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Abstract: The current research aims to examine the long-term evolution of the western cliffs of
Lefkada Island following the occurrence of the last two strong earthquakes, on 14 August 2003 and
17 November 2015, respectively. Medium resolution satellite data (Landsat) and very high-resolution
data (Ikonos, Pleiades, and airphotos) were processed in Google Earth Engine and Erdas imagine
software, respectively. The study area covers a 20 km-long region of the western cliffs of Lefkada
Island, extending from Egremni beach to the South to Komilio beach to the North. Relief, vegetation,
and inclination changes were detected in the ArcGis environment. The results were associated with
in situ data provided through the installation of a sediment trap. The analysis of the results proved
that seismicity is the main factor that formed the western coastline of Lefkada Island, affecting the
integrity of the cliffs. Specifically, large earthquakes cause immediate vegetation and topographic
(inclination changes, mass movements) modifications in the western cliffs of the island. Meanwhile,
small earthquakes (magnitudes < 4.1) contribute to the cliff’s evolution during the inter-seismic era.
The intensity of these aforementioned changes was closely related to the seismic activity that occurred
in the vicinity of the study area. In addition, it was found that precipitation and wind do not exert a
similar influence on the cliff’s evolution.
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1. Introduction

The evolution of the relief in seismically and tectonically active regions is dominated
by the occurrence of earthquakes. These events contribute to the destabilization of the
slope, triggering topographic changes or landslides. Earthquake-induced mass movements
can cause casualties, economic loss, and severe damages to the natural and man-made
environment [1,2]. Over the past few years, extensive studies have been performed on
determining the parameters of earthquake-induced landslides either through laboratory
simulations and numerical modeling [3-6] or by investigating the instability factors, the
distribution of mass movements, and the topography [7,8]. In this framework, remote
sensing enables the effective detection and monitoring of landslides on either a local or
regional scale due to the large-area observations and the reduced survey completion time.
Hence, multispectral (Landsat, WorldView-2, GeoEye-1, etc.), as well as synthetic aperture
radar (SAR) (TerraSAR-X, COSMO-SkyMed, ALOS-2 PALSAR-2, Sentinel-1), data have
been used for the identification and analysis of landslides with high precision [9-12].
Nowadays, unmanned aerial systems (UAS) photogrammetry constitutes the most widely
used method for landslide investigations [13-15].

As technology and processing methods develop, new approaches are emerging, re-
lying on soft computing algorithms in order to detect earthquake-induced landslides or
create susceptibility maps. Specifically, an automated methodology was proposed to map
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co-seismic landslides. Its methodology was based on multi-scale extended morphological
profiles, machine learning algorithms, and unsupervised change detection methods [16].
Moreover, high-resolution images, acquired using Planet satellite, were utilized for the
detection of landslides after the Mw6.6 Tomakomai earthquake, while the extracted inven-
tory database was used to generate susceptibility maps via logistic regression and support
vector machine modeling [17]. In a respective study, the importance of inventory quality
was highlighted by examining different databases of earthquake-induced landslides to
create susceptibility models for a given area [18]. Other researchers have investigated
how multiple susceptibility algorithms affect the prediction of landslides related to the
Hokkaido earthquake [19].

However, the majority of these previous studies mainly focused on either the instanta-
neous mapping of earthquake-induced topographic changes or on the creation of landslide
susceptibility over tectonically active regions [12,15-19]. Despite the immediate effects of
an earthquake on a slope, there are areas that, while they do not move, have a disturbed
internal structure, and they can be activated by smaller earthquakes or other external
factors, such as rainfall [5]. In light of this, this study aimed to examine the long-term
evolution of the western cliffs of Lefkada Island following the occurrence of the last two
strong earthquakes, on 14 August 2003 and 17 November 2015, respectively.

Specifically, we obtained multi-sensor remote sensing data, covering a period from
the years 2000 to 2016, to investigate the evolution of the western cliffs of Lefkada Island
after the occurrence of the last strong earthquakes as well as during the inter-seismic era. It
is worth mentioning that previous studies have been conducted on inspecting shoreline
evolution over a 73-year period using diverse remote sensing data [20] and assessing
the evolution of mass movements between 2018-2021 through field measurements and
unmanned aerial vehicle (UAV) campaigns [21]. However, the main objective of the
current research was to determine the factors (seismicity and precipitation) that reduce
the integrity of the cliffs in the western part of Lefkada Island. In addition to the use of
multi-sensor remote sensing data, as well as the multi-scale analysis, the novelty of the
current research relied on the installation of a sediment trap within the observing area in
order to validate the remote sensing results and to attain a better understanding of the
geomorphological evolution.

Briefly, the aim of the current study was to demonstrate that the evolution of the
entire western coast of Lefkada Island is mainly controlled by seismicity and less by
climatological or other factors. This knowledge is particularly crucial for the local decision
makers who develop infrastructure on the specific coast where thousands of tourists gather
every summer. Our approach combined remote sensing data, field measurements, and
GIS techniques.

2. Materials and Methods
2.1. Study Area

Greece, and especially the western part, where Lefkada Island is located (Figure 1), has
been characterized as the region displaying the highest seismicity within Europe [22-24].
Earthquakes occurring in this specific region are associated with the subduction of the
African plate and the continental collision of the Apulian platform [25-27]. The dextral
strike-slip Cephalonia Transform fault constitutes the prevalent tectonic structure in this
region [28-30]. Moreover, seismicity in conjunction with the geological setting of western
Lefkada are the main triggering factors for the occurrence of landslides [31]. In more detail,
the bedrock of the west overhanging cliff of Lefkada consists of Mesozoic carbonate rocks
with intercalation of Tithonian—Berriasian black schist layers, along with Pleistocene red-
brown clays and conglomerates [32,33]. The Pleistocene period resulted in the formation
of a series of fault-controlled basins located in the inland part of the west coast, while
Holocene scree and debris cones are detected along the western coast of the island and on
the cliffs located north of Vassiliki valley [32,33]. These screes are primarily composed of
angular cobbles and rare boulders attaining a thickness of 1-10 m (Figure 2), which are
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rested on the hillslopes that render the area vulnerable to mass movements [34]. Structural
mapping along the west coast indicates its deformation through a dense array of, more or
less, NS-trending strike-slip faults.
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Figure 1. Location of the study area within Greece and the respective Pleiades orthophoto.

Figure 2. Outcrop of screes in the study area showing that angular mixtures of sediments are

prevalent, despite the fact that there are also wide grain size distributions primarily concentrated

in the sizes of the cobbles and sands. Boulders in this assemblage are rare. The width of the photo

is 4 m.
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A 6.2 Mw earthquake occurred on 14 August 2003 offshore in the northern part of
Lefkada [35,36]. A few years later, on 17 November 2015, another strong earthquake
(Mw 6.4) struck the western inland part of the island. Since then, a large body of studies has
been carried out concerning the analysis of the co-seismic deformation, the slip distribution,
the source parameters, and the slip model [37-42]. In addition to the seismotectonic
perspective, other researchers have examined the macro-seismic effects of these events
via the recording of different types of mass movements as well as the identification and
assessment of ground failures [43-45]. Two characteristic images acquired from the UAV
on November 2020 depicting the mass movements and rockslides on the coastal area of
Egremni are presented in Figure 3 [19,20]. Extending from this, respective studies focused
on using statistical analysis models, simulations, or fuzzy logic to create susceptibility
maps in order to obtain useful information about the spatial distribution of potential
earthquake-induced mass movements [46—48].

i

Figure 3. (a) Panoramic view of Egremni coastal area from the north to the south. Mass-wasting
materials and rocks detached from the cliff are laying on the beach. (b) A close-up photo of the coast
facing to the east. Several rocks detached from the upper cliff are accumulated on the coast.

2.2. Materials
2.2.1. Remote Sensing Data

In the present work, the western cliffs of Lefkada Island were investigated using remote
sensing techniques. In fact, the utilization of such data was considered imperative as the
study area covers a 20 km-elongated part of the island. Multi-sensor data were selected due
to the fact that very high-resolution data are not freely available nor can they be acquired on a
regular basis, such as medium resolution imagery (Landsat and Sentinel-2 MSI).



Appl. Sci. 2023,13, 9434

50f23

In this framework, our dataset was consisted of: (a) medium resolution imagery
acquired from Landsat satellites and (b) high-resolution data, such as analogue aerial
photographs on a 1:10,000 scale acquired by the Hellenic Military Geographical Service
(HMGS), digital orthomosaics of the years 2008 and 2016 obtained from the National Greek
Cadastre and Mapping Agency, as well as IKONOS and Pleiades satellite imagery (Table 1).
In the following paragraph, more details have been provided regarding the processing
of these different datasets. Specifically, Landsat images obtained from June to August
of the years 2003, 2004, 2015, and 2016 were imported and processed onto Google Earth
Engine (GEE). This specific acquisition period was selected due to the lower cloud coverage.
Regarding the high-resolution data, the older set of data used was an IKONOS bundle
image acquired in 2000; the spatial resolution was 1 m and the image was processed in Leica
Photogrammetry Suite. The next dataset, dating back to 2004, was composed of twenty
analogue airphotos obtained from the HMGS. The airphotos were scanned in Tagged Image
File Format (TIFF) in 1200 dots per inch (DPI) without compression and afterwards they
were orthorectified using a suitable bloc file created in LPS. To orthorectify the IKONOS
imagery and the airphotos, an orthomosaic and a digital surface model (DSM) of the Greek
cadastral were utilized. These specific products, dated back to 2008, are available upon
request and they constitute the more accurate official dataset for the Greek territory. In
addition, an orthorectified Pleiades bundle imagery was purchased from Airbus. The
spatial resolution of the data was 0.5 m and the acquisition date was 13 June 2015, i.e.,
five months before the earthquake. Finally, a Pleiades stereo pair was obtained from the
Enceladus Hellenic supersite. The stereo pair was acquired on 13 October 2016, i.e., a few
months after the earthquake. There are both panchromatic and multispectral data with 0.5
and 2 m spatial resolution. The specific imagery covers the whole island and it was also
processed in LPS using ground control points from the precise cadastral products and the
fieldworks. Ground control points were measured using a Leica GS08 Real Time Kinematic
sensor. The processing of the Pleiades stereo pair produced an orthophoto with a spatial
resolution of 0.5 m and a DSM with a 1.5 m spatial resolution. This specific DSM was
down-sampled in order to be comparable with the respective one from the Greek cadastral.
The remote sensing data, as well as their sources and spatial resolution, are described in
Table 1. More details about data processing via LPS are given in previous studies [20,49].

Table 1. Remote sensing data used in the current research.

Year Data Source Number of Photos  Spatial Resolution Type
p000  KONOSbundle ;55 1 1.00 m Digital
imagery

2004 Airphotos 20 1.00 m Analogue
2008 Orthomosaic 1 0.50 m Digital
2008 DSM 5.00 m Digital
2015 Pleiades bundle 1 0.50 m Digital
2016 Pleiades stereo pair 1 0.50 m Digital
2003 Landsat-5 Multiple 30.00 m Digital
2004 Landsat-5 Multiple 30.00 m Digital
2015 Landsat-8 Multiple 30.00 m Digital
2016 Landsat-8 Multiple 30.00 m Digital

2.2.2. Field Data

Dry ravel is the process of the rolling, bouncing, and sliding of loose material down a
slope, which is the dominant transformational process along the cliffs of the west parts of
Lefkada Island [50]. A sediment trap was used for the first time on Lefkada Island to collect
sediment flux through dry ravel (Figure 4). The installation site is located on Egremni
cliff, within the tectonically active zone of the CTFE. The climate in this specific region is
semiarid Mediterranean, and its lithology consists of moderate to weakly consolidated
Pliocene-Pleistocene fanglomerate, resulting in a soil-mantled hillslope. The sediment
trap was constructed from a roof gutter, which was one meter long and 0.25 m in height.
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Removable covers were placed at the ends of the trap in order to collect sediment as well as
to clean the trap. To collect sediments, we used a brush and a plastic bag that was mounted
at one of the ends of the gutter. This selected type of trap imitates a similar experiment by
Gabet [51] since most of the sediment flux in the area is coarse grained. The installation
of the trap was performed three years after the 2015 earthquake that mobilized a wide
sliding zone [20]. The total duration of this experiment was almost two years, ranging from
November 2018 to October 2020, when the last sample was collected. Afterwards, the trap
was destroyed for an unknown reason.

Figure 4. The sediment trap that was placed on the overhanging cliff located in Egremni beach.

It is worth mentioning that dry ravels are complicated phenomena that involve mix-
tures of sediments with wide grain size distributions. In light of this, we assumed that we
would lose the finer fractions of the granular phase, e.g., clay and silt, as they mix with
water, due to the fact that our sediment trap was not able to collect water. The coarser
grain clast of angular cobble captured in the sediment trap was at the maximum diameter
of 135 mm (Figure 5). The possible grain size of the larger cobbles or even boulders not
captured in the trap are rare [20]. Therefore, we considered the sediment in the trap as
representative of the dry ravel process in the area. Larger boulders can be detected and
mapped using high resolution imagery acquired with UAVs [20,21]. Concerning the rest
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of the sample, we applied dry sieving with a mechanical shaker. The used sieves were
wire-meshed and stacked, with mesh sizes spaced primarily at 1 ¢ intervals. The samples
were dried for 24 h and they were weighed before sieving. The mass and the respective
collection periods of each of the samples are presented in Table 2. Six sieves with the
following diameters: 8§ mm, 5.6 mm, 4 mm, 2 mm, 0.50 mm, and 0.25 mm were used
to separate the collected material into different classes, i.e., gravels (8 mm) to fine sand
(0.25 mm).

~.
4th semester

3rd semester

Figure 5. Photos during sieving showing the maximum clast collected from the trap during the four
sampling semesters.

Table 2. Sampling periods and sediment weight of the sedimentary trap in the Egremni site.

. . . . T . Earthquake Energy
Sampling Periods Sediment Weight Precipitation (mm)  Earthquakes in R Release (Joules)
3 November 2018-

30 April 2019 3206 g/or 534 g/month 856.50 3.4,3.7,35,4.1,3 10.63 x 10710
1st semester
30 April 2019~
9 November 2019 1393 g/or 232 g/month 263.9 3.4 1.36 x 10710
2nd semester
9 November 2019-
17 March 2020 1202 g/or 240.4 g/month 712.50 3.1,35 24 x 10710
3rd semester
17 March 2020-
3 October 2020 2790 g/or 429.2 g/month 468.8 3.6,3.2,3,4.1 747 x 10710

4th semester

2.3. Methodology

In order to effectively assess the evolution of the western coastal zone of Lefkada
Island, as well as to examine the influence of seismicity on the slope instabilities, we applied
a complementary approach based on multi-sensor remote sensing data and in situ field
observations (Figure 6). Specifically, medium resolution imagery acquired from the Landsat
satellites was utilized to detect the areas displaying large alterations in vegetation before
and after the last two strong earthquakes. In this framework, we computed the normalized
difference vegetation index (NDVI) using Landsat imagery in the GEE platform. The



Appl. Sci. 2023,13, 9434

8 of 23

NDVI represents the photosynthetic activity occurring in a pixel and is calculated using
Equation (1):

(NIR — Red)
NDVI = —————=. 1
(NIR + Red) M
Medium Large
scale‘ scale Field data
analysis analysis

Sediment trap

Multi-sensor high S
mstallation

resolution imagery

NDVI calculation Slope estimation

Identification of vegetation Identification/validation of
changes topographic changes

|

Coastal zone evolution-analysis

Sieve analysis

Investigation of seismicity
impact

Figure 6. Diagram illustrating the applied methodology.

The index ranges between —1 and 1, where a higher NDVI corresponds to a higher
level of photosynthetic activity. Specifically, bands 3 and 4 of the Landsat 8 mission were
utilized to compute NDVI indices before and after the 2015 earthquake. Afterwards, these
NDVI indices were imported into a GIS environment, where they were subtracted to
identify vegetation changes (Equation (2)):

dNDVI = NDVI e — NDVLgier- )

Areas which displayed large vegetation changes were further investigated using multi-
sensor high-resolution data. To validate these vegetation differences, we used Pleiades
multispectral data. In particular, a band combination (4, 3, and 2), corresponding to the
near infrared, red, and green parts of the spectrum, was applied to highlight the vegetation
canopy. Moreover, to identify topographic changes, we performed slope calculation and
statical interpretation over these areas utilizing high-precision DSMs (Table 1).

At the same time, a sediment trap was placed within the area of interest in order to
define the influence of seismicity and precipitation on slope integrity during the inter-
seismic era. The collected samples were analyzed via the sieving technique.

More details concerning the applied methodology are provided in the following section.

3. Results
3.1. Google Earth Engine

To identify vegetation modifications before and after the 2015 earthquake, we com-
puted NDVIs using Landsat imagery in the GEE platform. In particular, NDVI indices
for the years 2015 and 2016 over the study area were estimated using Landsat images
obtained from June to August. Figure 7 depicts the result of such procedure. Of note,
Figure 7a displays the NDVI of 2015, while Figure 7b corresponds to the NDVI after the
2015 earthquake, respectively. As can be observed, extended vegetation modifications
were detected along the entire coastal region. To isolate theses alterations from the stable
vegetation, we calculated the difference between the NDVI of 2015 and the respective one
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of 2016. Figure 7c displays the difference between these two indices. The red color marks
the areas with the greatest vegetation changes.

Legend

Figure 7. NDVI results before (a) and after (b) the 2015 earthquake, as derived from the processing of
Landsat imagery in the GEE. (c¢) NDVI difference between the years 2015 and 2016, as derived from
the processing of Landsat imagery in the GEE.

3.2. High-Resolution Remote Sensing Data

As described in the previous section, high-resolution remote sensing data has been
used to identify topographic changes along the western cliff of Lefkada Island. The
processing of the data has been divided into two parts, i.e., (a) optical recognition of the
changes and (b) interpretation of the results through statistical analysis.

3.2.1. Change Detection

Specifically, we compared the orthophotos acquired by Pleiades before and after the
November 2015 earthquake over four areas along the western coastline of Lefkada. At the
same time, we also analyzed two DSMs. The first was dated back to 2008 and was obtained
from the Greek cadastral, while the second was generated from Pleiades stereo pairs that
were acquired in 2016. According to the cadastral official specifications, the DSM had a
vertical accuracy ranging between 2 and 3 m. The respective accuracy of the Pleiades DSM
was found to be considerably better than 1.5 m.

The analysis of the aforementioned revealed that the 2015 earthquake provoked severe
changes to the cliffs along the coastline. In further detail, Figure 8 depicts the coastal area
of Egremni as derived from Pleiades orthophoto before and after the earthquake. It is
obvious that the cliff has totally changed; the inclination was increased (Figure 9) and
there is a serious loss to the vegetation cover of the area (Figure 8). As can be observed
in Figure 8, the road leading to the beach was totally destroyed. In the specific part of
the coast, the length of the landslide was measured at 135 m. In the middle of the beach,
there was a big rock outcrop lying next to the sea, while, on both sides of the rock, the
cliff has impressively changed. In 2016, the cliff moved backwards, and the beach was
covered through debris flow. The landslide length was found to have overpassed 185 m
at the that point. Added to this, areas with a slope inclination greater than 45 degrees
were increased along with the absolute value of the highest inclination (i.e., 84.6 degrees
instead of 82.5 degrees in 2015). Generally speaking, all areas along the beach next to
the sea presented higher inclination values in 2016 as a result of mass-wasting processes.
The areas with the greatest vegetation losses, related to the 2015 earthquake, have been
presented with red shades in Figure 10. NDVI indices for the years 2015 and 2016 have been
calculated based on Pleiades multispectral data with a spatial resolution of 0.5 m. These
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results verified the NDVI changes captured by the medium resolution data in the GEE. Red
shades correspond to NDVI differences between 2015 and 2016, while the black dashed line
indicates the landslide extent. A very high vegetation difference (loss) resulted from the
2015 earthquake was identified along the Egremni cliff. The width of the beach displaying
the largest changes (change of inclination, vegetation loss, and mass movements) was
measured to be about 1.5 km.

Legend

crown
s Old road

Egkremno landslide

Figure 8. On the (left), a Pleiades orthophoto of the Egremni coast in 2016 is presented. On the
(right), the same area has been displayed in the Pleiades orthophoto in the year 2015. The yellow line
indicates the landslide extent. The backwards movement of the cliff is evident on the left image. The
orange line indicates the landslide crown while the black line represents the old road to the beach
that was destroyed.

The detected changes along the Okeanos cliff are presented in Figures 11 and 12. On
the left of these figures, the Pleiades orthophoto of the Okeanos coast in 2016 is presented
in both figures, while the right side depicts the same area in 2015. The yellow line indicates
the landslide extent. The backwards movement of the cliff was evident on the left image.
In fact, the pre-existing landslides were deemed to have been reactivated and enlarged
both in their lengths and widths. The most characteristic example of such phenomenon
is presented in Figure 12, which presents an enlarged part of Figure 11. As can be seen,
the crown of the landslide reached the buildings on the top of the hill in 2016 (upper part
of Figure 12), while the total length of the landslide body exceeded 237 m (upper part of
Figure 12). Slope maps of the Okeanos coast before and after the occurrence of the 2015
earthquake are displayed in Figure 13. Large changes to the inclination were detected,
especially at the south part of the coast. The lower inclination values (green shades) were
replaced by red shades nearer to the sea, indicating that a large body of debris flow has
moved from the cliff to the beach, altering the relief. Furthermore, the areas with a slope
inclination of higher than 45 degrees (red color) were expanded in 2016, and the absolute
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value of the highest inclination increased 5 degrees after the earthquake (78.6 degrees in
2016 instead of 73.6 in 2015, respectively).

Egkremnoi landslide
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Figure 9. On the (left), the slope map of the Egremni coast in 2016 is displayed. In the (middle), the
same area is displayed in the year 2015. Color changes indicate the changes to the cliff inclination

before and after the 2015 earthquake. The slope difference values are presented in the (right) image.

Legend
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Figure 10. On the (left), a Pleiades orthophoto of the Egremni coast in 2016 is presented. On the
(right), the NDVI difference between the years 2015 and 2016 is displayed. The black dotted line
indicates the landslide extent. It is obvious that there is a great loss of vegetation as a result of the

earthquake that occurred in 2015.
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Figure 11. On the (left), a Pleiades orthophoto of the Okeanos coast in 2016 is presented. On the
(right), the same area is displayed in the year 2015, as captured by the Pleiades orthophoto. The
yellow line indicates the landslide extent. The backwards movement of the cliff is evident on the left
image.

Figure 12. Enlargement of the previous figure. On the (top), a Pleiades orthophoto of the Okeanos
southern coast in the year 2016 is displayed. On the (bottom), the same area has been captured with
the Pleiades orthophoto in the year 2015. The backwards movement of the cliff is evident on the
upper image. The landslide affected the buildings presented on the right part of the area. The orange
line indicates the crown of the landslide.



Appl. Sci. 2023,13, 9434

13 of 23

Legend .
Slope Difference
Okeanos landslide Okeanos landslide _y Degrees
. Slope Slope 4 A Il -14.90--10

Degrees " Degrees

), [ J1s01-30
[ 30.01-45
B ¢5.01-7361

50100 200 300 400

P
0 50100 200 300 400
Meters|

Meters| Meters

Figure 13. On the (left), the slope map of the Okeanos coast in 2016 is displayed, while in the
(middle), there is the respective map of the year 2015. Color changes indicate the changes to the cliff
inclination before and after the earthquake occurrence. The slope difference values are presented on
the (right) image.

Similar topographic changes arising from the 2015 seismicity were mapped in the
Gialos coast as presented in Figures 14 and 15. A Pleiades orthophoto of the Gialos coast in
2016 is presented in the left part of Figure 14. The same area in 2015 is displayed in the right
part of Figure 14. The yellow line indicates the landslide extent. The detected landslides in
the specific part have been grown in length and width, while the backwards movement of
the cliff is evident on the left image (Figure 14). The loss of vegetation in the south part
of the coast reveals the mass-wasting processes moving the material from the upper cliff
to the lower areas close to the sea. The total extent of the affected area overpassed 2.7 km
in width and 0.9 km in length. The slope maps of the Gialos coast before and after the
occurrence of the 2015 earthquake are presented in Figure 15. Large inclination changes
were identified in the southern part of the coast. Areas with a slope inclination higher than
45 degrees (red color) have been increased in 2016 and the absolute value of the highest
inclination has been altered by almost 11 degrees after the earthquake (78.6 degrees in 2016
instead of 67.9 in 2015, respectively). At the same time, areas with slopes ranging from
5-15 degrees have surged, which indicates that the debris material has been moved from
the upper part of the cliff to the lower.

Finally, Komilio coast, which is located in the northern part of the analyzed western
cliffs, was also affected by the 2015 seismicity. Figures 16 and 17 depict the changes to the
cliff’s morphology and slope. Specifically, a Pleiades orthophoto of the Komilio coast in
2016 is presented in the left part of Figure 16, while on the right, the same area mapped
in the year 2015 is displayed. The yellow line indicates the landslide extent and the black
line depicts the dirty road network driving to the beach. The debris material covered the
middle part of the coast as well as a segment of the road (black line). The width of this
material was 200 m while its length was almost 400 m (Figure 16). The whole landslide
extent (i.e., from the beach to the crown) at this specific site overpassed 550 m. Meanwhile,
areas with intermediate slope values (orange color) have been increased, while the areas
marked with the red color (higher inclination) have been diminished (Figure 17).
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Figure 14. On the (left), a Pleiades orthophoto of the Gialos coast in 2016 is displayed. On the
(right), the same area has been presented in a 2015 Pleiades orthophoto. The yellow line indicates the
landslide extent. The backwards movement of the cliff is evident on the left image. The green dashed
line indicates areas with deep erosion.
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Figure 15. On the (left), the slope map of the Gialos coast in 2016 is displayed. In the (middle), the
same area is displayed in the year 2015. Color changes indicate the changes to the cliff inclination
before and after the 2015 earthquake. On the (right) image, the slope difference values are presented.
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Figure 16. On the (left), a Pleiades orthophoto of the Komilio coast in 2016 is displayed. On the
(right), the same area has been presented in a 2015 Pleiades orthophoto. The backwards movement of
the cliff is evident on the left image. The green dashed line indicates areas with deep erosion, while
the blue line shows areas with debris accumulation.
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Figure 17. On the (left), the slope map of the Komilio coast in 2016 is displayed. In the (middle),
the same area has been presented in the year 2015. Color changes indicate the changes to the cliff
inclination before and after the 2015 earthquake. On the (right) image, the slope difference values
are presented.

3.2.2. Numerical Evaluation of the Changes

The analysis of these slopes before and after the 2015 earthquake confirmed the results
derived from the processing of medium and high-resolution remote sensing imagery. The
statistics of the five slope classes (i.e., 0-5, 5.01-15, 15.01-30, 30.01-45, and higher than
45.01 degrees) were calculated and the diagrams for the areas of Egremni, Okeanos, Gialos,
and Komilio are presented in Figures 18-21, respectively. Generally, an increase in the
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inclination values ranging from 15 to 30 degrees was observed in all the study areas. At
the same time, an increase at higher class slope values (above 45 degrees) was detected,
which was determined to be associated with the occurrence of mass movements after
the 2015 earthquake, modifying the relief in a steeper manner. Meanwhile, a decrease in
the areas with slope values ranging from 30 to 45 degrees was detected in the Egremni,
Gialos, and Okeanos coastal areas, resulting in the steeper transformation of the relief along
the subsequent accumulation of the debris flow in areas with lower inclination values
(15-30 degrees). Komilio coast is an exception to the aforementioned procedure. In particu-
lar, these specific areas were also affected by the 2003 earthquake, meaning therefore that
less debris material was prone to the sliding phenomena. In fact, slope analysis confirmed
this observation since minor slope changes between 2015 and 2016 were detected.
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Figure 18. Analysis of the slope classes between 2015 and 2016 for the Egremni cliff.
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Figure 19. Analysis of the slope classes between 2015 and 2016 for the Okeanos cliff.
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Figure 20. Analysis of the slope classes between 2015 and 2016 for the Gialos cliff.
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Komilio Cliff
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Figure 21. Analysis of the slope classes between 2015 and 2016 for the Komilio cliff.

3.3. Field Data

The analysis of these collected samples pointed out that sediment productivity during
the four semesters of the ravel activity was bimodal and varied from a mean of 236.28 to
481.76 gr/month (Table 2). The lower sediment productivity, which was almost half of the
highest, was recorded during the second and the third semesters (Table 2). The productivity
of these two intervals seemed to not be associated with the observed precipitation. Since
the sediment productivity from 9 November 2019 to 17 March 2020 was approximately
one third of the productivity during the period 3 November 2018-30 April 2019, we can
consider fairly that the controlling factor underlying the sediment productivity is the
seismicity. Indeed, the seismicity during the periods of increased sediment productivity
was quantitatively denser and stronger throughout the first and the fourth semesters of the
experiment operation (Table 2).

In terms of the sieving analysis, the first and fourth semesters’ samples indicated the
existence of all classes of sediments i.e., medium gravels and clasts larger than 8 mm in
diameter, fine and very fine gravels, and coarse, medium, and fine sand (Table 3). Figure 22
depicts the angular and subangular gravels with a diameter > 8 mm and the coarse sand
of the first semester sample during the sieving analysis. On the contrary, sedimentary
samples of the second and third semesters mainly consisted of medium and coarse gravel
sediments, while all the other sediment classes were relatively absent (Table 3). Hence, it
is evident that the existence or absence of seismicity in this area constitutes a significant
triggering factor associated with different sediment classes. Specifically, seismicity appears
to trigger all possible classes of sediments ranging from very fine sands to coarser then
medium gravels.

Table 3. Classification of the four semester samples as collected from the sediment trap.

Classification First Semester ! Second 1 Third Semester ! Fourth 1
Semester Semester
Medium gravel 2058 1387 1081 2232
(8 mm+)
Fine gravel 230 0 17 110
Very fine gravel 182 0 13 84
Coarse sand 270 2.3 22 131
Medium Sand 372 2.4 53 185
Fine sand 83 1.3 16 48
Total weight 3206 1393 1202 2790

1 Sediment weight in g.
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Figure 22. Sieves showing angular and subangular gravels with a diameter > 8 mm and the coarse
sand of the first semester sample.

4. Discussion

Both optical and radar data with medium or high spatial resolution have been used in
the past for the semi or fully automatic detection of earthquake-triggered landslides [16,52-54].
Our methodology and results are in accordance with many previous studies, as summa-
rized in the following paragraphs. One of the first attempts to implement an automated
method for detecting and mapping earthquake-triggered landslides was presented in 2010
using Landsat TM and ASTER data [52]. This method was based on the vegetation mass
change and used the NDVI. The usefulness of the slope change for slide recognition was
demonstrated in another study [55]. In a similar study [56], the authors proposed a change
detection methodology based on optical data to investigate the pre-event era and SAR data
for the after event period. The NDVI was used as the first selection landslide site selection
criterion while the slope was used as a verification criterion. The suitability of UAVs in
the identification of landslides triggered by the 2016 Kumamoto earthquake in Japan was
presented [15]. These authors managed to detect 54 co-seismic landslides ranging from
very small (nine m?) to very extended (more than 3994.6 m3). They also mentioned the
usefulness of UAVs in such studies as the specific equipment provides both orthophotos
and DSMs, in addition to other advantages, such as very high resolutions, repeatability,
and mobility. Aimati et al. [12] used PALSAR-2 images for detecting earthquake-induced
landslides after a strong earthquake (Mw 6.6) on 2018 at Hokkaido. In accordance with our
study, they used slope data to ensure that the detected relief changes were indeed due to
landslides. Added to this, Landsat images before and after the seismic event and a 20 m
DEM were processed in order to detect earthquake-triggered landslides in Taiwan [57]. In
another study, diverse remote sensing data, with UAV images, GF-6, and Landsat-8 imagery,
with pixel sizes ranging from 0.2 m to 15 m, were selected to detect earthquake-induced
landslides and the results were verified with in situ data [54]. It was found that as the
spatial resolution ameliorates, the detection accuracy increased relatively as a result.

The outcomes of the current work are in accordance with the results from previous
similar studies. In a study dated from 2002 [58], the coastal cliff retreat along central
California was examined. It was proved that the cliff retreat was episodic, occurring in
response to single large storms or seismic events. Similar to the current study, diachronic
remote sensing data before and after the occurrence of storms or earthquakes were used.

In addition, to measure co-seismic vertical ground displacements in Mexico caused by
the 2010 EI Mayor-Cucapah earthquake, other researchers [59] followed a methodology
similar to ours. A pre-earthquake LIDAR DEM was compared with a post-earthquake
DEM derived from Pleiades tri-stereo imagery.

Moreover, to evaluate the historic coastal cliff retreat in the area of Conway Flat
(New Zealand), orthoimages with diverse spatial resolution covering the period from 1950
to 2022 were utilized [60]. It was proved that earthquakes increased the background cliff
retreat rate at this specific area by approximately 45%. Furthermore, this specific area
experienced widespread cliff retreat from relatively moderate ground motion, which is
quite similar to our results. As these authors mentioned, the outcomes of such studies
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could serve as an important example for the calculation of long-term coastal cliff retreat
over multiple earthquakes [60].

Generally speaking, it is estimated that cliffs comprise almost 80% of the coastlines on
Earth [61]. In areas with high population density and high seismicity, such as California,
realizing how seismicity affects the long-term retreat of coastal cliffs is a prerequisite for
developing efficient forecast models [62]. According to the authors of [60], the geomorpho-
logical traces of past earthquakes could be erased, even over historical timescales, so, a
holistic research should combine among others: seismic hazard analysis, geotechnical site
investigations, and regional earthquake-induced landslide susceptibility analysis. Based
on this point of view, the major improvement of the current study relies on the fact that
we evaluated the automatically derived results from the medium resolution data (Landsat
imagery on GEE) with very high-resolution imagery (Ikonos and Pleiades) and in situ
measurements from the sediment trap. Another important asset of this research is that we
managed to define the minimum seismic threshold that affects the integrity of the cliff.

In addition to the effects of 2015 earthquake, we also investigated the diachronic impact
of the seismicity on the evolution of the western coast of Lefkada. In light of this, we have
compared high-resolution satellite data IKONOS bundle imagery) and airphotos before
and after the 6.2 Mw earthquake, which occurred on 14 August 2003. As shown in Figure 23,
significant topographic changes can also be detected on the Egremni cliff. Specifically, the
left part of Figure 23 represents the coast of Egremni after the 2003 earthquake, while the
right part corresponds to the same area in 2000. The slope has transformed in a steeper
manner in the left image. The crosshair points out the same position on the cliff. The
inclination of the cliff has been increased on the 2004 orthophoto. Additional photos of the
coastal evolution can be found in the Supplementary Materials.

Figure 23. Relief changes on the Egremni cliff after the 2003 earthquake. On the left part, an
orthophoto mosaic of the coast of Egremni after the 2003 earthquake is presented, while the right
part corresponds to the same area in 2000. The slope has transformed in a steeper manner in the
left image.

Summarizing the outcomes of the current study, the evolution of the western cliff
of Lefkada Island is directly related to the two strong earthquakes, which occurred in
the north end and close to the south, respectively. Currently, this area is affected by
minor earthquakes, i.e., magnitudes < 4.1. Although these earthquake magnitudes are
considered weak to trigger mass movements, they are an exception for this specific area.
The analysis of the sediment trap samples proved that such magnitudes affect the west
coast, which remains active in terms of the sliding phenomena. Figure 24 depicts the
trap sediment concentration along the four semesters of observation in accordance with
the recorded precipitation and seismicity. As can be observed, earthquakes greater than
3.0 occurred throughout the investigated era. On the contrary, 4.1 M earthquakes were
recorded during the first and the fourth semesters, when the sediment concentration was
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quite high. Although the highest precipitation was observed during the third semester,
sediment accumulation remained low. Hence, seismicity is the main triggering factor
underlying the geomorphological evolution of the cliff in this specific area.
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Figure 24. The trap sediment concentration along the four semesters of observation in accordance to
the recorded precipitation and seismicity.

It is a commonplace that strong earthquakes trigger landslides on a national [31,63]
or global level [64]. However, how low-magnitude earthquakes (i.e., M < 5.0) affect the
stability of pre-existing or newly formed landslides has not been well investigated. In some
recent publications, such as a study carried out in Norway, it was demonstrated that a
critical magnitude of >4.5 in combination with precipitation and ground shaking can cause
landslides [65]. Even smaller magnitudes, i.e., >2.5, in cases of soft sediments can provoke
mass movements, as it was observed in a respective case study in Poland [66]. Regarding
the national level, i.e., Greece, the threshold intensity was as low as 4.0 in the case study of
the Pyrgos 1993 earthquakes [67]. These aforementioned observations are in line with the
results of the current research, which attest that the 4.1 magnitude earthquakes are critical
in increasing the ravel activity in the area.

To conclude, our outcomes are considerably important for the local decision makers
to develop effective and safe spatial plans. Specifically, the western coasts of Lefkada are
quite touristic sites during the summer period and thousands of people visit these specific
beaches for swimming or other activities. Identifying that low-magnitude earthquakes
(<4.1) can provoke rockfalls and /or sediments accumulation on the specific beaches is quite
crucial to prevent the negative effects of natural hazards.

5. Conclusions

The current research focused on examining the impact of seismicity on the evolution
of the western cliffs of Lefkada Island. In light of this, medium to very high-resolution
imagery were processed, while the results were associated with in situ measurements
derived from the installation of a sediment trap. The main outcomes of this study are
summarized in the following:

1. The evolution of the Lefkada western coast is strongly related to seismicity.

2. Both the 2003 and 2015 earthquakes provoked inclination changes, vegetation loss,
and mass movements.

3. Minor earthquakes (magnitudes < 4.1) contribute to the evolution of the cliff.

4.  Since there are no wildfires or timber harvesting activities in the study area, the
landform response to earthquakes is stronger than the climatic factors. Hence, heavy
rain and wind are less influential in slope erosion and the cliff than the inter-seismic
earthquake activity.

5. Remote sensing data and sediment trap can be combined successfully, leading to a
more comprehensive understanding of the on-going processes.

6.  Medium resolution GEE products and high-resolution processing results can be used
as supplementary information sources.



Appl. Sci. 2023,13, 9434 21 0f 23

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13169434/s1, Figure S1: The effects of the 2003 earthquake
on Komilio coast; Figure S2: The effects of the 2003 earthquake on Gialos coast.
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