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Abstract. To assess acolian relief dynamics in Pilkosios Dunes, 6 digital elevation models (DEMs) were
prepared from the year 2010, for January, May and October of 2018, for May of 2019, and for November of
2022. These DEMs were then compared with each other to obtain elevation difference rasters through time.
The obtained results indicated that elevation changes were directional through time, and their highest intensity
coincided with the bare-sand surface class, where active blowout landforms were located. In these locations,
the average negative elevation change rate was determined to be approximately 2 cm/year. To analyse the driv-
ing forces of these elevation changes, the relationships between a measure of elevation change and the tested
factor characteristics were evaluated. The strongest relationship amongst all tested factors was found with the
distance to the edge of grassland/bare sand. Locations that were farther away from this edge experienced a four
times larger decrease in elevation, compared to areas closer to the edge. The distance to the shoreline, which is
related to the absolute altitude, was also an important factor. This relationship can be summarized as follows:
the lowest areas, which were further from the lagoon, were inactive; while the highest locations, which were
closer to the shoreline, had the highest intensity of elevation change (averaging 0.5—0.7 m for adjacent to the
shoreline locations and -1.7 m for locations ~ 300 m away from the shoreline). The slope factor described a
trend of how the steepest slopes were decreasing in height by 2 m on average, while gentler slopes were mostly
stable.
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INTRODUCTION

The Curonian Spit is a major part of the Lithua-
nian coastline. It is recognized as a UNESCO World
Heritage Site for its unique landscape depicting in-
teractions between wind, water, and human activi-
ties. Although currently, the Curonian Spit is most-
ly stable, composed of forest-fixed dunes (Bucas
2007; Cesnulevicius et al. 2006; Mardosiené 1989),
throughout its history the relief of the Curonian Spit
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went through dramatic changes, some of which were
due to human interventions, mostly land use change
from the forest to pasture fields and back to refor-
ested areas again (Buynevich ef al. 2015; Dobrotin et
al. 2013; Gudelis 1998; Gudelis, Michaliukaité 1959;
Michaliukaité 1967; Moe et al. 2005; Savukyniene et
al. 2003). The history of the Curonian Spit and its
development according to human management deci-
sions show that human actions can cause rapid con-
sequences and the understanding of the dynamics
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of dunes on a short-time scale is vital for effective
coastal management.

Most of the aeolian dynamics studies in the Pilko-
sios Dunes have so far been confined to cartometric
surveys or comparisons of quantitative measure-
ments and qualitative descriptions in fieldwork set-
tings (Berendt 1869; Cesnulevitius ez al. 2006, 2017;
Mardosiené 1989; Michaliukaité 1967; Morkinaité
2000; Morkanaité, Cesnulevi¢ius 2005), as well as
the use of satellite images to estimate volumetric
changes (Povilanskas 2009; Povilanskas et al. 20006,
2009). These data provide very limited means to as-
sess the spatial properties of relief dynamics. A much
better coverage and resolution can be achieved using
modern remote sensing techniques, such as UAV-
aided photogrammetry or LiDAR collected data (Le
Mauff et al. 2018; Pucino, Condurso 2016; Suo et
al. 2017; Taddia et al. 2017). However, UAV use
for the studies of aeolian morphodynamics in the
Curonian Spit have been extremely limited thus far
(Cesnulevitius et al. 2019; Morkiinaité et al. 2018).
The UAV-based methodology allows a much more
effective data collection, compared to that of earlier
studies (Gongalves, Henriques 2015; Guillot, Pouget
2015). In addition, DEMs compiled as a result of
such investigations enable a more detailed analysis
and evaluation of the effects of various parameters
influencing morphodynamics.

In this study, several high spatial resolution and
large aerial coverage DEMs were prepared for the ac-
tive part of Pilkosios Dunes for the years 2010, 2018,
2019 and 2022 to investigate elevation changes and
to determine the major factors responsible for these
elevation changes.

DATA AND METHODS

The study area (Fig. 1) was confined to the ac-
tive part of Pilkosios Dunes. The active part was
determined based on available information about
dune activity in literature (Cesnulevicius et al. 2006;
Morkiinaité, Cesnulevigius 2005).

All data processing was carried out using ArcGIS

Table 1 Properties of DEMs used in this study

Pro 3.0 software. To obtain surface type data in the
study area, the supervised classification (using Ran-
dom Tree Classifier model) was applied on the digital
raster orthophoto map ORT10LT 2020 provided by
the National Land Service under the Ministry of En-
vironment (from www.geoportal.lt). The training areas
were manually prepared for three dune surface class-
es: tree canopies, bare sand, and grassland.

In this study, a total of 6 DEM elevation datasets,
representing time periods listed in Table 1 were pre-
pared for further analysis. All DEM rasters were resa-
mpled to the matching (2 m x 2 m) resolution, ensur-
ing the snapping of the grid cells among rasters.
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Fig. 1 The study area, coordinate system: LKS 1994 (Or-
thophoto map © Nacionaliné¢ Zemés tarnyba prie Aplinkos

ministerijos)

Date of data collection | Name of produced DEM Acquisition type Initial spatial resolution
Created from the LiDAR point cloud provided in ASCII
Jun/Sept 2010 DEM100x XYZ format by the National Land Service under the 2m X 2m
Ministry of Environment.
8 Jan 2018 DEM1801 Obtained using data from Sense Flye Bee UAV connect- 4.02 cm X 4.02 cm
ed to RTK (“LitPOS” network) and calculated based on
10 May 2018 DEM1805 Structure-from-Motion (SfM) algorithm (Fonstad et al. 3.94 cm % 3.94cm
17 Oct 2018 DEMI810 2013), using the eMotion [3.5] and Pix4Dmapper soft- 3.90 cm % 3.90 cm
22 May 2019 DEM1905 Ware programs. 3.84 cm x 3.84 cm
Obtained using data from DJI Phantom Pro RTK UAV
2 Nov 2022 DEM2211 connected to RTK (“LitPOS” network), calculated us- 6.58 cm X 6.58 cm
ing photogrammetric software “Pixpro”.
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For the modelling of changes through time, the
DEMs of consecutive time periods were compared by
subtraction, thus producing difference rasters.

For a preliminary assessment of the main factors
that lead to elevation changes, correlation coeffi-
cients were calculated between elevation difference
and different properties influencing relief dynamics.
Two variants of elevation difference rasters were
used: a) the elevation difference raster between the
earliest and the latest DEMs in the study (DEM2211-
DEM100x) (Fig. 2a) and b) the raster with moduli
values of these elevation differences (|DEM2211-
DEM100x|) (Fig. 2b). The latter represents the mag-
nitude of elevation difference; and the former, both
magnitude and type (accumulation or deflation).

Both elevation changes and their moduli were
compared with the following properties of the study
area (Fig. 3): a) absolute altitude (DEM100x, repre-
senting the absolute elevation at time zero), b) rela-
tive elevation, c¢) distance to the shoreline of the
Curonian Lagoon, d) distance to the edge of the bare-
sand surface class, e) slope direction relative to W di-
rection, representing windward and downwind slopes
(Cesnuleviéius et al. 2017; Morkunaité et al. 2018;
Paskauskas 2006), and f) slope (calculated from
DEM100x). Relative elevation was calculated from
the DEM100x by subtracting from the original cell’s
value the mean value within a radius of 5, 10, 20, 40,
50, 60, 80, 200, 400, 450, 500, 550 or 600 cells of
this cell.

Ten thousand random points were generated with-
in the bare-sand surface class, and the values of raster
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Fig. 2 A measure of elevation change: a) elevation differ-
ence raster (DEM2211-DEM100x), b) the modulus of el-
evation difference raster ((DEM2211DEM100x|)
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datasets were extracted to these points of both meas-
ures of elevation change, as well as all the above-
mentioned factors (a—f). Pearson’s r coefficient was
calculated for the compared pairs of properties. The
coefficients higher than ~ 0.026 can be considered
significant with alpha of 1% (Obilor, Amadi 2018).
After each 7 calculation, to visualize the found trends,
each property raster was reclassified into intervals of
analysed characteristics and the average values of el-
evation change were calculated for each of these in-
tervals.

RESULTS

According to the ORTIOLT (Fig. 1) classifica-
tion, grassland was the most extensive surface class
(58.6%) in the study area, followed by the bare-sand
surface class, which covered 40.2% of the area. The
remaining 1.2% of cells were classified as tree cano-
pies. It is evident that bare-sand surfaces were more
dominant on the E part of the ridge and were more
extensive in the S part compared to the N part of the
study area.

Visually, all the compiled DEMs are similar. The
absolute elevation ranged within the interval of 0-62
m a.s.l. The W side of the study area was, on average,
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lower (~ 11 m a.s.l), while the E part was, on average,
higher (~ 33 m a.s.l), i.e., the ridge was situated in the
latter. The windward slope of the ridge averaged 2—7°,
and the leeward slope averaged ~ 16°. The maximum
calculated slope was ~ 58°. The average elevation of
each time period is presented in Fig. 4.

A comparison of the corresponding DEM surfaces
showed that most of the study area had a negligible
elevation difference (close to zero), which was ex-
pected, as the grassland class area can be consid-

Study area average elevation through time

Fig. 4 The dynamics of average elevation in the study
area
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Fig. 5 Elevation differences based on the length of time of measurements: a) short time interval represented by DEM1905-
DEM1810 elevation difference; b) longer time interval represented by DEM2211-DEM1905. Coordinate system: LKS
1994. (Orthophoto map © Nacionaliné zemés tarnyba prie Aplinkos ministerijos)
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ered stable (CesnuleviGius e al. 2006; Morkiinaité,
Cesnulevi¢ius 2005). Nevertheless, areas of high-
intensity elevation changes can be identified as well
(Fig. 5). In these areas, elevation differences were
ranging from a few meters (on a short-time scale) up
to approx. 15 m (throughout the whole studied time
interval) (Table 2). The positive elevation differences
were mostly concentrated on the E side of blowouts,
coinciding with the lee slopes of accumulation lobes,
where the most intense elevation gain takes place
usually in the middle of the whole accumulation zone
(i.e., in the middle of a slope). The largest elevation
losses were on the stoss slope of deposition lobes,
near erosive deflation edges of blowouts, and at the
bottom of blowouts, usually concentrated on the W
part of a blowout.

Within a shorter interval of time, differences were
less significant (Fig. 5a), e.g., in elevation differences
from years 2018-2019, the maximum elevation loss
was up to 3.29 m, while elevation gain reached up to
5.31 m (Table 2). However, the elevation change rate
was not constant over time. Some of the difference
rasters represent similar lengths of time but different
seasons of the year: DEM1805-DEM1801 represents
elevation differences during 4 winter—spring months,
and DEMI810-DEM1805 represents differences
during 5 summer-autumn months. The latter raster

appears to be less stable — elevation changes in the
same locations were higher compared to the differ-
ence raster representing winter and spring months. In
addition, DEM1810-DEM1805 has a higher standard
deviation (Table 2). The long-term elevation changes
(i.e., DEM2211-DEM1905, DEM2211-DEM]I100x,
Fig. 5b) appear to be more widespread throughout the
bare-sand surface class. In these datasets, the maxi-
mum elevation decrease could reach 15.20 m, and
increase could be up to 15.63 m (Table 2). In addi-
tion, on a longer-time scale, the standard deviation
of elevation difference was larger, meaning that more
locations differed from the average elevation differ-
ence, which was close to 0 m. It can also be noted that
the average elevation difference within the bare-sand
surface class was negative (Table 3).

The calculated 7 coefficients for factors influenc-
ing dune dynamics ranged from -0.36 to 0.47, some
being close to 0 (Table 4).

When comparing the average modulus of eleva-
tion difference values between different distances to
the edge of the bare-sand surface class (Fig. 6a, orange
colour) we found that areas that were farther away from
the edge of the bare-sand surface class predominantly
experienced larger elevation changes. These changes
could reach up to 5 m for the areas furthest from the
class edge. Accordingly, the distance to the edge of

Table 2 Elevation difference rasters and their minimum and maximum values for the whole study arca

. . Elevation difference (m)

Elevation difference raster Min Max Mean St
DEM1801-DEM100x -11.48 12.64 -0.05 1.32
DEM1805-DEM1801 -2.64 2.63 0.01 0.10
DEMI1810-DEM1805 -3.29 5.31 0.00 0.14
DEM1905-DEM1810 -2.89 3.81 0.00 0.15
DEM2211-DEM1905 -9.88 11.03 -0.02 0.74
Combined time interval
(DEM2211-DEM100x) -15.20 15.93 -0.09 1.85

Table 3 The average values for elevation difference and the modulus of elevation difference in the bare-sand surface

class
Length of time interval Elevation difference Average value in the bare-sand surface class (m)
4 months DEMI1805-DEM1801 0.02
|DEM1805-DEM1801| 0.09
7.5 years DEM1801-DEM100x -0.17
|DEM1801-DEM100x| 1.24
12 years (the combined interval) ‘gg\j\gjx:gggj gg; _3 7279

Table 4 Calculated correlation coefficients

Environmental parameter DEM2211-DEM100x |DEM?2211-DEM100x| (modulus)
Distance to the edge of the bare-sand surface class -0.34 0.47
Distance to the shoreline -0.06 -0.36
Relative elevation -0.34 (50 cells) 0.25 (800 cells)
Absolute altitude -0.19 0.25
Slope direction -0.19 -0.22
Slope -0.02 0.08
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the bare-sand surface class had the strongest calculated
correlation coefficient among all tested factors, indi-
cating the strongest relationship (Table 4).

A comparison of the average values of eleva-
tion difference with each distance to the edge of the
bare-sand surface class group (Fig. 6a, green colour)
confirms a negative relationship found with eleva-
tion difference: the locations closer to the edge of the
bare-sand surface class have marginal changes, com-
pared to farther locations. The locations farthest from
this edge are predominantly decreasing in height (the
average reaches 4 m).

There was a negative relationship observed be-
tween the distance to the shoreline of the Curonian
Lagoon and the modulus of elevation difference
(Fig. 6b, orange colour). Closer to the shoreline areas
experienced 1.5-3 m elevation change on average,
and the elevation change of farthest areas was close
to 0 m. This is also indicated by the second strongest,
negative 1 coefficient among all tested factors (Tab-
le 4). When comparing the average values of eleva-
tion difference (Fig. 6b, green colour) with the dis-
tance to the shoreline of the lagoon, no clear trend
was observed: adjacent to the shoreline areas were
increasing in height (average up to 1 m), areas further
by approx. 200 m from the shoreline were decreasing
in height, and the farthest areas (500 m and further)
were relatively stable.

The strongest correlation coefficient between ele-
vation difference and relative elevation was obtained
when relative elevation was calculated using a radius
of 50 cells (Fig. 7). Locations lying at higher altitudes
than their surrounding areas (within this radius) are
most likely to decrease in height (by 6 m on average),

Correlation coefficients for DEM2211-DEM100x

..

o
5 * Difference modulus
S o _| | * Difference ° ° o
e o A
8 oo
8o | #
a8
k)
o N
A . ¥ y
(6] % .

< @n0®

o

T T T T T
0 200 400 600 800
N’ of cells

Fig. 7 Correlation coefficients between relative elevation
(calculated with different neighbourhood sizes) and eleva-
tion difference and its modulus value

while the locations lying at lower altitudes than their
surrounding areas are expected to increase in height
(by 6 m on average) (Fig. 6¢, green colour). This is
also observed in correlation coefficients between el-
evation difference and relative elevation, where the
calculated » was -0.34 (Table 4). The averages of the
modulus of elevation difference in relation to differ-
ent relative elevation groups (Fig. 6¢, orange colour)
show that areas lying higher or lower than their sur-
rounding areas experienced the similar intensity of
average elevation change. Correlation coefficients
between relative elevation and the modulus of eleva-
tion difference were ranging from -0.02 to 0.34 when
different radii were used to obtain the relative eleva-
tion data (Fig. 7). The highest » values were obtained
using a radius of 600 cells. However, at large radii the
relative elevation effects did not differ significantly
from those of absolute elevation.
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A positive relationship was evident between ab-
solute altitudes and the modulus of elevation change
(Fig. 6d, orange colour): in the areas of higher alti-
tude, the average modulus of elevation difference
could reach up to 4 m, while at lower altitudes such
modulus was close to zero. This is also evident in the
calculated positive r coefficient (» = 0.25) (Table 4).
When comparing the average values of elevation
difference with different absolute altitudes (Fig. 6d,
green colour), it can be noted that higher areas prima-
rily experienced larger and negative elevation differ-
ences (this was clear above 20 m a.s.l.; Fig. 6d). The
calculated 7 coefficient between absolute altitude and
elevation difference was equal to -0.19, indicating a
negative relationship (Table 4).

A pattern can be seen in the averages of the
modulus of elevation difference in relation to car-
dinal directions (Fig. 6e, orange colour): the largest
average values were for the E-, NE-, and SE-facing
slopes (~ 2.7 m) and the lowest for W and SW slopes
(~ 0.5 m). When the elevation difference values (not
its modulus) were averaged for each cardinal direction
(Fig. 6e, green colour), E-facing slopes were found to
be predominantly increasing in height (~ 1.4 m on
average), and S—-SW—-W-NW slopes were decreasing
(~ 0.7-0.6 m). All calculated r values with the slope
direction relative to W winds were negative. The
strongest relationship was found with the modulus of
elevation difference (r = -0.22). This negative r coef-
ficient indicates a trend that E-facing slopes experi-
enced more intense elevation changes.

When comparing the modulus of elevation dif-
ference with slope (Fig. 6f, orange colour), firstly it
can be noted that all areas with a non-zero slope in-
dependently of the inclination angle were predomi-
nantly decreasing in height. This average decrease
in height was the lowest for slopes of ~ 17°-21°, as
well as ~ 35°. No strong relationships were observed
between the slope and elevation difference (the » co-
efficients were close to 0) (Table 4). When compar-
ing the modulus of elevation difference with slope
(Fig. 6f, green colour), the following trend could be
observed: the modulus was increasing with the slope,
which was also evident by an estimated somewhat
stronger relationship with the modulus value of el-
evation difference (r equal to 0.08, Table 4).

DISCUSSION

The significant elevation changes in the study area
coincide with bare-sand surfaces. This is because sur-
faces without vegetation cover are more vulnerable to
deflation processes compared to overgrown surfaces.
Many researchers have identified vegetation cover as
one of the most important factors in aeolian dynam-
ics (Gares, Nordstrom 1995; Gongalves, Henriques
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2015; Michaliukaité 1967). Vegetation cover reduc-
es the momentum of wind and lowers its erosional
power, also covers sediments, and directly protects
the surface (Nickling, Neuman 2009). In addition,
vegetation acts as a trap for transported sand parti-
cles and reduces any further sand migration (Van de
Ven et al. 1989; Wolfe, Nickling 1993). Effects of
vegetation have also been noted by researchers work-
ing in the study area (e.g., Cesnuleviéius et al. 2006;
Michaliukait¢ 1967). The influence of vegetation
also has spatial patterns within the bare-sand surface
class. As noted in the Results section, the further the
locations are from the edge of grassland/bare-sand
classes, the more active they are, and this activity
is usually evidenced as a decrease in elevation. Ap-
parently, vegetation reduces wind momentum in the
immediate vicinity of the boundary areas, thus reduc-
ing the wind’s erosive power even on the bare-sand
surfaces.

The vegetation cover could also act as a catchment
area of migrating sediment, but for this, sediment sup-
ply is crucial (Hesp 2011a; Nickling, Neuman 2009).
In the study area, sediment supply from outside the
system is impossible due to forests in “palve” (to the
W side of the Great Dune Ridge) separating a pos-
sible source of fresh sediments — Baltic Sea beach —
from the Great Dune Ridge (Fig. 8) (Cesnuleviéius et
al. 2006; Gudelis, 1998; Povilanskas ef al. 2009).

The distance to the shoreline of the Curonian
Lagoon could be a descriptor of spatial patterns for
dune dynamics. Based on the negative correlation co-
efficients (Table 4), as well as on the distribution of
averages of elevation difference for each distance to
the Curonian Lagoon group (Fig. 6b), it can be sum-
marized as follows: the localities farthest from the
shoreline are relatively stable. This could be due to
a larger proportion of overgrown surfaces on the W
side, which, as mentioned above, acts as a stabiliz-
ing agent, or due to the adjacent forests in “palve™
(Fig. 8), which not only cut off sand transport from
the Baltic Sea beach but also protect the lower W
section of the ridge from the predominant W winds
(Cesnuleviéius et al. 2017; Morkiinaité et al. 2018;
Paskauskas 2006) and their erosional effects, while
exposing the middle part of the ridge to these winds.
These erosional effects can be seen when comparing
the average values of elevation difference for each el-
evation group (Fig. 6b), as approx. 230-400 m away
from the shoreline these averages are negative. The
areas lying closer to the shoreline experience larger
elevation differences that are mostly positive. These
are the E slopes of the Great Dune Ridge (Fig. 8),
where sand accumulation takes place, as it is com-
mon for the lee slopes of the dunes (Anderson 1988;
Hesp 2002). Based on the distance from the shoreline
of the Curonian Lagoon, it is possible to distinguish
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three separate zones with different activity regimes:
1) the accumulating E slope, 2) the eroding top and
the W slope of the ridge, and 3) the inactive toe of the
W slope. Cesnulevicius et al. (2017) have also noted
that the E slope of the ridge is more active.

The elevation change is mostly determined by the
ridge altitudes. The absolute altitude was previously
proposed as one of the main factors influencing the
relief changes in the study area (Cesnulevidius ef al.
2006; Morkiinaité 2000). In this study, this statement
was supported by the observed elevation differences,
as well as strong correlation coefficients (Table 4).
The most pronounced elevation changes take place
in the areas of highest elevations, which are mostly
decreasing in height (Fig. 6d). It is probably related
to the wind flow dynamics: as wind approaches a
slope it is forced to accelerate (Hesp 2002; Lancas-
ter 2009; Mckenna Neuman et al. 1997) which in turn
results in a higher wind erosion capacity in higher re-
gions. This relationship with the absolute altitude can
also be explained by the groundwater table, which
is closer to the surface in lower areas, thus provid-
ing favourable conditions for stabilising vegetation
cover (Gongalves, Henriques 2015; Povilanskas et al.
2006). Groundwater table also limits erosion depth,
as wet sand is more coherent and harder for the wind
to pick up and deflate (Hesp 2002). In the study area,
Morkiinaité ef al. (2018) found the groundwater table
to be 1-2 m deep on the toe of the W slope of the ridge
and much deeper within the ridge itself, thus possibly
relating to vegetation dominance on the westernmost,
low-lying areas.

Smaller-scale relief forms can also be more ex-
posed to winds compared to their surroundings, or

such exposed forms can modify wind patterns by
forcing the wind gradient to increase in some places
and to cease in others (Jackson et al. 2013). There
are many discussions on the multiscale nature of geo-
morphological processes, e.g., on what scale relief
changes should be analysed (Lancaster et al. 2013).
This scale can be unique for each study site or even
for each type of a relief form. In this study, the best-
fitting radius to represent exposed relief forms rela-
tive to their surroundings seems to be close to 50 cells
(100 m), as relative heights calculated using this radi-
us yielded the highest correlation coefficients (Fig. 7).
Elevation changes are inversely related to relative el-
evation. This means that areas lying higher than their
surroundings are being deflated, while lower areas
are more likely to be locations of sand accumulation.
Such protruding relief forms are more vulnerable to
winds from all directions, and they absorb much more
momentum from the wind, while lower areas can be
in the wind shadow zone, or the wind may decrease in
velocity as wind streams separate after crossing a bar-
rier (Hesp 2002). In addition, the bottoms of blowouts
could be reaching groundwater levels and increasing
the cohesiveness of sediments, making them harder to
deflate (Beakawi Al-Hashemi, Baghabra Al-Amoudi
2018).

The correlation coefficient values calculated for
slope vs. elevation difference were close to zero (Ta-
ble 4). This is expected as steep slopes can be both a
location of erosion (e.g., deflation scarps) and a lo-
cation of accumulation (e.g., on the lee slope), and
thus elevation difference can be both positive and
negative. Nevertheless, slope is an important factor
for elevation changes, as it can be concluded from
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the found direct relationship (Fig. 6f): the steeper the
slope is, the larger the elevation difference is. This
can be explained by several mechanisms. Firstly,
slope determines the energy required to initiate the
transport of sand particles (Sherman, Li 2012; Van
Dijk et al. 1999) and thus the threshold value of wind
speed and energy for transport uphill. The transport
on a steeper slope requires more energy compared to
less steep or even declining surfaces (Iversen, Ras-
mussen 1994; Sherman, Li 2012). At the same time,
steeper slopes have larger accelerating effects on the
wind gradient. In addition, on much steeper slopes,
aeolian processes are no longer the main factors for
slope erosion: dry sand has an angle of repose of 34°
(Beakawi Al-Hashemi, Baghabra Al-Amoudi 2018;
Smyth, Hesp 2015), and slopes with higher inclina-
tions are more vulnerable to gravitational processes
(Iversen, Rasmussen 1994). Landslide formation has
already been documented in the study area as a tsu-
nami wave recorded in 1992 (Gudelis 1998; Povilan-
skas et al. 2006) and as fallen blocks of vegetation
turf near steep slopes (Morkiinaité 2000; Morkiinaite,
Cesnuleviius 2005). Slope inclinations also have ef-
fects on trapping moisture within sediments, which
controls the cohesion of sediments (Beakawi Al-
Hashemi, Baghabra Al-Amoudi 2018; Van Dijk et al.
1999) and thus can shift the threshold value of re-
pose angle, changing the boundary position between
aeolian-gravitational processes (Nickling, Neuman
2009). Steeper slopes are mostly decreasing, although
there is a slight peak around 35°, which could be re-
lated to sand accumulation on the lee slopes of blow-
out lobes, as these slopes are close to repose angle.
Stoss slopes of these lobes have gentler slopes. This
may explain why there is a negative average of eleva-
tion difference with gentle slopes.

Another important slope parameter is the aspect,
especially with regard to the predominant wind direc-
tion. In the study area, E slopes are the most active
and accumulation predominantly takes place on these
slopes, while less active, W-facing slopes, are mostly
being deflated (Fig. 6e). As W winds are predomi-
nant in the study area, this distribution of deflation
on W-facing slopes and accumulation on E slopes is
the fundamental distribution of sand transport along
the predominant wind direction: stoss (in our case
W-facing) slope is being eroded, while on the lee
(E-facing) slope sand accumulation takes place (Lan-
caster 2009) due to previously mentioned wind pat-
tern changes forced by slope inclination. Interesting-
ly, in the study area S- and SW-facing slopes appear
to be more active than W-facing slopes. This is a
common observation that S-facing slopes are more
active. This is due to solar insolation, which dries S
slopes more effectively, reducing moisture content in
the sediments and thus lowering the sand cohesion

172

(Hesp 2011a; Hugenholtz, Wolfe 2006). Morkiinaite
(2000) has noted that most of the scarps in the study
area are facing the SW direction, and it is evident that
these slopes would have larger-scale changes due to
additional effects of gravitational transport, thus lead-
ing to the negative average of elevation differences.

When comparing elevation differences within the
same area, €.g., an active blowout or its depositional
lobe, the intensity of elevation change depends on the
time interval that has passed between measurements
(Fig. 5). From this it can be concluded that these ob-
served changes are rather directional. It is obvious that
a larger elevation difference requires a longer inter-
val of time. Differences throughout 12 years (2010—
2022) were observed to range from 5 up to 15 m,
while in 5 months (e.g., between May 2018 and Oct.
2018) the same location underwent only a fraction of
these changes. Over a 12 years period (2010-2022),
the average maximum elevation difference can reach
the rates of approx. +/-1.3 m/year. Similar values
were observed in the study area in 2003-2004; they
ranged from 0.8-2.4 m for Nagliai and Vinkis dunes
(Morkinaité, Cesnuleviéius 2005). However, even on
a short-time scale, it is possible to note that summer
and autumn months appear to be more active, as some
areas reach more intense elevation changes (min and
max values in Table 2). These months also have a
more negative balance, which could be explained by
the May—October months usually being the driest and
the windiest months (Cesnulevi¢ius et al. 2006) and
by the increased recreational load in the summer sea-
son, as many people come to visit the Nagliai Dune
complex. In addition, in the winter months, there is
usually snow cover, which shields the dunes from the
wind (Cesnuleviéius et al. 2019; Hesp 2011b). Dur-
ing DEMI1801 acquisition, the ground was frozen,
which also inhibited any sand deflation (Baughman
et al. 2018). It was noted before that climate and me-
teorological conditions are important agents in dune
dynamics (Abhar et al. 2015; Hesp 2002). Unfortu-
nately, in the study area, there are no permanent me-
teorological stations, thus there are no direct climatic
measurements that could have been included in this
study.

To evaluate the balance of the whole system, it is
best to compare two DEMs that are further apart in
time, as on a shorter scale a measurement error can
manifest more easily. Based on the average elevation
difference in the bare-sand class (see Table 3), it is
evident that dune elevation is decreasing in height by
about 2 cm/year on average, while in some places it
can reach up to +/-1.3 m/year. A negative balance in
the system, which was already indicated by research-
ers, is linked with the lack of sediment supply from
outside the system (Cesnuleviéius et al. 2006; Gude-
lis 1998; Mardosiené 1989; Povilanskas et al. 2006).



All our acquired measurements and calculated re-
lationships can be used for the quantitative estimation
and forecasting of relief changes in Pilkosios Dunes.
Although there is a large complexity and uncertainty
of the aeolian systems, it is possible to calculate an
estimated future state of an absolute altitude for each
location using regression curves presented in this
study (Fig. 6) in combination with statistical and/or
machine learning models derived from this and sup-
plementary data (Andrews et al. www.elsevier.com/
locate/geomorph; Smyth, Hesp 2015).

CONCLUSIONS

The DEMs of Pilkosios Dunes compiled in this
study by using Lidar and UAV-aided photogram-
metry present new high-quality morphometric data.
This data enabled a quantitative evaluation of aeolian
dynamics in this area during 2010-2022. The total
balance of Pilkosios Dunes appeared to be negative,
decrease in height rate was ~ 2 cm/year in the active
part of the dunes, suggesting that sand was transport-
ed towards the shoreline of the Curonian Lagoon.

The acquired data also allowed analysis of envi-
ronmental factors influencing aeolian morphodynam-
ics in this area. The distance to the edge of grassland/
bare-sand classes proved to be the most significant fac-
tor influencing dune dynamics in the active part of the
dunes. The elevation changes were almost four times
higher at distances further than 20 m from this edge
compared to areas directly on the edge. The distance
to the shoreline of the Curonian Lagoon was the sec-
ond strongest factor. This factor allows distinguishing
three sectors in the study area: 1) the adjacent E slope
of the Great Dune Ridge, where sand accumulation
takes place; 2) the middle and west slope of the ridge,
where mostly deflation takes place; and 3) the furthest-
away, low laying west sector, which appears to be rel-
atively stable. Relative elevation inversely correlated
with elevation difference. Calculations with different
neighbourhood radii showed that the 50 cells neigh-
bourhood is the most sensitive to elevation changes.
The absolute altitude is directly related to the intensity
of elevation change. There is a negative trend between
slope and elevation change, indicating that the steep-
est slopes are the most vulnerable to elevation chang-
es. However, this relationship was relatively weak as
steep slopes can be both places of accumulation and
of deflation. Eastern slopes tend to increase in height,
while SW-W slopes are mostly being eroded.

The analytical derivatives calculated in this study
enable the forecasting of aecolian morphodynamics of
Pilkosios Dunes in the future, according to the surface
class, proximity to the edge of surface classes, prox-
imity to the Curonian Lagoon, absolute and relative
elevation, slope, and slope direction. Such forecasts

would provide the basis for sensitive areas within
Pilkosios Dunes and facilitate the selection of effec-
tive landscape managements strategies.
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