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Abstract

Coastal dune systems provide many ecosystem services. With current management shiftingits focus
from mainly coastal protection to also include biodiversity, the need arises for tools to help aid this
shift in management. One of the measures that can be taken to improve biodiversity is the creation
of notchesin fore dunes, which help to reintroduce sediment dynamics. Sediment dynamics havebeen
linked to the development of habitat and affect the successional stages of the vegetation. These
sediment dynamics can be modelled with the Aeolis model, which predicts the spatial patternsin
sedimentation and erosion. However, Aeolis is not able to predict the impact of sediment dynamics
on the biodiversity. Although models predicting habitat exist, no models yet exist to do so based on
sedimentation dynamics for dune systems. The aim of this study is to test if the Aeolis modeloutcome
can be used to predict habitat development. Using a case study focused on the coastal area of
Meijendel, an Aeolis run was performed for one of the created notches, which outcomes were further
processes using a geographical information system (GIS). The outcomes of Aeolis, in form of the
sediment levels, were translated to habitat types using specified levels in sediment. Results show
Aeolis is able to generally predict correct sedimentation and erosion patterns but is off with its
prediction of the sedimentation levels. The combined sediment habitat model shows similar pattems
to the official habitat map, which is to be expected as habitat would change not given the predicted
sedimentation levels. The results may be influenced by the low predicted sedimentation by Aeolis, as
the actual levels may locally be much higher than predicted. Also, the Aeolis model outputis not yet
fully compatible for processing in GIS software, making it impossible to use georeferencing and thus
performing a numerical validation. Improvements can be made by conducting field visits before
modelling, to gather a minimum of 3 but preferably 5 control points to enable georeferencing. The
modelshould be further developed into a self-running model working of the Aeolis output for ease of
use, and it would be advised to add the relative abundance of habitat as a probability factor to
enhance modelaccuracy. However, this study showedthat it is possible to model habitat development
based on sedimentation dynamics modelling.



1. Introduction

Coastal dunes are highly dynamicecosystems which provide valuable ecosystem services. Not only do
they play a vital role in coastal protection, they also provide many socio-economic benefits (Ruessink
et al., 2018). Especially in the Netherlands, coastal protection is ever more important due to climate
change and rising seawater levels. Management has long focused on keeping dunesfit for the service
of coastal protection (Everard et al., 2010), consisting of building and stabilizing dunes by planting
vegetation and placing screens (De Jong et al., 2011). The stabilizing of especially the foredunes has
the desired effect of reducing the risk of flooding of the land behind the dunes. This does, however,
have its effect on other propertiesof the dunes, forinstance the development of vegetation and dunes
aesthetics (Ruessinketal., 2018). By stabilizing the dunes, sedimentation dynamics are reduced, which
has a negative effectonthe dune’s biodiversity (Arensetal., 2022; Tonkens, 2022). New findings have
led to ashiftin focus of management, now also aiming towards an increase in dune biodiversity (Arens
et al., 2022). The stabilized fore dunes mainly consisted of with Ammophila arenaria (European
marram grass) stabilized white fore-dunes and grey dunes (Assendorp, 2010; Provoost et al., 2009;
Van der Valk et al., 2013). New management practices aim to create a row of dynamic white dunes,
which have more sedimentexchange with the hinterland, resultingin a more natural gradient in the
vegetation succession land inward (Arens et al., 2022; De Jong et al., 2011).

Currently, this new focus on more biodiverse dune systems has led to the introduction of foredune
notching, which increases sediment dynamics in coastal dune systems (Riksen et al., 2016; Ruessink
etal., 2018). Notchingis the creation of baren sand strips in the dune. Often these are made relatively
perpendicular to the coastline. The notches are created by removing vegetation and sediment from
the dunes. This allows the wind to blow through the notch, picking up sand and dispersing it in the
surrounding areas (Arensetal., 2022; De Jongetal., 2011). The inflow of sedimentation can affect the
vegetationinthe areas surrounding the notch (Riksen et al., 2016). The increase in sediment dynamics
in turn affects the successional stage of the vegetation presentinthe area adjacentto the notch. The
vegetation, especially behind the fore-dunes, is oftenin later successional stages, consisting of small
shrubs and ‘later’ successional pioneer species (Tonkens, 2022). These later successional species often
cope less with the increased dynamics, causing these species to disappear in the areas surrounding
the notch (Arensetal., 2022; Kooijman etal., 2014). This process causes a shift in successional stages,
effectively setting back succession to an earlier stage of pioneerspecies (Arens et al., 2022; Arenset
al., 2009). The species taking over are, in the Netherlands, predominantly dune grasses, like the
Ammophila arenaria species (European marram grass), which can cope with the increased
sedimentation (Anwar Maun, 2009; Arens et al., 2022). When sedimentation levels more land inward
drop to lessthan roughly 1 cm/year, the dunes change to grey dunes, where more plant species start
growing and biodiversity increases (Riksen et al., 2016; Tonkens, 2022).

A relationship exists between the amount of sedimentation and the development of the habitat in
dune systems (McGuirk et al., 2022; Tonkens, 2022). Research on the biodiversity in Dutch dunes
shows how certain habitats develop under different sedimentation rates (Tonkens, 2022). His results
(figure 1) show how the relative abundance of habitat types may change over increasing
sedimentation levels. Under low sedimentation levels, up to around 0.8 cm/year, mostly grey dunes
develop. When the sedimentation level increases, the relative abundance of grey dunes lowers,
making place for white dunes, grass encroached areas and bare sand. The vertical bars are set as
borders between sedimentation rates, ranging, from left to right, low, medium, and high (Tonkens,
2022).
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Figure 1: Graph showing the relative abundances of different habitat types under different sedimentation rates. The
arrows indicate the boundaries which are set as points for low, medium, and high sedimentation (Tonkens, 2022).

Currently, the dynamics of the sedimentationand the aeolian processesat play can be modelled using
the Aeolis model, created by Hoornhout et al. (2015). Using various input parameters, like weather
conditions, running time, and vegetation development, the model can make predictions on the
erosion and sedimentation levelsin dune systems (De Vries & Van Manen, 2023; Meijer, 2020). Also,
a number of models predicting the development of vegetation exist. One example is Nucom, which
can modelvegetation developmentin heathland and tundra areas. Nucom models the development
of vegetation, taking the nutrient cycling and nutrient competition into account (Heijmans &
Berendse, 2009). There are also more globally oriented models available, called Dynamic Global
Vegetation Models (DGVM), which aim at modelling vegetation based on biotic and/or abiotic factors
(Argles et al., 2022). However, literature does not yet show the use of models for predicting habitat
based on sedimentation dynamics. When searching the literature, the main findings on linking habitat
with sedimentation are found in the aquatic ecosystemes, like research carrie d out by Milhous (1998),
who linked the inflow of sedimentto the formation of habitat, and Pisaturo etal. (2021) who modelled
the habitat of fish species under influence of sediment flushes. However, for coastal dune systems,
not much can yet be found on modelling habitat or vegetation. An example of amodellinking aeolian
processes to habitat was found in a review paper by Barrows (1996), where he looked at a model
which was used to determine management actions to preserve the habitat of an endangered lizard
species. However, no modelwas found with the aim to predict habitat developmentbased on aeolian
processes in coastal dune areas.

This research therefore aims to link the sedimentation outcomes of the Aeolis model to habitat
development. The main objective is to predict habitat development in fore dune systems based on
the predictions made by the Aeolis model. To do so, three subobjectives were set to break down the
research into three steps, with 1) modelthe expected sedimentation dynamics after notchingin fore
dunes. This outcome could then be 2) translated into a format which can be used for integration in a
geographical information system (GIS) to 3) model habitat development based on the spatial



sedimentation pattern and what is known on the relationship between the sediment and habitat
development.

To reach the objective, a case study setup is used. The chosen area for the case study is the coastal
area of Meijendel, The Netherlands. Thisarea was chosen as it is an area where notchesin the fore-
dunes had been made. Although the notches are not typically found in the Dutch coastal dunes, the
area does show representative traits of the Dutch coast. Furthermore, a lot of data on this area was
available, both in the form of field data as well as model input for Aeolis. Using this model input, an
Aeolisrun was performed forthe study area. The outcomes wereloaded into the ArcGIS Pro software
where the modelling of habitat development was performed.



2. Methods
2.1 Study area: Meijendel

The area selected is part of the Meijendel natural area, a coastal area which stretches between the

municipalities of Wassenaar and The Hague (figure 2), the Netherlands. Meijendel forms the largest
continuous dune area, around 6km across, of the province of South Holland (The Hague, 2023; Van
der Hagen et al., 2017). It is part of the Natura 2000 network, with aim at habitat conservation
(Ministerie van Landbouw, n.d.). The selected arealays in the fore dunes of Meijendel, where atotal
of five notches have been created in 2015 (figure 2) (Van der Hagen et al., 2017). Although notches
are not typically found along the Dutch coast, the area does show representation of the Dutch sand
dune coast lines, with large sandy beaches and the typical open sand dunes (The Hague, 2023; Van
der Hagen et al., 2017).
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Figure 2: Arial photo of the notches created in the fore dunes of Meijendel (ESRI, 2023). The red box shows the study area.

Research regarding the biodiversity of the Dutch dunes forms the basis of this study, as this study
continues upon findings of the study by Tonkens (2022). Available data for this area includes habitat
maps from 2014, 2016 and 2022, based on the Natura 2000 habitat types. Elevation data is available
from 2017 and 2019 in the form of aerial photos (Tonkens, 2023), as well as data fromthe AHN2 and
the AHN3 which contain the official elevation data of the Netherlands (Actueel Hoogtebestand
Nederland, 2022). In the case study, the model was run for one of the notches (figure 2), for which
Aeolis model input was available (Meijer, 2020).




2.2 Approach

The main objective of this research was to link habitat development to sedimentation modelling in
the case-study area of Meijendel. This was divided into three steps, each covering part of the research
(figure 3). 1) The Aeolis modelwas applied to predict the sedimentation dynamics forthe study area.
2) The outcome of Aeolis, defined as the differences in elevation between start and end, was
transformed into a format interpretable for a GIS, where 3) the final modelling was done to create
habitat development predictions.
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Figure 3: Overview of the workflow followed during the study. The workflow is divided into three parts, corresponding to the objectives.

2.2.1 Step 1: Model the expected sedimentation dynamics after notching in the fore dunes
The first objective was to create a sedimentation prediction for the selected study area (figure 2).
Aeolisis a Python based model (Hoornhout et al., 2015), which was setup using the Anaconda software
package (Anaconda Software Distribution, 2016; Python Software Foundation, 2023). The input
consists of severalinput files, containing data on the location X and Y values, and the initial elevation
as Z values, each formattedin agrid. Furthermore, files containing data on weather, tides, vegetation,
and ground waterare loadedin, as well as the modelprogram file (appendix1). The inputis based on
research onthe modelling of aeolian processesin dune systems. The datais based on the situation of
2015, whenthe notchesin Meijendel werefirst created (Meijer, 2020). The main outputis an updated
grid with Z values, generated in the Network Common Data Form (NetCDF) format. Using Python
coding, the data was extracted fromthe NetCDFfile, and storedin separate text (.txt) files for the X,
Y and Z values of the new grid. The three text files containedin grids the values, which needed to be
transformed to work in a GIS environment. Therefore, it was chosen to save the data in a .csv file
format, for further data processing.

2.2.2 Step 2: Translating the model outcome to a format which can be interpreted by GIS
software

The data had to be edited to a format readable by the GIS, thus transforming the data from grid data
to column data. The outputfilesfor the Aeolis modelconsisted of grids, one forthe X, Y and Z values.
To be readable in ArcGIS, the data had to be in a column format, with one column for each of the
values (X, Y, Z, and AZ). All data transformations were done using the R programming language,
through the Rstudio (version 4.3.1) user interface (R Core Team, 2023), with the tidyverse (Wickham



et al., 2019) and tydir (Wickham etal., 2023) packages. The outcome datasets were storedinthe .csv
file format for further processing through ArcGIS Pro.

2.2.3 Step 3: Creating modelled habitat predictions

The main part of the analysis was done using ArcGIS Pro (version 3.2.0) (ESRI, 2022). First, the Aeolis
outcome was loaded into the GIS. Using the ‘display X,Y features’ tool the tables were loaded as point
feature inthe GIS (see appendix Il for GIS parameters). Using the ‘pointto raster' tool, the points were
convertedtorasterdata, usingthe meaninterpolating function (see appendix I, figures 10, 11, 12 for
visualisation of the Aeolis modelinput and output bed levels). By subtracting the final elevation values
from the initial elevation values, a map showing the difference in elevation (AZ) could be made,
showing sedimentation and erosion in cm/year. Using the ‘reclassify’ tool this AZ map could be
converted to a first habitat map, displaying a habitat which would develop if no habitat were to be
present at the starting point (t=0) of the model.

To take into account the presence of habitat at the start time of the model, areclassification of the AZ
map was made defining the continuous data in classes. This map had been classified to give
sedimentation levels corresponding to the classes seenin figure 1, with the addition of a netchange
of 0 cm/year class and a class for areas with a negative net change per year (erosion). In Adobe
Illustrator software (Adobe, 2023), the assessment map was overlaid on the current habitat map to
create a visual evaluation of where the habitat might change. This evaluation was based on the
findings by Tonkens (2022), which showed the response of the habitat to changing sedimentation
levels. It was checked what level of sedimentation was predicted where, and how this would affect
the habitat which was currently presentat this site. Hereafter, the reclassify toolwas used to create a
map predicting the habitat development, creatinga new classification on the AZ map which showed
the predicted habitat types.

2.3 Validation

To assess the quality of the results found, two steps were taken. First, the quality of the model
outcome of Aeolis was checked by comparing the AZ map to the differencesin elevation of the AHN2
and AHN3 data, it was checked how well Aeolis predicted the sedimentation and erosion patterns.
The AHN2 is an older version (collected between 2007-2012), with the newer AHN3 (collected
between 2014-2019). Both datasets cover the Netherlands, divided into a number of tiles (Actueel
Hoogtebestand Nederland, 2022). Forthe validation , from both the AHN2 and AHN3 dataset the same
tiles were downloaded and loaded into a new map in ArcGIS Pro. Using the subtract raster tool, the
data was subtracted to create a map showing the difference in elevation between the AHN2 and
AHN3. As the time span between the creation of the AHN2 and AHN3 is 5 years, the subtracted AHN
was divided by 5, so it would show an equal time frame compared to the Aeolis modelrun. By visual
inspection, the outcome was compared tothe AZmap produced by the Aeolis model outcome, to see
if the spatial patterns overlapped.

The second assessment was focused on the habitat prediction made using the GIS model. This was
done by comparing the predicted habitat with the existing habitat map, to visually inspect if the
modelled habitat map showed similar spatial patterns as the official habitat of 2022. This was both
done by visual inspection to the maps side by side, as well as by overlaying the maps in Adobe
Illustrator.



3. Results

3.1 Results of the Aeolis model

3.1.1 The Aeolis output

With a simulation period of one year the Aeolis model predicts a maximal net sedimentation of 1.1
cm/year (figure 4a in blue), with most sedimentation occurring around the erosion zones (figure 4ain
red). In those zones, the maximal net erosion levels are 2.6 cm/year. The location of the deposition
predicted by the Aeolis model seemsto generally match the sandy areas as can be seenin the aerial
photo (figure 4b) (Google Earth Pro, 2016).
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Figure 4: A visual representation of the outcome of the Aeolis model. This map is calculated by subtracting the calculated Z values at the end of the
model from the initial Z values used as input. The numbers in the map show corresponding locations (Google Earth Pro, 2016).
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3.1.2 Aeolis validation

When comparing the Aeolis output to actual elevation change seen by comparing the AHN2and AHN3
datasets, it can be seenthe Aeolis model shows similarity in the sedimentation and erosion patterns
(figure 5). Most erosion is seen in areas 1 and 2 (figure 5a and 5b), with sedimentation predicted in
both mapsaround the erosion area. Aeolis does, however, show an underestimation of the absolute
values. The net sedimentation of 1.1 cm/year predicted is, according to the AHN data, 5 cm/year
locally. The neterosionis even furtherapart, with net erosion of 2.6 cm/year predicted compared to
21 cm/year given by the AHN. The largest difference is found in the notch itself (area 1), where Aeolis
predicts low sedimentation, and the AHN shows high erosion.
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Figure 5: The output of the Aeolis model presented next to the differences calculated between the AHN2 and the AHN3. The AHN data has been divided
so levels are within the same time span as the Aeolis model (Actueel Hoogtebestand Nederland, 2022).
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3.2 Results of the GIS model

3.2.1 Exploring the possibility of linking habitat to sedimentation dynamics modelling

To explore the possibility of linking the Aeolis modelto habitat development, asimple modelwas built
to translate the net sedimentation to habitat types. Here, a comparison was made between the AZ
given by Aeolis and the research outcomes created by Tonkens(2022). The modelassumes no habitat
to be presentatthe runtime of t=0, and simply takes the sedimentation and habitat developmentinto
account. The result shows mainly large areas of white dunes (figure 6ain green) and bare sand (figure
6a in yellow). Smaller patches of grey dunes form in the areas with low (less than 0.8 cm/year) net
sedimentation (figure 6ain blue). The sandy areas appear in similar patterns to what is found in the
aerial image (figure 6b). However, under predicted sedimentation, the model estimates larger parts
of the sandy areas will overgrow to a white dune habitat.

| | | | Meters Legend:
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- H2130 Grey dunes

Figure 6: The calculated habitat, assuming no habitat would be present when the model runs. The model then predicts mainly white dune s to be formed,
with larger patches of bare sand and some small formation of grey dunes. To the right is the aerial photo for location reference purposes (Google Earth
Pro, 2016).
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3.2.2 Modelling habitat development based on sedimentation dynamics modelling

To modelthe effect of the predicted sedimentation on existing habitat, an assessment was made to
find locations of possible habitat change (figure 7a). The largest parts of the map show areas with
mild sedimentation (figure 7a in light blue) and areas where the net bed level change is O (figure 7a
in green). This can be found in areas 1, 4 and 5 (figure 7b). The remainder part (figure 7a in yellow)

shows areas where the model predicted erosion, which indicates these areas are likely to remain
sandy.

| | | 1 Meters Legend:
0 50 100 200 Erosion - sandy
[ No level change
Habitat change assessment map I Low sedimentation —no habitat change $

I Medium sedimentation — possible habitat change

Figure 7: The map used to assess the possibility if habitat would change. This map was compared to the actual habitat map, and an assessment was
made on where the habitat might change and where not, compared to the locations on the aerial photo (Google Earth Pro, 2016).

13



For modelling of the habitat, the map indicating possible habitat change (figure 7a) was laid overthe
official habitat map, to perform avisual assessment on where the habitat might change (see figure 14
in appendix Ill). By comparing the research by Tonkens (2022) with the created map (figure 14 in
appendix 1), an assessment could be made on whetherthe habitat would change or not. It was found
that little changes would happen to the habitat based on the predicted sedimentation levels (figure
8a). The map mainly shows areas of white dunes (figure 8ain green) with larger patches of baren sand
(figure 8a in yellow). Smaller patches of grey dunesare formed (figure 8a in blue), with even smaller
patches of dunes with Hippophaé rhamnoides (H2160) (figure 8ain purple). The largest area of habitat
H2160 is found around number 3 (figure 8a and 8b), which is at the location where this habitat occurs
on the official habitat map (see figure 13 in appendix Il1).

I I I I Meters Legend:

0 50 100 200 HO000 Bare sand
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H2160 Dunes with Hippophaé rhamnoides

Figure 8: The predicted habitat taking the existing habitat into account. Mainly white dunes and bare sand are expected, with a small patch of grey dunes
more land inward. Small patches of Dunes with Hippophaé rhamnoides may remain in the areas with lowest sedimentation. For comparison it is put next
to the aerial photo (Google Earth Pro, 2016).
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3.2.3 GIS model validation

Comparing the modelled habitat map with the official habitat map (figure 9), shows that the modelis
able toroughly predict the habitat patterns, with larger areas of habitat overlapping the official habitat
map. However, it does show points of error, which can be seenin the red circles. The red circle close
to area 1, the model predicts dunes with Hippophaé rhamnoides are formed (figure 9a), where the
official habitat map shows bare sand (figure 9b). Around area 4, the model predicts mainly grey dunes
with small areas of white dunes, where the official habitat map shows grey dunes and dunes with
Hippophaé rhamnoides. At the right bottom, between areas 3 and 5 the model predicts bare sand,
compared to the dunes with Hippophaérhamnoides found in the official map. The largest difference
can be seenin the notch itself, around area 2 where the model predicts (figure 9a) that the notch will
overgrow with patches of white dunes, and small patches of even grey dunes. The official habitat map
(figure 9b) shows the entire notch is bare sand.

I I I | weters Legend:
0 50 100 Legend: 200 I 112120 White dunes  [lf HO000G
HO0000 Bare sand 0 HO000 Bare Sand [ HOOOOR
Modelled habitat map compared M H2120 White dunes H2160 Dunes with Hippophaé rhamnoides h
to the official habitat map B 112430, Giev dunes [ 2130 Grey dunes

M H2160 Dunes with Hippophaé rhamnoides

Figure 9: The modelled habitat map (a) compared to the official Natura 2000 habitat map (b). Red circles indicate the places where the modelled map
and official habitat map differ.
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4. Discussion

The objective of this study was to explore the possibility of using geomorphological modelling to
predict habitat development in coastal dune areas. The results showed that predicting habitat
development basedon sedimentationis possible in very generalterms only. It has been found possible
to predict the general direction of changes in sedimentation and erosion. However, theresults are still
offin terms of effectsize, makingthe step towards habitat development less accurate. Furthermore,
the Aeolis outputis not yet fully compatible with GIS, making it difficult to further processits output.
Multiple steps could be taken to improve the model accuracy and make a major step forward in the
modelling of habitat bested on sedimentation dynamics in dune systems.

4.1 Modelling habitat development

4.1.1 Modelling sedimentation dynamics after notching in fore dunes

When compared to the AHN data, the Aeolis model showed it can predict similar sedimentation
patternsto what would be expected. However, the outcome shows errorin terms of the amounts of
sedimentation. Previous research has shown that the local sedimentation in areas directly surrounding
the notch may be much higher than the predicted 1.1 cm/year and can reach levels over 5 cm/year
(Poortinga et al., 2015; Riksen et al., 2016). Higher sedimentation levels may have different impacts
on the existing habitat. As the different habitats are dominated by different plant species, they have
different tolerances for how much covering by sand they can handle. White dunes, with
predominantly grasses like Ammophila arenaria (European marram grass), may cope with higher
sedimentation levels than grey dunes (Tonkens, 2022; Van Puijenbroek et al., 2017). An explanation
for the underestimation may be the assumptions made regarding the development of vegetation by
Aeolis. In current form, Aeolis only knows one type of vegetation, which is based on the properties of
Ammophila arenaria (European marram grass) (De Vries & Van Manen, 2023), and assumes equal
probability of the spread of the vegetation for each area. Looking at the plots made by Aeolis itself
(Appendix IV figure 15a), it is seen Aeolis predicts vegetation to overgrow the notch (Appendix IV
figure 15b), which capturesthe sand and lessens the effect of the wind. This may be explained by the
way the vegetation is implemented in the Aeolis model, which is based on findings in literature (De
Vries & Van Manen, 2023). Studies, however, have shown the importance for incorporating
observational datawhen modelling the development of dunes, as often these models failto meet the
actual developmental patterns of the vegetation (Nolet et al., 2018). For Aeolis to be used as a tool to
predict the development of habitat, further development into the vegetation modelis needed, by
implementing observational data from the field and by introducing more plant species.

Regarding the verification of the Aeolis outcomes, it should be noted that using the AHN data (Actueel
Hoogtebestand Nederland, 2022) may be less accurate to the actual elevation changes, because the
AHN datais collected on a large scale rather than smaller scale aerial photographs. It was chosen to
use the AHN2 and AHN 3 data, and see how they differed, as the AHN data is easily accessible and
easily editable. However, for more precise validation steps, it may be advisable to use aerial
photographs which contain elevation data. In general, these take more time to process, and are most
usefulwhen collected on the same dates used for the start and end dates of the Aeolis run. Since there
were no arial photographs of the situation in 2015 and precisely one year later in 2016 and the study
was limited in time, it was chosen to use the AHN data.

4.1.2 Integrating the Aeolis model outcome in GIS for processing

The main challenge was the integration of the Aeolis modelinto ArcGIS Pro. As Aeolis was not intended
tobe used forthese purposes, it was founddifficult to load the Aeolis outputinto ArcGIS Pro. Attempts
were made to work around the issue, by directly loading the NetCDF file produced by Aeolis into the
ArcGIS software. This proved challenging, as the tools provided by ArcGIS Pro failed at extracting the
needed data from the Aeolis files. The approach was therefore shifted, and the data was extracted
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using Python and transformed using Rstudio, which gave the desired result of having tables which
ArcGIS Pro could read. Once loaded in ArcGIS Pro, it was not possible to use georeferencing on the
Aeolis output because the Aeolis modelworksin a gridded format. This means all data is presented in
grids, where the Xand Y files both startat 0 and work up in steps of 1 meter. This meant the produced
data would not correspond to a propercoordinate system within ArcGIS Pro. When reference points
are known, ArcGIS Pro can correct the coordinate systemand place a dataset in the correct location
onthe globe. However, noreference points were available for the used Aeolis modeldata. This meant
numerical validation of the data through ArcGIS Pro was not possible, as the data could not be aligned

properly.

To improve the methodsfor integrating the Aeolis modelin a GIS environment, afield study prior to
creating the Aeolis input could be performed. In the field, the case-study area needs to be covered,
and a minimum of 3 but preferably 5 control points needto be setin eitherthe center of determined
grid cells, or on the cross point where 4 grid cells meet, used for the Aeolis input. Of these 3 or 5
points, the coordinates must be recorded together with the corresponding grid cells used in Aeolis.
This doesrequire precise measurements of the study area, as the exact locations need to be known.
Doing so would enable the built-in georeferencingtools by ArcGIS Pro, which would make it possible
to align the data to the correct coordinates. This in turn enablesthe use of tools within ArcGIS Proto
perform numerical validation, which enhances the validation options of the model.

4.1.3 Creating modelled habitat predictions

For exploration purposes, the GIS model was run in a simple form, only taking the predicted
sedimentation levels into account, and not yet the existing habitat. The resulting habitat (figure 6)
showed mainly white dune areas and areas with baren sand. Given the predicted sedimentation
(figure 4), this is in line with the expected development of the vegetation (Tonkens, 2022). However,
notching in fore dunes is done by removing vegetation (De Jong et al., 2014; Van der Hagen et al.,
2017), thus some form of vegetation can be assumed to be presentinthe areasurrounding the notch.
This result thus merely shows the possibility of linking habitat development to sedimentation
dynamics modelling.

When introducing existing habitat to the GIS model (figure 8), the newly predicted habitat map
showed mainly white dunes and bare sand. These results may be explained by the low inflow of
sedimentation, of only up to 1.1 cm/year, by which the habitat is not expected to change (Tonkens,
2022). Because of the low predicted sedimentation, the model expects succession to take over, and
change areas from bare sand to white dunes, also within the notch itself (figure 9). As stated before,
this may be unrealistic, as the sedimentation dynamics in and around the notch may be much higher
than the predicted 1.1 cm/year (De Jong et al., 2014; Riksen et al., 2016). Interestingly, the model
predicts small patches of grey dunes and even dunes with Hippophaé rhamnoides in the fore dune
area. This might again be due to the low predicted sedimentation, where the GIS model predicts
succession may take over. However, these areas are in general much more dynamic (Anwar Maun,
2009; Riksen etal., 2016), which often means earlier successional stagesof habitat willform (Tonkens,
2022). Giventhe predicted sedimentation, the modelpredicts habitat as expected (figure 8), as with
low sedimentation levels, succession may take over as more important factor than sedimentation
(Anwar Maun, 2009; McGuirk et al., 2022).

The modelled habitat map does show similarity in the general patterns of the habitat to the official
habitat map. Starting at the coast (left side of figure 9a), the modelmainly predicts the formation of
white dunes and areas of bare sand. Pattern wise, this corresponds with the official habitat map used
as the basis for the model. More land inwards, grey dunes are predicted to form, which also
corresponds to the patterns seen on the official habitat map (appendix Ill figure 14). This coincides
with the literature, as it is known sedimentation rates drop significantly further land inwards, away
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from the notch (Riksen et al., 2016). The predicted habitat mainly shows differences in the notch itself
(figure 9aand 9b), where the GIS model predicts white dunes to start developing, and the Natura 2000
habitat map shows bare sand. This may be explained because of the low predicted sedimentation but
may also be caused by not takinginto account the relative abundance of habitat types. A consideration
can be made regarding the relative abundance of habitat given certain sedimentation levels, as found
in the results of a study on Dutch dune biodiversity (Tonkens, 2022). Currently, the model does not
take this relative abundance into account. This meansthe modelcan only predict one habitat to form
per grid cell given the predicted sedimentation. To furtherexpand the model, it could be considered
to translate the relative abundance into a probability factor, given the type of habitat presentat a
certain location and how the predicted level of sedimentation for that location changes the habitat.
This may be an improvement for the accuracy of the GIS model.

The habitat map used for the assessment of where the habitat might change was the same map used
for a study on the biodiversity in the Dutch dune systems (Tonkens, 2022). This study aimed to link
habitat development to sedimentation dynamics based on a field study rather than the creation of a
model. This should be taken into consideration, as this may affect the results of this study. As this
study is based on the findings by Tonkens (2022), which uses the same study area and habitat map, it
may be assumed that this model can work correctly for the Meijendelarea. Otherfactorsto consider
are the date difference betweenthe modeland the habitat map. The model predicts the habitat for
the situation of 2016, where the official habitat map was made around 2022, meaning there is a
possibility for inaccuracies in the validation. The reason for choosing this habitat map and study area
was because of the data availability. The official habitat map was available with meta-data and
attribute table. Thus, the map could be used for calculations and processed through the ArcGIS Pro
tools. However, as the model was not checked for other areas, it might show inaccuracies when
applied to different study areas. Thus, a future step could be to check whetherthe modelis valid for
other study areas as well. Also, it may be advisable to use multiple habitat maps for modelling and
validation. Currently, the modelruns on the same habitat map used forvalidation due to lack of newer
habitat maps. For future studies it is advisable to use multiple field-based habitat maps.

An important factor to consider in habitat formationis the simulation period used by the model. For
the Aeolis model, a simulation period of one year was used. This means the habitat model makes its
predictions based on one year of data. In general, one year may be considered too short to expect
changes in habitat development. Studies specifically aiming at visualizing the changes in vegetation
for a certain area show timespans of 20 years (Zhang et al., 2021) and 25 years (Jamali et al., 2015).
These studies used remote sensing techniques to assess the changesin vegetation overa time series
and noted only small (less than 1%) changes in vegetation per year (Zhang et al., 2021). The study
areas of these studies are, however, much larger than the study area chosen in this study. A study
which also focused on a smaller area took a time span of 5 years (Zhang & Skarpe, 1995). Considering
Aeolis is currently, found most accurate when using simulation periods of up to 3 years (De Vries &
Van Manen, 2023), it may be advised to lengthenthe run time of the total model to these 3 years. If
calculation times with Aeolis could be lowered, and the accuracy for longer runs improved, it would
be advisable to stretch the run time to a minimum of 5 years.

Although the modelling of habitat development is found possible, the methods to do so are not yet
straightforward, and need improvement if this were to be used as a tool for dune management. Due
to the compatibility problems between the Aeolis model and the ArcGIS software, it was not yet
possible to create a fully, self-operating GIS model. The current state of the modelworks on by-hand
calculations using ArcGIS Pro’s ‘reclassify’ tool, which basesits information on the Aeolis output and
the study on Dutch dune biodiversity (Tonkens, 2022). Ideally the GIS model could directly take the
NetCDF file output made by Aeolis and use it as the input for a full GIS model. This modelcould then
be run and produce the predicted habitat development maps.
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5. Conclusion

The main goal for this study was to test whether habitat development could be linked to
sedimentation modelling. The results of this study show that modelling the development of habitat is
possible using sedimentation modelling as underpinning. The Aeolis model shows it can in general
predict patterns in sand distribution correctly and gives meaningful insights in the development of
dunes afternotches have been made. However, interms of location and levels of sedimentation the
model is found to give underestimations, which may be caused by the vegetation response
programmed in Aeolis. Currently, outputs from Aeolis are not fully compatible for use with GIS
software, making it difficult to use georeferencing and thus numericvalidation. Therefore, the overall
modellacks in terms of validation. A suggested way to fix this is by a field study prior to modellingto
match grid locations of Aeolis to a coordinate system, enabling georeferencing and thus numerical
validation. A good addition would be to add the information on relative habitat abundance and
calculate this as a probability of how habitat should develop. There is, however, found to be potential
forthe modelling of habitat based on sedimentation dynamics modelling, and possibilities are present
to further expand the model and improve its reliability.
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Appendices

Appendix |: Aeolis model parameters
The model parameters used as the inputfor the Aeolis modelcan be found in the tables below. Table
1 shows the standard parameter used for land formation predictions using Aeolis. Tabe 2 shows the
specific input parameters used for the notch simulations from Meijendel. The parameters used were
created by Meijer (2020) for the simulation of blowout features at Meijendeland were reused for the
purpose of this thesis.

Table 1: The standard input parameters for land formation prediction in Aeolis (Meijer, 2020).

Symbol Parameter Value Unit
d Grain size 0.225 mm
Niraction Number of sediment fractions 1 -

Niayers Number of bed layers 3 -

hiayer Thickness of bed layers 0.01 m

g Gravitational constant 9.81 m/s?
v Air viscosity 1.5e-5 m?/s
P, Density of air 1.225 kg/m?
P, Density of grains 2650 kg/m?
P, Density of water 1025 kg/m?3
n Sediment porosity 0.4 -

k Von Karman constant 0.41 -

z Measured hight of wind velocity 10 m
Buyn Dynamic angle of response 33 deg
Bstar Static angle of response 34 deg

T Adaptation time scale for saltation process 1 S
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Table 2: The specific Aeolis parameter setup used for creating the predictions of the notch and blowout features in
Meijendel (Meijer, 2020).

Symbol Parameter Value Unit
Model
parameters
ny Number of grid cells in x-direction TBD -
n, Number of grid cells in y-direction TBD -
Ax Grid cell size in x-direction 1 m
4, Grid cell size in y-direction 1 m
A, Time step TBD S
k Bed roughness 1 mm
Boundary
conditions
Offshore boundary gradient
Onshore boundary gradient
Lateral boundaries circular
Wind
Uy Wind velocity TBD m/s
Ugir Wind direction TBD deg
O, Standard deviation of wind direction distribution TBD deg
Vegetation
r Roughness factor for vegetation TBD -
Py Possibility of germination per year 1 1/year
p; Possibility of lateral expansion per year 0-1 1/year
Vier Vertical growth of vegetation 0-10 m/year
OZp opt Sediment burial for optimum vegetation growth TBD m/year
Yieq Constant on influence of sediment burial 1 -
Oveg Standard deviation in vegetation cover filter 0.8 -
Hydrodynamics
Zs Still water level (sine function of the tide) -1to1 m
H, Significant wave hight 0 m

24



Appendix II: GIS tool setup
The most important input parameters forthe processingin the GISare described in the tables below.

Displaying data
For displaying the data, the “X,Y table to point” tool was used. Further parameters can be found in
table 3. Environments were used in the default setting.

Table 3: The input parameters used for displaying the table in ArcGIS Pro.

Parameter Input

Input table Meijendel data .csv table

Output Feature class Meijendel_tabletopoint

X Field X_value

Y Field Y_value

ZField Z start_value, Z_end_value (in two different runs)
Coordinate system WGS84

Transforming point to raster data

To transform the data from point data to raster data, the “point to raster” tool was used. Table 4
shows the input settings used for this tool.

Table 4: The parameters used to transform the point data into the different raster sets needed for further calculations.

Parameter Input

Input Features Meijendel table to point data
Value field Zvalues (start, end, A)
Output raster -raster name-

Cell assignment type Mean

Priority field None

Cell size 1

Build raster attribute table  Build

Reclassifying raster sets to the different maps

To calculate the different maps made, the “reclassify” tool was used. Bellow are a set of tables each
describing the input settings for the different maps made. In the attribute table, using the add field
function, the new values given to each class were given specific names. The captions of the tables
describe the names given to each class.

Table 5: The table with input content for the first created habitat map. The recalculation made every value under O (erosion)
sandy, all up to 0.8 white dune, and all above 0.8 grey dune. This was determined following the data from research by
Tonkens (2022).

Parameter Input

Input raster AZ data

Reclass field Value

Reclassification <0.0=1;<0.8=2;<1.1=3

Output raster Habitat map without existing habitat
Change missing values to Data

NoData
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Table 6: The input used for the creation of the change assessment map. Here, the values below 0.0 were set to be sandy, as
they predict erosion. Everything at 0 was set as a point with no level change, indicating low chances of habitat change.
Value 3 was given to low sedimentation, and 4 to medium sedimentation.

Parameter Input

Input raster AZ data

Reclass field Value

Reclassification <0.0=1,=0.0=2;<08=3;<1.1=4
Output raster Change assessment map

Change missing values to Data

NoData

The creation of the final habitat map was done by manual reclassification, as this was made by using
the existing habitat map and the change assessment map. Because of the manual reclassification, no
concrete input table is present. Due to the structure of the data, this was found to be the only option
to create a habitat map taking into account the existing habitat.
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Appendix lll: Further maps made during the study

During the study, multiple maps were made using the Aeolis model in- and output. The maps which
were not necessarily needed forthe results are displayed and explained here, to give extrainsight into
the data used. The first map (figure 10) shows the visualization of the input Z values used by Aeolis.
The input data is shown as elevation data (in meters), where the lowest points are at 0 meters. The
higher areas (shown in 1, 2 and 3, figure 10a and 10b) are directly in the foredunes.

| | | peters Legend:

0 50 100 200 . 22 meter
Visual representation of the input values of the Aeolis ; $

model . 0 meter

Figure 10: Visual representation of the input values used to run the Aeolis model.
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The outcome as calculated by Aeolis (figure 11a) shows more evened out compared to the input
(figure 10a). The output does not appear significantly different compared to the input. The main

differences can be better spot in the AZ map (figure 5).

(I) I | | Meters Legend:

50 100 200 - 22.1 meter
Visual representation of the output values of the Aeolis ; $
model . -0.26 meter

Figure 11: Visual representation of the output values calculated by the Aeolis model.
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Comparingthe input and output side by side (figure 12) makesit easierto spot the subtle differences.
The main difference can again be seenin the smoothness of the output compared to the rougher input

data.

Legend initial values: Legend end values:

[ | | I Meters

0 50 100 200 . 22 meter . 22.1 meter

The initial Z values map (a) next to the calculated Z end . ; $
values map (b) . 0 meter -0.26 meter

Figure 12: The visualisation of the input and the visualisation of the output of the Aeolis model compared side by side.
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The figure below (figure 13) shows the current Natura 2000 classification of the habitat presentin the
study area. Outlined in red is the study area, which is the notch used for modelling. The left map,

however, shows the entire fore-dune system in Meijendel with the habitat currently present.

Overview of the present habitat
with the study area

'/‘ ;
4 &4

'/

Study area
H2120 White dunes

H000O0 Bare Sand

H2130 Grey dunes
H0000G

| | | | Meters
400 HOOOOR

H2160 Dunes with Hippophaé rhamnoides

Figure 13: Habitat map of the fore-dunes at Meijendel, classified using the Natura 2000 classification system.
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By comparing the habitat map to the change assessment map (figure 14) it was assessed where the
current habitat might change and where it would not. The areas where the habitat could change were
assessed using the data found by Tonkens (2022), as this study described in detail how habitat would
change taking sedimentation into account.

Assessment of the possible A
changes in habitat

Legend:
[] Study area
H2120 Whitedunes
HO000 Bare Sand
H2160 Dunes with Hippophaé rhamnoides
H2130 Grey dunes
HO000G
HOOOOR

Possible habitat changes

Figure 14: Map showing the areas where habitat might change based on the outcome of the model. Three areas are indicated as areas with highest
possibility of changing habitat type.
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Appendix IV: Aeolis vegetation predictions

Aeolis itself makes predictions regarding the change in vegetation cover. One of the input files for
Aeolis regards vegetation data (figure 15a) (Hoornhout et al., 2015; Meijer, 2020), which is used to
predict the flow of sedimentation. Overits run, Aeolis also predicts vegetation output (figure 15b). It
is seen Aeolis predicts almost the whole area will be overgrown with vegetation. The change between
start and end (figure 16) shows in almost all areas there is an increase in vegetation.
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Figure 15: Input (a) and output (b) visualisation of the predicted vegetation cover by Aeolis.
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Figure 16: Differences in vegetation cover by increase and decrease compared

to t=0 (figure 15a).
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