅stem(z)|u(z, t)|u(z, t) (2.1)

Where:

Fd the drag force (N )
Cd the drag coefficient (−)
ρw the density of water (kg/m3)
∅stem the stem diameter of a Salicornia seedling (m)
u the flow velocity (m/s)
z the distance from the bed (m)

At each timestep, the drag coefficient Cd can be determined as a function of the
Reynolds number (Equation 2.2).

Cd = f(Re) = f(
U∅stem
ν

) (2.2)

Where:

Re the Reynolds number (−)
U the average flow velocity (m/s)
ν the (kinematic) fluid viscosity (m2/s)

The flow regime, and therefore the drag coefficient, changes with varying flow speeds.
Thus, the drag coefficient was calculated separately for every plant at every time
step. In the research of Chen et al. (2018) and Nepf (2012) a comprehensive list of
the most appropriate calculation of the drag force for each flow regime was given.
The complete list of all drag coefficient equations for each flow regime used in this
research, can be found in Appendix A. Once the drag force on the plants was known
at every timestep, the wave energy at every timestep could be calculated using
equation 2.3. This equation integrates the drag force over the plant height. Because
plants with a larger frontal surface area receive more energy, a corrected plant height
is used that compensates for the larger frontal surface area.

εv = Fdu(z, t) =

∫ z=hv

z=0

FDu(z, t)dz with Fd =
1

2
ρwCD∅stem(z)Nv|u(z, t)|u(z, t) (2.3)
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Where:

εv the wave energy dissipation (j)
hv the height of the vegetation (m)
Nv the stem density (−)

Finally all timesteps can be combined to determine the total amount of energy a
plant has received during the time in the wave flume.

2.5 Forces on the seedlings

Under wave loading several forces are acting on the seedlings. To understand the
mechanisms causing failure in seedlings, it is important to identify these forces.
Section 2.5.1 explains the buoyancy and gravity forces applied to the aboveground
biomass of the seedlings. Section 2.5.2 describes the root anchorage of the seedlings
to resist the uprooting forces. Section 2.5.3 describes the momentum forces on the
seedlings. The drag force calculation was elaborated in section 2.4.2 when deter-
mining the received energy of a seedling, using equations 2.1 and 2.2.
The gravity force (downward force due to the mass of the seedlings) and the buoy-
ancy force, can be calculated using the plant characteristics like the stem diameter,
plant height and the density of fresh Salicornia.

2.5.1 Calculation of the gravity force and the buoyancy in force
balance

Figure 2.4: Forces on seedling

For this calculation it is assumed that the
forces on the aboveground biomass work on
the middle of the plant height (Figure 2.4).
Another assumption is that the measured
stem diameter is equal over the whole plant
stem and that these stems are perfect cylin-
ders.

For the gravity component the weight of the
seedling needs to be calculated, using, the plant
density. To compensate for any bifurcation and
plant complexity, the frontal surface area of each
plant is divided by the respective stem diameter
(Equation 2.6) resulting in the adjusted plant
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height. The adjusted plant height is used for the plant mass calculation. The gravity
component is then calculated using equation 2.4; the components of this equation
are expanded in equations 2.5 and equation 2.6. The result of combining these
equations is equation 2.7.

Fg = mplant ∗ g (2.4)

mplant = ρSalicornia ∗
1

4
π ∗ ∅2stem ∗ hadjust (2.5)

hadjust =
Afrontal

∅stem
(2.6)

Fg = (ρSalicornia ∗
1

4
π ∗ ∅2stem ∗ hadjust) ∗ g (2.7)

Where:

Fg the gravity force (N )
mplant the mass of a single seedling (kg)
A the frontal surface area of a Salicornia seedling (m2)
ρSalicornia the density of fresh Salicornia (kg/m3)
g the gravitational constant (m2/s)
hadjust the plant height adjusted for plant complexity (m)

The buoyancy force is the upward force on the plants when submerged. This force
acts in the opposite direction of the downward force by gravity. The buoyancy force
has a magnitude directly proportional to the volume of the displaced liquid (equation
2.8).

Fb = ρw ∗ Vplant ∗ g = ρw ∗ (
1

4
π ∗ ∅2stem ∗ hadjust) ∗ g (2.8)

Where:

Fb the buoyancy force (N )
Vplant the volume of a single seedling (m3)

2.5.2 Root anchorage

The anchorage strength of the seedlings depends on the cohesive strength of the
sediment and the size of the root system. In the research of Schutten et al. (2005),
several models were presented to determine the root anchorage of certain plant
species. These models (equations 2.9 and 2.10) approximated the anchorage strength
using the product of cohesive strength and root-system size (Schutten et al., 2005).
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In these equations Fa is the anchorage strength (in Newton) and k and j are species-
specific attachment coefficients for the surface of a hemispherical root ball.

Fa = k ∗ A
2
3
r ∗ Cu (2.9)

Fa = j ∗M
2
3
r ∗ Cu (2.10)

Where:

Fa the anchorage force (N )
Ar the root area (m2)
Mr the root dry mass (g)
Cu the sediment cohesion (Pa)

The research of Schutten et al. (2005) showed that these models were able to pre-
dict anchorage strength reasonably well for all of the nine species investigated. Sal-
icornia procumbens was, not one of the species that was tested. During the flume
experiment, the dry mass of the root systems of the samples was not measured.
However, the bio-morphology of the root system and the cohesion were determined.
So in this research, the model for the anchorage described by equation 2.9 is used.
To use this model, the species-specific attachment coefficients for the surface of a
hemispherical root ball need to be determined. This parameter can be determined
by rewriting equation 2.9 and using the removal force of Salicornia that was mea-
sured from several samples during the experiment.

k =
Fa

A
2
3
r ∗ Cu

(2.11)

This dimensionless parameter can be determined with the measured shear strength
and bio-morphology of the root system (equation 2.11). This calculation was con-
ducted using all samples in which the removal force was measured. The average
will be used as the specific attachment coefficient for Salicornia (Appendix C). This
parameter could then be used to determine the anchorage strength of the samples
in which the removal force or anchorage was not directly measured.

2.5.3 Dynamic force on seedling, momentum

Due to the oscillatory nature of flows produced by waves, the flow direction periodi-
cally reverses and the plant is swept in the flow direction. This constant acceleration
and deceleration of the aboveground biomass of the plant, gives a certain momen-
tum. The force produced by the constantly changing momentum adds to the forces
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pulling on the root system. For the calculation of the force exerted by the momen-
tum, it is assumed that the movement speed of the plant is equal to the orbital speed
of the flows produced by the waves. Furthermore, it is assumed that this speed is
reached instantly and starts at 0 when the plant is completely swept to one side.
The force produced can be calculated using equation 2.12 .

Fm =
dp

dt
= m ∗ dv

dt
(2.12)

Where:

Fm the momentum force (N )
dp/dt the rate of momentum transfer per unit time (kg ∗m/s)
dv/dt the change in velocity per unit time (m/s)

The mass of the plants can be derived from the plant traits using the same proce-
dure as calculating the gravity force (Equation 2.5).

For smaller plants, the force produced by a change in momentum is often minor
compared to the drag forces. The factors that scale with mass like the momentum
forces on the plants are likely to increase more rapidly with increases in size than
are factors that scale with the area such as the drag forces. So in small, lightweight
plants, the drag forces may be dominant, whereas, in large plants, the force due
to momentum is dominant. In the research of Denny et al. (1998), a dimension-
less index, the jerk number (Equation 2.13), is proposed as a tool for predicting
when inertial forces will be important. This jerk number will be used to assess if
the momentum force is a dominant force acting on the Salicornia seedlings in this
research. This number is the maximal inertial force that could be applied to the plant
divided by the maximal drag force Denny1998TheOrganisms. For this calculation, it
is assumed that the maximum flow velocity during the experiment was 0.60 m/s.

J =
ux,m
√
km

FD,max

(2.13)
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2.6 Bed shear stress

In this section the determination of the bed shear stress, using the flow velocities is
described. Bed shear stress is a fundamental parameter, that links flow conditions
produced by waves to sediment transport and erosion. The bed shear stress (τb)
can be calculated using equation 2.14 from Van Rijn et al. (1993) and the equivalent
bed roughness (equation 2.15) fw using the equation provided by Soulsby (1997).

τb = ρwu
2
∗ =

1

2
ρwfwU

2
b (2.14)

fw = 1.39(
Aw

z0
)−0.52 (2.15)

z0 =
KN

30
=
D50

12
(2.16)

KN = 2.5 ∗D50 (2.17)

Where:

τb the bed shear stress (Pa)
fw the wave friction coefficient (−)
Ub the near bed flow velocity (m/s)
z0 the roughness length (m)
KN the Nikuradse roughness height (m)
Aw the wave orbital semi-excursion at the bottom (m)
D50 the maximum median sediment diameter (mm)

To determine if the flow velocities produced by the wave flume result in sediment
transport, the critical shear stress of the sediment is compared to the shear stresses
produced by the flow velocities. The critical shear stress of the sand used during the
flume experiment, was approximately 0.14 Pa (Schroevers et al., 2010; You et al.,
2009) (Figure 2.5). In the same table, the value for consolidated sand with 50% clay
ranges from 0.50 to 1.00 Pa. The Zuidgors sediment had a 60.5% silt fraction and
was very consolidated, so the critical shear stress was estimated to be in the upper
limit of this range (1.00 Pa).
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Figure 2.5: Critical shear stress (τcrit) for different types of sediment (Schroevers
et al., 2010)

2.7 Statistical methods

Section 2.7.1 presents the method for determining the average and standard devi-
ation of the plant traits per age group. Section 2.7.2 describes the Student’s T-test
used to determine if certain parameters like scour depth in sand or clay were statis-
tically different.

2.7.1 Averages and standard deviation

To calculate the averages and standard deviations of the observed plant traits,
seedlings of ascending ages were distributed over bins of 5 days. The average
and standard deviation within each bin was calculated. The averages and standard
deviation over time were plotted in Matlab to compare the results and give a compre-
hensible view. The standard deviation was used for the error bands of the averages
at each time interval.

2.7.2 Significance of the difference (T-test)

The T-test is a parametric statistic test. It is generally used to examine if the popula-
tion mean differs from a certain value using a null hypothesis (Mcclave et al., 2011).
It was assumed that the variance of the different populations was not equal and the
test was two-sided. The confidence interval used was 0.05, which is a typical con-
fidence interval in science (Mcclave et al., 2011). The default null hypothesis for a
2-sample t-test is that the two groups are equal. So, the null hypothesis is rejected
when P<0.05. Rejection of the null hypothesis indicates that the compared parame-
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ters are statistically different at the chosen confidence interval. Using equation 2.18,
the T-value is then calculated.

t =
x̄i − x̄j
σ
√
n

(2.18)

Where:

t the T-test value (−)
x̄i the sample mean (−)
x̄j the population mean (−)
σ the standard deviation (−)
n the population size (−)
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Chapter 3

Results

This chapter presents the results of the research. The chapter starts with the devel-
opment of the sediments over time presented in section 3.1. This section is followed
by section 3.2, presenting the development of the Salicornia seedlings in these dif-
ferent sediments. Next, in sections 3.3 to 3.6, the failure of the seedlings in the wave
flume is presented. Last, section 3.7 the additions to the WoO framework as a result
of the findings of the research are described.

3.1 Development of sediment over time

The shear strength of cohesive sediments measured during the flume experiment
is higher and more variable than the shear strength of non-cohesive sediments (Ta-
ble 3.1), although it should be taken into account that this included the tests with
fresh mud that had only settled for five days. Excluding these samples, the range
of the shear strength is still more variable in cohesive sediment and overall higher.
The cohesive sediment exhibited considerable consolidation over time (Figure 3.1).
The consolidation rate flattened out over time; therefore, consolidation in cohesive
sediments is not linear. The sandy sediment on the other hand, exhibited no consol-
idation.
The erosion resistance of the cohesive sediment rapidly increased over time. Fig-
ure 3.2 shows how older mud behaves in comparison to freshly deposited mud.

Table 3.1: shear strengths ranges of the different sediment types

Sediment type Observed shear strength range
Non-cohesive 7.20-28.85 kPa
Cohesive 15.30-68.40 kPa
Cohesive (including five-day-old samples) 0.50-68.40 kPa

29
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Fresh, one-day-old sediment erodes easily under the wave conditions produced
in the flume with erosion rates between 0.17 and 0.5 mm per minute. This ero-
sion process seems to have a linear characterisation. For mud that has settled for
five days, the erosion rates in the flume are lower, between 0.14 and 0.11 mm per
minute. However, this process was not linear. Once the top layer of the sediment
had eroded, the erosion rate seemed to reach an equilibrium in which longer com-
mensurate wave loading did not result in more erosion (Figure 3.2).

The cohesive sediment in which the Salicornia seedlings were planted was much
older (70+ days) than the 5-day old samples and therefore experienced consider-
able consolidation. The erosion resistance of this sediment was so high that even
at maximum amplification in the wave flume, hardly any erosion occurred in these
samples

Figure 3.1: Consolidation cohesive sediment over time
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Figure 3.2: Erosion in flume over time for cohesive sediment, one day old (blue)
mud, five days old mud (black)

3.2 Development Salicornia seedlings in different sed-
iments

The development of the Salicornia seedlings is divided into the development of the
aboveground biomass and the belowground biomass. Section 3.2.1 describes the
development of the seedlings aboveground. Section 3.2.2 describes the develop-
ment of the seedlings belowground.

The aboveground biomass consists of the length of the shoot, diameter of the stem
and the total frontal surface area of the plant. The belowground biomass is the
length of the roots and the thickness of the roots.

3.2.1 Morphological plant characteristics of the aboveground
biomass

The development of plant height over time is comparable for seedlings growing in
sand and mud (Figure 3.3). Although the linear fit for mud seems to be slightly
steeper and higher , the plant height is not statistically different in seedlings growing
in sand and mud (P= 0.735). Furthermore, the plant height of the seedlings growing
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in mud seems more variable than those in sand, with a larger standard deviation per
age group (Figure 3.6). This trend continues for the frontal area and stem diame-
ter; especially, the average frontal surface area of seedlings in mud is larger with
an even larger standard deviation (Figure 3.7 and Figure 3.8). However, both the
frontal surface area and stem diameter are not statistically different (P=0.056) and
(P=0.178).

Figure 3.4 suggests that in muddy sediments, the seedlings develop a larger frontal
surface area in the same period compared to sand. In figure 3.7, this is visible.
Overall, the frontal surface area of the seedlings in mud is larger at a specific plant
height than in sand (Figure 3.5). This suggests that the aboveground biomass of the
plants in mud becomes more complex in a shorter period. Figure 3.5 also indicates
that once a certain plant height is reached, the frontal surface area’s development
increases more rapidly; this is not a linear process.

In terms of observed plant morphology of the aboveground biomass, there are some
differences between seedlings growing in sand and mud. In mud, the main stem
sprouts a few primary branches that often bifurcates into secondary branches. With
increasing plant height, the plant becomes more complex with more branches and
secondary branches. In sand, the emerging seedlings consist of a thin main stem,
sometimes with a few short primary branches, but overall the plants are less com-
plex than their counterparts in mud.

Figure 3.3: Plant height (mm) vs age (days)
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Figure 3.4: Frontal surface area (mm2) vs age (days)

Figure 3.5: Plant height (mm) vs frontal surface area (mm2)
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Figure 3.6: Plant height (mm) vs age (days) average with standard deviation

Figure 3.7: Frontal surface area (mm2) vs age (days) average with standard devia-
tion
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Figure 3.8: Stem diameter (mm) vs age (days) average with standard deviation

3.2.2 Morphological plant characteristics of the belowground biomass

In terms of observed plant morphology of the belowground biomass, there are some
differences between seedlings growing in sand and mud. The root length and root
thickness are statistically different between sand and mud (P=0.027) and (P=0.003).
Figure 3.9 shows that roots growing in sand are, on average, thinner and longer
compared to roots growing in mud. These differences are also visible in figures 3.10
and 3.11, comparing the averages and standard deviations of different age groups
in sand and mud. Figure 3.11 also indicates a lower variability in root thickness in
sand compared to mud.

In sand, a wide and complex root system develops with many bifurcations and a
lot of surface area (observation during the experiment). In (consolidated) mud, the
Salicornia seedlings develop thick and relatively short roots. The root system in mud
is simple and narrow, with a thick primary root and a few primary branches to the
side (observation during the experiment).
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Figure 3.9: Root length of Salicornia compared to root thickness in mud and sand

Figure 3.10: Root length (mm) vs age (days) average with standard deviation
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Figure 3.11: Root thickness (mm) vs age (days) average with standard deviation

3.3 Effect of plant traits on failure

In this paragraph the effect of the plant traits on the failure of Salicornia seedlings is
discussed. The difference in failure because of sediment type is examined in para-
graph 3.4. For this analysis, the time in flume adjusted to the wave amplification
factor is used.

Figure 3.12 indicates that the aboveground and belowground plant characteristics in
mud have a weak correlation with an R2 value of 0.49. Therefore changes in above-
ground biomass may also be the result of changes in the belowground biomass. In
sand, the R2 value is 0.09, this is very low, so in sand the shoot length and root
length are independent .

The morphology of the roots seems to influence the failure of Salicornia seedlings.
The root length has a pronounced positive effect on the amount of wave loading a
seedling can endure in both sediments. This trend is presented in figure 3.13D. The
effect of the root thickness is less conclusive however (Figure 3.13E). It seems that
in non-cohesive sediment the root thickness has no effect on failure.

The effect of the aboveground biomass on the failure of Salicornia also seems less
conclusive. The different sediments give different results. This difference could re-
sult from the correlation between the root and shoot of plants growing in cohesive
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sediment. When looking only at non-cohesive sediments, a larger plant height or di-
ameter results in less time in the flume, i.e quicker failure (Figure 3.13A and Figure
3.13B). For all plant trait of the seedlings growing in cohesive sediment it should be
noted that the number of samples is limited.

Figure 3.12: Shoot length compared to root length of Salicornia in sand an mud
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Figure 3.13: Effect of plant traits on the time to failure of Salicornia in the wave
flume. A: the effect of the plant height; B: the effect of the stem diam-
eter; C: the effect of the frontal surface area; D: the effect of the root
length; E: the effect of the root thickness.
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3.4 Seedlings under irregular waves

Figure 3.14A shows the flow velocity produced by irregular waves of a wave spec-
trum with an amplification factor of 0.8 (Hs=0.20 m; T=2.50 s). The figure shows
the velocities produced by the irregular waves during a time interval of 100 seconds;
the whole wave spectrum has a duration of approximately 30 minutes. The waves
exhibited periods of high flow velocity (for example, at the interval 40-50 s) and pe-
riods in which the flow velocity was moderate (for example, at the interval 60-70 s).
Over the entire spectrum, the waves produced maximum peak velocities reaching
up to 0.82 m/s. These calm and more intense periods are even more pronounced
when looking at the bed shear stresses produced by these waves (Figure 3.14B).
The reason for this is because the bed shear stress is proportional to the square of
the velocity (Equation 2.14 ). The bed shear stresses produced by the waves over
the entire spectrum reached a maximum of 2.05 Pa with an average value of 0.58 Pa.

The non-cohesive sandy sediment had a critical bed shear stress of 0.14 Pa, so
the irregular waves should easily be able to cause sediment transport in these sam-
ples. This was also observed in the flume, where different erosion and sediment
transport patterns were visible. The cohesive Zuidgors sediment had a theoretical,
critical bed shear stress of 1.00 Pa. So the irregular waves were occasionally able
to erode the sediments during periods with high flow velocity peaks. For example,
between 40 and 50 seconds, the bed shear stress exceeds the critical bed shear
stress of the sediment and thus, sediment transport may occur. However, for the
most part, the bed shear stress produced by these waves remains below the criti-
cal bed shear stress, so sediment transport is limited. This was again visible in the
flume; the cohesive sediment sample only exhibited minor erosion and little sedi-
ment transport.

The energy received by the plants is not only depending on the wave characteristics
but also on the aboveground plant parameters. During the experiment, the differ-
ences in plant growth between the sediment types were noted. A typical plant in
mud (plant 15a) and a typical plant in sand (plant 34a) were selected to examine

Table 3.2: Aboveground plant characteristics of a typical plant in mud and a typical
plant in sand

Plant Height (mm) Stem diameter (mm) Area (mm2)
Typical plant in mud (15a) 70 3.00 313
Typical plant in sand (34a) 54 3.20 230
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the effect of the different sediment types. Table 3.2 shows the aboveground plant
parameters of these plants used for the wave energy calculation (Chapter 2.4.2).
The resulting cumulative energy received by the plants over time during an equal
wave scenario (amplification factor 0.8) of 30 min in the flume is presented in fig-
ure 3.15. A typical plant in mud has more complexity and, therefore, frontal surface
area. Thus, a typical plant in mud receives more energy over time compared to its
counterpart in sand; this is visible in figure 3.15. For plant failure, this also means
that the root system of plants in cohesive sediment needs to counter higher drag
forces compared to plants in non-cohesive sediment.

Figure 3.14: A: flow velocities produced by an irregular wave spectrum (top), B: Bed
shear stresses produced by an irregular wave spectrum (bottom)
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Figure 3.15: Wave energy received by plants under irregular waves in different sed-
iments

The to-and-fro motion as a result of the oscillating flows produced by the waves
was not uniform over time, due to the irregularity of the wave spectrum. The move-
ment of the plants varied, between short motions and motions with a longer path
that occurred randomly. Figure 3.16 presents the maximum plant movement at two
separate time intervals under the same wave scenario. At the lower flow velocity
peaks, visible in figure 3.14A, plant motion will be moderate and the extension of
the plant stem limited (Figure 3.16A).The plant motion is more intense at the larger
peaks however, and will therefore put more strain on the root system (Figure 3.16B);
in particular, the lateral roots that have to counter the horizontal movement of the
plant are stressed.This stronger force on the lateral roots is illustrated in figure 3.17.
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Figure 3.16: Motion path of a seedling under irregular waves, A: moderate flow ve-
locity cause a small motion (left), B: high flow velocities cause a larger
motion (right)

Figure 3.17: Force balance of a seedling under irregular waves, A: moderate flow
velocity causes small forces on the root (left), B: high flow velocity
causes larger forces on the root (right)
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3.5 The different failure mechanisms observed dur-
ing the flume experiment

During the experiment, the wave-induced failure mechanism exhibited in the flume
by the seedlings was different between the sediments. Both scouring and defor-
mation of the sediment around the plants were observed. The different types of
depression formation around plants are illustrated in figure 3.18.

Figure 3.18: Depression forming process
in non-cohesive sediment
(left) and cohesive sediment
(right)

In non-cohesive sediment, the wave-
induced scouring gradually forms a
bowl-shaped depression around the
seedlings. The effect of the develop-
ment of this bowl is to gradually ex-
pose the plant roots to the flow and
wave action. This reduces root an-
choring and unbalances the equilib-
rium and the seedlings will therefore
fail.

In cohesive sediment, the depression
around the plant is narrow and un-
even; the effect of erosion is less pro-
nounced. During the flume experi-
ment, it was observed that the to-
and-fro movement of the plant created
these deformation-cavities around the
plants. Although still some erosion
was observed, the deformation of the
cohesive sediment around the base of
the plant is a result of to-and-fro move-
ment. This deformation cavity gives
the seedling progressively more space
for movement under the to-and-fro motion of the waves. A consequence of this in-
creasing motion freedom is that the lateral plant roots are progressively pried out of
the sediment or broken. This exposes the roots to the waves and the constant move-
ment loosens the sediment around these lateral roots making the sediment holding
these roots in place easier to erode. The effect is that the plant has even more space
to move and the roots that are holding the plant upright are slowly losing strength
and anchorage. The anchorage loss causes the seedlings to topple under extended
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wave loading; the seedling will thus have failed. However, the seedlings will not flush
away because the deeper part of the root is still anchored securely in the soil.The
failure mechanisms in cohesive and non-cohesive sediments are illustrated in figure
3.19. In this figure, each mechanism is divided into four stages.

Figure 3.19: The 4 stages of failure of Salicornia seedlings in mud and sand. Stage
1: the initial forces on the plant. Stage 2: start of depression devel-
opment around plant, narrow and uneven in mud, wide and smooth
in sand. Stage 3: roots begin to lose anchorage. Stage 4: plant has
failed, flushed away in sand and toppled in mud.
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3.5.1 Stage 1: initial forces on seedling

Initially, the forces on the above and belowground biomass do not act directly along
the same line of action (Figure 3.20A). Therefore the forces that are applied to the
seedlings do not pass through the centroid of the body. This causes the plants to
have a moment resultant, which means the plants will rotate or tilt. This effect is
illustrated by figure 3.20B. The plant will rotate around the point where the root en-
ters the soil, the pivot point. Once the plant has tilted, and the forces applied on the
seedlings do pass through the centroid of the body, the tilting will stop and the plant
is in balance (Figure 3.20C). In the experiment, the seedlings in mud (of different

Figure 3.20: A:initial forces on seedling (left), B:Resulting moment forces on
seedlings (middle), C:Tilt of plant due to moment forces (right)

ages) had larger stem diameters than their counterparts in sand. This trend was
also visible for the frontal surface area. Therefore, on average, plants growing in
mud will experience higher buoyancy and drag forces under equal wave conditions
compared to plants in sand. In the flume, the aboveground biomass experiences
drag and buoyancy forces representing the uprooting forces (Fr) on the plant, caus-
ing failure. Conversely, the belowground biomass provides the anchorage of the
seedling to the bed and prevents failure of the plant.

Another force that acts on the plant, is the force due to momentum carried by the
plant. However, because the low weight of the plants (less than a gram) and mod-
erate flow velocities, this force is several orders of magnitude smaller than the drag
forces acting in the same direction. The jerk number is therefore also very small and
thus, this force is neglected in this study.
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The plant anchorage depends on the properties of the plant’s root system, the sed-
iment characteristics and a dimensionless specific attachment coefficient (k). The
dimensionless attachment coefficient is dependent on the type of vegetation. The
k value for Salicornia is 6.5; for the full calculation, see appendix C. When the soil
strength and the root area of a seedling are known, this can be used to calculate the
theoretical anchorage.

3.5.2 Stage 2 and stage 3: begin and development scour-hole

Figure 3.21A represents the forces at the beginning of the scour-hole formation.
Due to the scour-hole development, the pivot point of the plant moves down along
the root (Figure 3.21B). This increases the lever arm of the force’s action on the
above biomass of the plant, thus the moment balance shifts. Furthermore, a part
of the plant root can no longer assist in anchoring the plant and has more space to
move. After a period of exposure to the waves, the anchorage of the seedlings to the

Figure 3.21: A: Begin scour-hole formation (left), B: Development scour-hole (right)

bed decreased. In the wave flume, several mechanisms that cause the plants to lose
anchorage were observed. The soil around the roots of some seedlings eroded; this
left the plant roots with less material for support and anchorage. Furthermore, the
roots of some plants were damaged or broken by the wave loading, so the plant had
fewer roots for anchorage.

An important observation was that the shallow roots near the stem had the most
considerable contribution in keeping the plants upright. So losing anchorage from
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the upper roots has more consequences for the plant regarding toppling than the
loss of deeper roots.

In figure 3.22 and 3.23, the difference in depression-hole development between co-
hesive and non-cohesive soils is presented. Overall around plants in sand more
profound depression-holes developed (2.5 times deeper on average) in the same
amount of time.The in sand also plant received less wave energy and flume time
compared to mud. Another observation from the flume experiment was that the
shape of the scour in sandy sediment is very different compared to mud. In sand,
the scour-hole was very wide and the transition from the regular bed to the scour-
hole smooth. In mud, the depression around the plant was narrow, chunky, and very
asymmetrical.

Figure 3.22: Scour-hole depth development with total cumulative time in flume in
sand and mud
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Figure 3.23: Scour-hole depth development with received amount of energy in
flume in sand and mud
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3.5.3 Stage 4: failure of the plant and behaviour once failed

Once the equilibrium between the uprooting and anchoring forces is disrupted, the
seedlings will fail. The observed failure of the seedling in sand was very different
compared to mud. In sand, the seedlings flushed away when still submerged (Fig-
ure 3.24A). Seedlings growing in mud toppled under extended wave loading, but
did not flush away entirely, because the deeper part of the root was still anchored
securely in the soil (Figure 3.24C). Furthermore, because of the buoyancy forces
on the seedlings in mud, the plants will remain upright when submerged. Once the
plants are unsubmerged, the buoyancy forces disappear and the only force acting on
the plants is the gravity force produced by the seedling’s own mass (Figure 3.24B).
If the root and stem can counter these moment forces, the plant will remain upright;
otherwise, the plant will fail. Sediment deformation can reduce the anchorage of the
root. Another consequence of sediment deformation is that the seedlings have more
room to move and tilt. This tilt also increases the lever arm of the gravity force. So
the moment produced by this force will also increase and put even more stress on
the roots and stem.

Figure 3.24: A: Submerged failure in sand (left), B: unsubmerged force balance of
a seedling (middle), C: unsubmerged failure in mud (right)
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3.6 Thresholds of the failure of Salicornia seedlings

The thresholds for failure of a Salicornia seedling during the WoO2 window are
dependent on the bio-morphological parameters of the plants, as well as the wave
conditions. For the determination of the thresholds, plant averages observed during
the experiment were used. The thresholds were divided between non-cohesive and
cohesive sediment. Section 3.6.1 presents the thresholds in non-cohesive sediment.
Section 3.6.2 presents the thresholds in cohesive sediment.

3.6.1 Failure thresholds in non-cohesive sediments

In non-cohesive sediments, erosion is the dominant process in the failure of a seedling.
During the experiment, plant failure occurred when a scour-hole due to erosion
reached a depth of approximately 17% of the root length. The volume of the root
system can be describe as hemisphere. So a reduction of 17% in root length equals
a loss of root volume of 26%. To reach this depth, the plants received on average
8.5 joule of wave energy or 14 minutes of adjusted flume time per mm decrease.

For the critical erosion depth (CED) in sand, only 2 to 3 data points per age group
where available so this gave large differences in CED between the age groups, even
though the maximum difference in age between the groups was 15 days (Figure
3.25). The average CED over all ages was 9 mm.

Figure 3.25: Critical erosion depth over different age groups, average with standard
deviation band
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3.6.2 Failure threshold in cohesive sediments

In cohesive sediments, the to-and-fro motions of the plants in the flume are the pri-
mary process, that induces deformation around the plants. The threshold is the
amount of to-and-fro motions of a certain magnitude a plant can endure before fail-
ure. These motions are countered by the number, thickness and length of the lateral
roots of the seedlings. So there is a relation between the root system of a plant, the
amount of to-and-fro motions, and the plant’s failure.

However, due to the limited amount of seedlings that failed (n≤5) in mud during
the flume experiment, the exact amount of to-and-fro motions of a certain magni-
tude a plant can withstand before failure and the relation to the root characteristics
could not be determined. So due to lack of data, the failure thresholds could not be
determined, figure 3.26 and 3.27 do however suggest that there is a positive rela-
tionship between the belowground plant traits (root length and root thickness) and
the amount of to-and-fro motions a plant can endure.

Figure 3.26: Number of to-and-fro motions until failure compared to root length of
the seedlings
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Figure 3.27: Number of to-and-fro motions until failure compared to root thickness
of the seedlings
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3.7 Expanse of the WoO framework

This research found that, in cohesive sediment, erosion was not the dominant pro-
cess that induced failure in Salicornia seedlings. Thus, CED may not be the best
approach for determining the establishment of saltmarshes with a high mud content.
So in this research, the WoO framework is defined in terms of BSS instead.

During the flume experiment, seedlings growing in cohesive sediment could with-
stand more wave loading compared to seedlings in non-cohesive sediment. So
this research suggests that seedlings growing in sediments with a high clay content
have a more flexible WoO2 window (the critical BSS (τveg) is larger in mud) (Figure
3.28, Scenario B). Furthermore, in clay that is consolidated, with high soil strength,
seedlings had an even more flexible WoO2 (Figure 3.28, Scenario D). However,
an intervention increasing consolidation most likely negatively affects successful
salt marsh establishment, when implemented before seedlings have completed the
WoO1 window (Figure 3.28, Scenario C). In consolidated clay slower root elonga-
tion and reduced root length was observed. Slower growing roots in this first phase
expands the duration of the WoO1 window and can thus negatively affect successful
salt marsh establishment.

Figure 3.28: Schematization of the WoO adapted from Hu et al., (2015). A,B,C and
D are different scenarios for vegetation establishment
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A. A scenario of the establishment of vegetation on a salt marsh where the sediment
consists primarily of non-cohesive sediment.

B. A scenario of the establishment of vegetation on a salt marsh with a high clay
content where the clay does not experience increased consolidation due to an inter-
vention. The higher erosion resistance and soil strength of the cohesive sediment
will result in a more flexible WoO2 window for vegetation establishment.

C. A scenario of the establishment of vegetation on a salt marsh with a high clay
content where the cohesive sediment was already consolidated before the WoO1
window was initiated. In this scenario, the WoO1 is longer because the initial an-
chorage of the seeds takes longer, because of the high soil strength. This soil
strength also means that once anchored, the seedlings will not easily flush away
due to erosion.

D. A scenario of the establishment of vegetation on a salt marsh with a high clay con-
tent where subsequently to the conclusion of WoO1, an intervention is implemented
that induces consolidation of the sediment. During the primary consolidation period,
the soil strength of the salt marsh sediment rapidly increases and so does the plant
anchorage.
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Chapter 4

Discussion

This chapter starts discussing the methods and practises of the flume experiment in
section 4.1. This is followed by sections 4.2 and 4.3, discussing the findings of this
research. In section 4.4, the irregular waves observed during the experiment are
compared to simulated regular waves and in section 4.5 a simple model describing
seedling failure is discussed. In section 4.6, the practical implications of the research
are considered.

4.1 Methods of the flume experiment and observa-
tions

During the growing phase of the flume experiment, the different batches with seedlings
displayed considerable variation in plant characteristics. The samples from the first
batch for example, on average lower had plant heights. This stunted growth was pre-
sumably the result of extreme weather during the growing phase of this first batch.
Extreme weather is part of the environmental factors influencing the development
of vegetation on salt marshes. The extreme weather conditions also resulted in
seedling death and thus loss of data. In the experiments of Bouma et al. (2016),
Cao et al. (2018), and D. Poppema (2017), the plants were grown in tidal meso-
cosms with a constant temperature. So in these experiments, the seedlings were
exposed less to the natural environment and varying climate conditions. The re-
search of Bouma et al. (2016), Cao et al. (2018), and D. Poppema (2017) also used
the tidal mesocosm to expose the plants to a semi-diurnal tide. This is another differ-
ence compared to this research in which the plants were irrigated bidaily. Because
the plants were not inundated regularly, waves and currents were absent during veg-
etation growth. This is a substantial difference from vegetation growth in the field.
The presence of waves and currents in the field may influence the growth and bio-
morphological development of the seedlings.

57
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Furthermore, during the flume experiment, the extraordinarily hot weather in com-
bination with a low moisture content resulted in strongly consolidated clay samples,
with uncharacteristically high soil strengths. The research of Gillen et al. (2020)
found that soil shear strength in monospecific salt marshes ranged from 5 to 36 kPa.
Soil strengths between 15.30 kPa and 68.40 kPa were measured during the flume
experiment. This is a higher range than a typical salt marsh. Due to these high
soil strengths, and in extension, high root anchorage values, the samples may not
accurately have represented conventual natural conditions. For the comparison with
plants in the field, plants that originated from the Marconi site near Delftzijl were
also tested in the flume. These tests using field plants failed, however. The plants
and a portion of original sediment were embedded in the boxes and did not lose
anchorage but were flushed out together with the original sediment.

During the experiment, some of the plant and sediment traits that could have been
useful for the determination of the root anchorage, were not documented. For exam-
ple, the dry weight of the root system or the characteristics of the lateral roots were
not documented. Some of these plant traits were estimated subsequently using the
photos.
This does, however, add uncertainty to the measurement; the photo needs to be
scaled and is only 2D, so some of the lateral roots might not be visible in the photo.
Furthermore, the exact thickness of the roots was hard to determine on the photos
because of the sediment clinging to the roots.

As regards to the sediment characteristics, the shear vane used for the experiment
was not sensitive enough to measure the shear strength (<0.22 kPa) of some of
the fresh mud samples. So the shear strength of these samples could not be de-
termined. The most sensitive shear vane used was an “extra-large” shear vane
(80x100 mm) and had a multiply factor of 0.025. For the fresh mud samples, a
slightly more sensitive vane is recommended. Furthermore, sediment samples of
each box were sent to a lab for analysis. These samples got lost however, so they
could not be used. The results from the analyses could, for example, have been
used to determine the density of the sediment in the different boxes or to determine
the moisture content. These parameters are essential for the erosion calculation
(equation 1.2) and give more insight into the consolidation process.
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4.2 The biophysical plant parameters

This research found that the sediment type considerably influences the belowground
biomass of Salicornia seedlings. In non-cohesive sediments, the roots were long
and thin and in cohesive sediments relatively short and thick. This is because the
root system growth and the elongation of individual roots are often limited by soil
strength (Mickovski, 2003), and roots have evolved ways of penetrating and exploit-
ing compacted soils. For example, the thickening of the root relieves stress in front
of the root apex and decreases buckling because the stress is distributed over a
larger volume (Bengough et al., 2006). So sediments with higher compaction and
soil strength, like the cohesive sediments in this study, will limit root elongation and
induce thickening of the roots.

The observed aboveground differences in plant morphology, namely the complexity
of the plants, are likely driven by the larger water and nutrient availability in cohesive
sediments, in comparison of the less fertile non-cohesive sediments used in the ex-
periment. Prof. L. Mommer from the Wageningen Uni verity Research confirmed
that this was likely the reason for the differences in plant growth.

The measured removal force of the seedlings during the experiment, was signifi-
cantly higher than the values measured at the Marconi site by the research of Hen-
driks (2020). The degree of consolidation of the material, and in turn the higher
soil strength of the samples, is a probable cause for this difference. Furthermore,
the plant-specific attachment parameter (Schutten et al., 2005) that was used to
determine the anchorage of the seedlings, was calibrated using the removal forces
and soil strengths measured during the flume experiment. In the equation of the
anchorage force, the high soil strength of cohesive sediments is compensated for.
However, when the plant-specific attachment parameter of Salicornia is used in fu-
ture research, it may be prudent to recalibrate the parameter. Especially because
the parameter in this research is calibrated using a relatively low number of obser-
vations (n=5), so calibrating with more samples will increase the accuracy.

4.3 Erosion and consolidation of sand-mud mixtures

In the growth phase of the experiment, the consolidation rate of the cohesive sed-
iment was high in the beginning (the primary consolidation phase), but flattened
out over time (secondary consolidation phase). A typical duration for the primary
consolidation phase is 10 to 50 days; the primary consolidation phase observed in
the experiment occurred well within this range (Figure 4.1). The soil strength is di-
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rectly related to the consolidation degree of the sediment (Germaine et al., 1998).
Therefore, consolidation of the cohesive sediment increases the erosion resistance.
Furthermore, cohesive sediments typically have higher soil strengths compared to
non-cohesive sediments (Schoutens et al., 2021). Thus, sediments with increasing
clay content exhibit higher erosion resistance (Houwing, 1999; Kothyari et al., 2014).
During the flume experiment. This effect of consolidation on erosion resistance was
also observed; Mud that had settled for only one day, with little consolidation, eroded
easily and

Figure 4.1: Division of the primary and secondary consolidation of the Zuidgors
sediment

did not reach an equilibrium. Mud that had settled for five days eroded slower and
eventually reached an equilibrium erosion depth (Figure 3.2. The top layer of this
five-day-old mud was, however, still easy to erode. The sediment seemed to be
stratified, with an easy to erode top layer and a layer beneath this where the erosion
resistance was higher. The research of Perera et al. (2020) also used this two-layer
concept which distinguishes between a more easily erodible surface aggregate layer
(simulated using a linear erosion model) and an underlying sediment layer bound by
both the physio-chemical cohesion and biological adhesion. The stratification is also
the reason why there was not a good trendline that incorporated both layers. There-
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fore, in figure 3.2, the first part of the trendline that incorporated the top layer of
the sediment was left out. The research of Kranenburg and Winterwerp (1997) also
noted the gradual increase in bed strength with depth, which is related to the in-
crease in bed density.

The research of Onorato et al. (2006) observed that the development of scour-holes
also occurs at a slower rate in cohesive sediments than in non-cohesive sediments.
This corresponds with the observation during the flume experiment that scouring
was limited or even non-existent in cohesive sediment. This was to be expected,
because scouring is an erosion process (Schoutens et al., 2021) and will thus be
affected by the higher erosion resistance of the cohesive sediment. Highly cohesive
sediments have a high shear strength, which prevents erosion (e.g., scouring) and
potential uprooting, even under storm wave conditions (Möller et al., 2014; Spencer
et al., 2016).

The research of Jacobs (2011) related the different erosion modes of sand-mud
mixtures to the bed shear stress and the shear strength of the bed (e.g., surface
erosion, floc erosion and mass erosion). Figure 4.2 gives an overview of the classi-
fication of erosion modes for cohesive soils with the bed shear stress as a function
of the bed strength. During the flume experiment mainly a stable bed was observed
and some surface and floc erosion in the cohesive sediment samples. This is com-
pared to the erosion modes that should occur according to the classification graph
of the reseach of Jacobs (2011), using the bed strength measured during the flume
experiment and the shears stresses produced by the irregular waves. The maximum
bed shear stress produced in the flume was 0.81 Pa; the shear strength from the
cohesive sediment samples (including the fresh mud) ranged from 0.50-68.40 kPa
or 500-68400 Pa. It should be noted that some of the fresh mud samples had lower
shear strengths. According to the graph, some floc and surface erosion should be
visible at the low end of this range, this is in the fresh mud, this is in accordance with
the observations in the flume. Nevertheless, according to the classification graph,
the bed should be mostly stable, especially at the higher shear strengths, which was
again what we observed in the flume.

4.3.1 Erosion and sediment transport during short storm events
vs longer moderate events

In non-cohesive sediment, most sediment transport occurs during moderate events
(Leonardi & Fagherazzi, 2015); an extended period of moderate waves will produce
more erosion and will influence failure more than a short storm event. However, in
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Figure 4.2: Classification of erosion modes for cohesive soils with the bed shear
stress as a function of the bed strength (Jacobs, 2011)

cohesive sediment, the critical bed shear stress is much higher, so moderate events
will not cause much erosion. A substantial storm event however, might produce bed
shear stresses necessary for sediment transport. In cohesive sediment, the to-and-
fro motion of the plant is instrumental for failure. Plant roots have evolved to with-
stand some motion, so moderate events causing limited to-and-fro motions probably
will not induce failure. In cohesive sediment, duuring storm events, the stresses on
the roots are larger because the to-and-fro motions are more pronounced; this may
exeed the limits of force the roots can withstand and result in failure. So, in cohesive
sediment, a short storm event might be worse for the plants than in non-cohesive
sediment.

4.4 Irregular vs regular waves

The significant wave height (Hs) is commonly used in engineering design consider-
ations as a representative wave to approximate the otherwise irregular wave field,
and seems to correlate well with visual estimates of wave height from experienced
observers (Young, 2017). Figure 4.3 shows the flow velocities produced by the ir-
regular waves (Hs=0.2 m; T=2.5 s) observed during the flume experiment. The
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waves of a monochromatic wave spectrum (H=0.2 m; T=2.5 s) with comparable
wave characteristics in an equal time interval (Figure 4.3) produce lower maximum
flow velocity peaks (0.39 m/s) compared to the irregular waves (0.82 m/s). However,
about 77% of the peaks in the irregular wave spectrum are lower than the peaks
of the monochromatic wave spectrum. During the experiment, the irregular waves
produced short intense periods of flow velocity peaks and flow direction oscillations,
and long calm periods compared to monochromatic waves, in which all peaks were
equal (Figure 4.4). These higher flow velocity peaks can have a major impact on
plant failure and erosion.

The drag forces on the seedlings are proportional to the square of the flow velocity
(Equation 2.1 ), so the flow velocity peaks produced by the irregular waves result in
significantly higher maximum drag forces on the plants compared to the maximum
drag forces produced by the regular waves. The roots providing anchorage of the
plants have to counter these higher drag forces. Thus plants may fail in a shorter
period of wave loading under irregular waves than under regular waves.

The induced erosion, also differs between irregular and regular waves. Approxi-
mately 70% of the bed shear stress peaks produced by irregular waves were lower
than the peaks of the monochromatic wave spectrum. However, the 30% of the
peaks that were higher, were often two to three times higher. Especially in co-
hesive sediment these higher peaks might impact erosion and plant failure. The
non-cohesive sandy sediment had a critical bed shear stress of 0.14 Pa, so sedi-
ment transport should occur for both wave types, although monochromatic waves
will cause consistent transport and the irregular waves will cause periods of hardly
any transport and periods with a high sediment transport rate. The cohesive Zuid-
gors sediment had a critical bed shear stress of 1 Pa. The monochromatic waves are
not able to erode the cohesive sediment; the critical bed shear stress far exceeds
the maximum bed shear stress produced by these waves. So, the monochromatic
waves could not erode the cohesive sediment and cause anchorage reduction in the
seedlings. Irregular waves are, however, able to erode the sediments during periods
with high flow velocity peaks. The irregular waves observed during the experiment
where able to produce bed shear stresses that can result in sediment transport of
the cohesive sediment and might reduce the anchorage of the plants but only during
the short periods of high bed shear stress.

In the research of D. W. Poppema et al. (2019) the plants were exposed to five
regular waves of a certain wave type to test how much erosion the plants could
withstand. When studying (five) irregular waves with a comparable significant wave
height, it is hard to compare the results because of the random nature of these waves
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Figure 4.3: Flow velocities observed in the wave flume produced by an irregular
waves (top), flow velocities produced by waves of a monochromatic
wave spectrum (bottom)

(which depends on the wave spectrum). For the comparison of irregular and regular
waves, looking at waves with similar wave energy might be a better alternative, as
performed in the research of Faraci, (2002). Another alternative is assuming that
the plants fail at the largest peaks of the irregular wave spectrum and comparing the
five largest peaks of an irregular wave spectrum to five peaks of a monochromatic
wave spectrum in respect to plant failure and erosion.
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Figure 4.4: Bed shear stress produced by the irregular wave observed in the wave
flume (top),bed shear stress produced by waves of a monochromatic
wave spectrum (bottom), Tcrit is the critical bed shear stress of the re-
spective sediment type
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4.5 Seedling failure

The failure mechanisms observed in the flume, were elaborated using force bal-
ances. The balances describe the theoretical forces subjected to the plants. Failure
of individual seedlings depends on the equilibrium between the vectorial sum of
the buoyancy together with drag and momentum forces of the waves on the above-
ground biomass and the resistance due to root anchoring. So a plant will fail, once
the buoyancy (Fb) minus the gravity force of the plant (Fg) together with the drag
force (Fd) and momentum force (Fm) exceed the resistance due to root anchoring
(Fa). All individual equations for these forces (Chapter 2) together result in a simple
model for failure (Equation 4.1 and 4.2)

failure when Fa < (Fb − Fg) + Fd + Fm (4.1)
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Under wave action, the buoyancy and gravity forces on the plants are constant be-
cause these forces are primarily dependent on the aboveground plant traits of the
seedlings and these plant traits will not change much in the short period in the flume.
However, due to the varying tilts of the plants, the lever arm will vary over time, so
the moment these forces exert is changing over time. Therefore, these moments
need to be countered by the plant’s roots and put more stress on the roots.

The forces on the plants with most variation, are the drag forces and the root an-
chorage. Drag forces vary strongly over time and direction when waves pass over
the plants. The anchorage slowly reduces over time due to scouring and prying out
of the roots; this process varies with the different sediments. The plants will most
likely fail at a flow velocity peak once the anchorage has reduced over time and can
not counter these forces anymore. The anchorage reduction is a cumulative process
over time. The drag force peak is a snapshot at a certain moment.

The model for plant failure (equation 4.1) might be oversimplified, especially in co-
hesive sediment in which erosion is not the dominant process reducing anchorage.
The process of prying the lateral roots out of the soil is very variable and depends
on many parameters. Further study of the loss of anchorage in cohesive sediment
is advisable to obtain more data points. The influence of the length, thickness and
number of the lateral roots on the anchorage and how the forces on these roots are
distributed, was beyond the scope of this research.



4.6. PRACTICAL IMPLICATIONS 67

4.6 Practical implications

First the implication for the WoO framework is discussed in section 4.6.1. Next, the
practical implications of the findings of this research for the restoration and creation
of salt marshes are considered in section 4.6.2.

4.6.1 Implications for the Windows of Opportunity framework

The research of D. W. Poppema et al. (2019) defined the WoO framework in terms of
critical erosion depth as a proxy for erosion instead of bed shear stress proposed by
Hu et al. (2015). Poppema argues that using BSS implies that storms are normative,
as the highest bed shear stresses are caused by the high waves during storms, while
most erosion occurs during moderate events instead of extreme events. Although
this reasoning is sound, the WoO2 is defined as a period with calm hydrodynamic
conditions and thus, only moderate events can occur in this window and BSS can
still be very valuable for the definition of vegetation limits. Moreover, erosion was
not the dominant process causing failure in Salicornia seedlings growing in cohe-
sive sediment. Therefore this research defines the WoO framework in terms of BSS
instead of CED.

The WoO scenarios pertaining the consolidation (Figure 4.5) of cohesive sediment
can also give insight into the effect of drought, which reduces the soil moisture con-
tent and thus increases consolidation and soil strength. Therefore, when the plants
have concluded WoO1, some drought might even be beneficial for the plants. How-
ever, persistent drought and the resulting stronger sediment might negatively affect
(the next generation of) pioneer plants because of the longer WoO1 window (Figure
4.5 Scenario D). Moreover, this does not take into account other negative aspects of
drought on plant growth. For example, an increase of the salinity of porewater and
thus salinity stress on the plants and less temperature regulation (Brian, 2007).
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Figure 4.5: Schematization of the WoO adapted from Hu et al., (2015), with dif-
ferent scenarios pertaining consolidation for vegetation establishment
in cohesive sediment. Scenario C; consolidation before WoO1 is con-
cluded. Scenario D; consolidation once WoO1 is concluded.

4.6.2 Practical implications for salt marsh restoration and cre-
ation

The research of De Vries et al. (2021) and Hendriks (2020) concluded that fine sed-
iment is key for vegetation development and the successful establishment of salt
marshes. The research of Hendriks (2020) hypothesized that the positive effect of
a high clay percentage on the growth of Salicornia could be explained by essential
nutrients and high moisture content held in accreted clay. This research seems to
confirm this statement; higher clay content in the sediment had a positive effect on
the aboveground plant growth of Salicornia, especially on the plants’ frontal surface
area and complexity. Besides supporting the hypothesis of this previous research,
this research presents another reason why fine sediments like clay have such a pos-
itive effect on pioneer plant establishment on mudflats.

This research demonstrated that juvenile Salicornia seedlings in mud could with-
stand a longer period of wave loading and more wave energy before failure, com-



4.6. PRACTICAL IMPLICATIONS 69

pared to seedlings of similar age in sand. In clay the seedlings can therefore develop
under intenser hydrodynamic conditions and thus colonise a larger part of the inter-
tidal flats. This effect is even more pronounced if the sediment is consolidated once
the germinated seedlings are well anchored (after WoO1). Salicornia stands facili-
tate the subsequent establishment of other perennial salt marsh plants; the stands
trap vegetative tillers of Spartina anglica and maritima (van Regteren et al., 2020).
These species are key to further increasing the biodiversity and plant succession on
a recently established salt marsh, as well as stabilising the soil.

So, a higher clay content may result in a higher survival rate of Salicornia seedlings
and increase the size of the plants. This results in more trapping of vegetative
tillers of perennial salt marsh plants. This can enable these plants to establish in
the the regions of the intertidal flats with harsh hydrodynamic conditions, that other-
wise would remain barren, and colonise a more considerable portion of the intertidal
zone. This is beneficial for ecosystem services like wave attenuation, carbon storage
and provides more habitat and marine nursing grounds. Furthermore, a measure to
increase consolidation once the WoO1 window has concluded, might increase the
successful establishment even further. In practice, there are many different tech-
niques to induce consolidation in the soil. Techniques that are commonly used are
preloading and introducing vertical drains to the soil. An alternative technique that is
more state of the art, for example electro-osmosis (Bo et al., 2007; Chu et al., 2013).
Preloading, although one of the cheaper and well-studied methods may not be the
best approach, becasause the load needs to be applied before the germination of
the plants. Consolidation before the conclusion of the WoO1 could hinder further
growth. Techniques like installing vertical drains may be a better alternative. The
drains can be installed after WoO1, but require a more labour intensive installation
processe. Electro-osmosis could be considered, but this technique may not very be
cost effective.
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Chapter 5

Conclusions and recommendations

The aim of this research was “To determine a set of biophysical parameters and pro-
cesses underlying the failure of juvenile pioneer salt marsh vegetation, specifically
the effect of sediment properties (cohesive and non-cohesive) and wave character-
istics, and use these findings improve the understanding of salt marsh plant failure”.
In this section, the two research questions formulated to reach this objective are
answered in sections 5.1 and 5.2. In section 5.3 recommendations for future flume
experiments are presented.

5.1 Research question 1

a. How do plant traits affect the critical erosion depth and failure of Salicornia procum-
bens seedlings?

The morphology of the roots influences the failure of Salicornia seedlings. The
root length of the seedlings positively affect the amount of wave loading the
seedling can endure. The effect of the aboveground biomass on failure was
inconclusive and gave different results in different sediments. Furthermore, the
root and shoot length in cohesive sediment were weakly correlated, while in non-
cohesive sediment, these plant traits were independent.

b. How do sediment properties (cohesive vs. non-cohesive) affect the plant and
plant traits over time of Salicornia procumbens seedlings?

Sediment type had a significant impact on the morphology of the seedlings. How-
ever, the sediment type had less effect on the aboveground biomass compared to
the belowground biomass. The primary difference on the aboveground biomass
was plant complexity. The seedlings developing in cohesive sediment grew more
complex, with more branches and secondary branches than their counterparts in
non-cohesive sediments.

71
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The most crucial difference in plant morphology between sediment types was
in the belowground biomass. In non-cohesive sediments, the root system grew
wide and complex, with many bifurcations and a lot of surface area. While in
cohesive sediment, the root system remained simple and narrow, with a thick
primary root and a few primary branches to the side.

c. How do sediment properties (cohesive vs. non-cohesive) affect the critical ero-
sion depth and failure of Salicornia procumbens seedlings?

The mechanism of seedling failure is different in cohesive and non-cohesive sed-
iments. In both sediments, the formation of a depression around the plant is
responsible for initiating the process of losing root anchorage in the plants. In
non-cohesive sediment, erosion is the dominant factor that drives scour-hole for-
mation. This erosion-driven scouring around a plant removes sediment around
the roots, which as a result, loses anchorage. Once the scour-hole depth reaches
a certain threshold, the critical erosion depth, the roots will not counter the up-
rooting forces and the plant will flush away completely when submerged.

In cohesive sediments, erosion is only a minor factor in the formation of a de-
pression around a plant. Instead, the to-and-fro motion of the plants and the
deformation of the sediment around the plants drive the depression formation
around a plant. This deformation cavity allows for progressively more movement
space around the seedlings and this will put more stress on the lateral roots keep-
ing the plant upright. Once a certain threshold is reached, these lateral roots will
break or fail because of the to-and-fro motion and the plant will not be able to
remain upright when unsubmerged. Because erosion was not the main driver for
the failure of Salicornia seedlings in cohesive sediment, the critical erosion depth
was less relevant.

During the flume experiment, plants growing in cohesive sediment could endure,
on average more time under wave loading, compared to plants growing in non-
cohesive sediment before failure. Furthermore, the scour-holes in non-cohesive
were on average 2.5 times deeper than the holes cohesive sediment.

d. How do irregular wave characteristics affect the critical erosion depth and failure
of Salicornia procumbens seedlings?

Irregular waves produced periods of high flow velocity and periods in which the
flow velocity was moderate. This translated to the BSS and plant motion pro-
duced by these oscillating flows. These periods of high BSS peaks with extended
plant motion stressed the plant roots in cohesive and non-cohesive sediment.
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Over time, this reduced the anchorage of the seedlings and eventually led to
failure. During periods with moderate flow velocities, the BSS could only cause
some sediment transport in the non-cohesive sediment and the plant motion was
limited.

Because of morphological differences between seedlings in cohesive and non-
cohesive sediment, a typical plant in cohesive sediment received more wave en-
ergy over time compared to a seedling in non-cohesive sediment.

5.2 Research question 2

a. How can the observations of the flume experiment be used to improve the Win-
dows of Opportunity framework for salt marsh establishment?

The observations of the flume experiment were used to formulate distinct sce-
nario’s for the Windows of Opportunity framework, for different sediment prop-
erties. In cohesive sediment, erosion was not the dominant process that in-
duced failure in Salicornia seedlings. So instead of critical erosion depth, in this
research the Windows of Opportunity framework was defined in terms of bed
shear stress. Sediment properties also influenced the amount of wave loading
a seedling could endure. Seedlings growing in cohesive sediment could with-
stand more wave loading compared to seedlings of similar age in non-cohesive
sediment. Thus, the WoO2 for seedlings growing in cohesive sediment is more
flexible than the WoO2 of seedlings growing in non-cohesive sediment. This is
even more pronounced when the cohesive sediment is consolidated with high soil
strength. Sediment consolidation also affects the WoO1; slower root elongation
and reduced root length were observed in consolidated clay. Therefore, consoli-
dation before the conclusion of the WoO1 window can extend the duration of the
window. So, in this research the WoO framework has been improved by adding
sediment properties to this salt marsh establishment concept.

b. What are the practical implications of the observations of the flume experiment
for restoration of salt marshes

This research demonstrated that sediment properties affect the failure of Sal-
icornia seedlings; a higher clay content may result in a higher survival rate of
Salicornia seedlings and increase the frontal surface area of the plants. This can
enable perennial salt marsh plants to establish on the intertidal flats, particularly
the zones with harsher hydrodynamic conditions. Furthermore, a measure to in-
crease consolidation once the seedlings have sufficient root anchorage, might
increase the successful establishment even further. So, the increased survival
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rate of Salicornia in cohesive sediments can aid the expansion and succession
of a salt marsh. This is beneficial for ecosystem services like wave attenuation,
carbon storage and provides more habitat and marine nursing grounds.

5.3 Recommendations for future flume experiments

This research suggests that artificially grown plants perform well under wave load-
ing. However, artificially grown plants that are not exposed to tides or periodic wave
loading might be disadvantaged once introduced to wave loading. During the exper-
iment, we observed that the plants could withstand the forces produced by waves
well; the artificially grown plants can therefore be a good proxy for field plants for
future experiments in the wave flume .

Testing field samples is very relevant to study the practical implications of the re-
search. During the flume experiment however, the field samples failed in the flume
because the original sediment did not cohere well with the sediment in the boxes. A
solution would be to take a whole slab of sediment from the field in which the plants
grew and shape this to the boxes so all the sediment in a box is coherent.

For future flume experiments, it might be beneficial to devise a way to measure the
exact moment of failure. During the experiment, we tried to accomplish this by using
an Ultrasonic High Concentration Meter (UHCM)) measurement device, but this did
not work. Due to high turbidity in the flume after a few runs, visual determination of
failure also proved to be difficult. Furthermore, this study focused primarily on irreg-
ular waves; for future experiments, it might be beneficial to include tests with regular
waves to study the effect of these types of waves under comparable conditions as
the irregular waves.
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Appendix B

Flow velocity field

This research compares the irregular wave spectrum produced in the flume exper-
iment to a monochromatic wave spectrum with comparable wave characteristics
(e.g., wave height, water depth and period). Using linear wave theory (Newman,
2017; R. L. Soulsby, 1987) the flow velocities produced by such a monochromatic
wave are determined in Matlab. The velocity field can be calculated using equation
B.1

u = Aω
cosh k(y + h)

sinh kh
∗ cos(kx− ωt) (B.1)

A =
H

2
(B.2)

ω =
2π

T
(B.3)

kh ≈
√
C(1 + 0.169C + 0.031C2 + ...) (B.4)

C = ω2h

g
(B.5)
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Appendix C

Calculation of species-specific
attachment coefficient (k)

k =
Fa

A
2
3
r ∗ Cu

(C.1)

Using sample 23

9.69 =
300

0.0000468
2
3 ∗ 23850

(C.2)

sample F removal (g) Area root system (cm2) Area root system (m2) Soil length (Pa) k
11 430 1 0.0001 14230 14.026
13 40 1.2 0.00012 23850 0.69
21 150 0.79 0.000079 12730 6.40
23 300 0.468 0.0000468 23850 9.69
34 110 0.5237 0.00005237 10800 7.28
19 65 0.87 0.000087 39450 0.84

Average value for k=6.48
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