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The integration of coastal dunes planted with vegetation and dikes combines traditional infrastructure with
dynamic aeolian sediment and ecological processes to enhance coastal resilience. The functioning of such dune-
dike hybrid Nature-based Solution strongly depends on aeolian sediment transport and the vertical growth rate of
vegetation. We used the AeoLiS numerical model to investigate the relative importance of aeolian and vegetation
dynamics in the evolution of a 120 m long and 20 m wide marram grass-planted dune field on a Belgian sandy
beach backed by a seawall, constructed in 2021. AeoLiS proved to be a promising tool for predicting these
systems, effectively capturing aeolian sediment deposition, vegetation growth, and profile development three
years post-construction. Seasonal variations in vegetation trapping efficiency, driven by sediment burial, and
seasonal plant growth emerged as important factors controlling dune growth. Profile development discrepancies
were attributed to unaccounted biotic and abiotic factors, highlighting the complexity of coastal eco-
geomorphological processes. Dunes planted with vegetation wider than 20 m were identified to enhance sedi-
ment trapping without an increase in dune height. These findings offer actionable insights for coastal manage-
ment, promoting strategic dune design and planting approaches to reinforce shoreline resilience. Additionally,
the findings underscore the necessity for advancing eco-morphodynamic models and deepening our knowledge
of coastal dune dynamics.

1. Introduction of static flood defence structures. Hybrid Nature-based Solutions (NbS),

which blend conventional hard infrastructure with dynamic sediment

The European coastal regions are among the world’s most densely
inhabited areas. In many urbanized areas, natural sand dune barriers
have been replaced by rigid coastal defence structures. Without the
necessary measures to adapt, the number of people exposed to floods is
anticipated to increase (Lomborg, 2020). Particularly in Europe, the
coastal areas bordering the North Sea, Baltic Sea, and Atlantic Ocean
face considerable flood risks due to rising sea levels. At the same time,
climate extremes also threaten the Mediterranean coasts of Southern
Europe (Vousdoukas et al., 2017).

The future of coastal management transcends the current paradigm
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and ecological processes, are emerging as a promising approach (e.g.,
Derijckere et al., 2023; Strypsteen et al., 2024). These NbS are being
developed along urbanized stretches of sandy European coasts, albeit on
a limited scale (Derijckere et al., 2023; Elko et al., 2016; Matias et al.,
2005; Stive et al., 2013; Strypsteen et al., 2024a; Tresca et al., 2014).
Additionally, EU policies such as the Habitats Directive (The Habitats
Directive - European Commission (europa.eu)) and Climate Change
Adaptation Strategy (EU Adaptation Strategy - European Commission
(europa.eu)) recognize the importance of dune conservation and man-
agement, further highlighting the role of dunes in coastal resilience and
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adaptation efforts. Notably, the integration of dikes and dunes into
coastal protection strategies exemplifies this hybrid NbS approach,
commonly referred to as dune-dike hybrid NbS (Bonte and Consortium,
2024). Such blue-grey infrastructure offers advantages in coastal safety
and protection that neither rigid (dikes, seawalls) nor soft (beach
nourishment, natural dunes) measures can achieve independently.
These hybrid NbS function optimally only when both physical and
ecological parameters are met, representing a fusion of engineering and
ecological principles. This integrated approach indicates a new era in
coastal management, underpinned by multidisciplinary collaboration
and innovation.

In January 2021, a new artificial dune measuring 120 x 20 m? with
marram grass (Calamagrostis-formerly Ammophila-arenaria) experimen-
tally planted in six zones across the upper dry beach, was constructed
along the Belgian coastline, at Oosteroever (Derijckere et al., 2023;
Strypsteen et al., 2024a). Marram grass is a keystone species as it is
burial tolerant, and its growth responses to burial, directly shaping the
dune development (Bonte et al., 2021; Reijers et al., 2021). Marram
grass traps aeolian sediment by reducing wind speeds near the bed
(Keijsers et al., 2015; Raupach et al., 1993), and is resilient, sometimes
being buried annually by more than 1 m (Strypsteen et al., 2024a; Bonte
et al., 2021; Nolet et al., 2018; Wolfe and Nickling, 1993).

The intricate interplay between frequent aeolian sediment transport
(Strypsteen, 2019; Strypsteen et al., 2019) and vegetation (Strypsteen
et al., 2024a) is expected to drive the morphological evolution of the
dune body, enhancing local coastal protection as shown by Derijckere
et al. (2023) and Strypsteen (2023), which focused on the initial three
and nine months following dune construction. Strypsteen et al. (2024a)
found that the initial planting layout did not affect marram grass growth
after three years of dune evolution. Adequate wind speed is necessary to
initiate aeolian sand transport, particularly with an onshore and long-
shore component, leading to sand accumulation in the dune (Strypsteen,
2023). Factors like surface moisture and grainsize variability can limit
sediment supply, affecting transport rates under different wind condi-
tions and determining the maximum fetch length required for sediment
saturation within the saltation layer (Strypsteen et al., 2024b).

State-of-the-art models for coastal aeolian sediment transport and
dune development are able to simulate topographic development of
coastal dunes and sediment transport at spatial scales relevant for
coastal managers. An example is the process-based numerical AeoLiS
model (de Vries et al., 2023; Hoonhout and de Vries, 2016). The
extended version of AeoLiS, described in van Westen et al. (2024a), now
integrates topographic steering impact on wind shear, steep slope
avalanching, and vegetation dynamics, including growth and wind
shear reduction. It accurately simulates sediment transport and
morphological transformations driven by wind in coastal settings.
Recent studies have showcased the model’s ability to simulate various
phenomena, including multi-fraction sediment transport (van [Jzen-
doorn et al., 2023), surface moisture (Hallin et al., 2023), barchan and
parabolic dunes (van Westen et al., 2019, 2024a), sediment trapping by
vegetation (Dickey et al., 2023), and monthly artificial dune evolution
(Strypsteen and de Vries, 2023). Although, the effect of different
ecological conditions on longer term dune growth (i.e., years) has not
yet been studied with AeoLiS, mainly due to a lack of high spatial and
temporal data on dune growth and vegetation development.

AeoLiS integrates the primary processes driving dune growth in
coastal areas but does not directly account for marine influences on
beach and dune erosion. However, some studies have integrated an
analytical dune erosion model, based on wave impact theory, into
AeoLiS for one-dimensional cases (Heminway et al., 2024). It is noted
that dunes can erode rapidly within hours during high storm surges and
large waves, while growth due to aeolian processes is much slower
during calm conditions (de Winter et al., 2015).

While aeolian sediment fluxes reaching the dunes are pivotal for
understanding system development, the sediment accumulation along
the dune profile and its interaction with vegetation profoundly
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influences the dune morphology (Duran and Moore, 2013). Although
the relevance of dune-building grasses has been recognized (Hesp,
2002), most geomorphological studies have concentrated on the role of
sand supply, determined by sand availability and wind-transport po-
tential, in the dune-forming process (Bauer and Davidson-Arnott, 2003;
Cohn et al., 2019; Delgado-Fernandez and Davidson-Arnott, 2011; Hesp,
1988; Hoonhout and de Vries, 2019; Psuty, 2004; Short and Hesp, 1982;
van Westen et al., 2024b). This dynamic relationship between sediment
fluxes and vegetation was highlighted by Heminway et al. (2024). They
found that high-density, uniform planting strategies trap sediment near
the dune toe, while low-density plantings may facilitate accretion across
a wider area of the dune face. This finding aligns with the field obser-
vations of Derijckere et al. (2023) within the first three months
following construction at the planted dune pilot site in Oosteroever,
Belgium.

Our study aims to utilize AeoLiS to simulate the ecological and
morphological characteristics of the planted dune pilot site in Oostero-
ever, Belgium. Our hypothesis is that dune evolution is directly related
to changes in vegetation density. The objectives of this research are
threefold: (1) to evaluate dune evolution under varying ecological
growth conditions, (2) to calibrate AeoLiS using high-resolution field
data obtained by Strypsteen et al. (2024a) for the dune site, and (3) to
conduct a sensitivity analysis to gain insights into the behaviour of
planted dune areas, with a focus on different dune widths plantations.

2. Materials and methods
2.1. Description of the experimental site

In January 2021, marram grass (Calamagrostis arenaria) was intro-
duced to the upper beach of Oosteroever, Belgium situated approxi-
mately 2 km north of Ostend along the North Sea coast (Fig. 1). Backed
by the “Spinoladijk” seawall and inland dunes, Oosteroever beach spans
about 320 m in width, with sediments composed of medium to fine sand
with a median grain size of 0.25 mm (Derijckere et al., 2023; Strypsteen,
2023). The gradual slope of the beach, with a ratio of 1:50 towards the
dry beach, is combined with partially covered groins. The tide is
semi-diurnal, with a tidal range of 3.5 m during neap tides to 5 m during
spring tides. Tidal currents are in the order of 1-1.2 m/s (Haerens et al.,
2012; Montreuil et al., 2016).

To study the impact of planting densities and patterns on dune
development, marram grass was planted across six neighbouring zones,
each measuring 20 x 20 m2. These zones encompassed three densities
(6,9,and 15 plants/rnz) and four patterns: gridded, clustered, staggered,
and random. Derijckere (2021) and Derijckere et al. (2023) examined
the effects of these planting strategies on initial dune formation. Planted
0.15 m into the sand over two weeks, the marram grass had a protruding
aboveground leave length of 0.35-0.45 m. Each planted tussock con-
sisted of 5-7 leaves.

Enclosed by a steel-wire fence to restrict beach access and allow
natural dune development, zone B (Fig. 1B) was positioned at +7.5 m
TAW (Belgian Ordnance Datum, with MSL at +2.5 m), while the seawall
crest is at +9.4 m TAW. Zones A, B, and C (Fig. 1B) are designated as
areas free from management activities such as bulldozing. However,
sand was relocated four times around these zones in the period between
February 2021 and February 2024, from in front of the seawall toward
the high-waterline. This relocating resulted in piles of sand of up to 2 m
high (Strypsteen et al., 2024a). The artificial dune, placed seaward of the
seawall (in zone B), employed a nature-based approach to enhance local
coastal protection and mitigate sand nuisance. More details on the study
area and pilot project can be found in Strypsteen et al. (2024a).

2.2. Numerical model description

AeoLiS is designed to simulate the complex spatio-temporal dy-
namics of aeolian sediment transport in supply-limited environments by
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Fig. 1. A) Location of the planted dune east of the municipality of Oostende, Belgium. The location of the regional wave buoy, tidal gauge and wind station is shown.
B) An aerial image (© Glenn Strypsteen) taken on August 8, 2023, offers an oblique perspective of the pilot project site, revealing key elements including project
boundaries, the dune fence, marram grass, seawall, intertidal zone, and upper beach. The dune stretches alongshore for 120 m and spanning 20 m cross-shore. No
bulldozer activities are allowed in Zones A, B, and C. Notably, Zone B is enclosed by a steel-wire fence.

discretization on a 2D depth-averaged grid (van Westen et al., 2024a; de
Vries et al., 2023; Hoonhout and de Vries, 2016). In each model grid cell,
local wind properties, including bed shear stress and wind velocity, are
used to calculate sediment transport rates for individual grain size bins
(dp). As wind entrains and transports sediment via saltation, equilibrium
sediment transport fluxes (qp) are computed based on grain-related
shear velocity using the bed roughness predictor and modified Bag-
nold transport equation of van Rijn and Strypsteen (2020):

/d. .
g, = g ® %0 ° % . (uf‘grain-uft) M

where p,;. [kg/m>] represents the air density, D [m] is a reference grain
size of 0.25 mm, U grain [m/s] denotes the grain-related shear velocity
based on a roughness predictor (not shown here, see Strypsteen (2023)),
us [m/s] is the threshold shear velocity below which transport does not
occur, and op [—] is an empirical coefficient. The shear velocity
threshold for transport is calculated using the Bagnold equation
(Bagnold, 1954).

In AeoLiS, the influence of vegetation on dune evolution is
comprehensively addressed. This includes modelling the intrinsic
growth of vegetation, accounting for factors such as growth and decay
due to burial (Duran and Moore, 2013), lateral expansion and estab-
lishment (Keijsers et al., 2016), as well as simulating the destruction of
vegetation caused by hydrodynamic processes. In the event of cell
inundation, vegetation density is set to zero as a result. Inspired by the
Coastal Dune Model (CDM) proposed by Durdn and Moore (2013),
AeoLiS incorporates vegetation-wind interaction using the expression
established by Duran and Herrmann, 2006a,b.

Usyeg 1

= 2
U« \/1 +vaeg &)

where the ratio of shear velocity in the presence of vegetation (u+ veg) to
the unobstructed shear velocity (ux) is determined by a vegetation-
related roughness parameter (I') and the vegetation density within a
unit area of the grid cell (pyeg). In the model, I" = 16 is derived from plant
form drag and geometry values documented for creosote communities
(Duran and Herrmann, 2006a,b). At the pilot site, the vegetation con-
sists solely of marram grass, forming a monoculture. The same value for
marram grass was applied due to its similarity in size. Theoretically, I is

expected to vary across growing seasons due to changes in the plant’s
geometry and the influence of neighbouring plants, which can alter the
plant’s shape through sheltering effects. However, I" is kept constant
throughout the simulations. This implementation calculates the
expression on each model grid cell, with higher vegetation density
(expressed by pyeg) leading to a more substantial reduction in shear
velocity compared to sparse vegetation (Fig. 2B). By integrating these
physical and ecological processes, AeoLiS simulates spatial patterns and
temporal variations in sediment transport and morphological changes
resulting from aeolian processes in coastal environments.

The density, pyeg, can vary in space and time and is determined by the
ratio of the actual vegetation height (hyeg) to the maximum vegetation
height (hyeg max), and can vary between 0 and 1 (Durdn and Herrmann,
2006a,b):

hve 2
Pveg:( E ) 3)

hveg max

This assumption is based on the idea that burying vegetation reduces
its height, which indicates a decrease in actual cover. For marram grass,
this holds true since its highest biomass density is near the surface, with
a substantial decrease as height increases. While this may apply to a
single tussock, it becomes less accurate when assessing the frontal sur-
face area and density of vegetation as more plants grow and cover the
area. In the model, hyegmax = 1 m, a value supported by ground-truthing
observations conducted by Strypsteen et al. (2024a).

The change in vegetation density per grid cell is directly linked to the
alteration in vegetation height within that specific cell. This height
variation is influenced by both the growth rate of the vegetation and the
rate of sediment burial. If the vegetation density remains constant over
time, it suggests either no sedimentation or a growth rate equal to the
rate of sediment burial within the cell. Vegetation growth and decay
follow the model proposed by Duran and Herrmann (2006a), (2006b)
modified to include 8z, o (m/year), representing sediment burial for
optimal growth that shifts the peak of optimal growth (Fig. 2A):

Shyeg

hve |62b ve,
— 1 8 _ .veg S
5t Vver ( hveg,max) Yveg 5t Zb,opt (4)

Here, ¥ veg (default = 1) is a sediment burial factor that accounts for the
impact of sediment burial on vegetation. The height of the vegetation
(hyeg in m) cannot be less than zero. Ve represents the maximum
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Fig. 2. A) The vegetation growth response varies with different vertical growth rates (example for Ve, = 1 and 2 m/year). Optimal vegetation growth is determined
by a burial rate of 0.31 m/year, with a maximum vegetation height set at 1 m and a plant height of 0.5 m. Additionally, the growth response for varying burial factors
is depicted (Aveg = 1 and 2). B) Shear stress reduction for two different vegetation-related roughness parameters and vegetation densities (I' = 16 and 32).

vertical growth rate of vegetation given in m/year, while the sediment
burial rate 5z, e, [m] is determined as the bed level change per time
step. By simply converting this value to a bed level change per year
multiple errors are induced, as the time scale over which the bed level
change actually occurs is much shorter than this one year. To compare
the bed level change per time step with the vegetation growth rate per
year, an average bed level change is estimated over a specified time
(default is one day). This average is then extrapolated to an annual rate
and applied in Eq. (4). This method ensures that sudden changes in the
bed level change over one time step are not used as an estimate of the
total bed level change in one year, which would be far too high.

The optimal growth rate for certain vegetation species in dune en-
vironments is depending upon sediment burial (Maun, 1998). The
optimal burial rate for maximum vegetation growth for marram grass for
the neighbouring Dutch coast is around 0.31 m/year with a burying
tolerance of 0.78-0.96 m burial/year (Nolet et al., 2018). This optimal
value is used in the model. The relationship between sediment burial
and vegetation growth for different vertical growth rates and burial

factors is shown in Fig. 2A. Vy,, contains information of meteorological
and local conditions that enhance or inhibit vegetation growth process
(Danin, 1991; Hesp, 1991). Furthermore, vegetation growth is very slow
in the winter but does not stop entirely (Huiskes, 1979). Vye in the
model is varied between 0 and 6 m/year.

It is important to distinguish between the terms “vegetation density”
and “vegetation cover,” which are commonly used in discussions about
vegetation. “Vegetation cover” refers to the percentage of a ground area
covered by vegetation. In contrast, “vegetation density,” also referred to
as “lateral cover” as described by Marshall (1971) and Raupach (1992),
pertains to the concept of shear stress partitioning above vegetation and
defines the frontal area per unit ground area. In this study, we describe
vegetation in terms of vegetation density rather than cover, as we utilize
the partitioning method of Raupach et al. (1993) and Duran and Herr-
mann (2006a), (2006b) described in Eq. (2).

Initial topography (T1) NE-layer Vegetation
350 350 - c

E 300 300 i 300
g 250 250 250 E
B 200 200 200 !
o Erodible
S 150 150 150
%100 100 100
< 50 50 50

0 0 0

NI IROTIRLY q/QQ q(?Q %QQ
Cross-shore distance (m)

[T

0 5 10 15 20 25
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Fig. 3. A) 1 m-gridded model topography based on the T1 drone survey of March 2, 2021. B) Mask used to indicate the location of the erodible and non-erodible
layer. Sediment below the non-erodible layer cannot be transported. C) Vegetation density used in the model to represent the presence of vegetation in the dune area.
The six original planted zones are indicated by bold numbers. The fence around the dune area is shown with the black solid line.
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2.3. Model grid and input parameters

The model’s initial topography is rotated 29.4° relative to the dune
toe orientation and interpolated on a 1 x 1 m? grid to conform with the
AeoLiS grid input, with the x-axis representing the cross-shore distance
and the y-axis the alongshore distance. This topography is derived from
the drone survey conducted after planting the marram grass on March 2,
2021 (T1), covering an area of 380 m alongshore and 300 m cross-shore
(Fig. 3A). To address the presence of groins and the seawall at the study
site, a non-erodible layer mask is applied, ensuring that sediment
erosion does not occur below initial topography. This mask extends to
include the landward dunes (Fig. 3B). Additionally, the model in-
corporates three constant dune vegetation densities: 20%, 30%, and
40% (Fig. 3C).

Three years of regional hourly wind speed and direction data,
measured at 10 m above the surface, was obtained from Meteopark
Oostende (www.meetnetvlaamsebanken.be) (Fig. 4A and B). The
regional station is located 325 m from the study site
(2°55'48”E—51°14'15"N), positioned in the landward dunes (Fig. 1A). It
also monitors meteorological parameters, including precipitation. The
wind speed is transformed following Strypsteen (2023) to replicate
beach conditions and is based on nine months of local wind measure-
ments. Throughout this paper, three time periods of approximately one
year each are defined based on 28 conducted drone surveys (indicated as
T) as follows: Year 1 spans from February 12, 2021 to January 17, 2022
(T10); Year 2 extends from January 17, 2022 (T10) to January 24, 2023

Year 1
T1-T10

Year 2
T10-T20
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(T20); and Year 3 covers the period from January 24, 2023 (T20) to
February 27, 2024 (T28) (Fig. 4A).

Hourly offshore water levels, wave heights, and wave periods
(Fig. 4C and D) are obtained from the nearby buoy Oostende Ooster-
staketsel and Oostende harbour (Fig. 1A) and are imposed to the model
as well. Four storms, with significant wave heights above 3.5 m,
impacted the study site where wave runup approached the dune toe:
Storm Corrie (January 31, 2022), Diego (April 01, 2022), Larisa (March
10, 2023), and Ciaran (November 24, 2023). Storm Corrie caused minor
dune toe erosion, as indicated by Strypsteen et al. (2024a). The wind
climate follows a seasonal pattern (Fig. 4E) with peak wind speeds
typically accompanying winter storms. Additionally, marine conditions
fluctuate seasonally following the wind climate (Fig. 4F and G), with the
lowest wave energy and water levels typically observed during summer.
In contrast, winter experiences larger waves.

A single grain size fraction, with the measured median grain size, is
set to 0.25 mm to reduce computational time (Strypsteen, 2023). A
single grain size fraction typically produces similar simulated results to
multi-fraction simulations on timescales ranging from days to years (van
[Jzendoorn et al., 2023). Only the important processes are enabled and
refer to wind, wind shear, tide, runup, waves, threshold, sediment
transport, separation bubble, vegetation and bed update. No additional
tuning of model parameters was undertaken, except for the empirical
coefficient (ag) in van Rijn and Strypsteen (2020) is set to 1.5 instead of
2. Using AeoLiS v3 (de Vries et al., 2023), computational times were
approximately 3 h (on a HP ZBook with 11th Gen Intel(R) Core(TM)

Year 3
T20-T28
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Fig. 4. A) Wind roses for three consecutive annual time periods. B) Three years timeseries of transformed local wind speed, C) still water levels, and D) wave height.
The wind measurements are obtained from Meteopark Oostende. The hydrodynamic measurements are obtained from Oostende Oosterstaketsel wave buoy and
Oostende harbour (Fig. 1). The red dots indicate the four events where wave runup approached the dune toe. From left to right: storm Corrie (January 31, 2022),
Diego (April 01, 2022), Larisa (March 10, 2023), Ciaran (November 24, 2023). E-G) Monthly averages of local wind speed, still water levels, and wave height.
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i7-11800H @ 2.30 GHz processor).

2.4. Modelling and calibration approach

A two-dimensional model is setup for the case study. Circular con-
ditions are used on the lateral boundaries, meaning when sediment exits
one side it re-enters from the opposite side. The model is calibrated using
three years of comprehensive field data covering wind, tides, waves,
vegetation, and topography. These conditions are described in detail by
Strypsteen et al. (2024a). Throughout the period between February 12,
2021 and February 27, 2024, the magnitudes and patterns in volumetric
dune and beach changes, dune height, and profile changes are simu-
lated. The start of this period is two weeks after the marram grass was
planted.

Initially, the calibration focused on the first nine months following
dune construction, during which the dune was 100% effective in trap-
ping sediment. In this phase, vegetation vertical growth was set to a high
level (i.e., 6 m/year) to ensure that vegetation density would be suffi-
cient to trap all sediment originating from the beach. This initial cali-
bration was already conducted by Strypsteen and de Vries (2023). Next,
different but temporally constant vertical growth rates for vegetation is
explored, ranging from 0.5 to 6 m/year, to understand their impact on
dune volume and profile changes for the entire study period. Conse-
quently, the calibration process shifted to account for dynamic ecolog-
ical processes as shown in Fig. 5. This involved adjusting the vegetation
vertical growth rate and maximum height over time to account for
seasonal variability and precipitation dynamics, which has previously
not been done in AeoLiS. A callback function is implemented in AeoLiS
to account for this temporal variability in vegetation dynamics. Specif-
ically, higher growth rates were applied during the vegetation growing
season and periods of increased precipitation. These adjustments were
primarily conducted through trial and error.

The average precipitation at the Belgian coast is approximately 670
mm/year (Dauwe et al., 2019), highlighting that precipitation during
the first two years of dune evolution was notably below average (Fig. 6),
while the last months of the third year exceeded the average precipita-
tion. These deviations, coupled with sediment burial rates and the
vegetation growing season, likely influenced the vertical growth rate of
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Fig. 5. A) Temporal variability in vertical vegetation growth rate for the cali-
brated model and the model calibrated solely for dune volume. B) Temporal
variability in maximum vegetation height for the two calibrated models. The
background colours represent the three years.

Coastal Engineering 194 (2024) 104624

Precipitation Oosteroever

2100 T T T T T T T T T T B
| Measured o
— 1800 >7.3m/s & 1 mm/h Lo 9
€ 1500k |- Annual average o 7
g \E, ------ Trend in mm/day \c\"‘\‘/ 54
& 5 1200 RS T
== Kz -7 ©
ES . i = =P 1
8 % 900 6’10,‘5\” &
© 600 [ o 3 , 1
Q .- o =
300fg .72 1
Q-
0(}9 1 L 1 1 1 1 1 L 1 1
%\'1/ C§ A\“l/ ‘lzq’ \\\‘ﬂ' élzq’ Q\“l/q’ \“l/ *\'{:" \‘{:J N 6“&‘
@'2} ) @’0 & eo <<® @‘b éo QQJ

Time (mmmlyy)

Fig. 6. Cumulative precipitation measured at the regional weather station. The
solid red line indicates the cumulative precipitation for wind speeds higher than
the threshold for aeolian sediment transport. The background colours represent
the three years.

vegetation. Growth during the growing season was likely subdued
during the drier initial years but intensified during the third, wetter
year. Homberger et al. (2024) observed that soil moisture levels in the
upper 0.5 m beneath the surface closely follow precipitation patterns.
Soil moisture plays a significant role in plant growth, with prolonged
deviations from average growing season precipitation leading to notable
impacts on vegetation growth: extremely dry years can reduce marram
grass growth by up to 23%, while extremely wet years can increase it by
up to 32% (Homberger et al., 2024).

The three-year calibrated model is then used to explore different
constructed dune widths, while maintaining consistent beach charac-
teristics and water level fluctuations.

2.5. Post-processing

During the AeoLiS model simulations, data were stored in a netCDF
file every one day, encompassing three years for each model run. Post-
processing encompassed multiple steps: (1) assessing dune volume
change, (2) comparing post-model mean dune profiles and dune crest
level with observed data, (3) comparing beach volume change with
observations, and (4) analysing the effects of different dune widths on
profile development, mean dune crest level, and dune volume change
starting from the calibrated model. The r?-value and root-mean-square
error (RMSE) are also calculated for the calibrated model following:

Zn (V(r:bserved Vimul ") ’ 5)
—_—\2
Zn (ngserved _ngserved )

r’=1

RMSE = \/ Zn (ngserved 'V;Iimulated) ’ ©)

with V = volume. The r’-value and RMSE calculated for the first nine
months of dune evolution by Strypsteen (2023) is 0.979 and 0.64 m>/m,
respectively.

Moran’s index (I) is used to assess spatial autocorrelation between
vegetation density:

nyl Yo wi(xiX) (x%)
Sy Yo Wi (x%)

Moran's I=

)

where wy; is the spatial weight matrix; x; and x; are the vegetation
density values at the ith and jth sampling points, respectively; n is the
total number of samples; and X is the average value of the variable x. The
Moran’s I value ranges from —1 to 1. Specifically, Moran’s I > 0 in-
dicates a clustered spatial distribution of vegetation density values,
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Moran’s I < 0 signifies a dispersed spatial distribution, and Moran’s I =
0 represents a random spatial distribution (Wang et al., 2021).

3. Results

In the results section, the deposition and erosion patterns of simu-
lated and measured results (4.1), the effect of vegetation growth rates on
dune volume changes (4.2), the simulated vegetation development
(4.3), and the impact of vegetation growth rates on profile development
(4.4), are detailed. Furthermore, dune development concerning
different dune widths is analysed (4.5).

3.1. Deposition and erosion patterns for calibrated model

Patterns of deposition and erosion are shown in Fig. 7, where the
comparison between the simulated topography changes and the
measured topography changes is made. The model results demonstrate a
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reasonable accuracy in representing the distribution of sand within the
planted dune area over the years (r2 = 0.992 and RMSE = 0.68 m%/m).

Initially, in the first year, sand distribution appears relatively uni-
form across the vegetation area, consistent with both model and
measured results. However, in the second year, while dune growth is
relatively small, there is a noticeable increase in measured sand depo-
sition at the seaward and southwest boundaries, which is not reflected in
the model results. By the third and final year, vegetation on the seaward
side of the dune effectively traps more sediment, leading to a broader
deposition area from the northeast towards the southwest. This trend is
reflected in the measured results but not in the model results. However,
similar but more pronounced to the second year, the model simulates a
landward shift of the dune body, which is not observed in the mea-
surements. Overall, despite differences between measurements and
model results in detailed topography patterns across small spatial scales
within the vegetation, the model effectively captures dune development
across the relevant spatial-temporal scales.
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Fig. 7. Yearly deposition and erosion as measured and simulated, along with the corresponding differences. The model results solely account for aeolian sediment
transport, as hydrodynamic sediment transport is not implemented in AeoLiS. Boundaries delineating zones A, B, C, and the marram grass area are denoted by

dashed, dotted, and solid lines, respectively, and are free from bulldozing activities.
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The measured erosion in the beach area around the planted dune
exceeds the simulated erosion (Fig. 8) as sediment transport by marine
processes are not considered in the AeoLiS simulations. Also notable is
the higher erosion measured compared to the simulation at the begin-
ning of the second year, attributed to storm Corrie on January 31, 2022,
which caused significant beach erosion of 10-15 m®/m and some dune
erosion of 1.5 m®/m due to wave processes and wind (Fig. 8). Addi-
tionally, in the second year, more sand accumulation occurred in the
intertidal beach in the measurements than in the simulation. This dif-
ference is mainly attributed to bulldozing activities following storms
Corrie and Diego, during which sand in front of the seawall was relo-
cated to the high-waterline. This sand naturally redistributed by wind in
the subsequent months of the second year. In the model, management
activities are not simulated.

In the last year, measured beach erosion roughly follows the simu-
lated trend (Fig. 8), particularly evident in zone A, with higher erosion
observed in zone C compared to zone A, consistent with both mea-
surements and simulations. The model predicts more erosion in zone C
during the last quarter of the third year than was actually measured
(Fig. 8), which is attributed to winds from the southwest. This discrep-
ancy is linked to the abrupt increase in wind shear velocity when tran-
sitioning from the vegetated area to the bare sand surface (Strypsteen
and de Vries, 2023). This effect is also evident in Fig. 7, between the
landward boundary of the vegetation and the seawall.

3.2. Effect of vegetation growth rates on dune volume changes

Fig. 9A shows the changes in simulated dune volume to various
vegetation growth responses. When the temporal constant vertical
vegetation growth exceeds 1 m/year (with a maximum vegetation
height of 1 m), simulated dune volume change closely matches mea-
surements in the initial nine months until the end of October 2021,
consistent with findings from Strypsteen (2023). Vegetation growth
(Fig. 9C) and density can effectively keep up with sediment burial,
resulting in 100% trapping of aeolian sediment by the vegetation
(Fig. 9D). However, discrepancies between simulations with the
different vegetation growth rates and measurements arise in subsequent
months.

When a large vegetation growth rate is assumed in the model (Vyer =
6 m/year), vegetation keeps pace with sediment burial and exhibits an
overall increase in density. Therefore an overestimation of dune volume
change compared to measured values emerges. As shown in Fig. 9A,
maximum dune growth would have reached 71.9 m®/m after three years
of wind forcing, marking a 227% overestimation compared to the
measured volume of 31.7 m®/m. Fig. 9B also illustrates that the beach
contributes a high sediment input throughout the years, of which only a
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fraction is effectively trapped by the vegetation. These annual maximum
accumulated transports at the dune toe correspond to the annual volume
changes for maximum dune growth depicted in Fig. 9A.

A smaller constant vertical vegetation growth rate of 2 m/year also
overestimates measured dune volume change in the second and third
years. However, a decrease in dune growth occurs as a result of a sig-
nificant decrease in vegetation density. Spatial variations in shear stress,
influenced by topographic steering of the wind field, are responsible for
this decrease in dune volume. Assuming a dune growth rate of 1 m/year
leads to comparable dune volume changes between the model and
measurements in the second year. However, a decrease in dune volume
in the third year is simulated due to insufficient vegetation density
causing spatial variations in shear stress. The deviating results between
the model and measurements when assuming different but temporal
constant vegetation vertical growth rates suggest that a variable vertical
growth rate of vegetation with time may be necessary to improve the
results of the simulation.

The discrepancy between the different simulations and measure-
ments becomes apparent when the average simulated vegetation density
(pveg) falls below 5% (Fig. 9C). In this scenario, not all aeolian sediment
can be trapped, resulting in sediment bypassing the dune. When burial
rates fall below or exceed the optimum value of 0.31 m/year, a decline
in vegetation growth becomes evident (Fig. 2A). During the period from
November 2021 to April 2022, there was considerable potential aeolian
transport (see maximum dune growth in Fig. 9A), exerting a negative
impact on vegetation growth, evidenced by a below 5% simulated
vegetation density towards April 2022. The results show that after April
2022, measured dune volume closely aligns with the maximum dune
growth trend again, suggesting that vegetation is growing and surpass-
ing 5% density, thereby capable of trapping aeolian sediment from the
beach.

Two calibrated models effectively represent dune volume changes
(Fig. 9A), demonstrating high accuracy with an r%-value of 0.992 and an
RMSE of 0.68 m>/m. However, both exhibit distinct vegetation growth
responses (Fig. 9C), with the most significant differences observed in the
third year. It is important to note that while a calibrated model may
closely reflect measured dune volume, this does not necessarily ensure
realistic profile development (see section 3.4). To closely align with
observed changes in dune volume and profile development, adjustments
are made to the vegetation growth response beginning in the second
year (see section 2.3). This involves modifying the vertical growth rate
(Vyer) within the range of 0-2.5 m/year, typically with higher values
during the growing season and periods of above-average precipitation,
and increasing the maximum vegetation height (hyeg max) from 1 to 2.2
m (see Fig. 5). While acknowledging that these values are unphysical,
they provide a descriptive representation of vegetation density
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Fig. 9. A) Simulated net dune volume changes for different vegetation growth responses (pyeg), is compared against the measured net dune volume change, as
presented in Strypsteen et al. (2024a). B) Variability in simulated accumulated transport rate along the cross-shore direction every consecutive year. C) Temporal
variability in vegetation growth responses, and D) Temporal variability in sand trapping efficiency and sediment bypass of the vegetation for the calibrated model.

The background colours represent the three years.

development in the calibrated models. The model calibrated for dune
volume change maintains a consistent maximum vegetation height of 1
m throughout the entire timeframe, albeit with varying vertical growth
rates.

In the calibrated models, vegetation density initially decreases in the
first year, followed by a gradual increase in the second year and a more
pronounced increase in the third year, concluding with a decrease in the
last five months. The decrease in measured dune volume on January 31,
2022, was attributed to storm Corrie, resulting in minor dune toe
erosion. While dune erosion caused by hydrodynamic processes is not
simulated, the reduction in simulated dune volume is influenced by
wind erosion combined with low vegetation density.

Sediment bypass, calculated by comparing accumulated sediment
transport (Fig. 9B) to calibrated dune volume changes (Fig. 9A), quan-
tifies sediment passing through the dune area. Fig. 9D indicates that
approximately 55%-60% of sand bypassed the dune area over the three
years. Trapping efficiency, defined as the ratio of sediment trapped by
vegetation to the sediment input, varied over time, with 100% efficiency
in the first nine months post-plantation, followed by seasonal variability
in the subsequent years. During the months between November and
March (winter period), when vegetation growth is slow, trapping effi-
ciency decreased to 60% with higher bypass. Particularly between
November 2021 and April 2022, trapping efficiency dropped to 0% due
to already a very low vegetation density due to burial. However, during
the vegetation growing season between April and October, trapping
efficiency improved significantly, nearly reaching 100% reducing
bypass. This is also conceptualized in Fig. 10.

3.3. Vegetation development for calibrated model

Fig. 11 shows the spatial variability of simulated vegetation

development over time for the calibrated model. Initial vegetation
densities diminished rapidly towards the end of the first year, a trend
also noted by Strypsteen et al. (2024a). The simulated densities then
increase again towards the end of the second and third year, followed by
a subsequent decrease by the end of the third year. Generally, higher
densities are simulated at the perimeters of the dune, which reflects
observations by Strypsteen et al. (2024a). While these vegetation pat-
terns seem to match observation, a closer evaluation shows a rather low
spatial predictive power (Table 1).

The spatial organization of the vegetation density shows the best
match - lowest Root Mean Squared Error (RMSE) and Mean Absolute
Error (MAE) values - at the end of the first growing season (Year 1) when
overall cover is low due to mass burial. Inmediately after planting (Year
0), and after the second (Year 2) and third growing season (Year 3),
deviations with observed values increase with the calibrated model
systematically under-representing the observed values. The calibrated
model consecutively predicts a larger spatial autocorrelation of the
density relative to the one observed (Moran’s I in Table 1). As described
in Strypsteen et al. (2024a) the vegetation spatial pattern is evolving
towards a random distribution in time, while model output conserves
the initial spatial autocorrelation pattern.

3.4. Effect of vegetation growth rates on profile development

Fig. 12A-F illustrates the measured and simulated average profile
development across the dune dimensions in both cross-shore and long-
shore directions over the course of three consecutive years. Measured
topography changes are combined with the standard deviation indi-
cating the spatial variability across dune width and length. The cali-
brated model demonstrates realistic profile developments closely
aligned with measurements detailed in Strypsteen et al. (2024a),
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Fig. 10. Conceptual figure depicting the role of marram grass in dune forma-
tion across seasonal cycles. During the growing season, the robust growth of
marram grass significantly increases the trapping efficiency and decreases
sediment bypass. Conversely, in the winter season, reduced vegetative growth
allows for increased sediment bypass and thus decreased trapping efficiency.

especially when compared to the model only calibrated for dune volume
change. In the latter model, profile development undergoes a landward
and northeastern shift due to different variations in vegetation behav-
iour calibrated with different vegetation values (Fig. 5), resulting in
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increased vegetation mortality in zones 1 to 3 compared to those shown
in Fig. 11 (black areas).

It is evident that simulated erosion is largest in the cross-shore pro-
files between the landward boundary of the vegetation and the seawall.
This phenomenon is attributed to the abrupt increase in wind shear
velocity from the vegetated area to the bare sand surface (Strypsteen and
de Vries, 2023). Additionally, less simulated erosion is observed in the
adjacent beach areas where no vegetation is planted. Minor differences
in cross- and longshore profile development are evident in the results of
the end simulation. A slight landward shift and increased sediment
accumulation in the centre of the dune occurs.

Compared to the calibrated simulation results, the model runs with
higher vertical vegetation growth rates (>2 m/year) exhibit more pro-
nounced profile development. It is evident that more sediment accu-
mulates at the onshore and southwest boundaries, beyond the
vegetation boundary, due to the spatial distribution of the shear stress.
This aligns with the prevailing wind direction and stronger winds as
illustrated in Fig. 4A, resulting in approximately 15% of the sand being
deposited in these areas. Unlike the other vegetation growth responses
examined in this study, the crest level of the maximum simulated dune
would overpass the height of the seawall located at 9.4 m TAW. Time
series of measured and modelled average dune crest level for the entire
dune area is shown in Fig. 12G. The measurements are complemented
with the standard deviation indicating the spatial variability across the
dune area. The calibrated model results follow the temporal variability
of the measurements very well with a r>-value of 0.993 and RMSE of

Table 1
Comparison of vegetation density between calibrated model and observations
for the consecutive years.

Comparison RMSE MAE Moran’s I Moran’s I
density density (Simulated) (Observed)
Year 0 0.27 0.26 0.83 0.80
Year 1 0.05 0.04 0.85 0.46
Year 2 0.23 0.13 0.86 0.47
Year 3 0.37 0.26 0.88 0.54
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Fig. 11. Temporal and spatial simulated vegetation development across the initial six original planted zones. The areas where vegetation has died are indicated in
black. The initial vegetation density in the simulations was 20%, 30%, and 40%.
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Fig. 12. A-F) The mean simulated profile development in both cross-shore and longshore directions is illustrated for various vegetation growth responses over the
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in the cross-shore direction and 120 m in the longshore direction. Right panel: Simulated mean dune crest level above TAW for the different vegetation growth
responses compared to measured mean dune height. Measured dune height is complemented with standard deviation. The background colours represent the

three years.

0.034 m. In accordance with Fig. 94, it is observed that the variability in
average crest level correlates with the variability in dune volume
change.

3.5. Dune development for different dune widths

As the calibrated model can reproduce dune volume changes, dune
profile, and dune crest level reasonably well, it is possible to conduct a
sensitivity analysis to understand how different dune constructions can
affect dune evolution under the same vegetation growth response. After
three years of wind forcing, Fig. 13 shows that for constructed dune
widths ranging between 20 and 40 m, there is a corresponding increase
in dune volume and a decrease in mean dune height as dune width in-
creases. This is expected as more sediment from the beach can be
deposited within the dune area because of aeolian transport. The cross-
shore profile development appears to widen and flatten. In contrast, the
longshore profile development appears to erode at the northeast
boundary, leading to a decrease in mean dune height. Although the
increase in dune volume with dune width is not linear, it appears to
approach an asymptotic relationship.

4. Discussion
The AeoLiS model correctly reproduced multi-annual dune growth

volumes. Dune toe erosion due to marine action was measured but was
not simulated by the model. Maximum aeolian sand transport in the

11

model, mirroring the findings of Strypsteen (2023), through the appli-
cation of the van Rijn and Strypsteen (2020) transport equation, is well
captured, especially when focusing on the initial nine months of dune
evolution. Transport measurements conducted in these nine months
during fetch effect measurements further validate the accurate compu-
tation of realistic maximum transport rates in the same study site
(Strypsteen et al., 2024b).

The modelling results highlight the impact of various vegetation
growth responses, indicating that dune evolution at the study site is
largely driven by ecological processes. However, the currently assumed
representation of ecological processes in AeoLiS simplifies vegetation
growth and decay by focusing solely on fixed vertical vegetation growth
rate that vary only with sediment burial. In reality, the establishment,
growth, and resilience of dune vegetation are influenced by a multitude
of biotic and abiotic factors, including salinity, wind stress, precipita-
tion, groundwater levels, competition and lateral expansion, as well as
removal by storm erosion (Homberger et al., 2024; Nield and Baas,
2008; Duran and Herrmann (2006a), (2006b); van Puijenbroek et al.,
2017). Currently, the vertical vegetation growth rates are adjusted
manually in the calibrated model, with only an implicit link to these
factors. This aspect could be automated and expanded upon in future
modelling efforts to include seasonal variability in vegetation growth.
AeolLiS accommodates only one type of vegetation, yet multiple species
with unique growth functions may be necessary for alternative landform
simulations (Baas and Nield, 2007). Additionally, ongoing work in-
volves coupling AeoLiS with DOONIES (Charbonneau et al., 2022), an
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Fig. 13. Dune development is examined under various constructed dune widths ranging from 20 to 40 m. A-B) The cross- and longshore profile development is
depicted, along with C) the timeseries of dune volume change and D) the relationship between dune width, maximum dune volume, and dune height. The back-

ground colours represent the three years.

ecological model based on photosynthesis developed for coastal envi-
ronments, and with ‘Living Dunes’ (Bonte et al., 2021), which would add
growth responses that vary with meteorological parameters and species
differentiation.

Despite these complexities, the calibrated model effectively captures
variations in dune volume by adjusting the vertical growth rate of
vegetation. Notably, changes in the vertical growth rate show strong
seasonal patterns and are associated with burial dynamics and meteo-
rological variability (Bonte et al., 2021; Homberger et al., 2024; Nolet
et al., 2018). The low match with the observed vegetation dynamics
demonstrates, however, that this calibrated vegetation height and
growth rate somehow captures changes in the spatial organization of the
vegetation. The calibrated model for instance incorporated an increased
vegetation growth rate toward the third year of dune evolution, while
observed vegetation expansion rates remained consistent throughout
the different growing seasons, averaging between 1.5 and 1.7 per year
(Strypsteen et al., 2024a). The calibrated model systematically under-
estimated the spatial cover of the vegetation but overestimated the
spatial clumpedness. The calibrated and exaggerated vegetation pa-
rameters were thus essential to mimic the needed shear stress reduction
and subsequent dune volume evolution. A more mechanistic vegetation
modelling approach, also incorporating temperature and humidity
dependent growth processes, is needed to remove the aberrated
parameterization while maintaining the physical aeolian coupling.

During the initial nine months post-plantation, the vegetation
managed to cope up with the sediment input, as depicted in Fig. 9D, thus
being 100% effective in trapping sand. The planted vegetation’s rigidity,
initial height, distribution, and density, combined with subsequent slow
growth, likely facilitated effective sediment trapping. The high trapping
efficiency of the vegetation in the model was achieved due to an initial
high vegetation density. Despite the high dune growth rate in March and
April 2021 (6 m®/m), the simulated vegetation managed to keep up with
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the sediment input since the simulated vegetation density remained
above 5%.

However, in the following months, vegetation did not keep pace with
the sediment input, particularly when the simulated vegetation density
fell below 5%. A density close to or below 5%, combined with high
aeolian transport rates, appears to be detrimental to simulated dune
growth and profile development, as demonstrated by the results in
Fig. 9C, especially when compared to moderate transport rates over
longer periods. From November 2021 to April 2022, a substantial po-
tential aeolian transport of about 20 m®/m was computed, indicating a
considerable sediment influx into the dune. This sediment input affected
vegetation growth, as burial rates exceeding the optimum can lead to a
decline in vegetation growth (Nolet et al., 2018) (Fig. 2A).

Trapping efficiency during the observed dune evolution thus fluc-
tuated over time, exhibiting seasonal variability (Fig. 9D). In the colder
months from November to March, when vegetation growth is minimal
(Huiskes, 1979), trapping efficiency decreased to 60%. Between
November 2021 and April 2022, trapping efficiency even declined to
0%. Conversely, during the warmer growing season from April to
October, trapping efficiency notably improved, nearly reaching 100%.
This suggests that dune growth is influenced not only by the seasonal
variation in wind speed but also by the seasonality of vegetation growth
(van Puijenbroek et al., 2017). The fact that trapping efficiency was
100% during the initial nine months of dune evolution, even during the
high transport events in March and April 2021, may indicate that
vegetation density, affecting wind speed reduction as outlined by Rau-
pach et al. (1993), was higher at the beginning of dune evolution than in
the subsequent months and years of the study period. Sediment
bypassing the dune is transported landward towards the seawall and
along the shoreline.

Fig. 14 shows the observed evolution of vegetation growth at the
study site over the three-year period, illustrating the initial plantation,
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subsequent decline, and eventual increase in vegetation height
throughout the years. Indeed, vegetation became more spread in thicker
and higher bundles compared to the initial planting strategy with more
bare sand patches. In September 2023, the simulated vegetation density
was 1.5-3 times lower than that of the initial plantation, despite a
notable change in the appearance of the vegetation (height and distri-
bution) during this period. Strypsteen et al. (2024a) observed an overall
increase in vegetation cover, which would indicate an increase in den-
sity over the three-year period. This scenario illustrates the “telephone
pole problem” outlined by Okin (2008). While two surfaces exhibit
identical vegetation density, one may feature numerous shorter vege-
tation bundles, while the other has fewer but taller bundles. Both sur-
faces would undergo the same wind shear reduction but different profile
development, following the principles defined by Raupach et al. (1993).
Vegetation density alone, in combination with the Raupach et al.
(1993) vegetation shear coupler, does not provide insights into vegeta-
tion distribution or the presence of bare sand patches within the dune
system causing a more variable topography. The vegetation model of
Okin (2008) can offer valuable insights into introducing spatial patterns
into vegetation for 2D simulations, but the approach remains static.
Nevertheless, it is worth noting that the AeoLiS model effectively
reproduces profile development in both cross-shore and alongshore di-
rections. Notably, the final simulated profile closely mirrors the initial
topography, particularly evident in the longshore direction. However, a
slight dip in the dune cross- and longshore profile, attributed to local
variations in vegetation growth or mortality, is observed in the mea-
surements (Fig. 12A-F), persisting throughout the dune evolution. This
nuanced feature may be indicative of complex biotic and abiotic in-
teractions which are not fully captured by the model’s vegetation
module. Furthermore, the dune body shifted slightly landward in the
model due to strong onshore winds early in the second year and per-
sisted throughout the third year, a shift which is not observed in the
measurements. Instead, observations showed a 1 m-high scarp formed at
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the dune toe due to storm erosion during storm Corrie (Strypsteen et al.,
2024a), a feature not captured in the model. Consequently, measured
sand deposited after storm Corrie accumulated largely at the dune toe.
This scarp feature may have prevented the dune from shifting landward.

Surface moisture and sediment texture variability can introduce
supply limitations that affect expected transport rates under specific
wind conditions and alter critical fetch distances (Strypsteen et al.,
2024b). Although not included in this study, investigating the effects of
surface moisture on dune evolution presents an intriguing avenue for
future research.

Topographic steering of wind in AeoLiS is simulated using shear
stress perturbations as described by Weng et al. (1991). However, the
presence of steep slopes, which are common in coastal areas, limits the
applicability of this theory. The current AeoLiS code cannot describe
complex flow structures around steep topographic gradients or flow
reversal on the lee side of dunes, which impacts aeolian transport pre-
dictions. However, steep slopes are often coupled with vegetated sur-
faces. Field observations indicate that the influence of vegetation
roughness outweighs the effects of topographic steering van Westen
et al. (2024a). Although shear stress may increase across a steep fore-
dune, aeolian transport remains negligible due to the presence of
vegetation.

4.1. Local management implications

For the current modelled dune width of 20 m, an increase in vege-
tation density is anticipated to result in an overall larger net accretion.
This aligns with field observations indicating that higher vegetation
densities allow for increased sand accumulation in the dune, provided
there is sufficient sand availability (Derijckere et al., 2023; Hesp et al.,
2019; Shumack et al., 2022). However, achieving these higher densities
necessitates unrealistic vegetation growth rates since normal growth
rates vary between 0 and 1 m/year (Nolet et al., 2018), suggesting that

Fig. 14. Vegetation development from the initial plantation to three years later (© Photographs by Glenn Strypsteen).
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the maximum dune size would not have been reached with a width of 20
m alone. Conversely, when utilizing the calibrated model for wider
dunes up to 40 m, it is evident that a larger dune width leads to a greater
dune volume. This underscores the importance of dune width in trap-
ping larger sediment volumes. However, while dune width influences
sediment trapping, it does not necessarily correspond to increased mean
dune height, as observed in this study. These findings collectively sug-
gest that planting strategies could be optimized to promote dune
widening by initially establishing wider dune plantations which is
helpful for reducing storm impact on the hinterland. However, the
interaction between a larger seaward dune field and the seawall will
likely introduce complex wind fields beyond the scope of Weng et al.
(1991)’s theory, which cannot be described by AeoLiS (van Westen
et al., 2024a). However, these simulation results may not be directly
transferable to other sites, as dune development is influenced by a range
of factors, including sand availability, beach characteristics, grain size,
and other local conditions.

5. Conclusions

This study aimed to use the AeoLiS model to simulate the three-year
ecological and morphological characteristics of a marram grass planted
dune pilot site in Oosteroever, Belgium. We pursued three specific ob-
jectives: (1) evaluate dune evolution under varying ecological growth
conditions, (2) calibrate AeoLiS using high-resolution field data, and (3)
conduct a sensitivity analysis on different dune widths. The answers to
these objectives are summarized below.

1. Our simulations revealed that vegetation dynamics, particularly
marram grass growth, are crucial for dune evolution. Seasonal var-
iations in vegetation, driven by sediment burial, precipitation, and
growing season, substantially affect sediment trapping efficiency.
This underscores the need to consider ecological dynamics when
assessing dune evolution.

2. AeoLiS was successfully calibrated with high-resolution data, accu-
rately reflecting sediment deposition, vegetation response, and pro-
file changes over three years. While the model effectively simulated
key processes, some discrepancies in profile development high-
lighted limitations in capturing all influencing factors, pointing to
areas for model refinement. The exclusion of biotic and abiotic fac-
tors influencing vegetation dynamics, underscores the complexity
inherent in coastal eco-geomorphological processes.

3. The sensitivity analysis showed that wider dunes at the study site
improve sediment trapping efficiency without significantly

Appendix A. Model settings
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increasing dune height. This suggests that optimizing dune width can
enhance sediment capture and inform coastal management practices.

The findings advocate for further research to refine dune modelling
and explore planting strategies to increase coastal resilience.
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Parameter Value Description

Timing

dt 7200 s Time interval between timesteps

tstart 2761200s Starting time of the simulation (February 12, 2021 00:30)
tstop 99 813 600 s End time of the simulation (March 11, 2024 07:30)
output_times 86 400 s Time interval between *.nc output file

Processes (only enabled processes)

process_shear True Enable the process of wind shear

process_wind True Enable the process of wind

process_tide True Enable the process of tides

process_wave True Enable the process of waves

process_runup True Enable the process of wave runup
process_threshold True Enable the process of threshold

process_transport True Enable the process of transport

process_bedupdate True Enable the process of bed updating
process_separation True Enable the including of separation bubble
process_nelayer True Enable a non-erodible layer

(continued on next page)
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(continued)
Parameter Value Description
process_vegetation True Enable the process of vegetation
Threshold
th_grainsize True Enable wind velocity threshold based on grainsize
th_bedslope True Enable wind velocity threshold based on bed slope
th_nelayer True Enable wind velocity threshold based on a non-erodible layer
General physics
g 9.81 m/s? Gravitational constant
v 0.000015 m%/s Air viscosity
rhoa 1.225 kg/m® Air density
rhog 2 650.0 kg/m? Grain density
rhow 1 025.0 kg/m> Water density
porosity 0.4 Sediment porosity
cpair 0.0010035 MJ/kg/°C Specific heat capacity air
Sediment
nlayers 1 Number of bed layers
layer_thickness 0.05 m Thickness of bed layers
nfractions 1 Number of sediment fractions
grain_dist 1 Initial distribution of sediment fractions
grain_size 0.00025 m Average grain size of each sediment fraction
Wind and shear
wind_convention nautical Convention used for the wind direction in the input files (cartesian or nautical)
alfa 60 deg Real-world grid cell orientation with respect to the North (clockwise)
z 10 m Measurement height of wind velocity
kappa 0.4 Von Karmén constant
L 100 m Typical length scale of dune feature (perturbation)
1 10 m Inner layer height (perturbation)
m 0.5 Factor to account for difference between average and maximum shear stress
Sediment transport
bi 0.5 Bed interaction factor

method_transport
method_roughness
Aa

vanrijn_strypsteen
vanrijn_strypsteen
0.1

Name of method to compute equilibrium sediment transport rate
Name of method to compute roughness
Constant in formulation for wind velocity threshold based on grain size

Cb 1.5 Constant in Bagnold formulation for equilibrium sediment concentration
method_grainspeed windspeed Name of method to assume/compute grain speed

Solver

T 1s Adaptation time scale in advection equation

solver steadystate Numerical solver of advection scheme

CFL 1 CFL number to determine time step in explicit scheme

accfac 1 Numerical acceleration factor

scheme euler_backward Name of numerical scheme

max_error 0.000001 Maximum error at which to quit iterative solution in implicit numerical schemes
max_iter 1 000 Maximum number of iterations at which to quit iterative solution in implicit numerical schemes
Boundary conditions

boundary_onshore constant Name of onshore boundary conditions

boundary _lateral circular Name of lateral boundary conditions

boundary_offshore constant Name of offshore boundary conditions

Vegetation

gamma_vegshear 16 Roughness factor for the shear stress reduction by vegetation

avg_time 86 400 s Indication of the time period over which the bed level change is averaged for vegetation growth
dzb_interval 86 400 s Interval used for calculation of vegetation growth

hveg max Imand22m Max height of vegetation

dzb_opt 0.31 m/year Sediment burial for optimal growth

V_ver 0-2 m/year Vertical growth

V_lat 0 m/year Lateral growth

germinate 0/year Possibility of germination per year

Lateral 0/year Possibility of lateral expansion per year

veg_gamma 1 Constant on influence of sediment burial

veg sigma 2 Sigma in gaussian distribution of vegetation cover filter

vegshear_type Raupach Vegetation shear solver

Separation

cb 0.2 Slope at the leeside of the separation bubble

mu_b 20 deg Minimum required slope for the start of flow separation

Waves

Tswash 30s Adaptation time for resetting morphology in the Swash-zone

xi 0.3 Surf similarity parameter

facDOD 0.1 Ratio between depth of disturbance and local wave height
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