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Abstract: Inlet-driven processes are capable of modifying the adjacent shoreline. However,
few studies have attempted to understand how these changes affect coastal dunes. The present
study aims to understand how shoreline changes induced by shoal attachment affect coastal dunes.
A barrier island in the Netherlands is used as a case study. Both bathymetric and topographic annual
data were analysed, together with the application of a cellular automata model for dune development.
The objective of the model is to explore idealised scenarios of inlet-driven shoreline movements.
With the model, ten different scenarios were examined regarding beach width increase and rate
of alongshore spreading of the shoal. Field data showed that, for the case study, dune volume
and shoal attachments could not be directly linked. Instead, rates of dune volume change differed
significantly only due to long-term ebb-tidal delta evolution. Such morphological evolution oriented
the beach towards the main wind direction, increasing overall aeolian transport potential. Modelling
results showed that shoals significantly increased dune volumes only on three out of ten scenarios.
This suggests that beach width increase, and rate of alongshore sediment spreading, determine
whether the shoal will influence dune growth. Therefore, within the studied time-scale, local rates
of dune growth are only increased if shoals are capable of increasing the beach width significantly
and persistently.
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1. Introduction

Coastal dunes are wind-driven accumulations of sand that naturally emerge in a coastal setting
and are affected directly or indirectly by marine processes. When the wind blows across the beach
surface, above a velocity threshold, it initiates aeolian sediment transport. Over time, this sediment
deposits at the vegetated upper beach, leading to a bio-geophysical balance that controls dune initiation,
growth and stabilisation [1–7]. For several countries, coastal dunes form an integral part of the coastal
defence system. It prevents extreme storm surge events from reaching inland areas. Also, dunes may
act as natural reservoirs of sand during both short and long-term erosive processes. Thus, coastal dunes
are crucial in a risk and management perspective. Their maintenance and behaviour constitute a
primary concern for researchers, managers and stakeholders.

Several mechanisms control coastal dune behaviour and development, such as sediment supply,
vegetation, precipitation, wind climate, wave climate and geological characteristics of the surrounding
area [8–11]. From those, beach morphology and beach width are very important aspects that control
coastal dune development [7,9,12,13]. The morphological state of the beach (e.g., dissipative or
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reflective) influences the maximum capacity of onshore aeolian sediment transport, with dissipative
beaches presenting the maximum potential for sediment delivery to the dunes [14]. Beach width
appears to be the dominant factor in controlling both sediment transport from the beach and the
total volume of sediment deposited on the dunes [12]. The authors of [7] show that beach width and
available sediment supply control the position of dune development at a decadal scale. Changes in
beach width due to shoreline sand waves and intertidal bar welding have also been linked to increased
potential sediment supply and long-term accretion rates in foredunes [15–17].

In that sense, coastal dunes neighbouring inlets may have a particular behaviour due to the
constant and cyclic changes in the adjacent shoreline driven by inlet-driven processes, such as shoal
attachment and channel migration [18,18–22]. Particularly, shoals have a strong capacity to change
adjacent coastlines in several temporal and spatial scales [23–26]. The authors of [27] attribute the
shape of the East Frisian Islands to inlet sediment bypassing. The authors of [20] investigated shoreline
migration trends in two inlet-driven regions in the West Coast of the United States associated with
shoal attachment processes. The authors did not find any significant statistical relationship between
the tidal prism and the longshore extent of the influence of the inlet on the adjacent shoreline. However,
they found that downdrift inlet shoreline accretion dominates when stable bypassing processes occur.
The authors of [28] state that, at Kiawah Island (US), the effect of shoal attachment was able to induce
a beach progradation of over 1300 m.

Considering the relation between beach width and dune development, current knowledge would
suggest that dunes neighbouring tidal inlets would behave differently than those not affected by
inlet-driven processes. Coastlines with frequent shoal attachment processes would have an increased
potential for sediment transfer from the subtidal to the subaerial portion due to the increased beach width
for certain periods of time. However, such behaviour has not been reported in the past, with only a few
studies trying to understand how inlet-driven processes affect coastal dune development. In a study on
inlet-associated beach systems in the Ireland coast, the authors [29] suggest that the dune may act as a sink
zone for subaqueous inlet-driven shoals. In a study in a sand flat adjacent to the Marsdiep inlet (NL), the
authors [11] show that dune volume is not spatially homogeneous over the sand flat. Over the sand flat,
dunes tended to be larger in the more wave-exposed zone than in the more sheltered region due to spatial
variations in supply conditions. Although the authors argue that groundwater level can induce such
spatial variability on sand supply, other conditions such as inundation frequency [30] and storm-induced
sand deposition [31,32] may also contribute to supply variability.

Therefore, the objective of the present study is to see whether or not there is consistent evidence
to support the theory that consequent shoal attachment processes may change local coastal dune
development in portions neighbouring tidal inlets. To investigate the objective, a case study in
The Netherlands was chosen. The case was chosen because of the available long-term monitoring data,
which is large enough to capture more than one attachment. Furthermore, an idealised numerical
modelling approach was used to qualitatively test potential scenarios where shoreline change can or
cannot induce changes in dune growth.

2. The Island of Terschelling

Terschelling is a barrier island located at the northern coast of the Netherlands (Figure 1). It has
an orientation of about 73 degrees N [33], is approximately 30 km long, and 2–4.5 km wide. Median
grain size ranges from 220–260 µm at the foreshore zone to 150–160 µm in the outer nearshore bar
zone [34]. Waves approach the coast mainly from the NNW and SW directions, though the former is
more prominent due to the orientation of the coast, which blocks the influence of SW waves. Tides are
semi-diurnal and meso-tidal, with spring tidal range of 2.8 m. Wind direction of stronger winds are
mainly towards the NE (Figure 1d), resulting in a dominance of oblique onshore winds in the western
tip of the island (first 4 km from the western border, roughly) and winds parallel to the coast in the
remaining island. Beach widths vary between 100–400 m in the shoal attachment zone, and around
350 m outside the attachment zone.
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Figure 1. (a) The study area of Terschelling. Red symbols represent the locations of the wave buoy (cross), weather station (triangle) and tide gauge (circle). Maps
are built using the RD (Rijks-Driehoek) metric coordinate system (b) Histogram of the daily maximum water levels, with the green line representing the median, the
blue lines representing the 25 and 75 quantiles, and the red lines the 2.5 and 97.5 limits. Values referred to the Normaal Amsterdams Peil (NAP) datum. (c) Directional
histogram for Hm0, in meters. (d) Directional histogram for mean wind speed, in meters per second. (e) Directional histogram for Tm02, in seconds.

Figure 1. (a) The study area of Terschelling. Red symbols represent the locations of the wave buoy (cross), weather station (triangle) and tide gauge (circle). Maps are
built using the RD (Rijks-Driehoek) metric coordinate system. (b) Histogram of the daily maximum water levels, with the green line representing the median, the blue
lines representing the 25 and 75 quantiles, and the red lines the 2.5 and 97.5 limits. Values referred to the Normaal Amsterdams Peil (NAP) datum. (c) Directional
histogram for Hm0, in meters. (d) Directional histogram for mean wind speed, in meters per second. (e) Directional histogram for Tm02, in seconds.
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On the west side, Terschelling is bordered by the Vlie inlet, which has a tidal prism of
934 × 106 m3 [35]. According to [35], shoals have a cycle frequency of approximately 16 years,
with an average migration velocity of 212 m/year (±69). Furthermore, the author states that the
longshore sediment transport on the coast is 4× 105 m3/year. Shoal length varies between 750–3000 m,
whereas shoal width varies between 400–1800 m. Regarding beach states, a modally intermediate
state beach, with the nearshore zone characterised by a multiple bar system, has been reported [34,36].
Furthermore, several vegetation species (e.g., Ammophila arenaria, Corynephorus canescens) have been
reported in the area, though their spatial distributions vary according to the type of dune [37].

3. Material and Methods

To achieve our objective, we used information from both the analysis of long-term monitoring
data and idealised numerical modelling. The monitoring data gives information not only on the past
subtidal and subaerial morphodynamics, but also on patterns of beach-dune evolution that may be
associated with the ebb-tidal delta dynamics. The idealised model gives information on the effect of
a varying beach due to a sequence of different shoal attachment processes in a controlled environment.
We chose such an approach to isolate the role of the ebb-tidal delta dynamics on dune growth from
other processes that may also lead to changes (e.g., wind direction, grain-size variations). Even though
some parameters are based on the island of Terschelling (e.g., initial beach width, shoal attachment
period), the idea behind the modelling is to explore what would happen at the dunes if only specific
conditions in cyclic beach width variations happened.

3.1. Dataset and Analysis of Multi-Annual Monitoring Data

Bathymetric data, with a resolution of 20 × 20 m available for the years 1992, 1995, 1998,
2000, 2004, 2007, 2010, 2013 and 2016, was used to track shoal attachment periods, the location
of attachment, and shoreline evolution forced by these subtidal processes. Vertical accuracy estimates
of the bathymetric data range from 0.11 to 0.4 m [38,39]. Also, we built an average annual difference
map using yearly estimates of bathymetry. For each year, we calculated the changes in elevation and
plotted the average of such a change. For such a map, linear interpolation in time was used to fill years
without data. Furthermore, we used yearly LiDAR data available from 1997 up to 2017 to analyse
beach width variability and dune growth. LiDAR data is available in a minimum spatial resolution
of 5 m, with a maximum resolution of 2 m from 2013 onward. Vertical accuracy estimates for the
LiDAR data is around 0.15 m [40]. For consistency with the rest of the dataset, LiDAR data from
2013 onward were re-interpolated in a 5-m grid. From the LiDAR data, we extracted 100 cross-shore
profiles, spaced approximately 100 m alongshore. The profiles were used to derive shoreline position,
foredune position and dune volume. Shoreline position was defined by the location of the 0-m
contour. Foredune position and dune volume were calculated considering the dunefoot as the 3-m
contour. The dunefoot level, along the Dutch coast, is widely assumed to be approximately 3m + NAP
(i.e., Normaal Amsterdams Peil—in Dutch—is the Dutch reference level, which is close to the mean sea
level) [7,8,41–46]. The value is based on early measurements, in which dunefoot elevation was defined
as a visible break in slope between beach and dune, resulting on a contour of roughly 3m + NAP [44].
Thus, dune volume was calculated as the volume above the 3-m contour, and the dunefoot of the 3-m
contour itself. Although common in The Netherlands, only one nourishment was registered in the
area, dating back to 1993 and located east of the profile number 100. Annual changes in dune volume
and shoreline position derived from the data needed to overcome potential measurement error. Based
on [40], these errors were estimated to be 20 m3/ m and 10 m for dune volume and shoreline change,
respectively.

3.2. The DUBEVEG Model

The DUBEVEG model [47,48] is a self-organising cellular automata model built to simulate dune
development in the coastal land-water interface. It is based on the DECAL model [49–51] for inland
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dune development. The DUBEVEG model has been used to understand the long-term behaviour of
beach-dune systems and their dynamics related to sea-level rise [48], beach width variability [7] and the
influence of geological settings such as sand flats [11]. It has been successfully used in a wide range of
areas where the main interest was to qualitatively understand how the interaction of different processes
translates into patterns over a longer time span [7,11,48,50–56]. It includes a sediment transport module
that mimics wind-driven sediment transport, hydrodynamic module and biotic processes related to
vegetation. Sand transport, vegetation growth, and dune development are simulated by probabilistic
rules that mimic crucial bio-physical feedback interactions for dune growth, development and decay.
Given an initial topography T, displayed into grid cells in a 2D matrix, cells will re-adjust themselves
within the grid, following probabilities of erosion and deposition. Probabilities are conditioned by
characteristics of each cell node and their surrounding cells. Per iteration, a group of cells are chosen
randomly to move in a pre-defined direction (i.e., mimicking the onshore aeolian sediment transport).
The moving cells (i.e., sand slabs) are a square-shaped model representation of a standard volume
of sand. The model does not explicitly use wind strength or shear stress, but instead simulates the
sediment transport assuming that there is a certain probability that the slab will be transported at
each time-step (in reality, whether wind threshold is achieved or not). The probability is based on
([51] Equation (3)), and may vary locally due to the presence of vegetation. There is no seasonality
related to potential sediment transport applied, as well as variations in potential transport due to
the wind direction. The groundwater level limits the vertical amount of slabs that are available for
transport. Thus, changing groundwater levels to be closer or farther from the topographic surface
controls sediment supply conditions, as shown by [11].

Sediment can be removed from or introduced in the domain through the hydrodynamic module.
The model requires a conceptual equilibrium profile (Ep), which is a level that the topography returns
to when affected by the hydrodynamic model. Thus, it may lead to either a positive (accretion) or
negative (erosion) sediment balance at the beach. Therefore, the model assumes sufficient sediment
being transported from the sea to maintain the beach position. The water level defines the portion
of the beach profile that is affected by the hydrodynamic module. At each time step, the module
calculates the maximum water level by selecting the highest water level in a two-week interval, plus an
estimate wave run-up. Run-up estimates are based on empirical relations described in [57]. Whether or
not a cell is eroded or accreted depends on a probability given to each inundated cell. This probability
is a function of the presence of vegetation in the cell, plus the potential erosive strength of the waves.
The model does not solve any wave transformation equations. Instead, waves are represented by
a probability of erosion, which is maximum (p = 1) in the offshore, and reduce (i.e., representing
wave energy dissipation) as an inverse function of the water depth. Inundated cells always have
a small probability of erosion/accretion, regardless of the waves. Thus, dunes can be scarped and
completely eroded, depending on the water level and the remaining wave energy in the adjacent cell.
Regarding vegetation cover, the model accounts for two species: incipient and conservative vegetation,
following the approach introduced by [51]. Further details on the model, such as sensitivity analysis
and validation, can be found in [7,11,48].

To address the effect of shoals on dune development, we adapted the model with an idealised
representation of a shoal attachment process. It assumes that shoals reach the beach down-drift of the
tidal inlet, supplying this beach with a fixed amount of sediment in a periodic process. For the present
study, we use a shoal frequency of 15 years to match values found for Terschelling by [35]. When the
shoals attach to the beach, we assume that it drives only shoreline changes. In the model, shoals land
at one specific point alongshore. At this point, the coastline follows a sinusoidal behaviour in time,
while the disturbance moves down-drift with a specific decay rate, with a solution of the form of:

yk(x, t) = A× e−
√

ω
2a x × cos (ωt− kx) (1)
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where yk represents the shoreline (i.e., 0-m contour), A is the initial amplitude of the shoreline
disturbance, e− f (x) describes the decay as a function of the alongshore position x, and the cosine
represents the progressive shoreline sand wave (Figure 2). The value chosen for A is proportional to
the wavelength, under the assumption that, qualitatively, both would be related to the size of the shoal
(i.e., a bigger shoal would induce a greater amplitude and wavelength in the shoreline signal than a
smaller shoal. A large increase in amplitude with a small wavelength would be unlikely). The value
for the constant a was chosen to keep the decay form inside our modelling domain throughout all the
tested scenarios, while maintaining the magnitude within the order of magnitude found on similar
processes (i.e., shoreline sandwaves). Also, we removed the negative component of the cosine function
in the final shoreline model. The reason is based on the current lack of evidence to support the same
erosive behaviour as found on shoreline sandwaves. In reality, changes in shoreline are likely to
drive several changes on nearshore gradients that will lead to phases of erosion and accretion, which
are not considered in our simplified shoreline model. Table 1 presents detailed information on the
variables. The solution is based on (Equation (4), [58]) for shoreline sand waves and assuming a
one-line coastline model:

∂yk
∂t
− a

∂2yk
∂x2 = 0 (2)

From the shoreline solution, we chose 20 positions alongshore spaced 100 m apart, from which we
built full idealised cross-shore beach profiles. Each cross-shore profile was extrapolated alongshore in
separate 2D domains. Then, each domain was used as the initial and equilibrium (Ep) topography in
the model. Cross-shore profiles have an initial beach width (i.e., the distance between 3-m contour and
0-m contour) of 100 m, on which we added any cross-shore disturbance introduced by the attachment
of the shoal. Moving the 0-m contour seaward or landward adds the cross-shore disturbance, following
Equation (1). The new position of the 0-m contour defines a new equilibrium beach profile (Ep), which
is created by linear interpolation up to a pre-defined node (Figure 3). For the present study, we chose
the fixed node as the 1-m contour, which roughly represents the mean spring high tide level. As the
shoreline evolves in time, so does the equilibrium profile, introducing the new sediment balance from
the shoal to each position alongshore. We chose such an approach since it is not the purpose of the
model to simulate subtidal evolution, but rather subaerial evolution. Thus, the shape of the beach due
to hydrodynamic forcing can be adjusted per-iteration without in-model calculations. The portion of
the Ep above one meter was built manually using slope values of the upper beach common in the area.
The subtidal part was built following [59].

Figure 2. Example of shoreline movement based on Equation (1). The black line represents the initial
shoreline position, followed by the grey-dashed lines as it moves into different stages in time.
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Figure 3. Example of beach width movement, highlighting the node points used to adjust the
equilibrium profile in time. The red and the black line represent two different moments in time.
Circles represent node points used to adjust beach width, whereas the black square represents the
most landward node point where the shoal induces no change. Grey-dashed parabola represents a
hypothetical foredune, for reference. Values below the 0-m contour are based on [59].

Table 1. Specific notations and functions used in the shoreline decay solution form.

Name Notation Function/Value

Amplitude (m) A L/6
Angular frequency (year−1) ω 2π/T

Period (year) T 5 and 15
Wave number (m−1) k 2π/L

Wavelength (m) L 250, 500, 1000, 2000 and 3000
Constant a 10

Two periods were tested (i.e., 5 and 15 years) regarding the progressive shoreline wave (which
influences the rate of alongshore dispersion of the shoal). Periods have been chosen to ensure
full dispersion of the previous shoal before the next attachment. Regarding the wavelength of the
progressive wave (which influences the size of the shoal), five values were tested, all in meters: 250, 500,
1000, 2000, and 3000. Table 2 shows all tested scenarios. All simulations spanned 90 years, in which
multiple shoal attachment events occurred, always assuming that there is sufficient feeding from the
sea to maintain the equilibrium level. The simulation length was chosen to ensure multiple attachments
and sufficient time to any adaptation on the beach-dune system to take place. In our case, where the
cycle is 15 years, 90 years lead to six attachments in total and sufficient time for the beach-dune system
to evolve. A water-level time-series, gathered from a nearby tide-gauge in the North Sea (Figure 1),
was used as the boundary condition for all simulations. We performed simulations using two different
sediment supply scenarios controlled by groundwater depth [11]. The groundwater was settled as
a proportion of the Ep, being 0.5 for the unlimited supply condition, and 0.8 for the limited supply
condition. Further information on the groundwater assumptions within the model can be found
in [11]. Besides beach width variability and potential supply due to groundwater depth, all other
initial conditions are the same for all simulations. Dune volume and final foredune position were
extracted from the simulations by the same methods used in the LiDAR data analysis. We performed
five simulations for each combination of conditions, and used the average values. The number of
simulations was chosen based on the Confidence Interval method [60,61], which aims at finding the
number of replicates necessary to narrow the confidence interval up to a specified precision dmin,
defined as half-width of the confidence interval in terms of percentage of the sample mean. Using five
simulations yield precision values for dune volume and position in the order of 2–2.5%, which is lower
than the suggested threshold precision (i.e., 5%). In total, we performed a total of 1000 simulations.

Simulated results were compared at different locations alongshore to investigate whether there
is a spatial dependency in final dune morphology due to alongshore changes in shoreline behaviour.
Spatial autocorrelation defined spatial dependency, whereas the non-parametric Wilcoxon rank-sum
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test defined statistical significance between attachment and non-attachment zones. Moreover, the total
net potential hydrodynamic sediment supply was calculated for each scenario tested. The total
net hydrodynamic sediment supply is the amount of sediment introduced by in-model calculations
without considering accretion and erosion related to subtidal processes (i.e., excluding sedimentation
associated with imposed shoreline changes).

Table 2. Summary of simulation scenarios based on shoreline disturbances characteristics.

Simulation Letter Period (years) Wavelength (m)

a. 5 250
b. 15 250
c. 5 500
d. 15 500
e. 5 1000
f. 15 1000
g. 5 2000
h. 15 2000
i. 5 3000
j. 15 3000

It is important to note that the primary purpose of the model is to be applied as an exploratory tool
rather than a predictive tool. Despite recent advances, most cellular automata models are not meant to
accurately reproduce real cases quantitatively due to the level of simplification and the hindrance of
using validation tools that are commonly used in deterministic models [48]. However, it presents a
smart bottom-up solution for complex systems, where simple interactive processes in the microscale
could evolve into macroscale patterns. Thus, such models can be advantageous to understand how the
interaction of different processes translates into patterns over a longer time span.

4. Observed Effects of Shoal Attachment on Dunes

4.1. Subtidal Evolution

Overall, bathymetric maps show five beach width change events associated to a shoal directly
(i.e., attachment of the shoal) or indirectly (i.e., shoreline sheltering due to shoal) (Figures 4 and 5).
Labels for each event are shown in Table 3 and used within the text. Direct changes due to shoal
attachment (Events 1 and 2) happened between 1992 and 1998, approximately between profile 20 and
30, and between 2012 and 2016, between profiles 10 and 20 (Figure 6). Maximum values of change
forced by the attachment increased the beach width by around 40%, for event 1, and 112% for event 2.
Interestingly, even though attachment produced on average an increase in beach width, there were
some locations where erosion occurred, with values that reached a maximum of 18% and 53% of the
average beach width for events 1 and 2, respectively. Nevertheless, average and median values show
that an overall increase of beach width took place due to the attachment.
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Figure 4. Bathymetric maps from 1992 (a), 1995 (b), 1998 (c), 2000 (d), 2004 (e), 2007 (f), 2010 (g), 2013 (h)
and 2016 (i). Numbers without a circle show the approximate location of the profiles, whereas numbers
with a circle relate to the shoal events in Table 3.

Even though shoals caused an increase in beach width, the coast presents an overall erosive
trend, with values in the order of −1 m per year when accounting for the total change over the period.
Furthermore, even though shoals are capable of increasing the beach, the total increase of beach width
is already spread over the coast after a period shorter than the average shoal attachment period, which
is approximately 15 years. For shoal 1, the total average increase of beach width was on the order of
90 m between 1997–1999. This increase of beach width is eroded after five years, whereas for shoal 2a,
the total average increase (40 m, approximately) was eroded after two years.

Shoal events 3 to 5 (Table 3) yield a lower average beach width increase than shoal events 1 and 2.
On average, events 3 to 5 presented increases of 13 m per year, whereas events 1 and 2 resulted in an
average beach width increase of 40 m. Even though the average amount of beach width increase was
smaller than events 1 and 2, the shoal 3 was still able to increase a total amount of around 100 m from
2000 up to 2007, which is around 44% of the average beach width between profiles 1–10.

The average annual difference map shows an erosive trend in the channel south of profile 1–10
and an accretion trend on the ebb-tidal area (Figure 7). Interestingly, values between ±0.25 m per year
dominate the region between profile 30–50, suggesting that the average variability of this region is
small and, in some areas, within the measurement error. Values are also lower from profile number
50 up to 100, suggesting less shoreline variability north of profile 50. Shoreline change statistics also
show higher variability in the western profiles, as expressed in higher values of standard deviation.
From those, the stretch between profiles 11–30 is the most variable (Table 4).
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Figure 5. Bathymetric difference maps for periods between 1992–1995 (a), 1995–1998 (b), 1998–2000 (c),
2000–2004 (d), 2004–2007 (e), 2007–2010 (f), 2010–2013 (g), 2013–2016 (h). Blue and red circles highlight
phases of shoreline accretion and erosion.
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Table 3. Statistics for shoreline change related to each handpicked shoal.

Year Shoal/Event Number Profiles
Shoreline Change (m/year)

Mean Median Standard Deviation Min Year (Min) Max Year (Max) 25th Percentile 75th Percentile

1997–1999 1 21–30 43.2 36.4 64.7 −71.4 1997–1998 159.4 1998–1999 −2.6 83.5
2011–2013 2a 21–30 20.0 16.8 19.2 −9.0 2012–2013 63.5 2011–2012 6.7 31.0
2016–2017 2b 11–20 58.9 54.6 138.7 −140.4 2016–2017 291.9 2016–2017 −28.7 134.8
2000–2007 3 1–10 14.1 12.2 19.9 −22.6 2006–2007 71.6 2001–2002 0.0 24.4
2004–2007 4 41–50 2.5 0.0 20.6 −39.3 2006–2007 37.9 2004–2005 −8.7 19.5
2005–2010 5 11–20 17.1 17.0 32.1 −59.4 2009–2010 107.9 2006–2007 0.1 30.5

Table 4. Alongshore variation in shoreline position statistics between 1997 and 2017.

Profiles Mean Median Standard Deviation Min Year Max Year 25th Percentile 75th Percentile
(m) (m) (m) (m) (Min) (m) (Max) (m) (m)

1–10 −0.4 −1.3 22.8 −48.8 2012 152.6 2017 −12.2 8.7
11–20 7.5 1.9 49.2 −140.4 2017 291.9 2017 −16.2 24.6
21–30 −8.1 −11.2 40.1 −95.2 2007 159.4 1999 −31.9 12.7
31–40 −9.0 −11.2 23.9 −77.1 2007 50.5 2015 −22.4 5.6
41–50 −3.5 0.0 24.9 −73.0 2012 84.2 2017 −18.9 13.1
51–60 −2.4 −5.0 17.9 −65.4 2012 40.2 2010 −15.1 5.0
61–70 −0.9 0.0 18.4 −77.6 2000 51.8 2010 −12.6 10.1
71–80 0.3 0.0 17.4 −58.0 2007 38.6 2010 −8.5 12.2
81–90 0.9 0.0 15.5 −36.7 2008 41.4 2005 −10.4 13.7
91–100 3.6 5.1 18.4 −38.6 2015 63.0 2006 −9.7 15.5
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4.2. Relation between Beach Width and Dune Development

Using information gathered on the effects of shoal/ebb-tidal dynamics on beach width,
two distinct zones of potential influence on dune growth were defined: one between profiles 1–50,
which is controlled by ebb-tidal delta dynamics (i.e., affected by shoal attachment, channel migration),
and another between profiles 51–100.

The beach-dune system along the island exhibits high morphological alongshore variability.
Regarding morphology, dunes outside the shoal attachment zone tend to exhibit a prograding
behaviour, with new foredune development in front of the existing foredune (Figure 8). On the
other hand, the dunes between profiles 1–30 were mostly single crested and dune volume growth
generally involved heightening of this crest. Furthermore, dunes tend to be higher between profiles
1–30 (Figure 9). Dune volumes follow the same pattern, where average values are higher in those
zones. The variability of both volume and maximum dune height is also higher between profiles 1–30.
The beach width presents a much higher variability between profiles 1–50 than 51–100, achieving
maximum values between profiles 20–40. Median values of beach width also present a higher range
between profiles 1–50 than profiles 51–100. The average azimuth presents a gentle change from
300 degrees until around 355 from profiles 1–30.

Regarding volume estimates, results show that the first zone presents higher average values
of dune volume per longshore component, with values of 1329 m3/m (±784) and 1253 m3/m
(±440), respectively. However, when considering only the profiles between 1–30, the average
value is 1821 m3/m (±636). Furthermore, a Wilcoxon rank-sum test shows that the two zones are
statistically different (p < 0.05) in terms of annual dune volume change per longshore distance (Table 5).
The significant difference is due to the increased values between profiles 1–30, and not necessarily
related to the ebb-tidal dynamics (Figure 10). A significant (p < 0.05), but weak, negative correlation
(R = −0.16) exists between individual azimuth and volume changes. When using time-averaged
values to minimise the effect of inter-annual variability, the correlation becomes stronger (R = −0.59),
suggesting a dependency on the azimuth on the potential amount of supply to the dunes. In time,
both zones exhibited steady growth in terms of volume. In terms of area, a higher rate of change occurs
between the years 2002 and 2006 at the area outside the shoal attachment zone, which represents an
expansion of the dune field. No peaks or cycle patterns that could be related to beach width changes
seem to occur.

Therefore, subaerial dune development over the period presents two main characteristics: instant
change in beach width does not translate into dune volume change; western profiles present a higher
rate of change than the remaining part of the coastline.

Table 5. Non-parametric statistical significance test (i.e., Wilcoxon rank-sum test) of alongshore
differences in annual dune volume change.

Profiles Median (m3/m) 25th Quantile 75th Quantile Zval Rank-Sum p

1–50 20.2 6.7 39.2 8.8 1,113,704 p < 0.001
51–100 10.7 2.6 23.9 – – –

1–30 28.6 12.6 47.0 13.1 598,151 p < 0.001
51–100 10.7 2.6 23.9 – – –

31–50 12.8 −0.1 22.6 −0.7 275,553 0.49
51–100 10.7 2.6 23.9 – – –
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Figure 8. Upper panels: Elevation evolution in time of five different profiles alongshore, with cross-shore distance on the y-axis and time, in years, in the x-axis. Lower
panels: Final elevation differences for five different profiles. Dashed lines represent the 3-m contour. Black lines = 1997 profile, red line = 2017 profile.
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Figure 9. Boxplots of the morphological data alongshore extracted from the LiDAR data. The plotted
azimuth refers to the average in time of each profile location.

R2 = 0.35 R2= 0.33

Figure 10. (a) Boxplot of the annual dune volume changes separating three groupings of profiles.
(b) Scatter plot of the average profile azimuth and dune volume change for profiles 1–100. (c) Scatter
plot of the average profile azimuth and dune volume change for profiles 1–50.

5. Modelling Results

Results (Figure 11) show that, for a shoreline wave period of five years, higher shoreline variability
in the western side did not translate into larger dune volume. On the other hand, for shoreline
periods of 15 years, western sectors presented higher final dune volumes than the eastern sector for a
wavelength of 1000, 2000 and 3000 m. Spatial autocorrelation shows persistence in correlation values
for these three scenarios, suggesting a spatial dependency for dune volume for these three cases, which
is confirmed by using Wilcoxon rank-sum tests between both areas (Table 6). No persistence occurred
in other scenarios. Similar spatial patterns happen for both unlimited and limited supply conditions.
However, simulations with unlimited supply conditions resulted in larger dunes (i.e., 14 m3/m (±2.9)
larger than dunes on limited supply conditions).

Regarding beach width, final results show beach width between 100 and 110 m for all shoreline
scenarios, with no apparent spatial trend alongshore. Correlation analysis shows no spatial dependency
on beach width for both unlimited and limited supply scenarios. Morphologically, dunes remain
mostly as a foredune after a 90-year simulation, with seldom occurrence of incipient dunes in front
of it. The main differences are in the dune height, which follows the spatial pattern presented in the
dune volume.
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Figure 11. Dune volume estimates (a–j) and Mean Absolute Deviation from the shoreline position
(k–t) based on numerical simulations. Letters represent the shoreline movement shown in Table 2.
For the dune volume, black lines represent unlimited supply scenarios, whereas red lines represent a
limited supply scenario.

Table 6. Wilcoxon rank-sum test results comparing dune volume from attachment and non-attachment
zones for the modelled scenarios where a persistence, defined by autocorrelation, occurred.

Scenario Persistence (m)

Volume (m3) Wilcoxon Rank-Sum Test

Within
Zone

Outside
Zone p Zval Ranksum

Median 25th 75th Median 25th 75th

f. 400 693 689 695 676 673 680 0.003 3.0 74
h. 800 704 700 708 676 672 677 p < 0.001 3.6 131
j. 800 711 704 717 688 674 702 0.008 2.7 119

The difference between shoals that induce a significant increase in dune growth and those which
do not, is in the potential increase of supply that the shoal can introduce. Figure 12a shows the
relation between total hydrodynamic sediment supply and dune volume. Figure 12b shows the
comparison between the percentage of potential supply increase due to shoal attachment processes
(i.e., potential supply is the sum of supply before the shoal plus supply introduced by the shoal)
compared to areas where no beach width change occurred (i.e., general potential supply related to
a static beach width). Notwithstanding that, for all scenarios, hydrodynamic supply controls dune
growth (Figure 12a), shoals must be able to increase the potential sea supply by a certain point to
induce the development of significantly larger dunes. Based on Figure 12b, it is possible to define
three different possible outcomes related to potential supply increase, due to the shoal attachment,
and final dune volume. One outcome is related to shoals that add an increase in supply that is not
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sufficient to induce significantly larger dunes (zone clustered on the black symbols, between potential
supply increase of 100–102%, approximately). The second is the zone where the increase in supply is
sufficient to induce larger dunes (zone clustered on the red symbols, where potential supply increase
exceeds 105%). The last one relates to scenarios where supply may or may not be sufficiently large to
induce this growth (the area where black and red symbols are clustered together, approximately where
potential supply increase is between 102–105%). Relating the potential of significantly increasing dune
growth to hydrodynamic supply suggests that scenarios, where simulations did not yield significant
larger dunes, may require more time to reach sufficient cumulative supply levels to influence dune
growth significantly.

Figure 12. (a) Scatter plot of final dune volumes against total net hydrodynamic sedimentation.
Red symbols represent data from model results that yielded significantly larger dunes (p < 0.05) than
regions not associated with shoals, whereas black symbols represent data from profiles without final
larger dunes. (b) Scatter plot of final dune volumes against cumulative potential supply increase
induced by shoreline movements. Increases in supply are defined relative to the supply in profiles
without the influence of a shoal as the reference (i.e., 100% of supply). Red symbols represent data from
model results that yielded significantly larger dunes than regions not associated with shoals, whereas
black symbols represent data from profiles without final larger dunes.

6. Discussion

The results highlight two main findings: (1) beach width change due to the attachment of the
shoals did not translate into a significant increase in dune volume in both short and long-term
time-scales, and (2) the occurrence of a local increase in dune growth due to shoal attachment is, in the
long-term, closely related to the size and extent of the shoreline change signal introduced by the shoal,
suggesting a potential threshold increase for a noticeable influence at the dunes.

The analysis of the bathymetric data shows that a shoal is capable of increasing beach width
directly, by attachment, or indirectly, by creating a shadow zone to the coast. Increasing beach width,
in theory, leads to an increased space for dune development, increased potential supply, and increased
dune protection against wave attacks due to the increased potential for wave dissipation [9,12,62,63].
The authors of [12] show that beach width influences the total volume of sand transported towards
the dunes on an annual basis. Moreover, the authors of [12] argue that over periods of months to
years, potential sediment supply to the dunes will vary directly with the beach width. Our results
for Terschelling suggest that, even though shoals induce beach width change, sediment from
individual shoals are redistributed alongshore before being able to increase dune volume significantly.
Although the increase in beach width would be expected to lead to higher wave protection and
more abundant aeolian sand supply to the dunes, no signal in dune volume occurred. Monthly to
yearly signals in dune growth due to beach width increase require an in-phase synchronisation of
onshore wind and proper beach surface conditions (e.g., surface moisture, grain-size characteristics,
shell pavements) with the attachment [64]. Furthermore, local characteristics, such as beach orientation
relative to main wind direction, rainfall and surface moisture, may also affect the potential of beach
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width to affect dune growth significantly. In [7], the authors show that limiting supply factors may
reduce the capacity of beach width increase to affect dune growth. Also, it is crucial to consider the
relaxation time expected for a morphodynamic system to adapt and lead to any positive or negative
significant change [65–68].

Another factor that may influence whether beach width increase is reflected in dune morphology,
is the initial beach width. Contrary to the shoals in Terschelling, the authors of [8] found that shoreline
sandwaves, which change beach width, leave a signal at the dunefoot alongshore, with non-uniform
dunefoot behaviour accounting for at least 80% of the residual variability of the dunefoot. One possible
explanation could be related to the initial beach width on which the sandwave propagates or the
shoal attaches. For wide beaches, the induced increase of supply and space might not be significant
due to the already sufficiently large beach width (i.e., Available Fetch > Critical Fetch). In contrast,
small variations in narrow beaches (Available Fetch < Critical Fetch) would lead to a significant
increase in source width and, therefore, potential sediment supply. Moreover, the authors of [8] deal
with an isotropic situation, on which the signal propagates equally alongshore, leading to similar
beach width variability regardless of the alongshore position. In contrast, for shoals, the attachment
zone would experience higher variability in beach width than locations not directly affected by the
shoal attachment. Thus, the rate of dispersion may be a determining factor as to whether dunes would
or would not have time to expand with the local increase in beach width.

Previous studies show that the welding of intertidal bars is a crucial process for sediment exchange
between subtidal and subaerial beach profiles [69–71]. What could then explain the observed lack
of signal in the dune volume and position in response to shoal attachment? Our modelling results
suggest that shoal type (size and volume) and consequently how it changes beach width, has different
outcomes in terms of dune evolution. Modelling results show that a higher dune volume is expected
only for shoals that increase beach width considerably and that have a slow rate of dispersion.
A small beach width increase with a fast longshore redistribution would translate into an increase of
potential sediment supply that might be too small compared to other boundary conditions (e.g., overall
aeolian transport of hydrodynamic erosive processes) to leave a signal in the foredune even on a
long time-scale. Although even a small beach width increase would translate in a higher potential
supply toward the dune [70], our results suggest that the scale of change should be larger, or of
the same order of magnitude, than current supply to be translated into significantly different dune
growth. Also, local conditions may induce local differences in the required duration and magnitude of
ebb-tidal driven shoreline changes to leave a footprint at the dunes. Areas where local conditions may
enhance the potential for sand to be transported by wind (e.g., beach orientation, wind direction, deep
groundwater levels), may need less time or beach width increase for shoals to induce a significant
increase in dune growth.

Although variations in beach width did not translate into a significant change in dune volume or
position, long-term processes related to the ebb-tidal delta may shape the adjacent coastline in such a
way that this may stimulate aeolian sediment transport. The authors of [35] show that ebb-tidal delta
processes are responsible for the shape of the adjacent coastline of the Vlie Inlet. Our results show that
such alongshore azimuth variability increases the potential of aeolian sediment transport between
profiles 1–30, explaining the higher dunes and yearly sediment input due to the beach orientation
relative to main wind transport, following the synchronisation concept proposed by [64].

Foredunes on barrier islands are generally not alongshore uniform, though the cause is still
uncertain [10,72–74]. Our results suggest that ebb-tidal delta processes may lead to alongshore
variations that affect foredune morphology. Uniformity of foredunes in barrier islands depends on
several conditions, such as beach width, wind conditions and transport limiting factors. For a much
longer time-scale, the authors of [75] show that inlet-driven processes may indeed induce beach-dune
asymmetries near inlets. In [75], they show that relict paleo-channels may lead to a geologic framework
that induces to asymmetric development of the beach-dune system up-drift of the paleo-channel due
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to channel infilling and longshore gradients. The authors argue that the scale of the asymmetry is
related to the size and orientation of the paleochannel.

In summary, inlet-driven processes that affect adjacent coastlines, such as shoal attachment,
channel migrations and beach width variations, are capable of inducing changes in local coastal
dunes depending on the scales involved. Our data analysis results show that the rate of volume
increase in dunes that occur within the ebb-tidal dominated zone are significantly higher than dunes
outside the zone. This occurs mainly where azimuth variations induced by ebb-tidal delta processes
increases aeolian sediment supply, and not necessarily by the ongoing shoal attachment process.
Furthermore, modelling results show that significant changes at the dunes are related with the potential
of inlet-induced shoreline change. Dunes were significantly larger in the shoal attachment zone only
in modelling scenarios where changes in beach width were large and persistent. Those situations,
when integrated over time, lead to a significant increase in supply to the dunes, resulting in a noticeable
larger foredune.

7. Conclusions

A case study on the island of Terschelling was carried out to understand how shoal attachment
processes influence dune growth. The case was approached through a combination of the analysis of
pre-existing topographic and bathymetric data, combined with an idealised and exploratory numerical
modelling exercise using a cellular automata model. The higher rates of dune volume increase found in
the island could not be associated with the increase in beach width lead by shoal attachments. Instead,
larger dunes were associated with a long-term tidal inlet-induced shaping of the shoreline. Such a
long-term process oriented the beach towards a beneficial direction for wind-driven sediment supply.
The lack of direct influence of the shoals could be explained by the scale of control of the shoal on
beach width in both time and space. A statistically different dune volume emerged only when shoals
were capable of increasing beach width and long-term supply considerably. Such a situation occurred
with lower rates of alongshore spreading and large beach width increase, suggesting that only specific
shoal size and spreading characteristics can define a volume footprint at the dunes. Therefore, in the
studied time-scale, subsequent shoal attachments are only capable of inducing a local increase in dune
growth if their size and volume are large enough to create a wider beach for a long time interval,
producing a high and persistent increase in supply.
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