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a b s t r a c t

Dune management along developed coasts has traditionally focussed on the suppression of the geomor-
phic dynamics of the foredune to improve its role in sea defence. Because a stabilized foredune acts as an
almost total barrier to aeolian transport from the beach, the habitat diversity in the more landward dunes
has degraded. With the overarching objective to mitigate this undesirable loss in biodiversity, dune
management projects nowadays increasingly intend to restore aeolian dynamics by reconnecting the
beach-dune system with notches excavated through the foredune. Here, we use repeat topographic
survey data to examine the geomorphic response of a coastal dune system in the Dutch National Park
Zuid-Kennemerland to five notches excavated in 2012–2013 within an 850-m stretch of the 20-m high
established foredune. The notches were dug in a V-shape (viewed onshore), with a width between
approximately 50 and 100 m at the top, a (cross-dune) length between 100 and 200 m, and excavation
depths between 9 and 12.5 m. The 1 � 1 m digital terrain models, acquired with airborne Lidar and
UAV photogrammetry, illustrate that during the 3-year survey period the notches developed into a
U-shape because of wall deflation, and that up to 8-m thick and 150-m long depositional lobes formed
landward of the notches. Sand budget computations showed that the sand volume of the entire study
area increased by about 22,750 m3/year, which, given the 850-m width of the study area, corresponds
to an aeolian input from the beach of approximately 26.5 m3/m/year. Between 2006 and 2012 all
wind-blown beach sand deposited on the seaward side of the foredune; since 2013, the notches have
caused 75% of the sand to be deposited landward of the foredune. This highlights that the notches are
highly effective conduits for aeolian transport into the back dunes. Future monitoring is required to
determine for how long the notches will stimulate aeolian dynamics and if (and when) vegetation
eventually starts to regrow and enforces the degeneration of the notches.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Coastal dunes are natural, intrinsically important landform
units in the coastal system and provide a wide range of benefits
to humankind (e.g., Everard et al., 2010). For example, they act as
a vital natural safety barrier against marine flooding, are valuable
natural environments, serve for the production of drinking water,
and offer recreational opportunities. The safety function has dom-
inated dune management along low-lying developed shores for
decades (Arens and Wiersma, 1994; Jackson and Nordstrom,
2011). Planting vegetation is a common practice to increase height
and volume of the foredune (e.g., Van der Putten and Peters, 1995;
Nordstrom and Arens, 1998). The resulting dune stabilization is
considered crucial to safeguard coastal dune systems and low-
elevation coastal areas against expected increases in erosion
because of global-change induced rising sea levels and potential
changes in storm characteristics (e.g., Sigrin et al., 2014; Feagin
et al., 2015). While foredune stabilization substantially reduces
the risk of marine flooding of the hinterland, it also degrades aes-
thetic and natural values and markedly reduces species diversity in
the back dunes (Martínez et al., 2013). The dense vegetation cover
on a managed foredune acts as a barrier to the aeolian throughput
of sand from the beach into the back dunes (e.g., Petersen et al.,
2011), where spatio-temporal dynamics have thus become limited
and ecological succession is no longer locally reset by sand burial.
Consequently, many back dune systems suffer from the encroach-
ment of tall grasses and shrubs (e.g., Veer and Kooijman, 1997; Van
Til et al., 2002; Hilton, 2006; Lammerts et al., 2009; Pye et al.,
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2014) and reduced biodiversity. This is further exacerbated by
increased atmospheric nitrogen deposition, changed land use
within the dune system, reduced disturbance by rabbit popula-
tions, and stabilization of local bare-sand areas (e.g., Nordstrom
and Lotstein, 1989; Provoost et al., 2011). The encroachment by tall
grasses and shrubs further reduces the amount of sunlight reach-
ing the surface and potentially causes (internal) soil acidification,
which is strongly disadvantageous to the endemic dune flora
(Kooijman, 2004). The blocked aeolian input of sand also prevents
the back dunes to grow vertically with sea-level rise, which may
endanger future coastal safety (Arens et al., 2013).

Since the late 1980s a wide variety of measures to maintain or,
preferably, improve coastal-dune biodiversity have been
attempted (see Lithgow et al., 2013, for a review). In the Nether-
lands, which holds major responsibility for the preservation of
coastal-dune biodiversity within Europe because of its spatially
extensive dune fields, initial measures aimed at resetting ecologi-
cal succession through the removal of vegetation and topsoil in
dune slacks (e.g., Jungerius et al., 1995). While some measures
were, at least in part, successful (Grootjans et al., 2002), awareness
grew that restored ecosystems could be self-maintaining (i.e.,
demanding no or minimal further management) when aeolian
dynamics are re-established (e.g., Arens and Geelen, 2001). This
started with the restoration of individual blowouts, but its impact
on landscape-scale aeolian dynamics and hence ecology proved to
be minimal (Van Boxel et al., 1997). Landscape-scale measures,
such as the reactivation of parabolic dunes by vegetation removal,
increased aeolian dynamics dramatically during the first few years
(Arens et al., 2004), resulting in the desired burial of tall grasses
and shrubs downwind and thus in the development of more
diverse habitat types. However, these interventions have not been
self-maintaining (Arens and Geelen, 2006; Arens et al., 2013). Most
sites began to stabilize because of vegetation regrowth from
remaining rhizomes and the seed bank, and the reduction in aeo-
lian erosion through the formation of a lag of dead root material.
In line with an international management shift toward more fore-
dune dynamics (e.g., Jackson et al., 2013; Walker et al., 2013; Pye
et al., 2014; Konlechner et al., 2015; Darke et al., 2016), the present
Dutch dune management strategy seeks to connect landscape-
scale restoration efforts of back dunes with the beach-foredune
system through the excavation of foredune notches (e.g., Arens
et al., 2012, 2013; Kuipers, 2014). In this way, one of the major
causes of ecosystem degradation in the back dunes is removed,
potentially providing a self-maintaining ecosystem with minimal
need for further management (Elliott et al., 2007). It is expected
that notches will act as a conduit for the transport of wind-
blown beach sand to the back dunes. Potentially, the notches could
develop into more natural, self-maintaining foredune gaps, ensur-
ing a sustained influx of calcareous beach sand. Furthermore, the
notches may produce harsher living conditions in the back dunes
(e.g., higher wind speeds and salt spray), increasing aeolian
dynamics and impeding vegetation regrowth on reactivated areas.

An increasing number of coastal restoration projects involve
excavating foredune notches, however, experience with their per-
formance is limited. Meerkerk et al. (2007) examined the sand
transport dynamics through a single 60-m wide gap in the fore-
dune near Schoorl, the Netherlands, that was excavated to a depth
that would allow marine flooding during severe storms. However,
wind-blown beach sand quickly filled the gap. Aeolian dynamics
was found to be at a maximum 3 years after the excavation, with
calcareous beach sand blown up to 350 m inland. However, aeolian
processes then diminished as vegetation started to grow in the
(almost) closed gap. Schupp et al. (2013) reported on 14 30-mwide
notches cut through a low, constructed foredune at Assateague
Island, Maryland, USA, to stimulate overwash processes. Although
some of the sediment subsequently deposited on the island’s inte-
rior may have been aeolian in nature, this was not further investi-
gated. Pye and Blott (2016) examined the evolution of 27 notches
at 3 sites in Wales, which had typical (alongshore) widths of 20–
30 m, lengths between 22 and 185 m, and maximum excavation
depths between 0.2 and 8 m. The occasional shallow excavation
depths were imposed to prevent marine flooding during severe
storms. Following their excavation, all notches were seen to deliver
sand inland, deposited as lobes at the landward notch ends. The
degree of aeolian dynamics depended on the beach sediment bud-
get. In general, the largest dynamics were observed where notches
fronted rather wide, high beaches (i.e., positive beach sediment
budget). Notches that forced the wind to accelerate because of,
for example, a convex notch floor or notch narrowing in the land-
ward direction, were more effective in stimulating landward aeo-
lian transport (Pye and Blott, 2016). Finally, Riksen et al. (2016)
measured an influx of sand through three notches on the barrier
island of Ameland, the Netherlands, to some 50 m from the fore-
dune crest. They ascribed this rather limited distance to the small
width (about 20 m) of the notches and their large alongshore
separation.

The aim of this paper is to quantify and interpret the geomor-
phic dynamics of a (fore)dune system in response to the excavation
of five notches in the approximately 20-m high foredune of
National Park Zuid-Kennemerland, the Netherlands. In comparison
to the notches mentioned above, the present notches are relatively
closely spaced (the study site measures 850 m in the alongshore
direction), wide (50–100 m at the top), and deep (maximum exca-
vation depths of 9–12.5 m). After a brief description of the study
site and the restoration project (Section 2), the airborne-Lidar
and UAV-photogrammetry methodology adopted to collect topo-
graphic surveys during the 3-year observational period is outlined,
including an assessment of survey accuracy (Section 3). Two-
dimensional (2D) profiles and three-dimensional (3D) digital ter-
rain models are used to quantify geomorphic changes and sand
budget responses on the seaward slope of the foredune, in the
notches, and in the dunes further landward (Section 4). In Section 5
we discuss the notches’ potential future evolution. The main con-
clusions of our work are stated in Section 6.
2. Study area

The study area is an approximately 850-m stretch of frontal
coastal dunes located in the National Park Zuid-Kennemerland
(NPZK) near Bloemendaal, the Netherlands (between regional
beach poles with km-indication 59,25 and 60,25). A continuous,
approximately 20-m high established foredune existed along the
entire study area prior to notch excavation (Fig. 1a). The foredune
was almost fully covered by European marram grass (Ammophila
arenaria) and resembled a linear sand dyke because of decades of
management to minimize sand loss (e.g., Klijn, 1981; De Ruig
and Hillen, 1997). Management measures, carried out by the Rijn-
land District Water Control Board until 1984 (Arens, 1999), con-
sisted of the adjustment of the seaward foredune slope with
ground-moving equipment, the planting of marram grass and the
placing of sand fences (Bochev-van der Burgh et al., 2011). The ces-
sation of management measures in 1984 has given the foredune a
slightly more natural look (e.g., the formation of embryo dunes)
compared with the coast a few kilometers to the south, where
management persisted until 1990 (Arens, 1999). The sediment
budget at the site has been moderately positive for the last decades
(Luijendijk et al., 2011). To provide insight into foredune dynamics
in the years leading up to notch excavation, we examined annual
airbone Lidar surveys (see Section 3.1 below for details) available
on a 1� 1 m grid since 2006. During the period 2006–2012 surface
elevation z (with respect to Mean Sea Level, MSL) changed most



Fig. 1. (a) Elevation z with respect to Mean Sea Level (MSL) in the study site prior to notch excavation, here based on the airborne lidar survey of February 2006 and (b)
spatial distribution of the root-mean-square elevation difference Dzrms based on annual airborne lidar survyes from 2006 up to and including 2012 (see Section 3.1). In
(a) the major black contours start at 3 m above MSL and have a 3-m interval. The minor grey contours have a 1-m interval. A, B and C are the dune slacks called
Peperedel, Kattendel and Houtglop, respectively. The white dots represent beach poles with their km-location, which are distance markers that can be found along the
entire Dutch coast. To compute Dzrms the 7 annual lidar data sets were differenced into 6 annual difference models (i.e., 2007–2006, 2008–2007, etc.). DZrms is the root-
mean-square value of the six elevation differences in each grid cell; DZrms values are only shown in (b) if they could be based on all 6 difference models. The black
contours in (b) are the same as in (a).
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between the 2 and 15-m contours seaward of the foredune crest,
with only minor variability further landward (Fig. 1b). The fore-
dune was predominantly progradational (Fig. 2) with an annual
deposition of sand between the 2-m contour and the dune crest
that increased from approximately 15–20 m3/m in the southern
to 25–35 m3/m in the northern part of the study area. The along-
shore average deposition was � 27 m3/m/year. Landward of the
foredune two southwest-northeast oriented parabolic dunes can
be seen (Fig. 1a); their dune slacks are locally known as Peperedel
(location A in Fig. 1a) and Kattendel (location B). Further north,
location C marks part of a dune slack belonging to a substantially
larger parabolic dune (Houtglop) that is to the northeast of the
study area. The width of the beach between the low-tide line
(�0.75 m MSL) and the 2-m contour (i.e., the wet and dry beach
combined) is of the order of 100 m. The wet beach often contains
a single sandbar.

The wind climate at the study site was assessed using hourly
wind speeds and direction measured for the period 2001–2015 at
station 225 (IJmuiden) of the Royal Netherlands Meteorological
Fig. 2. Elevation with respect to Mean Sea Level (MSL) versus cross-shore distance
between 2006 and 2012 in profile 59,50 (see Fig. 1). The beach is on the left.

Fig. 3. Wind rose from station 225 (IJmuiden) of the Royal Netherlands Meteoro-
logical Institute KNMI (2001–2015). This station is located some 4 km north of the
study area at the landward end of the southern IJmuiden harbour mole, close to the
transition from the beach to the foredune. The relatively large fraction of easterly
winds is potentially a local phenomenon, reflecting the effect of the east-west
oriented Noordzeekanaal (located landward of the wind station) on the regional
wind field. Wind roses based on data collected on the North Sea, or elsewhere along
the coast, do not show this peak in easterly winds.
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Institute KNMI. This station is located some 4 km north of the
study site at the landward end of the southern IJmuiden harbour
mole, close to the transition from the beach to the foredune. As
can be seen in Fig. 3, the strongest and most frequent winds are
from the southwest. Because the shore-normal direction is approx-
imately 287�N, these winds are thus strongly onshore shore-
oblique. Winds with speeds in excess of 12 m/s can also come from
westerly to northwesterly directions, but these are substantially
less frequent (Fig. 3). These northwesterly winds are, however,
often associated with a surge that can exceed 1 m, which, together
with high (> 5 m) waves, can lead to the (partial) destruction of
the embryo dunes and to foredune scarping, similar to that
observed elsewhere along the Dutch coast (e.g., De Winter et al.,
2015). The median grain size of the foredune is 200–250 lm
(e.g., Koshiek, 1984).

In 2012 and 2013 various measures were taken in NPZK to
restore dune mobility (Figs. 4 and 5a–b) and, in this way, to extend
the area of the Nature 2000 habitat White Dunes (H2120; mobile
coastal dunes) as well as to improve conditions for habitat Grey
Dunes (H2130; fixed coastal dunes with herbaceous vegetation).
The measures were all part of the Noordwest Natuurkern project
(Kuipers, 2014; Kuipers et al., 2016), a joint effort of PWN (the
regional drinking water company, also responsible for nature man-
agement in the dunes), Natuurmonumenten (the largest Dutch pri-
vate organisation for nature conservation) and the Rijnland District
Water Control Board. The measures comprised two parts, the reac-
tivation of existing parabolic dunes and the excavation of foredune
notches. Three in-land parabolic dunes (Cremermeer, Wieringen
Noord andWieringen Zuid) were reactivated by vegetation and soil
removal between January and March 2012, with similar measures
at other parabolic dunes, including those embracing Peperedel,
Kattendel (Fig. 4, labeled U1 and U2, respectively) and Houtglop
between October 2012 and March 2013. During this latter period
five notches were additionally excavated in the foredune between
Fig. 4. Overview of (fore)dune restoration measures as part of the Noordwest Natuurke
(MSL). The five notches through the foredune are labeled N1 to N5. The two de-vegetated
The aerial photograph is the merged orthophoto based of the May13 UAV survey, see Tab
see Section 3.2. The thin black lines in (b) are bed-elevation contours, starting at 3 m M
(beach) km-poles 59.25 and 60.25 (Fig. 4, labeled N1 to N5 from
south to north). The notches were dug through the entire foredune,
starting at approximately 6 m above MSL on the seaward side of
the foredune and ending at about 9 m above MSL on the landward
side. The notch floor had an approximately linear slope between
these two points, resulting in a (cross-dune) length of about
100 m for N1–N3, 130 m for N4 and 200 m for N5. The notches
were dug in a V-shape (viewed onshore), with a width between
approximately 50 m (N2) to 100 m (N1) at the top. The maximum
excavation depth varied between approximately 9 m in N3 to
12.5 m in N5. In total, some 170,000 m3 of sand was removed from
the foredune, all of which was reused elsewhere in NPZK (but
outside our study area; see Kuipers (2014), for details). The total
surface area of the notches amounted to about 42,000 m2. While
N1–N3 are oriented approximately shore-normally, the two
northern notches (N4 and N5) are oriented like the inland para-
bolic dunes (southwest-northeast). From 2013 onward someminor
interventions had to be performed in the notches, as detailed in
Arens et al. (2016). Marram grass was removed manually from
the seaward side of the notches in 2013 and 2014. In addition,
gravel paving on the sand surface was also removed. This rubble
is composed of generally small (a few cmmax) concrete blocks that
originate from the many World War II Atlantic Wall bunkers in the
area. Occasionally, larger slabs of concrete that came to the surface
because of erosion were also removed. Finally, it is important to
note that N1 serves as a beach entry and ends near a bicycle track
and a large wooden structure where bikes can be parked. This
structure soon became (partly) buried by sand blown through
N1. In 2013 and 2014 about 2200–2500 m3 of sand was returned
to the seaward side of N1 with ground-moving equipment. In
2015 the wooden structure was repositioned southward, but sand
accumulating on the bicycle track was still removed (about 1500
and 900 m3 in 2015 and 2016, respectively). All other notches are
closed to the public.
rn project with (a) orthophoto and (b) elevation z with respect to Mean Sea Level
steep slopes of the Peperdel and Kattendel parabolic dunes are labeled U1 and U2.
le 1, and the elevation map is the Digital Terrain Model estimated from this survey,
SL and with a 3-m interval.



Fig. 5. Photographs of (a) the five foredune notches (July 21, 2013), (b) notch 2 (July 21, 2013), (c–d) deposition lobes landward of N2 (July 21, 2013) and N5 (April 20, 2016),
respectively, and (e) composite notch wall in N2 (April 20, 2016).
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3. Methodology

3.1. Airborne Lidar

Topographic data of the entire Dutch coastal zone have been
collected annually with airborne LIDAR (ALS) since 1996
(Bochev-van der Burgh et al., 2011). The surveys are commissioned
by the Dutch governmental organization Rijkswaterstaat and have
been carried out by various commercial contractors using different
Lidar operating systems. The data are publicly available as DEMs
with a 5� 5 m and, since 2013, a 2� 2 m resolution, both of which
are too coarse for an accurate representation of the dune topogra-
phy (e.g., Woolard and Colby, 2002; Hesp et al., 2016). Therefore,
we requested the three-dimensional (3D) point clouds of ground-
surface values for our study area, which were available since
2006. We processed the available data into 1� 1-m DEMs with a
local west-east x coordinate from 400 to 900 m, and a local
south-north y coordinate from 100 to 900 m. To transform these
local coordinates to the Dutch RD system, 98,000 m has to be
added to x, and 493,000 m to y. The elevation z was computed as
the average z of all points within a 1-m radius around any grid
point. Data point density varied spatially and between years, with,
on average, 3.8 points/m2. Small holes with missing z were
replaced with z interpolated smoothly from the values neighboring
the holes (D’Errico, 2004). The aforementioned pre-notch foredune
evolution was based on the 2006–2012 1� 1-m DEMs. We will use
the 2012–2016 1� 1-m DEMs in the remainder of this paper to
examine the dynamics of the study area since notch excavation,
with the 2012 DEM serving as the pre-notch topography. Table 1
lists all flight dates. We will henceforth adopt a MMMYY coding
(MMM =month, YY = year; for example, Feb12) to refer to individ-
ual surveys. The Jan13 survey was flown during notch excavation,
with work being finished in notches 4 and 5 only. Additional air-
borne Lidar surveys of the study site were performed in January
2014 and March 2015. The Jan14 survey was collected in the
framework of the third digital elevation model of the Netherlands
(the so-called third Actueel Hoogtebestand Nederland, or AHN3),
while the Mar15 survey was commissioned by PWN as part of
the Noordwest Natuurkern project.

The elevation accuracy demanded by Rijkswaterstaat is speci-
fied as a maximum bias bz;max of 0.05 m and a maximum standard
deviation sz;max of 0.1 m. This implies that 95% of the points should
have an elevation error within bz;max � 2sz;max m. Data quality doc-
uments illustrate that this accuracy, assessed with data collected
over reference areas, was always met. It is possible that the eleva-
tion accuracy is less in vegetated dune regions. To examine this, we
computed 4 annual difference Dz models (i.e., 2013–2012, 2014–
2013, 2015–2014, 2016–2015) for the region bound by
x ¼ ½650� 900� m and y ¼ ½100� 200�m, as this region remained
mostly vegetated after notch excavation and presumably experi-
enced negligible elevation change. The mean Dz varied between
�0.047 and 0.058 m, and the standard deviation in Dz between
0.08 and 0.10 m. This suggests that elevation accuracy in vegetated
regions is also within or close to the desired specification. Compu-
tations for the same region illustrate that the accuracy of the two
additional Lidar surveys was comparable to that of the standard
annual surveys.

3.2. UAV photogrammetry

3.2.1. Approach
Additional topographic data were obtained between May 2013

and April 2016 (Table 1) from highly overlapping images collected
with an Unmanned Aerial Vehicle (UAV), a technique that is



Table 1
Summary of collected data.

Date Source Point density 1

(pt m-2)
Number of images 2 Number of GCPs 2 Remark3

20 Feb. 2012 ALS 3.5 CL; pre-notch survey
14 Jan. 2013 ALS 3.4 CL; work in N4 and N5 completed
1 May 2013 UAV 57.5 unk 9 work in all notches completed
30 Jan. 2014 ALS 22.2 AHN3
8 Mar. 2014 ALS 3.7 CL
10 Apr. 2014 UAV 97.4 955 28 year 1
28 Oct. 2014 UAV 122.8 679 32
19 Jan. 2015 UAV 94.5 1262 39
13 Feb. 2015 ALS 4.1 CL
8 Mar. 2015 ALS 3.8 PWN
21 Apr. 2015 UAV 76.4 1391 39 year 2
16 Feb. 2016 ALS 4.1 CL
1 Apr. 2016 UAV 112.7 1236 33 year 3

1 Point density is the spatial mean.
2 Number of markers and images applies to UAV surveys only.
3 CL indicates an annual Coastal Lidar survey.
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increasingly used to map subaerial coastal morphology (e.g.,
Mancini et al., 2013; Goncalves and Henriques, 2015) and to mon-
itor its change (e.g., James and Robson, 2012; Casella et al., 2016;
Long et al., 2016; Turner et al., 2016). The May13 survey was flown
with a fixed-wing Trimble X100 (by a commercial contractor), the
remaining surveys were flown with a fixed-wing Easystar I
equipped with a 12.1 Mpixel Canon Powershot D10. For each sur-
vey, a 3D point cloud was generated from the collected RGB images
using a Structure-from-Motion (SfM) and Multiview Stereo (MvS)
approach (e.g., James and Robson, 2012; Fonstad et al., 2013;
Eltner et al., 2016). We have no detailed knowledge of the SfM-
MvS workflow imposed by the contractor for the image processing
of the first flight. For the other UAV surveys, about 700 to 1400 aer-
ial photographs were collected (Table 1), and we applied the SfM-
MvS workflow contained in AgiSoft Photoscan�Professional Edi-
tion. This workflow, described in detail by Javernick et al. (2014)
and Brunier et al. (2016), produces a 3D point cloud in a relative
coordinate scheme. To allow georeferencing of the point cloud to
the RD system, up to 40 circular ground control points (GCPs,
Table 1) were positioned throughout the entire study area during
each survey. The centres of all GCPs were measured with an RTK-
GPS with an horizontal and vertical accuracy of about 0.02 and
0.04 m, respectively, and later on identified in the images within
AgiSoft. While the transformation of the AgiSoft to the RD coordi-
nate system is a linear operation, the identification of all GCPs in all
corresponding images was also used to non-linearly optimize var-
ious camera calibration parameters such as radial and tangential
lens distortion coefficients. This is an essential step in improving
the positional accuracy of the 3D point cloud (e.g., Javernick
et al., 2014; Brunier et al., 2016), as small errors in the distortion
coefficients may lead to doming in the z field (e.g., Chandler
et al., 2005; Fryer and Mitchell, 1987; James and Robson, 2014).
Visual inspectation of the georeferenced and optimized point
clouds revealed substantial irregularities in regions composed of
wet sand (i.e., the intertidal beach; see also Brunier et al., 2016;
Long et al., 2016) and in a narrow strip around the boundary of
the point cloud where the number of collected images was rather
low. These irregularities were removed manually from the point
cloud. The retained points were then processed into a DEM on
the same regular 500� 800 m grid using the exact same method-
ology as applied to the ALS data points. As can be deduced from
Table 1, the density of the UAV-generated point clouds (typically,
50–150 points/m2) exceeds the ALS point density substantially.
The May13 DEM is the first DEM derived after work on all five
notches was finalized. Finally, a georeferenced orthophoto of the
study site was produced for each UAV survey with a 1� 1 m (i.e.,
identical to the DEMs) and a 0:2� 0:2 m resolution, the latter for
improved visualization purposes.

3.2.2. Accuracy
Summary statistics of the xyz residuals for the GCPs, as provided

by AgiSoft, are shown in Table 2 and include the root-mean-square
error (�rms) for the x; y and z coordinates separately and the total
�rms. The �rms for x and y were typically 0.015–0.025 m, while those
for z were slightly larger at about 0.03 m. The resulting total �rms

were typically between 0.04 and 0.05 m. Overall, the xyz residuals
are about the same as the xyz accuracy of the RTK-GPS used to
measure the GCP coordinates. Further analysis indicated no spatial
dependence of the xyz deviations for the individual GCPs. In partic-
ular, we did not observe any bowl-shaped (doming) error field;
apparently, the camera calibration parameters were sufficiently
optimized with the GCPs.

An additional assessment of the z accuracy was performed for
the Jan15, Apr15 and Apr16 surveys using points collected with
the RTK-GPS. The number of points for Apr16 exceeded that for
the other two surveys substantially (Table 3) as the RTK-GPS was
mounted on a survey wheel and set to record an observation every
second, while the RTK-GPS was operated in stop-and-go point
mode during the other two surveys. For each collected RTK-GPS
point the z of the closest point from the corresponding georefer-
enced and optimized point cloud was extracted. For each survey
the mean difference (or, bias) b and standard deviation swere com-
puted as error measures, where positive b implies the UAV z to
exceed the RTK-GPS z on average. As can be seen in Table 3, b
was always positive, but small (< 0:055 m). The s was about
0.07–0.11 m, thus exceeding the �rms computed for the GCPs by a
factor of 2–3, but comparable to the ALS accuracy.

It is important to realize that this accuracy assessment is based
on GCPs and RTK-GPS points from regions with no vegetation or
where the vegetation was less than 1–2 cm in height; in other
words, all z were actual ground-surface values. The study site con-
tains, however, various regions where the vegetation was, at least
initially, substantially higher. The marram grass on the foredune is
typically 0.5 m high, while buckthorn (Hippophae rhamnoides)
shrubs further landward can reach 1–1.5 m in height. As pho-
togrammetry will produce the elevation of the vegetation top
(e.g., Lane et al., 2000; Westaway et al., 2003; Westoby et al.,
2012; Javernick et al., 2014), there is thus substantial mismatch
between the calculated z and the desired ground-surface value in
these vegetated regions. This is explored further in Appendix A,
where also a methodology is proposed to minimize the
vegetation-induced errors. In the following we refer to all ALS



Table 2
Error statistics for the GCPs1.

Survey �rmsx (m) �rmsy (m) �rmsz (m) Total �rms (m)

Apr14 0.020 0.014 0.028 0.038
Oct14 0.023 0.022 0.028 0.043
Jan15 0.018 0.016 0.031 0.039
Apr15 0.022 0.022 0.039 0.049
Apr16 0.025 0.025 0.029 0.045

1 Error statistics were not provided by the contractor for the May13 survey.

Table 3
Elevation error statistics for the independent RTK-GPS points.

Survey N1 b (m) �rms (m)

Jan15 147 0.029 0.084
Apr15 262 0.053 0.107
Apr16 3191 0.014 0.067

1 N is the number of RTK-GPS points.
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DEMs and vegetation-corrected UAV DEMs as Digital Terrain Mod-
els, DTMs.
3.3. DTM analysis

Geomorphic change in the study area was quantified from the
DTMs using transects and sand budget computations. Ten transects
were extracted from each DTM (Fig. 6) to illustrate two-
dimensional variations in bed elevations of the beach-notch-dune
system. For each notch a ‘dune-normal’ transect was defined, start-
ing at the beach and oriented in the shore-normal direction, over
the (initially) deepest part of the notch floor, and extending into
a landward dune slack where (with time) most sand was depos-
ited. Also, for each notch a ‘dune-parallel’ transect was extracted,
Fig. 6. Outline of the cross-dune and along-dune transects (white lines) to illustrate
two-dimensional variations in bed elevations of the beach-notch-dune system and
of the three morphological units (i: black lines, ii: red line; and iii: yellow line) used
in the sand budget computations. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
oriented perpendicularly to the notch floor. The location of all tran-
sects was fixed over time.

For the sand budget computations, the study site was delin-
eated into three discrete geomorphic units: (i) the 5 notches, (ii)
the seaward slope of the foredune between the 2-m and 15-m con-
tours, and (iii) the remainder of the foredune and the landward
dunes. The initial outline of the notches was determined as the
�0:2-m contour from the Dz ¼ zJan13 � zFeb12 model for N4 and N5
and from Dz ¼ zMay13 � zFeb12 for N1, N2 and N3. The value of
�0.2 m was chosen because it is approximately �2s in the ALS
and UAV data. The second unit was defined between the 2-m
and 15-m contours on the seaward face of the foredune because
they delimit the region where most wind-blown sand was depos-
ited in the years prior to notch excavation (Fig. 1b). The contours
were determined from zFeb12, with the 15-m contour modified to
exclude the notches. The southern and northern boundary of this
unit were defined by the limits of the study region (y ¼ 100 and
900 m, respectively). The third unit extended landward of the 15-
m contour and the notches, excluding those parts of the parabolic
dunes affected by the vegetation removal. Also, the southeastern
part of the study region was not included in this unit (see Fig. 6)
because the UAV DTMs did not always include this part of the
study site. The ALS DTMs indicated minimal morphological change
here (see Section 3.1); its exclusion thus did not bias our sand bud-
get computations. With time the outline of the notches was
adjusted to reflect the local retreat of some of the notch walls. This
adjustment obviously demanded analogous modifications to the
limits of the other two units.

Prior to the sand budget computations random grid cell-size
variability (due to observational noise in the ALS and UAV data)
from each Dz model (e.g., Passalacqua et al., 2015) was removed
using a guided edge-preserving smoothing filter (He et al., 2013).
In this way, the undesired small-scale variability was removed
effectively but spatially sharp transitions in Dz (e.g., the edges of
growing sedimentation lobes) were retained. Because of the large
size of the geomorphic units the filtering did not affect the sand
budget computations. Its purpose was primarily to enhance the
features of interest and, in this way, to create visually more appeal-
ing Dz maps.
4. Results

A visual impression of the change in the study area over the 3
years since notch excavation is provided in Fig. 7 using orthopho-
tos taken each year in spring (i.e., at approximately the same
moment in the growing season). It is immediately obvious that
the notches remained non-vegetated and that the area of bare sand
landward of the notches increased markedly with time. For exam-
ple, the dune slack landward of N3 (Kattendel) was still vegetated
in April 2014. One year later all vegetation was covered by sand
and the small lake had been filled in. The lateral growth of similar
sand surfaces can be seen from the landward end of the other
notches. Several buckthorn bushes became completely buried,
most notably near N4 and N5 (e.g., Fig. 5d). Also the dense cover
of marram grass on the remaining parts of the foredune between
the notches changed into active sand surfaces. Observations in
the field revealed that marram grass was still present here, but that
the density of marram grass had become too low to be seen in the
orthophotos. Based on the sand-vegetation maps computed from
the orthophotos in Fig. 7, the fraction of sand cover within unit
iii (i.e., landward of the 15-m contour and the notches) increased
from � 33% in May 2013; to 44% in April 2014; to 55% in April
2015; and to 75% in April 2016. The remaining vegetation was
located primarily on top of the higher parts of the parabolic dunes
and landward of the growing sand surfaces.



Fig. 7. Orthophotos of the study area in (a) May 2013, (b) April 2014, (c) April 2015 and (d) April 2016. The gray contours in all panels are bed elevation, starting at 3 m MSL
and with a 3-m interval.
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Depositional lobes formed downwind of the notches (Fig. 8, see
also Figs. 5c–d). The lobes at N4 and N5 were clearly the largest.
After 3 years they had attained a length of some 125 m and locally,
a maximum thickness of more than 8 m (N4) and 4.5 m (N5). Near
N2 and N3 the lobe length was then about 55 m, with local maxi-
mum thickness of approximately 4.5 m. In more detail, the growth
of the N3 lobe coincided with a gentle infilling of the entire dune
slack floor (Kattendel) after April 2015. By April 2016 the thickness
of this sand blanket varied between 0.3 and 1.3 m along the
imposed transect (Fig. 8), which, as was deduced from Fig. 7, was
sufficient to bury the pre-existing vegetation of (predominantly)
CreepingWillow (Salex Ripens). The lobe at N1 did not develop well
during the first year, which was caused by human intervention
(Section 2). By April 2016 the lobe had extended 40 m in a dune-
normal direction and was up to 3 m thick. Its development is, how-
ever, hampered by the need to occasionally remove sand from the
bicycle track.

Bed elevation change on the notch floors was minimal except in
the narrowest notch, N2 (Fig. 8). Here, the central part of the notch
floor eroded by almost 1 m/yr, but the seaward and landward ends
remained at about 6 and 9 m above MSL. The lateral walls of all
notches eroded considerably during the period under study, espe-
cially the (northern) wall that is exposed to the dominant south-
westerly winds (see also Byrne, 1997). Here, bed elevation
dropped locally by over 4 m between May 2013 and April 2016
(Fig. 9). The erosion caused the constructed V-shape to develop
into a more U-shape, with a wider (viewed onshore) notch floor
and steeper lateral walls. During our (UAV) site visits we observed
that, from the second year, the walls developed a distinct compos-
ite appearance with a 1-m or more high upper vertical cliff in the
Fig. 8. Elevation zwith respect to MSL versus distance (sea to land) along the dune-
normal transects shown in Fig. 6. The legend for N1 applies to all panels. Here,
Feb12 is the pre-notch topography, while May13 is the topography immediately
after work on all notches had completed. Apr14, Apr15 and Apr16 are thus
approximately 1, 2 and 3 years after notch excavation, respectively.
root zone of the marram grass overlying a zone inclining near
the angle of repose (Fig. 5e). This latter zone was composed of sand
that had avalanched or slumped down and extended on to the
notch floor. Near the center of the notches, from where the profiles
in Fig. 9 were extracted, this mass movement caused the northern
wall to recede slightly over the study period (see N1, N2 and N3 in
Fig. 9). Based on the computed notch outlines, the largest wall
recession (� 5 m) took place in the northwestern part of N2,
between March 2015 and April 2016. Pedestrian trampling forced
a very localized retreat of the northern wall in N1. On the whole,
however, the surface enlargement of the notches during the first
3 years after excavation was small, less than 1%. Finally, sand
was deposited not only in the sand lobes landward of the notches,
but also in a 10–20-m wide zone on top of the foredune extending
sideways from all lateral walls (Fig. 9). The deposition depth after 3
years was typically 0.5–1.0 m, with maximum values near 1.5 m
(e.g., on top of the northern N1 wall, and the southern N5 wall).
Fig. 9. Elevation z with respect to MSL versus distance along (south to north) the
dune-parallel transects shown in Fig. 6. The legend for N2 applies to all panels. Here,
Feb12 is the pre-notch topography, while May13 is the topography immediately
after work on all notches had completed. Apr14, Apr15 and Apr16 are thus
approximately 1, 2 and 3 years after notch excavation, respectively.



12 B.G. Ruessink et al. / Aeolian Research 31 (2018) 3–17
The erosion of the lateral walls was initially (April 2014) local-
ized where the notch floor was narrowest (compare Fig. 10b with
Fig. 10a), and with time extended spatially to affect almost the
entire wall surface by April 2016 (Fig. 10d). The asymmetry in
Fig. 10. Bed-elevation change maps with respect to May 2013 for (b) April 2014
(Dz ¼ zApr16 � zMay13) on top of the corresponding orthophotos. (a) shows the DTM of May
Dz� 0:5 m is not shown for clarity. The black, red and yellow lines outline the three morp
bed-elevation contours, starting at 3 m MSL and with a 3-m interval. The color bar for (a
the references to colour in this figure legend, the reader is referred to the web version o
notch erosion is also obvious from Fig. 10b–d, except for N5, where
both lateral walls tend to have similar lowering in bed elevation.
The location and lateral extension of the depositional lobes at
N2–N5 was topographically controlled, as the sand accumulated
(Dz ¼ zApr14 � zMay13), (c) April 2015 (Dz ¼ zApr15 � zMay13), and (d) April 2016
2013 for reference. The color bar next to (d) applies to (b) and (c) as well; note that
hological units used in the sand budget computations. The thin black lines in (a) are
) is equal to that of Fig. 4b and is not repeated here for clarity. (For interpretation of
f this article.)
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in the dune slacks landward of the foredune, including Peperedel at
N2 and Kattendel at N3. The lobe landward of N5 initially had the
same orientation as the notch (imposed by the local topography),
but as it grew into the broad Houtglop dune slack, its orientation
became more north-eastward, that is, aligned with the dominant
regional wind direction. In April 2016 the landward end of the lobe
at N1 closely followed the bicycle track (x � 600 m and y � 200 m
in Fig. 10d), induced by the occasional removal of sand that had
accumulated on this track. Observations in the field and the eleva-
tion change maps further indicate that a substantial part of the
sand blown through N1 may have been transported north-
eastward to be deposited on the steep south-western slope of
Peperedel (x � 600 m and y � 300 m in Figs. 10c and d) extending
from N2. The narrow alongshore band of negative bed elevation
change between the seaward entries of N1 and N2 reflect the ero-
sional impacts (scarping) of storms in December 2013 and October
2014. Further north (N3–N5) scarping was substantially less pro-
nounced or even absent. Here, the seaward side of the foredune
(unit ii) clearly accreted over the time period considered.

Time series of volumetric change DV in the three landscape
units since May 2013 are depicted in Fig. 11a. Over the 3-year
study period, the notches lost approximately 39,000 m3, which
is equivalent to almost 25% of the volume removed during notch
excavation. During the same period, some 87,000 m3 accumulated
landward of the notches, a unit-averaged deposition of some 0.58
m in 3 years. The sum of DVi and DViii (= 48,000 m3 after 3 years)
is the volume of sand that has been blown through the notches
and originates from the (intertidal) beach. The total budget
change, that is, DVi þ DVii þ DViii, is the total amount of sand
blown from the (intertidal) beach into the study area. This vol-
ume change, shown in Fig. 11b, increased linearly with time, with
the slope of the best-fit line amounting to � 22;750 m3/year. If
we assume that this sand all originated from the approximately
850-m long beach fronting the study area, the alongshore-
averaged input was about 26.5 m3/m/year. This number is similar
to the volume gain of the foredune in the years preceding notch
Fig. 11. (a) Time series of volume change DV in the three morphological units (i:
notches, black dots; ii: seaward side of foredune, red dots; iii: landward of foredune
and notches, golden dots) after notch excavation. The values are corrected for the
(minor) change in and landward of N4 and N5 between January and May 2013 to
fully quantify volumetric change since notch excavation, hence the small negative
change in unit i (notches; DVi) and positive change in unit iii (DViii) in May 2013. (b)
displays the estimated volume change DV due to aeolian input from the (intertidal)
beach. The solid line is best-fit linear line (r ¼ 0:96). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
excavation (� 27 m3/m/year, Section 2). Whereas in those years
all the wind-blown sand deposited on the seaward side of the
foredune, between May 2013 and April 2016 most sand was
blown through the notches and deposited inland (unit iii). More
specifically, in April 2016 the ratio of DVi þ DViii to DVii was
3.1:1, implying that roughly three times more sand deposited
landward of the foredune than on its seaward side. In the years
preceding notch construction this ratio was 0. The 3.1:1 ratio at
the end of the observational period clearly reflects that the
notches have acted as highly effective conduits for aeolian trans-
port into the landward dunes.
5. Discussion

Since notch excavation aeolian activity (erosion, transport and
deposition) in and immediately landward of the foredune has
increased, new aeolian landforms have developed (e.g., composite
notch walls and depositional lobes), the area of active sand has
enlarged, and the sand budget landward of the foredune has
become positive. This is quite different from outcomes reported
by Riksen et al. (2016), who found minimal sand supply landward
of narrow (� 20 m), isolated notches; but consistent with the pre-
liminary findings of the functioning of multiple, closely spaced
notches along the Welsh coast (Pye and Blott, 2016), especially
those fronting wide and high beaches. Although the coastal dunes
in our study area are now among the most dynamic along the
Dutch coast and, accordingly, the area of the Natura2000 habitat
White Dunes (H2120) has extended substantially, it remains to
be established whether the increased landscape diversity leads to
floral and faunal pioneer species and hence to an overall higher
species diversity. Currently, the lobes advance downwind into
the vegetation (Fig. 7) and the resulting sand burial presumably
causes biodiversity to decline. The results of vegetation mapping
(Arens et al., 2016) and entomological research (De Rond, 2016)
illustrate that aeolian processes on the lobes are currently too
dynamic for floral and faunal species to establish. We expect that,
as the lobes evolve further, aeolian dynamics at their lateral edges
will locally diminish, opening up conditions that favour early-stage
or mid-stage successional plant species and, therefore, result in an
increase in biodiversity to a level that exceeds pre-notch species
diversity substantially. This may take tens of years. Nordstrom
et al. (2007) reported such trends in biodiversity landward of a
small gap in a foredune near Ocean City, New Jersey, USA. The
number of species was observed to decline in regions buried by
sand blown through the gap; in contrast, the stabilization of bare
sand patches by American marram grass (Ammophila breviligulata)
initiated the establishment of species that are less adapted to
stressful environments, resulting in an overall higher species rich-
ness in the dune system. The notches in our study area may also be
beneficial to the biodiversity in the Natura2000 habitat Grey Dunes
(H2130). Multi-year measurements with sand traps show that
some sand is blown hundreds of meters inland of the notches
(Arens et al., 2016). This is not the case in regions where notches
are absent. The deposition of this calcareous sand is likely to coun-
teract present-day soil acidification by atmospheric N-deposition
and thus to result in conditions that are more favourable to the
endemic dune flora in the Grey Dunes area (e.g., Aggenbach
et al., 2016).

Observations of the dynamics of trough blowouts, the natural
equivalents of excavated foredune notches, may indicate whether
the notches remain effective conduits for aeolian transport into
the more landward dunes. Based on observations at Island Beach
State Park, New Jersey, Gares and Nordstrom (1995) presented a
conceptual model that comprises distinct stages of blowout
opening, growth and closing because of feedbacks between the
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dune morphology, wind flow and vegetation. The foredune
notches in our study area are developing similarly as trough
blowouts in their growth stage. The steepening and retreat of
the lateral walls because of the avalanching and slumping of
material on to the notch floor (Figs. 5e and 9), the asymmetry
in this erosion because of the onshore shore-oblique wind
climate (Figs. 9 and 10) and rim deposition (Fig. 10) have all
been reported for growing trough blowouts by, for example,
Carter et al. (1990), Gares (1992)), Hesp and Hyde (1996) and
Byrne (1997). In the Gares and Nordstrom (1995) model the
trough widening initiates the closing stage of the blowout,
because the resulting reduced acceleration of the wind flow
opens up opportunities for vegetation regrowth. This stabilizes
the blowout and enforces its (partial) infilling. Vegetation
regrowth may initially be most marked at the outline of the
depositional lobes, which may cause them to evolve into
parabolic dunes (e.g., Hesp and Walker, 2011). Vegetation can
also develop in the throat of the blowout (e.g., Hesp, 2002;
Battiau-Queney, 2014), resulting in the growth of incipient fore-
dunes, which may block the influx of beach sand and hence also
lead to blowout closure. We note that the Gares and Nordstrom
(1995) model was based on observations of blowouts in different
stages of their evolution rather than of a single blowout succes-
sively going through all stages. We do not know whether the
model is also applicable to closely spaced excavated notches that
are in the same stage and may, if the widening continues, start to
affect each other’s development. The widening of the individual
notches may cause them to eventually merge, producing one or
more large deflation basins. Such behaviour has been observed
in a dune restoration project on the Dutch barrier island
Terschelling, although the development of the deflation basin
was likely stimulated by vegetation removal from the foredune
between the notches (Arens et al., 2007, 2013). Follow-up
monitoring is adamant to answer the question how the foredune
notches will develop further and whether they are, as hoped,
self-maintaining measures for dune restoration.
6. Conclusions

Based on repeat high-resolution (1� 1 m) topographic survey
data collected with airborne Lidar and UAV photogrammetry, we
have shown that the five foredune notches in the 20-m high estab-
lished foredune of the Dutch National Park Zuid-Kennemerland
have strongly increased dune dynamics during the first three years
since excavation (2013–2016). These dynamics comprise (1) an
increase in aeolian erosion, transport and deposition, (2) the devel-
opment of new aeolian landforms, (3) an increase in the area of
bare sand, and (4) a positive sand budget landward of the foredune.
Erosion was largely restricted to the lateral notch walls, which
with time developed an � 1-m high upper vertical cliff in the root
zone of the marram grass overlying a more gently sloping zone
comprising material that had avalanched or slumped on to the
notch floor. Landward of the notches, up to 150-m long and 8-m
thick depositional lobes formed that locally buried buckthorn
shrubs. The positive sand budget of the total study area after notch
excavation (� 22;750 m3/year) was about equal to the pre-notch
situation (2006–2012). While in those years all sand accumulated
on the seaward side of the foredune, 75% of the sand has deposited
landward of the foredune since notch excavation. This implies that
the notches have been acting as highly effective conduits for aeo-
lian transport into the landward dunes. Future work needs to elu-
cidate whether the increased landscape diversity will, as intended,
result in an overall higher floral and faunal species diversity, and
for how long the notches will remain effective measures for dune
restoration.
Acknowledgements

We thank Marcel van Maarseveen, Henk Markies, Hans
Windmüller and Maarten Zeylmans van Emmichoven for their
excellent support in collecting and/or providing the topographic
data, Christian Schwarz for discussions on the future evolution
of the notches, and two referees for their review and extensive
comments on the text. The Noordwest Natuurkern project is
part of the Dutch Dune Revival project, financed by the
European LIFE+ Regulation and the province of North-Holland
(LIFE09 NAT/NL/000418). The research presented here was
supported by the Dutch Technology Foundation STW (Vici
project 13709), which is part of the Netherlands Organisation
for Scientific Research (NWO), and which is partly funded by
the Ministry of Economic Affairs.
Appendix A. Vegetation removal from UAV-derived DEMs

In vegetated regions photogrammetry produces the elevation of
the vegetation top rather than the desired ground-surface values.
An example hereof is shown in Fig. A1a–b. The difference in
elevation Dz between the UAV-Apr14 and ALS-Mar14 DEMs,
Dz ¼ zApr14 � zMar14, shows isolated dark-red (Dz > 1 m) patches
(Fig. A1b), which correspond to buckthorn shrubs (the dark
green patches in the orthophoto, Fig. A1a). Also, the vegetated
foredunes show spatially extensive Dz of 0.2–0.5 m (Fig. A1b),
which relates to marram grass. The vegetation-induced mismatch
needs to be minimized to jointly use ALS and UAV based DEMs
in the analysis of the geomorphological evolution of the entire
study area.

To achieve this, each 1� 1-m orthophoto was converted into a
binary sand-vegetation image using the ExGminExR vegetation
index (Meyer and Neto, 2008) and the Otsu (Otsu, 1979) threshold
selection method. The ExGminExR index is the difference between
Excess Green ExG (Woebbecke et al., 1995) and Excess Red ExR
(Meyer et al., 1998), which are defined as ExG ¼ 2G� R � B and
ExR ¼ 1:4R � B. Here, R, G and B are the 8-bit brightness intensities
of the Red, Green and Blue channels, respectively. The greenness of
the vegetation and the redness of the sand cause vegetation and
sand to have high ExG and ExR, respectively, as well as low ExR
and ExG. By taking the difference between ExG and
ExR; ExGminExR, the difference between vegetation and sand is
thus further increased. The threshold selection method of Otsu
(Otsu, 1979) was then applied to segment an ExGminExR map
into a binary sand (0) and vegetation (1) map, see Fig. A1c
for the result based on the orthophoto in Fig. A1a. Finally, each z
of a vegetation pixel was replaced by the z at the same ðx; yÞ
coordinate of the nearest (in time) ALS DEM. This assumes
that ground-surface values beneath vegetation did not change
with time. The corrected Dz ¼ zApr14 � zMar14 map is shown in
Fig. A1d. It no longer contains the positive Dz on the vegetated
parts of the foredune and at the buckthorn shrubs, but the
non-zero Dz on the beach and near the notches are retained.
These most likely resulted from the growth and landward
migration of an intertidal sandbar and the growth of depositional
lobes, respectively.

In contrast to Meyer and Neto (2008), we did not normalize the
RGB channels prior to the computation of ExGminExR to correct for
different light conditions, because it was not obvious how their
normalization method should be implemented here. Meyer and
Neto (2008) found ExGminExR ¼ 0 as an appropriate threshold
value in their normalized agricultural plant-soil image data set
and, accordingly, they abandoned the Otsu (1979) step. In our case,
the threshold value was substantially different between surveys,
varying between �76 and �61. It would seem that the different



Fig. A1. Illustration of the vegetation-removal algorithm using the (a) Apr14 orthophoto as example. In (b) the positive differences in elevation Dz between the UAV-Apr14
and ALS-Mar14 DEMs are shown with the yellow-brown colours. Panel (c) illustrates the binary sand (yellow)–vegetation (green) map computed from the orthophoto in (a).
Panel (d) is the same as (b), but now based on the UAV-Apr14 DTM. The gray contours in all panels are bed elevation, starting at 3 m MSL and with a 3-m interval. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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light conditions between UAV surveys were compensated for in the
threshold value to delineate vegetation from sand. The ExGminExR
method fails on shaded sand regions, which are incorrectly
classified as vegetation with the threshold selection method. This
situation happened on north-facing slopes for Oct14 and Jan15.
The affected regions were identified manually and corrected to
sand (0). The study area also contains non-sand and
non-vegetation elements, such as the pavement of a bicycle track
and water (the shallow lakes in the dune slacks of Peperedel and
Houtglop). These additional two features were classified as sand
and vegetation with the present methodology, respectively. This
did not noticeably affect the sand budget computations presented
in Section 4, as here UAV- and Lidar-based elevations were essen-
tially identical.
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