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Abstract

Nature-based Solutions that combine salt marshes with tradi-
tional coastal protection structures are gaining popularity in the
face of ongoing climate change. Vegetation establishment is of
major importance herein as it facilitates salt marsh growth in
lateral and vertical direction. However, the effects of marsh-
supporting management measures (e.g. brushwood dams) on
the establishment of pioneer vegetation on salt marshes are
still understudied. To that end, this study quantifies hydro-
dynamic and morphodynamic thresholds for vegetation estab-
lishment based on observations from a constructed salt marsh.
Bed level changes, inundation, and vegetation characteristics of
the dominant pioneer species Salicornia were monitored dur-
ing growing season 2021. Subsequently, the existing hydro-
morphodynamic DET-ESTMORF model was extended with
the ability to predict vegetation establishment based on these
thresholds. This extended model was then used to predict pio-
neer vegetation establishment on the short-term under different
dam heights and on the long-term under expected sea level rise
the coming 80 years. Increased dam height does not result in
a significant increase in vegetation establishment. Sea level
rise caused the vegetation boundary to retreat landward each
decade until almost no vegetation was present anymore in the
year 2100. The extended DET-ESTMORF model can hence be
used to simulate the effects of different management measures
on vegetation establishment on a constructed salt marsh.
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1 Introduction

Salt marshes provide a wide range of ecosystem services
(ESS). From maintaining commercial fisheries [1, 2], facilitat-
ing habitats and nursery grounds for various bird species [3], to
functioning as a carbon sink [4], and as a natural buffer between
the sea and coastal areas [5, 6, 7]. Salt marshes have been em-
banked in the past for various reasons [8, 9], on the one hand
due to the intensification of agricultural activity and on the
other hand due to the strong confidence in conventional coastal
protection measures, like dikes, seawalls and jetties [10]. How-
ever, conventional coastal protection measures are designed at
a fixed height and soil compaction or subsidence might cause
these to decrease in elevation [5, 11]. On the contrary, due to
their sediment-trapping ability, salt marshes are ought to - to

a certain extent - keep up with sea level rise that is caused by
global warming [12, 13, 14]. Therefore, in regard to the on-
going climate change, necessary costly maintenance processes
on conventional designs combined with the additional benefits
salt marshes can bring, could be reason to believe that nature-
based solutions (NbS) integrating both conventional structures
as well as salt marshes is more effective and cost-efficient than
measures excluding salt marshes [15].

Consequently, salt marsh restoration and expansion
projects have gained ground in Europe as well as in North
America [16, 17]. Examples of management measures used
to support these projects are passively abandoning all human
activities and letting the natural tidal action take over to restore
the pristine salt marsh communities [17] or actively facilitat-
ing restoration by the construction of sedimentation fields sur-
rounded by (brushwood) dams [ 18, 19]. To improve the success
rate of such restoration or expansion projects, scientists try to
gain a better understanding of the factors that are important in
salt marsh development [7].

Natural salt marshes usually originate where increased
volumes of sediment are deposited along a sheltered inter-
tidal area, leading to higher topographic elevation. In case
of constructed salt marshes, management measures like an-
thropogenic sand nourishment and/or the implementation of
(brushwood) dams facilitate this initial phase of salt marsh de-
velopment [18]. Previous research has shown that artificial
structures are successful in the field in increasing salt marsh
width [20] by attenuating wave height and thereby increasing
sedimentation rates [21]. As a result, the area landward of the
dam becomes more suitable for colonization by pioneer vege-
tation [22]. Besides sedimentation and erosion resulting in ver-
tical motion of the salt marsh, they also develop in a lateral di-
rection. Lateral expansion is driven by seedling establishment
and subsequent growth of pioneer vegetation, whereas land-
ward retreat is caused by erosion due to storms and waves [23],
or forced by the formation of cliffs, occurring when the marsh
extends too far seawards [21].

The challenge of predicting the development of the initial
phase of NbS lies in the fact that mechanisms that facilitate
and quantify the establishment of pioneer vegetation influenced
by implemented management measures have not been studied
sufficiently [24]. Necessary physical, biological and chemical
conditions should be met for successful settlement of pioneer
vegetation propagules. Accordingly, an inundation-free period
of a certain time span is necessary for young seedlings to settle
[24], and bed level dynamics should not be too extreme in or-



der to prevent uprooting or burial of the seedlings [25, 26]. The
magnitude of erosion or sedimentation processes is in turn in-
fluenced by the soil composition: a high mud/sand ratio results
in higher erosion rates than in a soil with a lower mud/sand
ratio, because cohesive forces play a smaller role [27].
Improved understanding of the effects of bed level dynam-
ics, inundation time and implemented management measures
on the vegetation establishment on salt marshes will contribute
to the success rate of NbS on the short and the long term. To
that end, this study investigates the following research ques-
tion 'What are the effects of protective structures and climate
change-driven sea level rise on the establishment of pioneer
vegetation on Nature-based Solutions?’. This study combines
newly obtained monitoring data on the establishment of salt
marsh pioneer vegetation with a state-of-the-art dynamic equi-
librium theory model for morphological salt marsh develop-
ment. By monitoring vegetation growth and environmental
factors on a constructed salt marsh during growing season, re-
lations between inundation, bed level change and vegetation
establishment were scrutinised. The physically-based hydro-
morphodynamic DET-ESTMORF model was elaborated with
the resulting relations from the field in order to make well-
justified predictions about the establishment and subsequent
growth of pioneer vegetation (Methods). Such models yet ex-
ist (e.g. Delft3D), but are very time- and computer power-
consuming, whereas this elaborated model works very quick
and efficient. Furthermore, the extended DET-ESTMORF
model offers the novel possibility to explore the effects of man-
agement measures on the NbS, such as the implementation of
brushwood dams or the elevation of the bathymetry with sand
nourishment. Therefore, the model was used to predict short-
and long-term vegetation establishment as a result of imple-
mented management measures (Results). This study was con-
cluded with an evaluation of the found results and implications
on forthcoming Nature-based Solution-projects (Discussion).

2 Methods
2.1 Field site

The Marconi salt marsh constructed in Delfzijl (northern part
of the Netherlands) is a typical example of a Nature-based So-
lution still in its establishing phase, and was therefore selected
as site for field measurements [28]. The salt marsh was con-
structed in 2017 and the overall bed level was increased with
sand nourishment. Marconi covers up 15 ha and its area is di-
vided into six sections separated by brushwood dams, which
are also used to reduce stress and to increase the sediment
accretion. Different volumes of mud and sand were mixed
with the nourished sand, thereby constructing sections with soil
types containing different percentages of mud (5%, 20% and
50%) (Figure 1). On the landward side of the salt marsh, the
sections are enclosed by a dike. The Mean High Water level in
the estuarine environment near Delfzijl is 1.40 m above Dutch
Ordnance Datum (NAP) and the mean semi-diurnal meso-tidal
range covers 3.06 m [29].
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Figure 1: Graphical representation of Marconi salt marsh [28] with
locations of vegetation plots (red dots) and CTD-sensor (pink dot).
The dotted lines are enumerated and indicate the locations of the
alongshore (black) and cross-shore transects (dark blue). The enu-
meration of the vegetation plots in section E was applied to section G
in a similar way.

The dominant pioneer species on the developing Marconi
salt marsh are the Salicornia procumbens and Salicornia euro-
peana (hereafter both referred to as Salicornia as they are of
the same genus) (Figure 2). Their growing season spans from
April/May to August/September. Half of the sections E, F, and
G were seeded in 2017 with fragments of Salicornia procum-
bens (Figure 1).
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Figure 2: Specimens of Salicornia: the dominant pioneer species on
Marconi. These particular vegetation units were collected from the
field during the field trip the I*" of July 2021.
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2.2 Data collection and processing

Nine vegetation plots (0.5x0.5 m, Figure 3) demarcated with
erosion pins were located alongside three alongshore transects
within the brushwood dams in the seeded areas of both sections
E and G and three plots alongside an alongshore transect out-
side the brushwood dams (Figure 1). Sections E (50%) and G
(5%) were chosen as measurement sites to include the largest
difference between the soil conditions, i.e. mud percentage, but
to keep the rest of the environmental conditions constant. A
gradient of hydrodynamic exposure of the plots was accounted
for as the vegetation plots were located in each section on four
alongshore transects that varied in cross-shore distance (with
transect 1 being most seaward located and transect 4 closest to
the dike).

Figure 3: Measurement set-up of the vegetation plots (0.5 x 0.5 m) on
the Marconi salt marsh. The erosion pins mark the two diagonal cor-
ners of the vegetation plot for consistency of the measurements over
the growing season. Every field trip, the erosion pins were measured,
five Salicornia plants in the vicinity of each vegetation plot were anal-
ysed, and a photo was taken from above the vegetation plot to deter-
mine the FVC.

The vegetation plots were used to monitor vegetation char-
acteristics of Salicornia (Figure 2) and to measure bed level
change processes. A Conductivity, Temperature and Depth
measuring device (CTD) was stationed just outside section F

(Figure 1) to measure local water depth. The field observa-
tions were made on monthly or bi-monthly basis (Table 1): the
installation of the measurement instruments was done on the
23" of April 2021 and the subsequent measurements were ex-
ecuted on the 2 of June, 1° of July, 30" of July and the 28"
of September 2021.

2.2.1 Vegetation growth

Five individual Salicornia specimen surrounding the vegeta-
tion plots (Figure 3) were collected from the soil every field
trip. Then the shoot length, root length, longest root length, di-
ameter of widest part of the shoot, and the weight of the whole
unit and of the shoot were measured after roughly removing
the largest sand particles (Appendix A). The values for root
length, shoot length and weight of the five units per vegetation
plot were averaged for a monthly distinct value of the vegeta-
tion characteristics per plot.

Additionally, the fractional vegetation cover (FVC) was ap-
proximated based on pixel analysis of photos taken from a dis-
tance of circa 1.5 m above each vegetation plot [30]. Image
segmentation in vegetation and background was done by pixel
classification. Each pixel contains color information saved as
values for red, green and blue (RGB). Mathematical operations
with these color values can accentuate certain pixel character-
istics, captured in an index value. Logically, the color green is
of large interest to detect pixels containing vegetation.

Figure 4: Conversion of photograph taken from a vegetation plot (left)
to a black-and-white picture distinguishing the vegetation (black pix-
els) from the background pixels (right) using the index value ExGR.
This particular photograph is a snapshot from vegetation plot G9 (Fig-
ure 1) the 30™ of July and resulted in a value for the FVC of 24.8%.

To come to a value for FVC per vegetation plot, the im-
ages were first cropped to display only the vegetation plot and
were then compressed to 1000 x 1000 pixels in consideration
of computational efficiency. Next, for each pixel in the com-
pressed photograph the values for Excess Green and Excess
Red were calculated with Equation | and 2 respectively [30],
which together made up for the index value Excess Green mi-
nus Excess Red (ExGR = ExG - ExR). All pixels with a value
lower than O for this index were categorised as being vege-
tation, whereas pixels with higher values were considered as
background pixels (c.f. Meyer, 2008 [31]), and the resulting
ratio represents the FVC per vegetation plot (Figure 4). In
some cases green algal mats covering the entire vegetation plot



Table 1: Overview of different field measurements and corresponding frequencies. The measuring devices were installed in the field on the 23"
of April 2021 and following measurements were executed on the 2" of June, 1° of July, 30™ of July and the 28" of September 2021.

Variable Interval or continuous Number of measurements

Bed level change Monthly or bi-monthly Two measurements per vegetation plot
Shoot length Monthly or bi-monthly Five measurements per vegetation plot
Root length Monthly or bi-monthly Five measurements per vegetation plot
Biomass Monthly or bi-monthly Five measurements per vegetation plot
Density Monthly or bi-monthly One photo per vegetation plot
Inundation Once every 5 minutes during high tide  One central measurement point

Bed level elevation  Once the first month

One cross-shore transect per section

made it impossible to distinguish between vegetation and back-
ground. Then an estimate for the FVC was made based on a
visual comparison with photographs showing a similar vege-
tation cover for which the FVC had been computed automati-
cally.
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2.2.2 Erosion and sedimentation

Each vegetation plot was marked with two erosion pins (du-
plicates) in two diagonal corners (Figure 3) (c.f. Willemsen,
2018 [26]). Erosion pins consisted of bamboo sticks of ap-
proximately 1 cm in diameter that were pushed at least half a
meter deep into the bed to ensure that wave action did not pull
them from the soil. Every field trip the above-ground length
of the erosion pins was monitored by lowering an erosion disk
(diameter 10 cm) over the pin and measuring the distance from
the top of the pin to give insight in the monthly bed level dy-
namics in each vegetation plot. This erosion disk was used to
ensure unambiguous measurements and to correct for possible
scouring holes that arose around the erosion pins.

To determine the monthly bed level change per vegeta-
tion plot, the length of the erosion pin measured in the current
month was subtracted from the length in the preceding month.
This gives a positive value when sedimentation has occurred
and a negative value for erosion. The resulting bed level change
per vegetation plot was obtained by averaging the correspond-
ing two duplicates (Figure 3).

2.2.3 Inundation

The CTD-sensor in front of the seeded area of section F (Fig-
ure 1) was used to measure the local water depth (c.f. Van
Regteren, 2019 [32]). The device measured with a frequency
of once every five minutes. However, the device ran out of
memory at the start of September, so the inundation for the last
month of the growing season was determined based on water
level data monitored by the Dutch Department of Waterways
and Public Works (RWS). The water level in m + NAP was

measured at the German measurement station Knock and ob-
tained from the RWS database. This station was chosen be-
cause it was located closest to Delfzijl without any objects and
structures obstructing free flow, hence making the tidal charac-
teristics similar [33].

The water depth measured in the field during high tide with
the CTD device was converted to water level data by adding
the bed level elevation of the CTD device location (0.4 m +
NAP) and the height of the CTD head above the bed (0.1 m).
The water level data was used to obtain the monthly inundation
percentage per vegetation plot by determining what fraction of
the total passed time the water level was higher than the bed
level at the respective vegetation plots. The assumption was
made that there was no slope in the water level across the salt
marsh and that there were no obstructions on the salt marsh
preventing the water level from reaching higher elevated vege-
tation plots.

2.2.4 Bed level elevation

During the installation day of the measurement instruments
(April, 23), the cross-shore bed level elevation was measured
relative to NAP with a Differential Global Positioning Sensor
(DGPS GNSS Leica C 15) in the two sections E and G. Mea-
surements were taken with an interval of 2 m along the cross-
shore transect that intersects the middle row of vegetation plots
(Figure 1). Furthermore, the bed level elevation at each sepa-
rate erosion pin was measured with the DGPS device.

2.2.5 Biophysical relations for vegetation growth

As a first exploratory study of the data set, the monthly in-
undation percentage and bottom level change per vegetation
plot were analysed. Then, a distinction was made between the
plots containing vegetation and bare plots (vegetated and un-
vegetated plots) and thresholds for inundation and bed level
change were identified. This way, areas that were suitable for
vegetation presence (environmental conditions stay between or
below thresholds) were distinguished from areas that were not
suitable (environmental conditions exceed thresholds).

Once it was determined where vegetation can exist, the de-
velopment of the growth was of interest. The difference in veg-
etation growth between the two sections E and G with different
sediment composition was examined by comparing the average
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values of the vegetation characteristics (root length and shoot
length) between the sections. A two tailed t-test was conducted
to assess whether the characteristics of vegetation in the two
sections were significantly different. Eventually, relations be-
tween the months passed and the shoot and root length were
determined in order to derive a parameterisation of the above-
ground and belowground length of the vegetation over time.
These relations were obtained with logistic regression, as vege-
tation growth is generally described by a logistic function [34].

2.3 Model set up

For the purpose of predicting vegetation establishment on a
Nature-based Solution, the dynamic equilibrium theory (DET)-
ESTMORF model was used as it provides a simple and suffi-
cient tool to simulate tidal bed level changes that have an effect
on the establishment of vegetation [35, 36, 37, 38]. The model
describes the morphological dynamics based on both physical
processes (hydrodynamics and sediment transport) as well as
morphological equilibrium relations (Figure 5).

The model requires input values with a 20 minute interval
for significant wave height (H,) and peak wave period (7},) at
the seaward boundary and water level data during high tide, as
the model only simulates during high tide (Figure 5). Conse-
quently, it was assumed that no morphodynamic changes occur
during low tide. The DET-ESTMORF model is calibrated to
the bed level dynamics measured in section E, because dynam-
ics in section G could not be reproduced for several reasons
described in the Discussion. Hence, the initial bathymetry of
section E should be defined to simulate the bed level changes
as a result of tidal forcing.
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Figure 5: Overview of the DET-ESTMORF model structure, that con-
sists of a morphodynamic and hydrodynamic component.
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2.3.1 Morphodynamics

The main idea behind the model is the assumption that sed-
iment is only transported in suspension. Consequently, there
exists an idealized state in which the morphological system is
in equilibrium with uniform overall bed shear stress (BSS) 75.
In this state, the vertical erosion flux compensates for the ver-
tical sedimentation flux, hence no net sedimentation or erosion

a Ty from hydrodynamic modeling
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Figure 6: Schematic overview of the DET-ESTMORF model [36].
The 1D cross-shore model domain consists of k grid cells and
stretches from the landward (x=0) towards the seaward boundary
(x=k). Above: when the local BSS (T90) in grid cell x deviates from
the uniform overall BSS (Tg), a tendency for either sedimentation or
erosion exist in grid cell x. Below: the ratio between Tgo and Tg de-
termines the local equilibrium sediment concentration c., while the
actual sediment concentration field c is governed by a diffusion equa-
tion. The eventual difference between ¢ and c. determines the actual
net morphodynamic change at the end of each high tide.

occurs in the system. Therefore, the overall prevailing equilib-
rium sediment concentration cg is defined according to Equa-
tion 3 [39, 40].

-
me(—E —1) = cpws
Ter
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where m, is the erosion coefficient (kg/m?/s) (Table 2), 7.,
the critical BSS for erosion (Pa) and w; the settling velocity
for suspended sediment (m/s). Consider a cross-shore transect
consisting of grid cells, ranging from grid cell 1 most landward
to grid cell k most seaward (Figure 6). According to the con-
cept and formulation in the original ESTMORF models, the
local equilibrium concentration in each grid cell (c.) is depen-
dent on the ratio between the local BSS (79¢) and the overall
equilibrium BSS (7z) as represented in Equation 4 [41, 37].

90 yn

“)

Ce = CE(T
E

where Ty is the 90th percentile bed shear stress in a tidal cy-
cle (Pa) and n is the power for the local equilibrium sediment
concentration. If the local BSS in a grid cell is lower than the
equilibrium bed shear stress (199 < 7g), the bed is inclined to-
wards sedimentation in this grid cell and ¢, is lower than cg.
Conversely, in case the local BSS is higher than the equilibrium
BSS (799 > TE), the grid cell has a preference towards erosion
and c, is higher than cg.

However, whether the morphological change of corre-
sponding preference really happens in the grid cell depends on
the actual sediment availability, governed by a diffusion equa-



tion as described in Equation 5.

8((;;0) = ws(ce —¢) + (,%(Dh%) (5)
where £ is the water depth during high water (m), # is time (s), x
the cross-shore distance from the seaward boundary (m), ¢ the
sediment concentration by volume (m?3/m?) and D is the tide-
averaged diffusion coefficient (m?/s) (Table 2). When a grid
cell is inclined to erode based on the difference between ¢, and
cg, but the actual available sediment concentration (c) is high
enough to prevent this from happening, erosion may not occur.
In summary, the difference between 75 and 7. determines
the inclination of a grid cell towards morphological change.
This inclination is expressed in terms of a single representative
value per grid cell per tidal cycle for the local equilibrium sed-
iment concentration (c.). Morphological change only occurs
when the actual sediment concentration (c) is different from the
local equilibrium sediment concentration (c.): erosion takes
place when c is smaller than c., whereas sedimentation takes
place when c is lager than c.. After each tidal cycle, the actual
bed level change is determined according to Equation 6.
% = ﬁws(c — ©)
where z is the bed level (m) and p is the soil porosity (-) (Table
2).

Ce)

Table 2: Important DET-ESTMORF model parameters, used values
and sources.

Parameter Value Source
ps (kg/m?) 2650 [42]
pw (kg/m?) 1024 -

me (kg/m?s)  0.00005  [43]

fe ) 0.002 [43]

D (m?/s) 30 35]

p () 0.4 [44]

v (m?/s) 0.000001 -

2.3.2 Hydrodynamics

The hydrodynamic forcing of one tidal cycle is expressed in
terms of the 90" percentile bed shear stress (Equation 4), be-
cause it includes both the magnitude of the forcing as well as
the fraction of time the forcing is strong. The local values for
Tgo arise from tidal currents and wave action. The cross-shore
current (u.) evolves from water volume conservation in tides’
quasi-static propagation [45, 46, 47]. With rising tide, the wa-
ter line moves gradually landward over the salt marsh. The
volume of water (AV') that must pass through a vertical plane
parallel to the shore at grid cell x is equal to the increase of
the water volume landward from this grid cell. The cross-shore
current at this grid cell over a time interval of (At) can then be
determined with Equation 7.

(i) = AV (z,t)

~ Ath(z,t)B ™

where B is the unit alongshore width of the grid cells (-). The
resulting current-induced bed shear stress (7y) is calculated
with Equation 8.

Teur = pwfcuz (8)

where p,, is the density of water (kg/m?®) and f, a constant
friction factor for currents (-) (Table 2).

For the quantification of the wave action, the 1-D spec-
tral wave model SWAN (Simulating WAves Nearshore) [48] is
forced by the Joint North Sea Wave Project wave field [49] on
the model domain boundary. Default values were used for pa-
rameters involved in the simulation of the wave dispersion. The
generated values for certain wave characteristics by the SWAN
model were used for the quantification of the wave-induced bed
shear stress (7y) according to Equation 9

T = 0.5 fulyyave ©

where U qye 1 the root-mean-square value of the maximum
orbital motion near the bed, which is part of the SWAN output
and f,, is a friction factor (-) that is estimated by Equation 10.

é- )70.52
ks /30

where kg is the Nikuradse roughness length: 2.5- Dsg, with
Ds representing the mean grain diameter of the surface sed-
iment (m) and & the particle excursion amplitude (m) close to
the bed, which can be deduced from the SWAN output. The
mean bed shear stress results from the combined influence of
currents and waves during a tidal cycle as described in Equa-
tion 11 [50].

fuw = 1.39( (10)

Tm = Tcur [1 + 12(%)32] (11)

And the maximum bed shear stress during a wave cycle can
be calculated with Equation 12.

0.5

= [(Tm + Twlcosba])? + (Tw]sinba|)?] (12)

Tmam

where 0, is the angle (°) between the direction of the current
and wave propagation, which can be regarded as zero (6,=0
°), since it was assumed that both are in cross shore direction
close to the coast. The 901 percentile of 7,,,, Was eventually
used as BSS input for the determination of the local equilibrium
sediment concentration in Equation 4.

2.3.3 Initial conditions

Important model parameters and corresponding values are
listed in Table 2 and a complete overview can be found in Ap-
pendix B. The initial bathymetry for section E was constructed
with the bed level elevation data collected in the field from the
cross-shore transect during the installation day. The bed level
elevation was measured approximately every 2 m along the
transect, so the graph connecting these points was smoothed
to prevent sharp edges from occurring in the bathymetry. For
modelling purposes, the smoothed bathymetry was extended
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with a typical gradient for the Dutch Westerschelde estuary
that was previously used for salt marsh modelling with DET-
ESTMOREF [36]. The resulting cross-shore transect was di-
vided into grid cells of 1 m length.

The constructed bed level profile from section E ranges
from an elevation of 2.0 m to -2.0 m + NAP (Figure 7) and
the grid consists of 279 cells of 1 m length. The increase in the
bed level at approximately 100 m distance from the landward
boundary can be explained by the formation of a sand bank.
The brushwood dam is located at a distance of 93 m from the
landward boundary and has a height of 0.4 m above the bed.
Furthermore, the fluctuations in the bed level landward of the
dam can partly be ascribed to a heavy track-laying vehicle that
was used during the construction of the salt marsh in 2017 leav-
ing behind tire tracks [28].
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Figure 7: Initial bathymetry from section E. The box in the plot shows
the locations of the four alongshore transects as shown in Figure |.
The dotted black line represents the location of the brushwood dam,
located 93 m from the landward boundary. Transect 1 is located 1 m
seaward of the dam and transect 2, 3 and 4 are located respectively
78, 52 and 37 m from the landward boundary.

2.3.4 Boundary conditions

The sediment concentration at the seaward boundary (cj, Fig-
ure 6) was considered as a time-invariant boundary condition
with fixed value (cy=cg) under the assumption that the world
outside the salt marsh is always in equilibrium and that its mor-
phology does not influence the sediment availability. The mean
annual suspended sediment in the estuarine environment of
Marconi is 50 mg/L [51], thus the value for the time-invariant
seaward boundary was set to 0.05 kg/m>. As a dike at the land-
ward boundary prevents the sediment from moving further in-
land, the sediment flux at this boundary was set to zero. There-
fore the sediment concentration at the most landward grid cell
was equal to the neighbouring grid cell (c;=c3).

The water level is gathered from the processed data from
the field and the RWS database. Since the CTD device was
located at a bottom level of 0.4 m + NAP and the head was
elevated 0.1 m above the ground, the measured water level data
starts at a value of 0.5 m + NAP (Figure 8). Because only the
morphodynamic changes occurring on the higher elevated area
landward of the CTD device are of interest, the model simulates

exclusively when the water level is higher than 0.5 m + NAP.
The measured water level data has a mean value of 1.02 m +
NAP, whereas the maximum water level reached an elevation
of 2.13 m + NAP (Figure 8). The latter two peaks show the
water level retrieved from the RWS database and these are in
the same order of magnitude as the prior peaks determined with
the CTD data (Figure 8).
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Figure 8: Water levels used as input for the DET-ESTMORF model to
simulate growing season 2021 (above. The mean water level is 1.02 m
+ NAP and the maximum reached during this period is 2.13 m + NAP.
The red box indicates the water levels that are zoomed in on (below)
in the period between 21st of July and 4th of August for clarification
purpose.

The significant wave height (H,) and peak wave period (7},)
were obtained with the use of Bretschneider equations (Equa-
tions 13 to 16) [52, 53].

0.0125F "

H =0.283 tanh(0.53280‘75) tanh | ———— =1 (13)
tanh (0.53d )

—0.25
. . 0.077F
T = 2.47 tanh(0.8334 ") tanh S—
tanh (0.833d )
(14
- _dg = Fyg
-3, F=-2 (1)
— Hg =~ T
g==9 1= (16)
u u

where g is the gravitational acceleration (9.81 m/s?), T the sig-
nificant wave period (s), u the wind speed at 10 m height (m/s),
d the water depth (m) and F the fetch length (m). The wa-
ter depth (d) was determined by calculating the difference be-
tween the water level and the bed level elevation of the seaward
boundary. The hourly wind velocity and direction data during
the growing season of interest were collected from the Royal
Netherlands Meteorological Institute database (KNMI), mea-
sured at the weather station located at Nieuw-Beerta (closest to
Delfzijl). Bretschneider requires wind velocities at 10 m height
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and since this station measures wind near the ground, the val-
ues were converted according to Equation 17 [54].

_ In(z1/2p) (17

In(z2/20)

where u(z;) and u(z;) are the wind velocities at height z; and z,
respectively. Wind waves solely develop when the wind blows
in an onshore direction. This implied for the case of Marconi
that only wind blowing from the direction of 320°N to 100°N
creates onshore waves, which can be approximated as north-
western and eastern wind respectively (considering the north to
be 360 °and east 90 °). This particular wind-wave-generating
domain was cut up in bins of 10 °, and for each bin the fetch
length was determined with Google Maps© satellite imagery
from 2021 (Appendix C). This resulted in fetch lengths rang-
ing from 3.5 km to 40 km (Table 3). The fetch lengths are com-
pensated for the location of the seaward boundary at a distance
of 279 m from the dike. The significant wave period 7, was
converted to the peak wave period 7, by multiplying it with a
factor 1.08 [53].

Table 3: Fetch lengths for different wind directions used for the
calculation of peak wave period and significant wave height with
Bretschneider equations.

Wind direction (°) Fetch length (km)
10 40.3
20 7.8
30 43
40 3.8
50 3.8
60 3.5
70 4.6
80 7.2
90 24.3
100 17.7
320 7.2
330 11.9
340 32.1
350 35.0
360 (or 0) 38.5

Bretschneider was only used when the wind was blowing
in the range 320 to 100 °(Appendix C). When the wind blew
outside this range, a minimum value for H, and 7, of 0.031 m
and 0.76 s respectively was assumed to simulate small waves
generated locally. These numbers were the minimum values
resulting from the Bretschneider equations with the smallest
fetch length and wind speed as input. The resulting values for
H, range from 0.031 to 0.71 m, with an average value of 0.13
m and a standard deviation of 0.13 m, whereas the T}, fluctuates
between 0.76 and 3.73 s with a mean value of 1.69 and standard
deviation of 0.48 s (Figure 9).
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Figure 9: Values for significant wave height (above) and peak wave
period (below) resulting from Bretschneider calculations. The aver-
age significant wave height is 0.13 m and the average peak wave pe-
riod is 1.69 s.

2.3.5 Protective structures

The Marconi salt marsh was designed with the implementation
of a protective brushwood dam, hence why the model should
simulate the effect of this brushwood dam accordingly. The
dam was modelled to have an attenuating effect only on the
wave-induced BSS as the contribution of the current-induced
bed shear stress to the total bed shear stress was generally a
factor 1000 smaller (due to low tidal currents resulting from
the rising and falling tide). Even more so, this slow flow does
not experience a great deal of friction due to a semi-permeable
dam as the flow finds its way through the dam. To simulate this
brushwood dam the bed level elevation of one grid cell was
temporarily increased to dam height just before SWAN calcu-
lates the wave-induced bed shear stress (Figure 10). After the
calculation of the bed shear stress, the grid cell was converted
back to the original elevation. This grid cell was also subjected
to morphodynamic changes caused by the tide. The location
of this elevated grid cell was chosen to have the same distance
from the landward boundary as the brushwood dam has from
the dike on the Marconi salt marsh.
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Figure 10: Graphical representation of implementation of the brush-
wood dam in the bathymetry by temporary increasing the bed level
elevation up to a height of 1.7 m+NAP before calculation of the wave-
induced bed shear stress.
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2.3.6 Vegetation dynamics

Salt marsh vegetation establishment and growth is affected by
hydrodynamic and morphodynamic forcing: propagules re-
quire a sufficiently long inundation-free period after disper-
sal in order to anchor successfully [24] and bed level changes
should not be too high to prevent uprooting or burial of the
specimen [25]. These limiting thresholds were quantified based
on field measurements and were then used to implement vege-
tation establishment in the DET-ESTMORF model.

As erosion and sedimentation processes should not be too
large, the bed level change dz,¢4 should not increase the sedi-
mentation ¢ 2,4, and erosion boundary —dz,,;,, for successful
vegetation establishment (Equation 18).

_5Zmin < 6Zveg < (;Zma:r (18)

The hydrodynamic threshold was expressed as the monthly
inundation percentage, as the inundation-free period plays a
large role in vegetation establishment. Vegetation will not be
able to settle when the monthly inundation percentage X g €X-
ceeds the boundary value X4, (Equation 19).

Xveg < XTVL(L(I? (19)

The DET-ESTMORF model generates output in terms of
bed level change (Equation 6), so the sedimentation and ero-
sion boundaries were implemented directly into the model. The
monthly inundation percentage was calculated from the water
level input during high tide and the bed level elevation of each
grid cell along the cross-shore transect. When the monthly
bed level change in a grid cell exceeds 62,4z O -02ipip OF
the monthly inundation percentage exceeds X,qz, the grid cell
was marked as not suitable for vegetation establishment and no
vegetation grows subsequently. The growth of the vegetation
was expressed in shoot and root length and growth relations
were determined with logistic regression [34] of the field mea-
surements (Equation 20).

S0 = e

where a,b and c determine the shape of the growth function.

(20)

2.4 Calibration

The calibration and validation of bed level changes simulated
by the DET-ESTMORF model was previously done for a sim-
ilar study site by Hu et al.[36], with a general conclusion that
the overall model performance is good.

Parameters in the DET-ESTMORF model that characterise
sediment were used for the calibration of the model: mean
sediment grain diameter (Ds), settling velocity (ws) and crit-
ical shear stress for erosion (7). The influence of the mean
grain diameter is reflected in the model in the value for the
Nikuradse roughness length (ks = 2.5-Dsg). This parameter de-
termines the friction factor involved in the calculation of the
wave-induced bed shear stress. Next, the settling velocity plays
arole in the model in determining the value for the equilibrium
bed shear stress (Equation 3) and in quantifying the actual bed

level change (Equation 5). Finally, the critical bed shear stress
for erosion determines when erosion occurs. In the model 7.,
is, like wg, involved in the calculation for equilibrium bed shear
stress (Equation 3).

Previous research has indicated that the prevailing mean
grain sediment size in the upper 40 cm of section E varies in
a range between 2 to 105 um [28]. Therefore, for D5, a range
of 10 to 100 pm with increments of 10 pum was used for the
calibration. The settling velocity and critical shear stress were
computed according to Equation 21 and 22 respectively [55].

(s — 1)9D§o
= O 21
W 18v h
Ter = Q(Ps - p)gDSO (22)

where v is de kinematic viscosity of water (m?/s), s the density
ratio between sediment and water (2.65), ps is the density of
sediment and p the density of water (kg/m?) (Table 2). A value
for the Shields parameter § was found with Equation 23 and 24
[55].

(s ;21)9)5

Dx = D50( (23)

6 =0.115D%%5 (24)

where Dx is the dimensionless grain size diameter. Varying the
input of Dsy in a range of 10 to 100 pum results in a range of
input values for the settling velocity and the critical shear stress
for erosion (Table 4).

Table 4: Values for the mean grain diameter, settling velocity and
critical shear stress for erosion used for the sensitivity analysis and
calibration purposes.

Dsyp (um)  ws (mfs) 7o (Pa)
10 0.000089  0.037
20 0.00036  0.052
30 0.00081  0.064
40 0.00144  0.074
50 0.00225  0.083
60 0.00324  0.091
70 0.00441  0.098
80 0.00576  0.105
90 0.00728  0.111
100 0.00899  0.117

For the calibration of the DET-ESTMORF model, it was
assessed which values for the sediment characteristic param-
eters (Table 4) minimised the root-mean-square deviations of
the bed level change (RMSD) (Equation 25).

_ 2
RMSD _ \/Z(\I}mod% \I}obs)

where W40 1s the simulated bed level change (m), ¥, the
observed bed level change (m), and N is the total number of

(25)



data points. The simulated bed level was obtained by forc-
ing the DET-ESTMORF model with the water level, significant
wave height and peak wave period data collected from the field
during growing season 2021. The observed bed level change
data points are the averages of the measured bed level change
of each transect (Figure 1) after each month (or two months)
during growing season.

2.5 Validation and sensitivity analysis

The validation of the vegetation establishment was done by
comparing the modelled vegetation boundary under the condi-
tions of growing season 2021 with the actual vegetation bound-
ary on the Marconi salt marsh that is retrieved from a photo-
graph from the Marconi area taken from above in the year 2020
(Figure 11).

Figure 11: Photograph taken from section E in September, 2020. The
red line indicates where the pioneer vegetation was growing, hence
the vegetation boundary is located at a distance of 108 m from the
dike.

To explore the influence of the three aforementioned sedi-
ment parameters on the bed level change, a sensitivity analysis
was conducted with the parameter settings that correspond to a
range of 10 to 100 um for D5 with increments of 10 pm (Table
4).

2.6 Scenario analysis

The calibrated DET-ESTMORF model was used to assess pi-
oneer vegetation occurrence on salt marshes under different
circumstances. First it was of interest whether the height of
the protective structures on Marconi has varying effects on the
short-term establishment of pioneer vegetation. Hence, one
growing season (from May till September) of the Salicornia pi-
oneer vegetation was simulated with different reasonable dam
heights ranging from O (no dam) to 1.6 m above the bed with
increments of 0.2 m (dam height scenario). However, the foot
of the dam is established at a relatively high bottom level ele-
vation of 1.33 m + NAP, because of the nourishment in 2017.
Since the average measured high water level during the grow-
ing season of 2021 has a value of 1.02 m + NAP, the water level

only exceeds the bed level at the foot of the dam 14.4% of the
total inundation time. To assess the effect of the brushwood
dam height under different circumstances, the measured water
level in 2021 was increased to a water level taking 40 years and
80 years of sea level rise into account (29.6 and 60 cm higher
respectively, [56]). Consequently, the water exceeds the level
at the foot of the dam 48% and 81% respectively of the total
inundation time. Hence, besides the water level measured in
2021, the increased water level input values were used to sim-
ulate one growing season in the years 2021, 2060 and 2100
on the Marconi salt marsh with different aforementioned dam
heights.

In addition, the question whether salt marshes will keep
up with sea level rise has been examined in numerous studies,
with a general consensus that salt marshes only thrive under
the conditions that sediment deposition and biomass accumu-
lation balance the sea level rise and seaward erosion must be
compensated by landward marsh expansion [57, 58]. Sea level
rise will result in higher inundation frequency of the salt marsh.
Therefore, a second scenario was used to explore how the long-
term establishment of pioneer vegetation on the bathymetry
of the Marconi salt marsh will evolve during the coming 80
years. Simulating 80 annual growing seasons was too time-
consuming, so the bed level changes and resulting vegetation
establishment were instantaneously modelled with increments
of decades. The global sea level rise rate under the interme-
diate greenhouse gas emissions scenario is estimated to be 7.6
mm/year [56], hence water levels used as forcing in the DET-
ESTMORF model were increased with a value of 76 mm each
decade (sea level rise scenario). To assess the effect of man-
agement measures taken in 2017 to construct the Marconi salt
marsh (nourishment and brushwood dam), this sea level rise
scenario was also applied to the bathymetry of the area be-
fore the construction works, obtained from the Dutch Elevation
database (Figure 12).

2 1 —— Before construction

—— After construction

Bed level elevation (m + NAP)
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Figure 12: Bathymetry of section E before (blue) and after (orange)
the construction works in 2017.
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3 Results

3.1 Field observations

Bed level dynamics in section G were generally higher than
in section E: the largest measured and average values for bed
level change during growing season in section G were -7.5 cm
and -0.25 cm and in section E 1.25 cm and 0.15 cm respec-
tively (Figure 13). Furthermore, the bed seaward of the brush-
wood dam in section G (transect 1) showed exclusively ero-
sion on a monthly scale during growing season, which can be
explained by the fact that the bed (0.84 m+NAP) is elevated
approximately half a meter lower than the bed seaward of the
dam in section E (1.32 m+NAP). This also explains why the
inundation percentage in transects 1 and 2 is generally higher
in section G than in section E (Figure 13).
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Figure 13: Above: bed level dynamics measured once or twice a
month in section E and G. The bed level change data points were
constituted by the average values derived from two erosion pins per
vegetation plot each month (Appendix D). Below: monthly inundation
percentages of each plot in section E and G. The values were deter-
mined with the bed level elevation of these plots and the water level
data. Plot numbers correspond to vegetation plot locations as shown
in Figure 1.

3.1.1 Vegetation establishment

Whether or not vegetation establishes can be explained by
the local inundation percentage and bed level dynamics not
exceeding the morphodynamic and hydrodynamic thresholds
0Zmaz> 0Zmin and Xmaz (Figure 14). The values for these
thresholds were determined from field measurements: areas
that have a higher monthly inundation percentage than 12% or
higher bed level dynamics than 1.4 cm of sedimentation or 0.8
cm of erosion were found not suitable for vegetation establish-
ment (Figure 14).
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Figure 14: Distinction between vegetated (green) and bare (red) vege-
tation plots with corresponding monthly bed level change (x-axis) and
inundation percentage (y-axis). The orange shaded area indicates the
local conditions under which vegetation can establish and the orange
dotted lines represent the boundaries of these local conditions.

3.1.2 Vegetation growth

After successful establishment of vegetation follows growth.
The average vegetation density during growing season in sec-
tion G was smaller than in section E (Table 5). From the mea-
sured vegetation characteristics in sections E and G, it appeared
that the shoot length doesn’t differ statistically between the
two sections (p = 0.80), whereas the root length of the vegeta-
tion growing in section E was systematically and significantly
smaller than in section G (p = 2.51e-12) (Figure 15).
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Figure 15: Boxplots of vegetation characteristics shoot length (left)
and root length (right) measured in the field. The orange boxplots
represent section G, while the blue ones represent section E. The black
diamonds show the measured outliers.

Two separate growth curves for the root length were es-
tablished for section E and G using logistic regression, be-
cause this vegetation characteristic was significantly different
between the two sections (Figure 16). Hence, the root length
can be estimated after each month (May = 0) for both separate
sections since the start of the growing season according to:

6.0

Root length E = 11 16.9¢—2-Lrmonth
9.9

Root length G =

1+ 56'1672.4*m0nth



Table 5: Mean values and standard deviations (1 (c)) of measured shoot length, root length, and FVC values. The values for root and shoot
length are determined by averaging over all plants measured in sections E or G (Appendix E). The FVC values are obtained by calculating the
average over all vegetation plots in both separate sections (Appendix F). FVC values for the field trip in September were not reliable due to the

Salicornia specimens already degrading and becoming red.

Section E Section G
Date Shoot (cm) Root(ecm) FVC (%) Shoot(cm) Root(cm) FVC (%)
02-06 1.52(0.67) 2.23(0.64) 1.74(1.66) 1.81(0.78) 1.98(0.51) 0.48 (0.46)
01-07 7.82(2.83) 4.6(1.59) 8.48(6.42) 17.76(2.26) 6.37(1.99) 5.26(3.38)
30-07 16.65(4.93) 6.25(2.61) 16.49(20) 16.64(3.71) 10.25(2.98) 9.37(6.90)
28-09 20.82(5.7) 5.71(1.8) - 19.3 (4.69)  9.08 (2.95) -
Section E Section G 3.2 DET—ESTMORF
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15.0 . . 3.2.1 Calibration
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5100 ° E : g ; ; brated to morphodynamics measured in the field on four along-
275 E H : ¥ : : shore transects in section E (Figure 7) during four field excur-
é 5.0 ¢« s ¢ : sions. Using the parameter settings that correspond to a mean
2.5 : i ¢ ° ‘ sediment diameter of 30 um (Table 4) resulted in the minimum
0.0 value for the RMSD of 0.34 cm (Figure 18).
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Figure 16: Relation between root length and passing time in months
of roots in section E (left) and section G (right) retrieved by logistic
regression. The green dots display the spread of the measured root
lengths each field trip.

Because the shoot length does not differ statistically be-
tween the two sections, one growth curve for the shoot length
was formulated by logistic regression (Figure 17). Hence, the
shoot length in both sections is governed by the following
growth equation:
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Figure 17: Relation between length of shoots in both sections and
passing time in months retrieved by logistic regression. The blue dots
illustrate the spread of the collected values for shoot length each field
trip.
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Figure 18: RMSD values (Equation 25) that correspond to different
parameter settings (Table 4). The minimum value for RMSD on sec-

tion G is 0.34 cm achieved with a Dsp of 30 um, wy of 0.00081 m/s and
T¢r 0f 0.064 Pa.

Modelled cumulative bed level changes with parameter set-
tings that correspond to Dsy being 30 pm were largest at the
two most seaward located transects 1 and 2 (Figure 19). In
general, the modelled results only showed accretion of the bed,
whereas in the field some erosion was measured in transects 1
and 2. Furthermore, the bed level higher up the salt marsh at
transects 3 and 4 did not change much, since the water level
did not reach these locations often during high tide. This is re-
flected in both the modelled and the measured cumulative bed
level changes in transect 3 and 4 (Figure 19).
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Figure 19: Modelled (blue line) and measured (blue dots) cumulative
bed level changes during the growth period along the four transects
(Figure 7). The error bars show the standard deviation from the field
measurements.

3.2.2 Validation and sensitivity analysis

Modelling parameter settings corresponding to a mean sedi-
ment diameter of 30 pm (Table 4) on the Marconi salt marsh re-
sulted in a vegetation boundary that is located at 107 m from the
landward boundary during growing season 2021 (Figure 20).
The actual vegetation boundary in the year 2020 was located at
a distance of 108 m from the landward boundary (Figure 11),
so the prediction of the location of vegetation boundary was
really accurate. Higher accretion rates as a result of increased
sediment size, critical shear stress, and settling velocity gener-
ally result in small shift of the vegetation boundary toward the
landward boundary (Figure 20), because the monthly sedimen-
tation threshold was exceeded in more grid cells.

Increasing the average sediment diameter from a value of
10 to 100 pum with corresponding values for critical shear stress
and settling velocity (Table 4) led to increased sedimentation
seaward of the brushwood dam (Figure 20). Larger sediment
sizes correspond to faster settling velocities, which explains the
increased accretion processes at the seaward side of the salt
marsh. The tidal flow and wave action were apparently not
high enough to maintain the sediment suspended in the wa-
ter column and therefore a large part deposits. However, the
differences between the sediment sizes became smaller when
moving landwards of the dam, because the water level did not
reach that elevation very often during high tide.
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Figure 20: Difference between the initial bathymetry (Figure 7) and
the bed level after the simulated growing season 2021. Positive val-
ues mean that accretion has occurred, while negative values represent
erosive action. The dotted black line shows the location of the brush-
wood dam. The box shows the zoomed-in differences between 98 and
110 m from the landward boundary. The black markers represent the
location of the vegetation boundary after the simulated growing sea-
son 2021 for each corresponding set of sediment characteristics.

3.3 Scenario analysis
3.3.1 Dam height scenario

This scenario assessed the influence of the dam height on the
vegetation boundary simulated during one growing season in
the year 2021, 2060 and 2100 taking a sea level rise rate into ac-
count resulting from the intermediate greenhouse gas scenario
[56]. In the growing season of 2021, the vegetation bound-
ary under all different dam heights was located at 107 m from
the landward boundary (Figure 23 lowest bar), whereas in the
year 2100 different dam heights resulted in a vegetation bound-
ary that was located 1 m from the landward boundary (Figure
23 highest bar). For the year 2060, there were small differ-
ences between the vegetation boundary location for different
dam heights. When no dam was implemented in the model do-
main, the vegetation spread to 79 m from the landward bound-
ary. However, increasing the dam height results in the vege-
tation boundary slightly moving toward the sea, until a dam
height of 0.8 m (Figure 21). The reason for this movement
of the vegetation boundary is that the sedimentation is higher
for higher dams, resulting in increased bed levels. This causes
the hydrodynamic threshold x4, to be exceeded at increased
distance from the landward boundary in case of higher dams.
The dam height makes no to a very small difference in the
location of the vegetation boundary in one growing season in
the years 2021, 2060 and 2100. However, the effect on mor-
phodynamic changes are more apparent (Figure 22, showing
bed level changes in the year 2060. The dynamics in the years
2021 and 2100 are more or less the same, but with different
magnitudes). On the landward side of the dam, the bed level
changes during one growing season show that higher dams re-
sult in higher sedimentation rates up to a dam height of 0.8 m.
The net sedimentation in the area landward of the dam confirms
that increasing the dam height above 0.8 m does not make a
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Figure 21: Predicted vegetation establishment when the model do-
main contains dams of varying heights above the bed and is forced
with increased water levels with 29.6 cm, as a result of 80 years of sea
level rise. The black dotted line represents the location of the brush-
wood dam on the Marconi salt marsh. Green is vegetated, whereas
brown is bare.

difference regarding the sediment trapping capacity in the year
2060 (Appendix G). Furthermore, the dam height that results
in the highest sedimentation rate landward of the dam shifts to
higher values when the water level increases due to sea level
rise (Appendix G).
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Figure 22: Simulated bed level change values during one growing
season in the year 2060 for a distance between 0 and 110 m of the
landward boundary. Positive values mean that sedimentation has oc-
curred, whereas negative values indicate erosion. The box shows the
zoomed in changes landward and seaward of the dam, where the or-
ange dotted line marks the sedimentation threshold for vegetation es-
tablishment (8 zmaz)-

3.3.2 Sea level rise scenario

To simulate the effects of predicted sea level rise the coming
decades in the current salt marsh configuration of Marconi with
a dam height of 0.4 m above the bed, the measured water level
in 2021 was increased with 7.6 cm/decade. The vegetation
boundary moves landward with approximately two meter per
decade until the year 2060 (Figure 23). These relatively small
shifts of the vegetation boundary can be exclusively explained
by the increased water level resulting in a higher inundation
percentage exceeding the threshold X,,q.. From the year 2060

onward the vegetation boundary moves landward with larger
steps per decade until eventually in the year 2100, only one
meter of vegetation is left on the salt marsh.
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Figure 23: Predicted vegetation establishment under the influence of
sea level rise with increments of 7.6 cm/decade. The black line repre-
sents the location of the brushwood dam on the Marconi salt marsh.
Dark green represents vegetated areas on a bathymetry after the con-
struction of the Marconi salt marsh and light green on a bathymetry
before the construction (Figure 12). Brown shows bare areas without
vegetation.

The vegetation boundary before the construction of the
Marconi salt marsh stretches only to a maximum of five me-
ter seaward of the landward boundary (Figure 23) in the year
2021. From 2040 onward the vegetation boundary gradually
moves towards the landward boundary, until in 2100 no vege-
tation is left on the salt marsh.

4 Discussion

This study has extended the hydro-morphodynamic DET-
ESTMORF model with vegetation dynamics based on mor-
phodynamic and hydrodynamic thresholds extracted from field
data. The model is therefore an efficient method to predict
where pioneer vegetation will establish on salt marshes under
certain environmental conditions or management measures.

4.1 Modelling salt marshes

The one-dimensional DET-ESTMORF model simulates
changes in bed level caused by cross-shore flows and waves
during each high tide. This makes it a really quick and
efficient tool to evaluate morphodynamics and vegetation
establishment patterns, however, it has some limitations.
Alongshore components are not included in the model. Strong
alongshore currents could lead to erosion on the lower elevated
parts of a salt marsh, but it was previously shown that the
high marsh dynamics are mainly ruled by cross-shore currents
[59]. Furthermore, the underlying assumption was made that
no sedimentation or erosion processes take place during low
tide. Despite the fact that changes in bed level in the top layer
of the salt marsh are predominantly caused by hydrodynamic
forcing [28], aeolian transport and subsidence during low tide



might also induce morphodynamic changes [60]. This could
be one reason that some erosion was measured in the field
during growing season, especially in the plots closer to the
sea (Figure 13), whereas the DET-ESTMORF model only
simulated accretion under corresponding conditions (Figure
19). Another reason can be the presence of a migrating sand
bank on the Marconi salt marsh that induces changes in the bed
level that are not simulated by the model. To assess whether
other processes than hydrodynamic forcing induce bed level
change, the salt marsh bed should be continuously monitored,
so that bed level change is also observed when the salt marsh
is not inundated.

Additionally, the DET-ESTMORF model requires water
level, significant wave height and peak wave period data as in-
put. The latter two have been calculated with Bretschneider
equations [52]. In order to check the validity of the result-
ing significant wave heights at this specific location, the val-
ues have been compared to previously modeled values by Van
Maren., 2016 [61] in the same estuary. It appeared that both
were in the same order of magnitude.

4.1.1 Section G

Measurements from the field have shown that a lot of erosion
takes place at the seaward side of section G (Figure 13). The
upper layer generally contains fine sand particles in the range of
63 to 150 pum [28]. When implementing these sediment char-
acteristics and the initial bathymetry of section G in the DET-
ESTMORF model, the results after one growing season almost
exclusively show accretion (Appendix H). Hence, other fac-
tors must determine the morphodynamic processes in section G
than the ones included in the DET-ESTMORF model. Besides
potential soil compaction, the erosion in the field could have
been caused by the low elevation (Figure 10) and by the hetero-
geneous nature of the soil, containing predominantly sand with
chuncks of clay. Hence, cohesive forces are more or less absent
in the soil of section G. Furthermore, the protective brushwood
dam in section G is almost empty of wooden twigs caused by
hydrodynamic forcing (Figure 24), so the attenuating function
of the dam is limited. Above all, from the fact that the brush-
wood dam in section E is still in tact (Figure 24), it can be
deduced that hydrodynamic forcing in section G is generally
larger than in section E.

4.1.2 Protective structures

The desired effect of implementing a (brushwood) dam in
Nature-based Solutions is to enhance sediment accretion in or-
der to improve conditions for vegetation establishment [62, 19].
Aforementioned increase in sedimentation processes, com-
pared to a case with no dam, was demonstrated for dams with
an elevation equal to and larger than 0.4 m above the bed: the
accretion landward of a dam significantly increases with dam
heights ranging from 0.4 up to 1 m above the bed (Appendix
G).

The brushwood dam present on the Marconi salt marsh was
simulated in the DET-ESTMORF model by increasing the bed

level elevation to the dam height before calculating the wave-
induced bed shear stress. However, this approach has a limi-
tation: it does simulate the height of the dam, but the perme-
ability of the actual brushwood dam (Figure 24) in the field is
not included herein. The drag coefficient of a semi-permeable
dam (brushwood dam in the field) is lower than the drag coeffi-
cient of an impermeable dam (modelled dam) [63]. Therefore
this approach may have resulted in an overestimation of the
wave-induced bed shear stress attenuation capacity of the pro-
tective dam in the model, provoking higher sedimentation rates
than the actual ones. Possible alternatives for a more process-
based implementation of the semi-permeable brushwood are by
activating wave damping through vegetation in SWAN or by
using a two-dimensional model, where semipermeable bound-
aries can be implemented at cell edges. However, the latter
method is inherent to higher computation time, that is why the
current method was used.

Figure 24: Above: Brushwood dam present in section G of the Mar-
coni salt marsh. Compared to the dam in section E (below) this one
is almost empty from horizontally oriented twigs. Below: Snapshot of
brushwood dam located at section E of the Marconi salt marsh. It was
constructed by implementing vertical wooden poles into the soil along
two alongshore transects after which the gap between the transects
was filled up with wooden twigs and secured with steel wire.

4.1.3 Modelling vegetation dynamics

This study used monthly morpho- and hydrodynamic thresh-
olds for the prediction of vegetation establishment. Alterna-
tively, other methods for the prediction of vegetation establish-
ment exist, such as the Window-of-Opportunity theory [64].
This method differs from monthly thresholds by the time-scale
of the thresholds, but the underlying vegetation establishment-
limiting processes are the same. However, a limitation of
the monthly threshold method used is that short-term vegeta-
tion establishment-limiting processes, such as storms, were not
taken into account. When values for short-term thresholds are
known from the field, they can be added to improve the vege-
tation prediction capability of the model.



4.2 Monitoring salt marshes

Knowledge on environmental factors playing a role in the es-
tablishment of pioneer vegetation has expanded in recent years,
because of the importance in the prediction of salt marsh devel-
opment [65, 24]. However, there are still some missing pieces,
specifically in the case of semi-natural salt marshes that have
been designed under certain management criteria (e.g. struc-
tures or soil composition). So far it is known that seedlings
need an inundation-free period to establish and that bed level
change should not be too extreme to bury or uproot the young
plant [24, 25, 26]. Nonetheless, the exact quantification of
these limiting processes on a constructed salt marsh and the
effects of protective structures remains absent [64]. Therefore
this study focused on assessing the thresholds for hydrody-
namic and morphodynamic processes limiting the vegetation
establishment on a semi-natural salt marsh with implemented
brushwood dam (Marconi). It was shown here that pioneer
vegetation establishment can be explained by the monthly bed
level change processes staying within 0.8 cm erosion and 1.4
cm sedimentation, while the inundation percentage should not
increase 12%. These boundaries were determined based on the
extreme cases of measured prevailing environmental factors in
the field where vegetation was still present. However, vegeta-
tion was able to grow on areas a little further seaward in the
field than measured. Hence, due to the absence of measure-
ments in a higher range of prevailing processes, the actual value
for the thresholds in fact might have been somewhat higher.
The found values of the morphodynamic thresholds were
compared to a similar type of threshold determined with flume
experiments with a different kind of salt marsh vegetation
Spartina [66, 65]. The determined thresholds for vegetation es-
tablishment were the growth rate of the root (5 mm/week) and
shoot (15 mm/week) of Spartina, because too much sedimenta-
tion buries the specimen, whereas too much erosion will cause
it to slip out of the soil. These growth rates translate to erosion
and sedimentation thresholds of roughly 2 and 6 cm/month re-
spectively. Average growth rates for the shoot and root of Sal-
icornia found in this study were in the same order of magnitude
(Figure 16 and 17), whereas the morphodynamic thresholds for
vegetation establishment have much smaller values (-0.8 and
1.4 cm/month, Figure 14). A possible explanation for this dif-
ference might be that vegetation units grew under controlled
and idealised conditions in the previous study [66], whereas
the thresholds in this study were based on vegetation grow-
ing in the field, where processes like competition and extreme
weather conditions might hamper vegetation development and
thereby affect how much stress they can withstand [67].

4.2.1 Bed level change

Measured bed level changes on the Marconi salt marsh were
compared to morphodynamics of other salt marshes, in order
to assess whether the study site behaves in a similar fashion.
Willemsen, 2018 [26] found monthly bed level changes at the
Dutch Westerschelde estuary to be between -100 and 100 mm.
Elschot, 2020 [68] found annual net accretion values for sev-

eral salt marshes along the Dutch northern coast to vary in
a range between 7 and 22 mm, whereas Kennish, 2001 [69]
found annual ranges between 1.3 and 18 mm for Atlantic and
Gulf Coast marsh systems. The measured monthly bed level
changes on the Marconi salt marsh ranges from -80 to 40 mm,
falling within the range measured by Willemsen, 2018. When
adding the average bed level changes over the months mea-
sured on Marconi landward of the brushwood dam (ignoring
the migrating sand bank), it results in a net value of 10 mm
accretion after one growing season. One must note that win-
ter season is not taken into account here, where higher waves
and higher occurrences of storms generally result in negative
bed level change [70]. Hence, the annual bed level change be-
haviour on the Marconi salt marsh is in some measure compa-
rable to other salt marshes [68, 69].

4.2.2 Vegetation dynamics

The measured root length of the vegetation growing under
sandy conditions (section G) was consistently and significantly
larger than those growing in more muddy conditions (section
E) (Figure 16). This difference might be caused by the growth
being adapted to the larger bed level change magnitudes (Fig-
ure 13) or due to lower availability of nutrients and moisture
content in sandy compared to muddy soils [71]. The latter
could also explain why, even though the bed level of section
G is elevated in general approximately 20 cm higher than sec-
tion E (Figure 10), vegetation was less abundant in section G
than in section E (Table 1).

Figure 25: Categorisation of pixels from a photograph taken from

plot G8 the 30™ of July (left) in background and vegetation (right).
The red squares indicate other vegetation species than Salicornia on
the actual photograph being included in the black pixels categorised
as vegetation.

The pixel classification method used to determine the FVC
of each vegetation plot was not able to distinguish between dif-
ferent types of vegetation: it only categorised vegetation pix-
els (green) from background pixels (not green). Other vegeta-
tion growing on the Marconi salt marsh, e.g. Suadea maritima,
was hence included in the number of vegetation pixels (Fig-
ure 25). Furthermore, in some cases salt was deposited on the
Salicornia vegetation units, coloring them grey. Accordingly,
these pixels were not included in the vegetation category. This
caused some of the determined values for FVC to be exagger-
ated and others to be underestimated compared to the actual



vegetation cover of the plot. The only case in which the FVC
was adjusted based on visual clues of the photograph was when
the vegetation plot was covered in green algal mats. All in all,
this pixel classification method is not able to distinguish be-
tween different types of vegetation, but provides a good indi-
cator of the total fractional vegetation cover.

4.3 Implications for Nature-based Solutions

Implementations of NbS for the ever increasing importance of
coastal protection in the face of climate change are globally ex-
panding [16, 5, 72]. Hybrid engineering designs that combine
vegetated foreshores with conventional structures not only en-
hance wave attenuation and increase stability and height of the
foreshore, but also contribute to ecosystem values [15]. Pre-
vious research together with the current study can add to bet-
ter designs for salt marsh establishment or restoration projects,
since the developed model can be used to explore the effects of
management measures, e.g. implementation of different types
of structures or adjusting the (initial) elevation of the bed.
Something important to consider is that the boundaries im-
plemented in this model and growth curves were based on a
field study of a semi-natural salt marsh enclosed with brush-
wood dams and with the dominant pioneer species being Sal-
icornia. The found relations and thresholds might not be one-
to-one applicable to NbS with different environmental condi-
tions and different pioneer vegetation. When evaluating other
locations, the grid and boundary conditions change accord-
ingly. Furthermore, thresholds for vegetation establishment
can differ, dependent on the type of vegetation. For instance,
Spartina is known to be less tolerant to high frequency salin-
ity changes compared to Salicornia [73], hence the hydrody-
namic threshold for vegetation establishment on a salt marsh
with dominant pioneer vegetation being Spartina may be lower.

4.3.1 Protective structures

Simulations of one growing season have shown that increased
height of a brushwood dam does not lead to much variation
in the short-term location of the vegetation boundary. How-
ever, increasing the dam height does indeed lead to increased
sedimentation effects landward of the dam. When taking into
account that the increased accretion rate sustains through the
subsequent years, it can be expected that the resulting higher
bed levels will eventually contribute to less inundation of the
salt marsh, and hence vegetation to establish on more seaward
located areas.

Under the prevailing conditions in the year 2021 the opti-
mal dam height was 0.4 m above the bed for the highest accre-
tion rate landward of the dam. This is exactly the dam height
that is implemented in the field at Marconi. However, due to
a climate change-induced increased sea level, the optimal dam
height shifted to higher values (Appendix G) moving ahead in
time. This can be an indication that accretion on NbS can be
stimulated by step-wise elevation of the dam height the coming
decades or that NbS still in the planning phase should consider

relatively high dam heights to insure optimal accretion land-
ward of the dam the coming decades.

4.3.2 Sea level rise

Climate change-driven sea level rise has a large impact on the
viability of the restoration or establishment of Nature-based
Solutions. Relative sea level rise is site-specific, depending on
other factors than global sea level rise alone, such as changing
ocean currents and local land uplift or subsidence [74]. There-
fore, generalisation of the local effects of global sea level rise is
not useful [11]. The extended DET-ESTMORF model, as long
as its calibrated on the right location, could provide a tool in
demonstrating the local effects of sea level rise on the establish-
ment of pioneer vegetation on a (semi-natural) salt marsh. This
study simulated the local effects of a sea level rise rate resulting
from the intermediate greenhouse gas emission scenario [56]
on the vegetation boundary on the Marconi salt marsh. Results
show that the vegetation boundary moves toward the coast with
small steps at first, but eventually rapid retreat of the boundary
takes place until vegetation has more or less disappeared in the
year 2100 (Figure 23). However, it must be remarked that for
computation efficiency the sea level rise scenario has been ap-
plied with increments of decades, so the bathymetry did not
have a change to evolve for the nine subsequent years every
increment. The capability of salt marshes to respond morpho-
dynamically to sea level rise by vertical accretion and/or lateral
expansion [75] has been downplayed in this scenario, so the
simulated landward movement of the vegetation boundary the
coming century might have been exaggerated.

When simulations show that the vegetation boundary is re-
treating on the long term as a result of increased inundation,
appropriate management measures can be taken in the design
process to combat these effects, such as thin-layer sediment
placement to counter the increased inundation percentage with-
out exceeding the sedimentation threshold [76]. Applying the
sea level rise scenario on the bathymetry of Marconi before the
construction works has proven that increasing the overall eleva-
tion does actually have a major beneficial effect on vegetation
establishment on the Nature-based Solution (Figure 23). The
model can hence be used to assess what the most optimal bed
level elevation would be under different sea level rise scenarios.

4.3.3 Quantification of ecosystem services

Although it is known what type of ecosystem services salt
marshes provide, their quantification is somewhat falling be-
hind [77, 78]. This model could be used as a tool for the quan-
tification of coastal protection, but some additional steps are re-
quired. Wave attenuation and sediment trapping by salt marsh
vegetation play a large role in the coastal protection function
[10, 79]. Currently, the extended DET-ESTMORF model sim-
ulates interactions in only one direction: the effect of morpho-
dynamic and hydrodynamic processes on the vegetation estab-
lishment. However, to make a translation towards quantifica-
tion of the wave attenuating function of the growing pioneer
vegetation, the number of vegetation units making up for a cer-



tain fractional vegetation cover should be determined in order
to specify the actual number of vegetation units present. This
number combined with the average frontal area of a vegeta-
tion unit provides an estimate of the wave attenuation rendered
by the total vegetation coverage of the salt marsh. Further-
more, salt marsh vegetation generally experiences a positive
feedback between growth and sediment deposition [80]. These
two aforementioned feedback-mechanisms should in turn be
implemented in the model to increase the accuracy of vege-
tation establishment predictions and of the ecosystem service
quantification.

5 Conclusion

The hydro-morphodynamic model was extended to simulate pi-
oneer vegetation establishment under various conditions and
could therefore be used to answer the main question of this pa-
per "What are the effects of protective structures and climate
change-driven sea level rise on the establishment of pioneer
vegetation on Nature-based Solutions?’.

Implementing structures on NbS does not lead to a large
difference in the location of the vegetation boundary, but it does
lead to increased sedimentation rates behind the structure. Fur-
thermore, the optimal height of the implemented structure with
respect to the highest sedimentation rate shifted to higher val-
ues when the water level increased due to sea level rise.

Predicted sea level rise causes the vegetation boundary to
retreat towards the coast with small steps the first couple of
decades, because the hydrodynamic threshold is exceeded on
more locations due to the increased water level. However, from
the year 2070 the vegetation boundary moved towards the coast
with significantly larger steps per decade, until in the year 2100
only 1 m of vegetation is present on the simulated nature-based
solution. Simulations show that increasing the bed level eleva-
tion can stimulate vegetation growth on a NbS.

All in all, this study has shown that the extended DET-
ESTMORF model can accurately predict the pioneer vegeta-
tion boundary on Nature-based Solutions under different envi-
ronmental circumstances and with different implemented man-
agement measures. Besides the location of vegetation estab-
lishment, the growth of the root and shoot of the pioneer
species Salicornia can be estimated with the found growth re-
lations.
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A Measurements of vegetation characteristics

Measurement of vegetation characteristics shoot length, root length, longest root length, and diameter of the largest part of the shoot of
Salicornia unit.



B DET-ESTMORF model parameters, description, used value and sources.

Model parameters that are used for the simulations with the DET-ESTMORF model, their description and units, their applied value and the

source from which the applied value was obtained.

Parameter Description Value Source

Ps Density of sediment density (kg/m?) 2650 Van Rijn, 2007 [42]

Puw Density of water (kg/m?) 1024 -

me Erosion coefficient (kg/(m? - s)) 0.00005 Roberts et al., 2000 [43]
f. Friction factor for currents (-) 0.002 Roberts et al., 2000 [43]
fy Friction factor for waves (-) Equation 10 -

v Kinematic viscosity (m?/s) 0.000001 -

D Tide averaged diffusion coefficient (m?/s) 30 Wang et al., 2008 [35]

n Power for Equation 4 2 Wang et al., 2008 [35]
0o Angle between currents and waves (°) 0 -

Cg Constant overall sediment concentration (kg/m3) 0.05 Van Maren, 2016 [51]
Ce Local equilibrium sediment concentration (kg/m3) Equation 4 Wang et al., 2007 [41]

C Sediment concentration (kg/m?) - -

Ter Critical shear stress for erosion (kg/(m - s%)) Equation 22 Roberts et al., 2000 [43]
TE Uniform equilibrium bed shear stress (kg/(m - s2)) Equation 3 ~ Winterwerp et al., 2004 [39]
T9o 90th percentile bed shear stress in tidal cycle (kg/(m - s2)) - SWAN

Teur Current-induced bed shear stress (kg/(m - $2)) Equation 8 -

Twave Wave-induced bed shear stress (kg/(m - $2)) Equation 9 Soulsby, 1995 [50]

Tm Mean bed shear stress (kg/(m - s%)) Equation 11 Soulsby, 1995 [50]
Trmaz Maximum bed shear stress (kg/(m - %)) Equation 12 Soulsby, 1995 [50]

W Settling velocity for suspended sediment (m/s) Equation 21

h water depth during high water (m) - -

t Time (s) - -

X Cross-shore coordinate (m) - -

p Bed porosity (-) 0.6 Liuetal., 2011 [44]

zZ Bed level (m+NAP) - -

AV Volume of water (m?) - -

Ue Cross-shore current (m/s) Equation 7 Hu et al., 2015 [36]
Uwave Root-mean square of maximum orbital motion near bed (m/s) - SWAN

B Unit alongshore width of flat - -

ks Nikuradse roughness length (m) 2.5 - Dsg -

13 Particle excursion amplitude close to bed (m) - SWAN

Dso Mean sediment diameter (m) - De Vries et al., 2021 [28]
Dx Dimensionless sediment characteristic Equation 23 Van Rijn, 1993 [55]

0 Shields parameter Equation 24 Van Rijn, 1993 [55]

S Ratio between sediment and water 2.65 De Vries et al., 2021 [28]




C Fetch lengths

Division of the wind-wave-generating domain of the Marconi salt marsh in bins of 10 °for the calculation of fetch lengths with the Bretschneider
equations.



D Erosion pin lengths

Lengths of erosion pins (cm) measured in the field during each field trip. The pin number 1 represents the erosion pin closest to the sea, whereas
number 2 represents the one in the diagonal corner. In case no value is noted at a vegetation plot on a certain date, the erosion pins have
disappeared from the field. In plot 2 from section G two erosion pins were implemented and measured in the field the 23" of April, but the field
trip after;, both of these erosion pins were gone. Therefore four new ones were placed back at this location.

Section Plot Pin Date
23-04 02-06 01-07 30-07 28-09

E 1 1 101.2 101.1 1019 - -
2 1047 1048 1044 - -
2 1 100.5 100.6 99.6 1002 1014
2 100.6 993 99.9 100 99.4
3 1 101.8 101.4 1013 101 100.9
2 100.6  99.9 100.1 100 99
4 1 103.5 103.1 1015 1014 101
2 90.7 99.9 100.2 100 99.4
5 1 90.2 92.1 90.3 90.7 912
2 98.4 98.1 98.2 97.8 97.9
6 1 99.4 99 99.4 98.8 972
2 95.3 95.1 95.1 94.4 93.5
7 1 99.2 98.9 98.8 98.5 983
2 96.1 95.9 96.1 95.8 95.5
8 1 96 95.8 95.6 955 955
2 89.5 89.5 89.5 90 89.1
9 1 90.6 90.5 90.7 90.3 90.2
2 96.1 95.9 95.8 96 95.5
10 1 100.3 1004 100 99.2 100.3
2 99 99.2 99.1 99.9 99.1
11 1 014 91.5 912 oI.1 91.2
2 91.9 91.5 91.3 914 91.1
12 1 93.6 933 93 934 932
2 88.2 88.1 88.2 87.8 87.9
G 1 1 100 103.2 105 106 -
2 100.5 102.1 1043 102.1 -
2 1 - 573 614 61.6 62.1
2 - 48 52.1 514 52.8
3 - 44.5 48.9 48.5 51.7
4 - 40.3 40.2 44.3 43.8
3 1 106.5 1089 1122 1137 63.5
2 104.8 110 1129 - -
4 1 115.1  123.1 1187 1179 1155
2 1155 1225 1212 1189 116.7
5 1 1115 1174 119 1145 1114
2 1112 1163 119 1151 1149
6 1 103.8 1047 1035 102 105.3
2 103.6 1042 1027 103.1 1034
7 1 99.2 97.8 97 97 96.4
2 100.2  98.7 97.4 97.3 97.5
8 1 100.6 100 99 98.9 98.7
2 101 100.5 100.2 100.1  100.2
9 1 100.5 1002 999 99.1 98.5
2 100.6  100.6 1004 99.7 100.1
10 1 98.5 97.6 97.6 97.7 97.8
2 98.4 97.6 97.7 97.1 97.3
11 1 97.6 96.8 96.6 96.6 96.8
2 98.6 98.2 98.5 98.2 97.8
12 1 98.6 97.9 97.9 97.7 975
2 97.6 97.1 97.3 96.9 96.5




E Vegetation data

Measured values of the vegetation characteristics shoot length, root length, longest root length, diameter of biggest part of the shoot, weight of
the whole unit, and weight of the shoot during each field trip in sections E and G.

Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

G 02-06 7 24 2.1 1.5 0.34 0.14 0.1
35 24 1.2 0.51 0.26 0.22
1.2 1.2 0.6 0.45 0.14 0.11
2.7 2.1 1.8 0.36 0.14 0.12
2.7 3.1 1.6 0.45 0.22 0.2
8 3 2.6 1 0.5 0.26 0.22
23 2 1.8 0.35 0.12 0.1
2 1.9 0.7 0.5 0.13 0.13
25 1.9 1.1 0.5 0.16 0.15
1.1 2 0.3 0.37 0.06 0.06
9 1.5 1.8 0.9 0.41 0.08 0.06
24 32 0.8 0.4 0.15 0.11
1.6 1.9 1.7 0.34 0.07 0.07
2 24 0 0.454 0.12 0.12
1.1 1.5 1.6 0.34
10 2.1 2.1 2.2 0.53 0.15 0.14
1.6 2.1 0.5 0.4 0.07 0.07
2 1.5 0 0.46 0.14 0.13
0.7 1.3 0 0.31
0.5 2 1.2 0.27
11 1.9 1.3 1.5 0.5 0.13 0.11
0.7 1.5 0 0.33
04 1 0.5 0.25
2 2.5 0 0.48 0.14 0.14
12 1.5 2 0.8 0.37 0.08 0.08
24 2.5 23 0.48 0.21 0.18
2 2.1 14 0.42 0.15 0.11
2.1 1.8 1 0.47 0.14 0.09

0.5 1.5 0.3 0.27




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

E 02-06 2 3 2 1.2 0.46 0.29 0.22
2.5 1.8 2.6 0.44 0.2 0.17
2 2.5 2 0.43 0.18 0.15
1.3 2.1 04 0.36 0.11 0.08
1.2 22 0 0.44 0.14 0.13
3 2.9 2 1 0.42 0.24 0.19
1.2 2.2 2 0.32 0.07 0.05
2.8 29 2 0.48 0.26 0.21
2.7 1.8 0.6 0.51 0.2 0.17
4 1.7 3 0.6 0.37 0.12 0.09
1 2 04 0.26 0.07 0.04
1.5 25 0.7 0.31 0.08 0.07
0.5 25 0.9 0.26 <0.01
0.5 2 0.9 0.26 <0.01
5 1.7 25 1.8 0.29 0.1 0.06
0.5 2 1 0.24 0.09 0.04
0.7 1.6 1 0.28 <0.01
1.7 2.5 1.2 0.34 0.11 0.09
0.8 3 1.5 0.28 <0.04
6 2 22 0.5 0.35 0.13 0.08
1.5 3 1.2 0.31 0.07 0.06
1 3.5 1 0.34 0.08 0.04
1.4 2 0.04 0.26
0.8 2 1 0.26
7 0.8 1.5 0 0.25
1 1.5 0 0.35 0.05 0.04
1.5 2 0.2 0.35 0.09 0.07
0.8 2 0.6 0.31
1 2 0.5 0.29 0.08 0.04
8 1.8 1.5 0.9 0.29 0.1 0.07
1.9 1.3 1.2 0.36 0.12 0.1
1.7 1.7 0 0.41 0.09 0.09
1.2 1.5 0.2 0.37 0.09 0.07
0.5 1.2 0.3 0.56 0.07 0.06
9 1.8 22 0.5 0.45 0.1 0.09
1.2 1.5 0.3 0.43 0.07 0.05
2.6 3.8 1.4 0.37 0.17 0.13
1.2 1.2 0 0.31 0.09 0.07
1.1 1.1 0.2 0.41 0.05 0.04
10 1.2 2.2 1.5 0.31 0.08 0.06
1.4 23 0.4 0.31 0.06 0.04
2.8 3.5 0.9 0.44 0.21 0.2
1.7 35 2.5 0.36 0.1 0.01
1.4 24 0.3 0.3 0.07 0.06
11 1.3 3.2 0.7 0.45 0.11 0.09
0.9 2.6 0.3 0.37 0.09 0.07
2.1 2.7 3.1 0.45 0.14 0.13
1.4 2.7 0.6 0.38 0.1 0.07
24 24 1.3 0.44 0.16 0.14
12 2.5 25 1 0.34 0.18 0.12
22 3 2.2 0.34 0.14 0.1
1.4 25 0.5 0.33 0.07 0.06
0.9 1.1 0 0.24

1.5 2 1 0.31 0.07 0.07




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

G 01-07 7 54 7.9 1 0.5 0.83 0.74
4.5 8.2 2 0.6 2.01 1.84
9.5 4.7 2.8 0.61 1.84 0.74
7.6 5.6 1.5 0.58 1.08 0.99
7.3 5.1 1 0.46 0.68 0.66
8 8.6 6 2.1 0.65 1.97 0.173
7.6 4.6 1.5 0.45 0.93 0.86
10 6.7 1.5 0.55 2.07 1.87
13 54 2 0.45 2.19 1.9
12.9 8.4 3.2 0.5 3.37 2.64
9 8.6 3 0.45 0.78 0.71
9.1 4 2.5 0.46 0.94 0.72
5.1 3.9 1.5 0.36 0.29 0.27
11.2 59 0.5 0.42 1.23 1.07
10.5 9 3 0.55 1.78 1.35
10 7.4 7.8 1.5 04 0.63 0.61
53 5 0.5 0.38 0.43 0.41
6 3 0.36 0.38 0.36
7.4 9.4 0.38 0.87 0.71
4.2 6.9 0.38 0.34 0.31
11 5.2 7.1 2 0.5 1.29 1.09
7.8 6.1 0.3 0.45 0.75 0.64
6.7 7 0.37 0.59 0.55
6.4 7.2 1 0.42 0.57 0.48
6 4 04 0.49 0.38
12 6.4 7.7 3.7 0.34 0.44 0.42
8.9 9 2.1 0.36 0.98 0.86
7.4 6.4 0.36 0.5 0.45
10.2 11.5 1.5 0.46 1.68 1.54

6.5 4.7 0.9 0.56 0.59 0.56




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

E 01-07 2 9.9 4.7 1.3 0.54 1.47 1.13
10 6.1 1.4 0.5 1.58 1.26
13 3.5 1.8 0.48 3.23 2.76
10.2 59 1 0.56 1.58 1.42
11.5 34 5 0.56 2.13 1.82
3 9.5 6.7 3 0.55 4.55 1.25
6 2.8 0.7 0.41 0.58 0.54
5.5 2.1 4 0.43 0.58 0.45
8 3 0.6 0.45 0.64 0.61
7.3 3.5 0.3 0.42 0.87 0.79
4 4.5 3.7 0.29 0.18 0.16
32 4.5 2 04 0.35 0.32
7.3 10 0.46 0.69 0.61
4 5.1 0.44 0.27 0.27
3.7 5.2 0.34 0.2 0.19
5 3.5 4.2 2.7 0.38 0.32 0.25
4 8 4.5 0.37 0.33 0.2
34 3.6 0.6 0.27 0.18 0.16
4.7 6.7 22 0.43 0.38 0.35
39 4.6 2.7 0.43 0.29 0.25
6 7.2 4.2 0.5 0.42 0.81 0.75
6.3 35 0.36 0.39 0.39
7.8 3.5 2.5 0.43 0.66 0.52
6.5 7.2 0.6 04 0.69 0.54
7.5 5 1 04 0.61 0.5
7 9.5 3.7 1 0.48 1.08 0.91
12 4 1.6 0.44 292 2.61
6.2 25 0.5 0.38 0.42 04
8.1 4 1.1 0.36 0.77 0.67
8 4 0.9 0.43 0.62 0.5
8 6.7 4 1 0.37 0.7 0.56
4.5 4.5 2 0.36 0.34 0.26
9.6 2.7 2.5 0.48 1.19 0.77
10.9 4 3 0.53 1.51 1.24
5.6 54 0.4 0.43 0.54 0.45
9 8.8 6.5 1.2 0.67 1.15 0.98
12 7.5 3 0.67 3.81 3.21
8.8 4.2 2 0.52 1.3 1.16
7.4 3.5 0.2 0.52 0.68 0.52
11.3 4.7 1 0.66 2.17 1.8
10 4.8 35 0.7 0.4 0.44 0.33
8.4 8.2 33 0.48 0.86 1.07
11.6 4 2.1 0.53 2.54 2.27
8.6 4.4 24 0.56 2.12 1.86
9.1 52 2 0.47 0.8 0.6
11 10.9 5 25 0.6 2.44 1.94
6.5 5.8 33 0.42 0.59 0.45
8.3 6.1 1.1 0.5 1.14 0.94
8.5 4 0.9 0.5 1.46 1.28
52 4.2 0.7 0.32 0.35 0.33
12 6.5 24 0.5 0.5 0.71 0.68
9.4 4.6 1.3 0.45 0.93 0.76
10.4 4.5 1 0.62 1.69 1.49
17.1 2 3.6 0.47 3.99 3.63

7 3.2 1.8 0.3 0.73 0.62




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

G 30-07 7 15 15 12 0.45 5.76 5.09

23 7 6 0.43 7.33 6.67
27.5 10.5 8.7 0.6 17.56 15.89
22.2 18 9.1 0.26 12.13 10.16
15 5 4 0.46 2.83 2.67
17.2 8.6 4.6 0.52 3.43 2.64
17 7.6 4.5 0.4 4.5 4

8 23.4 11.5 11.2 0.47 9.76 8.93
11.2 9.8 0.36 1.15 0.92
18.7 6.1 2.5 0.35 2.84 2.23
17 10.5 5.1 0.38 3.2 3
15 8.5 32 0.29 1.59 1.46
17.1 10 8 0.48 3.94 3.57
15.2 12.6 5.8 0.47 2.55 2.09

9 19.6 11.6 24 0.35 2.81 2.33
17 7.6 0.35 1.92 1.43
17 9 04 1.78 1.38
18.5 10 4.5 0.36 3.67 3.41
16.7 10.5 0.3 1.88 1.48
15.9 11.2 5 0.4 2.37 1.87
24.4 17 2 0.46 5.65 4.6

10 16 13.6 33 0.48 3.76 3.55
13.1 10.4 2.7 0.4 1.4 1.18
14.7 12.7 6.5 0.45 2.54 2.15
16.7 9.5 4 04 1.97 1.77
9.4 5.6 1 0.29 0.62 0.48
15 8 2.5 0.37 4.33 4
19 13 0.45 2.75 2.39

11 15.6 13 4 0.5 4.96 4.71
11 4.5 3 0.38 1.07 0.97
19.9 11 8.2 0.48 4.16 3.74
15.1 10 7.4 0.38 1.62 1.43
13 10.5 0.32 1.85 1.79
12.5 11 2 0.35 2.18 2.01
14.5 7.5 6.5 0.45 6.36 5

12 14 9.7 2.1 0.36 1.72 1.59
15.9 8.5 2.2 0.43 3.37 3.16
17 9.7 4 0.35 24 2.05
10.2 5.1 1 0.3 0.83 0.81
18.8 14 12.3 0.48 4.12 12.3
14.4 13 6 0.41 3.28 3.09

19.6 12.5 4.7 0.37 4.06 3.49




Section Date Plot Shoot(cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

E 30-07 2 18.5 7.5 6 0.45 8 6.1
14.5 35 2.5 0.32 4.71 4.25
18.6 6.3 4 0.48 7.38 5.96
19.9 54 3.6 0.43 4.2 3.59
26 5 32 0.48 9.55 5.1
26.4 6 3 0.47 12.62 9.89
22 4 4.5 0.36 6.26 3.99
3 139 4.1 54 041 3.34 2.54
20 8 6.3 0.52 9.16 6.91
21 7.4 4.6 0.74 13.71 11.11
18.5 6.5 3.6 0.5 7.13 4.86
16.1 6.6 4 0.5 5.7 4.68
4 72 6.4 0.17 0.34 0.22
5.1 8.2 0.37 0.35 0.28
6.9 12 0.32 0.6 0.45
5.5 4.6 0 0.3 0.5 0.39
5 6 0 0.14 0.93 0.86
12 14.6 5.1 0.4 2.67 2.18
11.9 17 6.9 0.41 1.68 1.24
5 12.7 8 0 0.42 1.16 0.91
11 8 4 0.3 1.56 1.32
14.5 7 2.5 0.31 2.7 2.2
10.3 8.2 0 0.22 0.52 0.43
20 10 11 0.3 5.39 4.32
16.2 6.5 5 0.5 4.1 35
17 6.6 3.5 0.47 3.06 243
6 17 6 2 0.38 2.04 1.31
18.2 35 4 0.48 2.67 1.76
19.5 4 4 0.35 2.52 1.76
19.2 7 6 0.55 5.42 35
15.1 7 4 0.31 1.61 1.21
11.7 7 1.2 0.47 1.76 1.26
14.4 5.6 1.2 0.38 2.76 1.53
7 25 45 3 041 6.75 5.46
21 3 2 0.43 4.84 3.65
20.5 4 39 0.45 3.96 2.9
19.5 4 1.5 0.41 1.91 1.44
29 3 0.35 19.56 7.93
20.3 6.7 2.5 0.53 3.55 2.95
24.5 2 1.6 0.55 4.01 3.04
8 12.7 2.6 I.5 0.35 2.29 1.81
23.7 55 54 0.31 9 7.72
15.2 6.5 6 0.22 2.62 1.97
19.5 4.5 23 0.5 4.69 3.99
24.9 6 59 0.27 6.95 4.49
11.6 6 2.5 0.33 1.01 0.83
13.5 7 2.2 0.48 1.39 1.06
9 15.6 9 52 0.5 3.57 292
19 6 1.8 0.51 2.67 2.18
19 6.7 2.5 0.36 5.35 4.6
15 4.6 1.3 0.36 2.23 2
12.6 7.6 0.31 1.06 0.95
17.6 10.4 5.2 0.5 6.18 4.54
9.5 12.4 2.6 0.35 2.16 1.59
10 13 6.2 2.6 0.48 1.75 1.38
18.6 5.6 34 0.46 4.01 3.15
18 49 4.6 0.45 4.3 3.41
15 6.2 1 0.44 1.5 1.27
17.6 6.2 6 0.27 6.82 5.35
19 8.7 4.5 0.37 3.52 2.62
18.6 8 4.5 0.5 7.13 5.22
11 18 55 5 0.44 3.31 248
14.8 5 1 0.35 2.18 1.76
16.4 4.4 2.1 0.48 3.48 3.05
19.2 5.8 2.5 0.35 6.77 5.85
12.7 2.5 2.5 0.36 2.08 1.65
18 9.6 55 0.4 6.82 4.75
13 4.5 2.7 0.34 1.31 1.04
12 20.6 4 31 0.4 3.76 3.15
18.6 2.5 4 0.4 1.97 1.39
11.6 4.2 0.36 1.06 0.98
14.4 4.9 2.7 0.35 1.16 0.85
225 55 2 0.43 4.6 3.8
19.6 6.2 6.2 0.5 4.79 3.43
14.6 3 35 0.43 241 2.05




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

G 28-09 7 242 12 4.6 0.22 5.15 4.65
15.1 13.1 7.6 0.22 2.82 23
25 8.5 25 0.27 9.17 8.63
16.8 6.1 1.2 1.92 1.79
22.1 10.2 3 0.21 7.83 7.18
8 28.1 5.6 4.1 0.35 14.48 12.12
17.1 14.7 4.2 0.18 2.89 2.36
26.2 11.5 2.1 0.22 6.39 5.63
21.8 12.9 6.6 0.34 13.65 13.07
27.2 14.5 9.9 0.4 16.7 14.57
9 21.8 4.1 24 0.2 3.21 2.71
20.2 6.4 6.7 1.58 1.43
22.5 7.2 3.5 0.24 3.37 2.83
225 9.6 1.2 0.21 1.9 1.64
23 9.7 2.1 0.32 5.38 4.63
10 19.5 10.5 6.5 0.22 4.23 3.94
22.6 13.7 4.3 0.22 4.01 3.51
11.5 10.2 1.5 1.2 1.18
12.5 3.2 0.74 0.62
12.1 7.1 0.86 0.77
11 18.2 9.5 3.1 0.17 245 2.21
17.8 7.4 1.8 0.22 25 2.13
18.7 11 2.1 0.22 1.61 1.25
14 6.6 4.1 2 1.82
9.7 6.9 1 1.27 1.07
12 16.1 8.9 29 1.65 1.48
18.5 8.7 1.6 0.21 24 2.16
15.5 9.5 2.2 1.5 1.38
21.8 7.6 5.1 0.27 5.71 3.93

17 5.5 6.5 0.2 3.83 3.1




Section Date Plot Shoot (cm) Root(cm) Longest root (cm) Diameter (cm) Weight (g) Weight shoot (g)

E 28-09 2 26.4 59 4 0.46 8.38 6.44
19.7 39 2.5 0.36 3.09 2.59
26.1 6 2 0.54 14.18 9.89
23 29 1.5 0.35 4.06 3.71
24.6 3.6 2.6 0.55 12.17 7.83
3 22 52 7 0.35 9.85 8.51
24 5.2 3.1 0.48 15.39 12.72
27.7 8.1 3.7 0.37 11.82 10.43
19 8.1 6.9 04 11.66 9.77
27.3 4.3 3.1 0.55 10.56 9.52
4 10 6.6 0.42 04
16.6 7.2 0.68 0.51
9.2 4.6 0.52 0.49
11.6 59 0.96 0.87
12.1 6.1 1.27 0.69
5 17.6 7.9 5.1 0.3 3.06 2.67
19.5 9.5 11.6 0.37 791 6.68
18.1 10.2 8.5 0.28 6.43 5.35
19.5 7.5 9.6 0.36 3.58 2.04
16.9 8 7.6 0.24 5.45 4.84
6 20.5 3.2 3.1 0.17 2.14 1.89
27.2 3.1 2 0.3 491 3.96
28.9 5 1.2 0.46 12.26 10.16
22 35 1.7 0.48 7.12 5.7
27.2 5.5 5 0.46 16.29 14.65
7 31.5 3.8 6.2 0.52 24.65 21.17
28.1 6.1 3.1 0.35 8.81 8.21
29.1 5.6 32 0.33 13.04 10.71
33 5.8 4.9 0.46 11.61 8.39
24 6 2 0.35 5.14 4.39
8 20.6 4.5 3.1 0.34 4.95 3.19
22.6 8 9 0.35 4.01 3.34
21.2 5.1 2 0.34 1.33 3.63
23.8 6.1 7.5 0.35 3.57 2.92
13 3.1 1.08 0.92
9 14.1 29 14 0.2 2.44 2.27
20.2 6.6 29 0.35 3.6 3.21
11.9 3.2 1.56 1.49
15.2 3.6 1.4 1.25
11.9 35 0.79 0.73
10 19.6 5.2 32 0.45 6.85 5.65
15.9 54 1.1 0.27 2.03 1.75
20.6 7.6 4.3 0.41 6.14 4.99
13.5 6 3 0.31 4.54 4.13
26 9.5 8.6 0.34 5.59 4.24
11 15.1 54 4.1 0.27 4.77 4.46
28.6 6.1 2 04 12.89 11.6
18.7 6.6 4.5 0.3 4.59 4.26
19 8 5.5 0.35 6.22 5.36
26.4 8 5.1 0.5 13.58 11.24
12 15.6 3.6 2.1 1.36 1.26
24.7 5.2 6.3 0.38 4.22 3.1
224 6.1 8.4 0.61 18.42 15.88
21.8 5.5 4.2 0.43 5.85 4.88

20.1 5.1 32 0.23 3.22 2.86




F Values for FVC

Values for the vegetation cover of each separate vegetation plot during the field trips. The final field trip in September is not included, since
the Salicornia have turned red already by that time. The values indicated in red represent untrustworthy values by reasons described in the
Discussion. These values have been replaced by the values between the brackets, which are determined on visual clues from the photograph.

Section Plot Date
02-06 01-07 30-07

E 1 0 0 0

2 30.14 (2) 1745 62091

3 5.18 (1) 9.44 5.25

4 0.4 5.33 2.78

5 0.74 2.27 3.86

6 66.12(5) 641 76.12 (8)

7 741 (4) 19.75 435

8 0.76 1.81 5.11

9 1.41 8.99 9.35

10 0.074 4.6 4.68

11 0.38 1.87 11.38 (7)

12 3.35 15.39 2898
G 1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0

6 0 0 0

7 0.2 8.5(1) 24.3(5

8 0.51 7.08 10.67

9 1.36 1037  22.52

10 0.02 3 4.18

11 0.36 3.57 5.27

12 0.45 6.53 8.6




G Total sedimentation under different dam heights

(@)
1

— 2100

N
1

_ =
(@B ¢
1 1

0.27 1 — 2021
0.26
0.25 1

Net sedimentation (m/m)

0.2 0i4 016 0i8 1 1i2 1.4 1.6
Dam height above bed level (m)

Net sedimentation that occurred landward of the dam over the simulation of one growing season during the years 2021, 2060, and 2100 with
different dam heights ranging from no dam (0) to a dam with a height of 1.6 m above the bed. An increase in accretion is visible until different
dam heights above the bed for the different scenarios: 0.4, 0.8, and 1 m for the years 2021, 2060, and 2100 respectively.
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H Calibration of section G

300 A Ds (Hm)
- — 50
S 1
o) — 70
© 200 1
§ — 80
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5 — 100
g 1009 — 110
o — 120
'8 50 - 130
m — 140 -
0_
0 50 100 150 200 250

Distance from landward boundary (m)

Difference between the initial bathymetry of section G and the bathymetry after the simulated growing season with different sediment charac-
teristics. Positive values represent sedimentation and negative values represent erosion.
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