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A high variability of landslide density and distribution was observed in the western part of the Stonne Géry (Sanok region,
Eastern Carpathians, SE Poland). A statistical method, the bivariate Frequency Ratio Model (FRM), was used to show the
reasons for this variability and to compile a map of landslide susceptibility for the study area. The landslide susceptibility map
was calculated using an inventory of previous landslides and using buffer zones mapped around the upper parts of land-
slides. The polygons of landslides represented disturbed features and slope properties. In contrast, buffer zones repre-
sented undisturbed slope features and properties. Both methods gave similar results. Two landslide susceptibility maps
were obtained with the following Area Under the Curve (AUC) values: 0.7936 for landslides and 0.7971 for buffer zones. This
indicates a sufficiently good fit of the computational models for predicting new landslides. Unfortunately, the use of buffer
zones in the calculations, which represent undisturbed slope properties, did not improve the predictive values of the suscep-
tibility maps. Significant differences were shown as regards slope angle. The importance of this parameter (slope angle) for
the Polish part of the Carpathians was better enhanced by the use of buffer zones in the landslide susceptibility calculations.
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INTRODUCTION

It is considered that the development of landslides is influ-
enced by the interaction of both passive and active geological
and environmental factors (e.g., Bober, 1979, 1984; Dikau et
al., 1996; Wojcik and Zimnal, 1996; Woéjcik, 1997; Zabuski et
al., 1999; Zietara, 2006). The literature shows a dynamic devel-
opment of various methods for calculating landslide susceptibil-
ity, hazard, and risk, as well as a worldwide increase in interest
in this area. Scientists use maps, representing different proper-
ties and parameters of the slope on which landslides develop,
for calculations, with primary reliance on landslide distribution
maps (Carrara et al., 1991; Van Westen, 1993; Guzzetti et al.,
1999; Mrozek et al., 2004; Diugosz, 2011; Eeckhaut et al.,
2012; Pradhan and Buchroithner, 2012; Pardeshi et al., 2013;
Matka, 2015, 2021; Wojciechowski, 2019; Chen et al., 2020; Ou
etal., 2021; Kamieniarz, 2022). Landsliding is a geological phe-
nomenon that, within its boundaries, causes changes to the
original shape and properties of the slope. This study uses the
concept of the buffer zone, understood as a part of slope above
the landslide with parameters undisturbed by mass movement
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(Stizen and Doyuran, 2004). This area represents the real (orig-
inal) conditions of landslide development, and here | have
mapped and analysed the buffer zones around the upper parts
of the landslides studied. The idea of marking buffer zones had
been considered several times, especially in Turkey. This ap-
proach was initiated and popularized by Stzen and Doyuran
(2004) under the name “seed cells” theory (seed cell sampling
strategy) (Yesilnacar and Topal, 2005; Yilmaz, 2007;
Dagdelenler et al., 2016; Sahana and Sajjad, 2017; Zhang et
al., 2020). To date, this methodology has not been imple-
mented in Poland.

The aim of the study was to compare two computational
models/methods for determining landslide susceptibility in the
western part of the Stonne Goéry (Stonne Mountains) and sur-
rounding area located in the Eastern Carpathians, SE Poland.
Calculations were performed using parameters taken from
landslide polygons and buffer zones delineated around land-
slides. The method using landslide polygons is the most com-
monly used approach for assessing landslide susceptibility,
hazard and risk, although polygons intersect with layers that
represent environmental factors showing already-disturbed
slope properties. This study compares these two computational
methods and produces two index-based landslide susceptibility
maps for the western part of the Stonne Goéry, to identify the
more effective computational variant, and to evaluate the im-
portance of the designated buffer zones used in the calcula-
tions.
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The research hypothesis is that the buffer zone method will
provide more accurate susceptibility maps.

So far in Poland, mainly bivariate and multivariate statistical
methods using landslides have been used to calculate land-
slide susceptibility, hazard and risk. The most popular of these
included the Index Method (Kaminski, 2007; Wojciechowski,
2009; Dtugosz, 2011; Swiatek et al., 2014; Matka, 2015, 2021)
and the Weight of Evidence Method (Mrozek et al., 2004;
Kaminski, 2012; Mrozek, 2013; Wojciechowski, 2019; Wodka
2022a, b). More recently, the Frequency Ratio method has
been applied by Grabowski et al. (2022) for the calculation of
landslide susceptibility on the slopes of the lower Wista Valley.
Among multivariate statistical methods, the logistic regression
method (Matka, 2021) and the empirical likelihood ratio function
(ELR/LR) have also been introduced (Mrozek, 2013; Mrozek et
al., 2016). Pioneering work was done by Kamieniarz (2022)
who applied the Al method in order to calculate susceptibility
and landslide hazards for the city of Krakow.

The use of buffer zones for calculating landslide susceptibil-
ity, hazard, and risk is less popular. The following approach,
known as the Seed Cell Theory (or Seed Cell Sampling Strat-
egy), was introduced when Siizan and Doyuran (2004) deter-
mined a 100-metre buffer around the main scarp and lateral
scarps of a landslide. Parameters within the buffer zone were
then used to compute susceptibility maps and validate compu-
tational models. Similarly, Yesilnacar and Topal (2005) deter-
mined a 100-metre buffer around the main scarp and lateral
scarps of landslides. Six different training data sets were cre-
ated by using the total number of buffer pixels and randomly se-
lected pixels from landslide-free areas. These datasets were
subsequently used for training and validating landslide suscep-
tibility models which were built by the use of logistic regression
methods. A different approach was used by Yilmaz (2007) who
determined buffer zones with a width of 50 m, but divided them
into 3 subsets. The data sets were created by using the seed
cells of a main scarp (crowns) and a lateral scarp (flanks): only
main scarp, and only lateral scarp. Each subset was used to
generate landslide susceptibility maps using bivariate statistical
methods, with the best results achieved using buffers above the
main scarp. The methodology of using buffer zones in landslide
susceptibility mapping was significantly modified by Dagde-
lenler et al. (2016) who determined buffers of 25, 50, 75 and
100 m around the upper parts of the landslides (approximately
two-thirds of the landslide length). Using multivariate statistical
methods (logistic regression), they calculated separate suscep-
tibility maps for each buffer width, showing that the best results
were obtained with a buffer width of 50 m.

Moreover, there is an approach where buffer zones are
used in the final stages of the work to validate the susceptibility
maps. Che et al. (2012) used a buffer width of 25 m. Alterna-
tively, Yilmaz (2007) and Zhang et al. (2020) used the seed cell
area index (SCAI) to validate the susceptibility maps which
were calculated by the use of the pixels within buffer zones 50
and 20 m wide, respectively.

LOCATION OF THE STUDY AREA

The study area is located in southeastern Poland, in the
Eastern Carpathians. It covers a total area of 55.38 km?.

The predominant, central and eastern, parts of the study
area belong to Stonne Goéry. The smaller, northern part of the
study area belongs to Garby Grabownickie (Grabownickie
Hills), while the southwestern edges of the area belong to
Obnizenie Sanockie (Sanok Depression; Fig. 1).

The main ridge lines follow the direction of the geological
structures in the flysch bedrock, which are oriented NW-SE.
The study area includes the San River gorge through the west-
ern part of the Stonne Géry. To the west of the San River gorge,
the slopes are generally straight with a gentle slope of ~3—-15°
and an elevation ranging from 330 to 525 m a.s.l. To the east of
the San River gorge, however, there are two ridges with distinct
geomorphological features influenced by the geological struc-
ture. The ridge extending north of the Chochlanski Stream (Fig.
1) has the character of a long, broad ridge with rounded, domed
peaks reaching heights of 530 to 617 m a.s.l. The ridge south of
the Chochlanski Stream (Fig. 1), on the other hand, is charac-
terized by a complex ridge line, significantly reshaped by nu-
merous incised valleys. The ridges are generally narrow with
conical peaks and elevations ranging from ~440to 520 m a.s.l.

GEOLOGY OF THE STUDY AREA

The geological structure of the study area is depicted on the
geological map (Fig. 2) and the lithostratigraphic profile (Fig. 3),
which have been compiled based on two sheets of the Detailed
Geological Map of Poland (DGMP) at a scale of 1:50,000,
Sanok (1041) (Malata and Zimnal, 2013, 2014) and Tyrawa
Wotoska (1042) (Malata and Raczkowski, 1996; Malata et al.,
2016). Three main structural elements can be distinguished in
the study area (Swidzinski, 1953; Ksigzkiewicz, 1972): the
Silesian Nappe thrust over the Skole Nappe, and locally be-
tween them, the Sub-Silesian Nappe. Thus, the area exposes
flysch formations characteristic of the Skole, Silesian, and Sub-
Silesian units (Fig. 2). The deposits of the Silesian and Sub-
-Silesian units have been collectively described as the
Silesian-Subsilesian units on account of common subdivisions,
strong profile similarity, and interlocking deposits of both units in
the study area. These are successions of sandstones, con-
glomerates, mudstones and shales of varying bed thicknesses,
ranging in age from the Lower Cretaceous to the Lower Mio-
cene. The flysch is locally overlain by Quaternary deposits,
comprising clays, silts, sands, and gravels.

The extent of the main and secondary/minor overthrust
zones, fold axes, and stratigraphic layer outcrops in this
Carpathian region have a NW-SE orientation (Fig. 2). Faults in
the study area predominantly trend NNE-SSW, less commonly
NE-SW and are characterized by normal-slip and strike-slip
displacements. These faults displace fold axes, overthrusts and
stratigraphic unit outcrops. The largest fault zone is located be-
tween Sanok Biata Goéra and Miedzybrodzie ltowate (Fig. 2),
where the tectonic style of the study area changes.

CHARACTERISTICS OF LANDSLIDES
IN THE SLONNE GORY AND SURROUNDING AREA

During the geological fieldwork in the study area, 321 land-
slides with a total area of 5.21 km? were documented. The
smallest of these has an area of 0.025 ha and the largest one of
26.11 ha. Landslides are not equally distributed in the study
area. A higher density of landslides is observed in its central
part, west of the San River gorge through the Stonne Gory, be-
tween the peaks of Kopacz, Pilnik, Horodna, Horodyszcze,
Panskie and Wroczen (Fig. 4). Landslides of a large size as well
as complex and rich internal relief have developed in this area.
Only a few landslides of similar size and structure developed
east of the San Valley. They formed in the range of hills be-
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Fig. 1. Location of study area against background of the Carpathians, including the geomorphological
regionalization according to Starkel (1972)

tween Mount Krzyz and Orli Kamien and on the southern
slopes of Mount Bucharewa (Fig. 4). In the rest of the area,
landslides are more scattered and smaller.

Most of the landslides in the Sanok area, especially large
and deep ones, probably became active around the Pleisto-
cene/Holocene boundary or in the Holocene during periods of

increased humidity. Under these climatic conditions, a causal
factor in the form of increased precipitation coincided with sev-
eral favourable passive factors (Gil, 1997; Raczkowski and
Mrozek, 2002; Gil and Dtugosz, 2006; Przytucka and Karko-
wska, 2022). Increased precipitation is probably the main initia-
tor of mass movements in the Stonne Gory.
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In order to characterize mass movements, the classification
proposed by Margielewski (2009) has been used, which is
based on the classification of Hutchinson (1968), Varnes
(1978), WP/WLI (1990, 1993), Cruden and Varnes (1996),
Dikau et al. (1996) and simultaneously refers to the Polish clas-
sifications of Kleczkowski (1955), Zietara (1969), Bober (1984)
and Zabuski et al. (1999). In the area analysed, slides domi-
nate, accounting for a total of 50% of all mass movements. This
is followed by complex landslides, which are a combination of
different types of movement, accounting for 30%, and flows, ac-
counting for 13% of all mass movements. In the landslide
group, translational slides (26%) dominate over rotational slides
(24%). Compound, non-rotational slides (Margielewski, 2009)
account for 7% of the mass movements.

The most numerous group (63%) are landslides up to 1 ha
in size, which altogether account for only 10% of the total land-
slide area. The largest total area is occupied by landslides in the
1-5 ha size class. These account for 27% of all landslides and
altogether cover 32% of the landslide area in the study area. In
the study area, 11 large landslides of >10 ha have been docu-

mented, which together constitute 41% of the total landslide
area.

The surface landslide susceptibility and landslide density,
defined and calculated according to the formula proposed by
Bober (1984) for the entire study area, are 10.25% and 5.2
landslides/km?, respectively.

RESEARCH METHODS

The decision to set a 40 m buffer was preceded by testing in
zones with a width of 100 and 50 m, respectively. According to
the suggestion of Dagdelenler et al. (2016), the 50 m wide
buffer zone contained data which provided the best calculation
results. Unfortunately, under the conditions of the study area
selected, the initially determined wider buffer zones (100 and 50
m) contained too many areas unsuitable for calculation. They
had to be excluded because, for instance, they were located
outside a particular hydrographic divide or they included neigh-


https://doi.org/10.1007/3-540-31060-6_238
https://doi.org/10.1007/s10064-015-0759-0

Edyta Rycio / Geological Quarterly, 2025, 69, 39 7

bouring landslides. A buffer zone 40 m wide contains sufficient
data on the original properties of the slope (before the landslide
occurred) and the amount of data collected is statistically satis-
factory. Wider buffer zones contained too much erroneous
data, while narrower ones did not provide enough data for cal-
culations. A 40 m buffer zone was found to be the optimal size
through testing.

Buffers are located above the main scarp and on the sides
of the two lateral scarps at their highest points. The following
have been chosen because this is where the process of detach-
ment of colluvial masses from the rock massif takes place. The
buffer zones defined around the lower part of the landslide were
excluded from the calculations because they contain lower
parts of the slopes where colluvial material is accumulated
rather than activated. The distribution of all buffer zones cre-
ated and preserved is shown in Figure 5.

In pursuance of achieving the objective of this study, one of
the bivariate statistical methods, the Frequency Ratio Model
(FRM), has been used. This method involves observing the re-
lationship between the distribution and density of landslides (or
buffer zones) and each passive factor influencing the develop-
ment of mass movements (Lee and Pradhan, 2007; Akgun,
2012; Mondal and Maiti, 2013; Huang et al., 2015; Ramesh,
and Anbazhagan, 2015; Youssef, 2015; Nicu, 2018; Fayez et
al., 2018; Khan et al., 2019; Silalahi et al., 2019). In this study,
the following passive factors have been analysed: lithology,
bedding-slope relationship, slope angle, slope aspect, distance
from faults, distance from overthrusts and distance from fold
axes. Each parameter was divided into several classes and
represented graphically as a vector layer. Landslide Frequency
Ratio (LFR) and Buffer Frequency Ratio (BFR) coefficients
were then calculated for each class of passive factors identified
according to the formulae:

LF(landslide frequency)

LFR = CF(class frequency)

[formula 1]

landslides in a given passive factor class in area (or pixels)

A LFR/BFR value of 1 is the threshold value. The frequency
ratio method assumes that an LFR or BFR value greater than 1
indicates a higher correlation, while a value less than 1 indi-
cates a lower correlation of landslide occurrence with a given
passive factor.

Furthermore, the Landslide Susceptibility Index (LSI) and
the Buffer Susceptibility Index (BSI) have been calculated for
each point in the study area using the formula:

LSI = ZLFRn [formula 3a]
BSI= X BFRn [formula 3b]

where: LFRn and BFRn are the FR coefficients of all (n) passive fac-
tors at a given location, taking into account landslides and buffer
zones.

The values of the landslide and buffer susceptibility coeffi-
cients (LSI, BSI) represent the relative landslide susceptibility of
the area. In this case, the higher the LS| and BSI values for a
given area, the greater the landslide susceptibility and the
greater the likelihood of future landslides. This method resulted
in two index maps showing landslide susceptibility using LSI
and BSI values.

In the final stage of the work, the two landslide susceptibility
index maps obtained (LS| and BSI) were validated using a
group of testing landslides to calculate the AUC prediction
curve coefficient.

Vector values and polygon surface areas were used for the
calculations. The total area of each passive factor layer is 50.33
km?. This is the total area of the study area minus the areas of
the flat river valleys.

~ total area (or the number of landslides in all classes of a given factor

area (or number of pixels) of a given class of passive factor

[formula 1a]

~ total area (or the number of pixels) of all classes of passive factor

According to: Lee and Pradhan (2007), Huang et al. (2015),
Ramesh and Anbazhagan (2015).

_ BF(buffer frequency)
" CF(class frequency)

BFR [formula 2]

area (or number of pixels) of the buffer zone in a given passive factor class

[formula 1b]

~ total area (or the number of pixels) buffer zones in all classes of a given passive factor

[formula 2a]
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LAYERS USED FOR THE ANALYSIS

Landslide layer: landslides documented in the field have
been divided into two groups. The first group of landslides
used for susceptibility modelling contains 70% of all land-
slides, whereas the second group used for validation and test-
ing of the model obtained contains 30% of landslides (Mrozek
et al., 2004; Wojciechowski, 2009; Huang et al., 2015; Nicu,
2018; Zhang et al., 2020; Matka, 2021). The training land-
slides (sometimes referred to as calculated landslides) have
been compiled on a separate polygon layer containing 183
landslides with a total area of 360.54 ha. The testing (valida-
tion) landslide layer contains 78 landslides with a total area of
156.28 ha (Fig. 4).

Buffer zones layer: used for the first time in Poland for this
type of calculation. It consists of polygons with a total area of
304 ha. It shows the spatial distribution of 40 m buffer zones
designated around the upper part of the landslides. The buffer
layer was not divided into two sets (training and testing), but

was used in its entirety to calculate the buffer frequency coeffi-
cients BFR (Fig. 5).

Geological layer (lithology): this shows the lithostratigraphic
subdivisions of the area. It was developed on the basis of two
DGMP 1:50,000 sheets, Sanok (1041) (Malata and Zimnal,
2014), and Tyrawa Wotoska (1042) (Malata et al., 2016). The
geological structure, both lithological and tectonic, plays a sig-
nificant role in the process of mass movement development,
which was repeatedly corroborated by research (e.g., Bober,
1979, 1984, 1985, 1990a, b; Zietara, 1991; Dikau et al., 1996;
Wojcik and Zimnal, 1996; Zabuski et al., 1999; Margielewski,
2001; Dtugosz, 2011; Sikora, 2018; Wédka, 2019; Warmuz and
Nescieruk, 2019; Kos, 2019; Kamieniarz, 2022; Fig. 6).

Bedding-slope relationship layer: this shows the spatial rela-
tionship between the slope surface (dip direction of slope) and
the position of the rock bedding (dip direction of rock bedding)
(Fig. 6). The slopes are divided into cataclinal (dip slope),
anaclinal (anti-dip slope), transverse (transverse slope) and
plagioclinal (cross-dip slope) (Grabowski et al., 2008; Chen et
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Fig. 6. Maps showing the tectonic passive factors used in the GIS analysis

al., 2009). The group of plagioclinal slopes also includes parts
of slopes with a complex and complicated arrangement of bed-
ding planes associated with fault zones and thrust zones. This
is the first attempt to show information on the bedding-slope re-
lationship in a graphical and spatial way, so the coincidence of
the slope azimuth and the azimuth of the rock bedding has
been used, without taking the bedding dip angle and slope an-
gle into account.

Slope aspect layer: this is expressed in degrees from
0-360° and represents the position of the slope surface in rela-
tion to the points of the compass and the sun (Fig. 6). The

amount of sunlight and the strength of the wind, which depend
on the slope aspect, indirectly affect precipitation, soil moisture
and the duration of snow cover. It also affects the thickness and
properties of weathering and soil.

Slope angle layer: this shows the angle of the slope surface.
Slopes have a major influence on the development of mass
movements. As the slope steepens, the shear forces in the rock
mass increase (Fig. 6).

Tectonic layer: this shows elements of fold tectonics and
disjunctive tectonics and the Euclidean distance to these struc-
tures (Fig. 7). Tectonics, in addition to and/or in combination
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with lithology, influences the development of landslides (Kle-
czkowski, 1955; Mastella, 1975; Bober, 1984; Wojcik and
Zimnal, 1996; Zabuski et al., 1999; Dtugosz, 2011; Rycio, 2018;
Sikora, 2018). Overthrust zones, fault zones, joint systems,
bedding planes and (to a lesser extent) fold structures cause
the rock mass to disintegrate and weaken its strength parame-
ters. The fractured rock mass is more susceptible to weathering
and absorbs water easily, affecting its weight and physico-me-
chanical properties. The tectonic map is shown in the form of 3
layers:

— layer of distances from overthrusts;

— layer of distances from faults;

— layer of distances from fold axes (synclines and anticlines),

developed using the Euclidean assignment, which means
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Fig. 7. Maps showing the passive factors used
in the GIS analysis

that for each point on the terrain (for each pixel on the map)
it has been calculated whether it is closer to the syncline
axis or the anticline axis.

RESULTS

All passive factor layers (lithology, bedding-slope relation-
ship, slope angle, slope aspect, distance from faults, over-
thrusts and fold axes) were crossed with the layer showing
training landslides and with the layer of buffer zones. The inter-
section with the landslide layer resulted in the calculation of LFR
coefficients according to formula 1, while the intersection with
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the buffer zone layer resulted in BFR coefficients (according to
formula 2) for all classes of passive factors determined.

As the results of the calculations in Appendix 1 show, the
LFR and BFR coefficients differ within the classes. This is to be
expected. Analysis of the LFR coefficients, derived from the
training dataset, reveals that lithology, distance from faults,
slope angle, distance from overthrusts, distance from fold axes,
slope aspect, and the bedding-slope relationship are the domi-
nant factors influencing landslide development (Fig. 8). The

>

0.2

highest susceptibility occurs specifically on outcrops of
Godulian and radiolarian shale, located within 50 m of fault or
overthrust zones, where slope inclinations range from 35° to
52°. Furthermore, areas located 200—-300 m from the anticline
axis, particularly on north-facing slopes exhibiting a cataclinal
(dip slope) structure, show a strong predisposition to mass
movements.

However, according to the BFR coefficients obtained by the
use of buffer zones, the order is slightly different and is as fol-
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Fig. 8. Weight of passive factors and their comparison depending
on the calculation method
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lows: lithology, slope angle, distance from faults, distance from
anticlines, distance from overthrusts, slope aspect, and bed-
ding-slope relationship (Fig. 8). This calculation method also in-
dicates the dominant influence of Godulian and radiolarian
shales on the development of landslides. Favourable condi-
tions exist on slopes with an angle of 17-23°, at a distance of
150-200 m from faults and anticline axes, and at a distance of
0-50 m from overthrusts. Slopes with NE exposure and cata-
clinal (dip slope) geological structure also favour the develop-
ment of mass movements. The results are shown graphically in
Figure 8. By comparing the results, it has been emphasised that
in the western part of the Stonne Gory in Poland, the lithology of
the flysch, the slope angle and the distance from faults have the
greatest influence on the development of landslides. The bed-
ding-slope relationship, the slope aspect and the distance from
overthrust and fold axes are less relevant. Both methods pro-
vide similar results.

The ranking of the forty classes of passive factors with the
highest LFR and BFR coefficients can be found in Appendix 2.
When comparing the ranking of the highlighted classes, as

Index map of LSI

A
wm 3
y f‘ % S NN
;S &
o High 15,27 N
K o 0.458 \’})
(I) 125 25 5km
1 1 1
100

D (0]
o o

Cumulative percentage
of landslide occurrence
S
o

o

\

much as 80% consistency was observed within the classes with
the highest LFR and BFR coefficients. This result indicates the
usefulness of using buffer zones in calculations, as it leads to
similar results as in the case of calculations carried out using
landslides.

LSI AND BSI INDEX MAPS

In the next step, the LFR and BFR coefficients obtained
have been assigned to the corresponding classes of passive
factors on vector layers, which are their graphical representa-
tions. Then, all passive factor layers have been summed to ob-
tain LSI and BSI coefficients according to formulae 3a and 3b.
The results are shown on the maps in Figure 9. Each pixel on
the map is assigned an LS| or BSI coefficient value. The higher
the value, the higher the susceptibility to landslides at a given
location. Conversely, a lower LSI or BSI coefficient value indi-
cates lower landslide susceptibility.
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Fig. 9. Index maps of LS| and BSI with the Area Under the Curve (AUC) of their prediction curves
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The resulting LSl and BSI index maps were verified, assum-
ing geological timeliness, using a series of testing landslides not
included in the previous coefficient calculations. The maps
were intersected with the layer of test landslides to assess their
predictive accuracy. This verification is essential to evaluate the
reliability of the generated landslide susceptibility maps and
their potential to predict future mass movements. The results
indicate that new landslides tend to develop in areas most sus-
ceptible to mass movements — those with the highest LSI and
BSI values. The verification resulted in a prediction curve and
an Area Under the Curve (AUC) coefficient. The value of the
AUC coefficient indicates the potential value of the landslide
susceptibility index map obtained. The AUC coefficient is be-
tween 1 and 0, where AUC = 1 indicates a perfect fit or predic-
tion of the model, and a value <0.6 indicates the unsuitability of
the model. AUC coefficient values are often divided into 5 cate-
gories: 0.5-0.6 — means a wrong model, 0.6-0.7 — is a poor fit,
0.7-0.8 —is a sufficient fit, 0.8-0.9 is a good fit and 0.9-1.0 —is
a perfect fit (Rabby and Li, 2020). The prediction curves and
AUC values are shown in Figure 9.

An analysis of the obtained AUC coefficients at 0.7936 and
0.7971 showed that both calculation methods give similar re-
sults and have a similar predictive value, close to a sufficiently
good and effective prediction of new mass movements. Only a
more detailed analysis of the prediction curve shows slight dif-
ferences in the effectiveness of the calculation methods used.

EVALUATION OF THE USEFULNESS OF BUFFER ZONES
IN PREDICTING LANDSLIDE DEVELOPMENT

Analysis of the prediction curve generated in the landslide
model shows that 41% of the testing landslides occurred in an
area with 10% of the highest LS| values. And 62% of the testing
landslides occurred in an area with 20% of the highest LSI val-
ues. In contrast, in the buffer zone model, 33% of the testing
landslides occurred in the area with the 10% highest LS| values
and 62% of the testing landslides occurred in the area with the
20% highest LSI values (Fig. 9). This comparison shows only a
minimal advantage of the calculation model using landslides for
calculations.

The predictive value of the model using buffer zones for cal-
culations has been highlighted at the verification stage. The BSI
map has been verified using test landslides, i.e. potential new
landslides (62%) have been in the zones with the highest BSI
values calculated using buffer zones. It gives a good indication
of the location of potential future landslides.

The classes of passive factors with the highest BFR coeffi-
cients determine the slope parameters that have the greatest
influence on the development of mass movements. Most of
these classes, indicated by the use of buffer zones, were cor-
roborated by the high LFR coefficients calculated using land-
slides. The model using buffer zones gives similar results to the
methods using landslides.

Some parameters, especially the slope angle, have been
more clearly emphasized by the buffer zones than by the land-
slides. The buffer zones highlighted the strong influence of
slopes between 17-23° on the development of mass move-
ments. Slopes with this inclination value dominated within the
designated buffer zones. This value seems to be more proba-
ble in geological and relief conditions of the study area by com-
parison with the value of 35-52° indicated by the landslides
model. The result of the landslide model differs significantly
from previous studies carried out in other regions of the
Carpathians, which indicated that slopes with an inclination of
3-22° are predisposed to the development of mass movements

(Bober, 1990b; Zabuski et al., 1999; Kaminski, 2007; Wojcie-
chowski, 2009; Wodka, 2022a; Kamieniarz, 2022) suggested
that the number of landslides in the Carpathian Flysch de-
creases with increasing slope steepness above 25°. Therefore,
the buffer zone model gives better results for the slope angle
parameter.

CONCLUSIONS

In the present work, landslides and buffer zones have been
used to calculate landslide susceptibility using the Frequency
Ratio Model. Both calculation methods gave similar results, in-
dicating that lithology, slope angle and distance from faults
have the greatest influence on the formation of landslides in the
Stonne Gory.

The use of buffer zones in the calculations did not improve
the predictive values of the landslide susceptibility maps calcu-
lated using landslides as the standard. Instead, it gave very
similar results. The value of the AUC index = 0.7971 indicates a
sufficient (almost good) fit of the model, which is further con-
firmed by its verification using a group of testing landslides, up
to 62% of which were located in the zones with the highest BSI.
The predictive value of the landslide susceptibility map calcu-
lated using buffer zones is comparable to previous similar maps
by Yesilnacar and Topal (2005) and Degdelenler et al. (2016).
Maps, which were calculated using different methods of apply-
ing buffer zones to selected regions of Turkey, obtained the fol-
lowing ranges of AUC coefficients: 0.76—0.89 (Yesilnacar and
Topal, 2005) and 0.783-0.792 (Degdelenler et al., 2016). Dur-
ing the construction of the landslide susceptibility map, the au-
thors enriched the computational sets containing landslides
with buffer values, without using the buffers themselves for cal-
culations. Nevertheless, maps calculated in this way have a
predictive value that is comparable to that of maps calculated
using traditional methods.

The results of the present study are similar to those of
Yilmaz (2007), who demonstrated the usefulness of buffer
zones in landslide susceptibility mapping. Yilmaz (2007) used
only buffer zones for his calculations. Unfortunately, he used
the SCAI coefficient to validate the model, which emphasised
the value of buffer zones designated above the main scarps.
However, it is difficult to compare the predictive values of the
two studies.

The studies cited demonstrate that the use of buffer zones
has provided more effective conclusions regarding the real in-
fluence of certain classes of passive factors on the develop-
ment of mass movements, while avoiding errors of interpreta-
tion. An example is the indication of a predisposed slope angle
in the range of 17-23° instead of 35-52° in the process of land-
slide formation in the Stonne Gory.

In calculations of this type, the width of the designated buffer
zones should depend on the specifics of the area under study,
its relief, the length of the slopes, and the density of the stream
network. The designated zones, 40 m wide, contained sufficient
valuable data. This is consistent with the observations of
Yilmaz (2007) and Dagdelenler et al. (2016) who concluded that
the best data on landslide formation conditions was collected
from 50 m-wide buffer zones, even though they had previously
used wider buffers for their calculations. However, in the terrain
of the Stonne Géry, a 50 m buffer produced too much erroneous
data, so its width was reduced to 40 m.

In the western part of the Stonne Gory, the slopes made up
of Godulian and radiolarian shales, Weglowiec veriegated
marls, variegated shales and mudstones of the Menilite Beds,
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are most prone to landslides. This is especially the case when
the layers form folds at a distance of 100-250 m from their axes
(especially from the axes of anticlines). The cataclinal slopes
(dip slopes) with an aspect of N, NE, NW and a slope of 17-23°
also favour the development of landslides. Mass movements
commonly develop in zones 0-50 m from overthrusts and
0-200 m from faults.
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APPENDIX 1

Summary of calculated coefficients for each class of passive factors

Layer Value class LF BF CF LFR BFR
Passive Landslides Buffer Class Lanslides Buffer
factor frequency frequency frequency frequency frequency
ratio ratio
Lower Krosno Beds — shale- | 0.0003 0.0005 0.001 0.232 0.305
sandstone flysch (17*)
Lower Krosno Beds - | 0.0003 0.002 0.056 0.006 0.034
sandstone — shale flysch
(18%)
Lower Krosno Beds — Lesko | 0.015 0.029 0.136 0.110 0.212
sandstones (21%)
Intermediate Beds (25*) 0 0.0002 0.0002 0 0.938
Menilite Beds — mudstones | 0.076 0.085 0.034 2.236 2.475
(26%)
Menilite Beds — cherts and | 0.003 0.013 0.006 0.597 2.273
3 Dynéw marls (27%)
9o Variegated shales (29%) 0.075 0.053 0.031 2.502 1.766
g Istebna sandstones (30%) 0.001 0.003 0.0003 3.356 11.025
i Weglowiec variegated marls | 0.141 0.077 0.050 2.792 1.537
(31%)
Godula and radiolarian | 0.129 0.076 0.029 4.497 2.638
shales (32%)
Upper Gaize Beds (33*) 0.319 0.401 0.206 1.549 1.949
Lower Lgota Beds (34%) 0.026 0.04 0.036 0.738 1.111
Verovice Beds (35%) 0.052 0.048 0.025 2.048 1.892
Upper Krosno Beds — shale | 0.096 0.095 0.249 0.385 0.383
— sandstone flysch (37*)
Upper Krosno Beds - | 0.064 0.076 0.141 0.458 0.542
sandstone — shale flysch
(38%)
Value class LF BF CF LFR BFR
Anaclinal (anti-dip) 0.052 0.052 0.077 0.674 0.673
(]
Q.
e % Plagioclinal (cross-dip) 0.632 0.624 0.641 0.985 0.974
o> S
§ % Cataclinal (dip) 0.185 0.186 0.155 1.189 1.198
O =
@ Transverse 0.131 0.137 0.126 1.039 1.087
0-3 0.013 0.004 0.038 0.330 0.117
3-6 0.089 0.039 0.141 0.627 0.275
6-9 0.198 0.095 0.178 1.110 0.533
o 9-12 0.183 0.150 0.183 1.003 0.822
@ 12-15 0.137 0.158 0.140 0.983 1.133
2 15-17 0.108 0.163 0.097 1.119 1.688
g 17-20 0.087 0.142 0.073 1.205 1.962
S 20-23 0.067 0.106 0.056 1.206 1.909
n 23-26 0.050 0.076 0.045 1.107 1.671
26-30 0.034 0.043 0.031 1114 1.416
30-35 0.023 0.018 0.015 1.567 1.254
35-52 0.009 0.002 0.003 2.839 0.746
N 0.149 0.108 0.093 1.596 1.160
5 NE 0.137 0.158 0.110 1.245 1.443
Q E 0.066 0.098 0.092 0.712 1.070
a SE 0.071 0.113 0.104 0.690 1.088
2 S 0.117 0.129 0.143 0.820 0.908
o SW 0.188 0.173 0.223 0.840 0.774
@ W 0.151 0.130 0.152 0.995 0.857
NW 0.121 0.089 0.083 1.460 1.072
_ 0-50 0.089 0.056 0.034 2.627 1.661
E 50-100 0.068 0.037 0.028 2.412 1.308
§ 100-150 0.051 0.026 0.026 1.965 1.016
= 150-200 0.035 0.025 0.025 1.362 0.998
5 200-250 0.025 0.030 0.025 0.972 1.178
3 250-300 0.021 0.027 0.025 0.821 1.053
g 300-350 0.020 0.023 0.025 0.798 0.921
= 350-400 0.015 0.020 0.025 0.606 0.806
g 400-500 0.016 0.029 0.051 0.311 0.569
8 500-600 0.010 0.020 0.051 0.197 0.398
-g 600-1000 0.150 0.144 0.170 0.884 0.848
>1000 m 0.487 0.537 0.401 1.215 1.341
Value class LF BF CF LFR BFR
0-50 0.080 0.033 0.029 2.729 1.118
— 50-100 0.079 0.038 0.033 2.415 1.175
£ 100-150 0.075 0.038 0.036 2.078 1.049
% 150-200 0.064 0.059 0.039 1.765 1.496
8 200-250 0.054 0.052 0.040 1.353 1.296
= 250-300 0.050 0.048 0.039 1.274 1.209
£ 300-350 0.045 0.044 0.039 1.154 1.122
o 350-400 0.038 0.043 0.039 0.964 1.105
§ 400-500 0.049 0.073 0.077 0.633 0.950
.‘Dﬁ 500-600 0.037 0.066 0.076 0.495 0.868
600-1000 0.282 0.313 0.246 1.148 1.271
>1000 m 0.139 0.192 0.305 0.458 0.631
0-50 0.048 0.075 0.071 0.674 1.061
% 50-100 0.068 0.083 0.068 1.001 1.218
@ 100-150 0.076 0.083 0.057 1.340 1.457
% 150-200 0.069 0.075 0.044 1.594 1.728
b= 200-250 0.066 0.059 0.037 1.779 1.602
o = 250-300 0.051 0.036 0.031 1.636 1.129
E = 300-350 0.039 0.03 0.029 1.336 1.043
P 350-400 0.026 0.026 0.026 1.017 1.009
2 400-500 0.026 0.044 0.043 0.620 1.034
% 500-600 0.012 0.021 0.031 0.379 0.670
a 600-1000 0.013 0.015 0.057 0.227 0.273
>1000 m 0.028 0.015 0.042 0.671 0.354
0-50 0.065 0.065 0.067 0.967 0.972
2 50-100 0.071 0.059 0.064 1.114 0.925
$ 100-150 0.061 0.054 0.055 1.117 0.993
£ 150-200 0.043 0.042 0.040 1.084 1.037
§ 200-250 0.028 0.024 0.033 0.865 0.736
o = 250-300 0.020 0.01 0.028 0.717 0.375
g = 300-350 0.021 0.015 0.025 0.824 0.581
ﬁ 350-400 0.023 0.018 0.022 1.011 0.824
e 400-500 0.041 0.035 0.036 1.130 0.966
% 500-600 0.031 0.024 0.027 1.143 0.900
Ia) 600-1000 0.041 0.051 0.049 0.847 1.050
>1000 m 0.029 0.036 0.086 0.336 0.423

*The numerical labels correspond to the numerical label on the geological layer presented in Figure 6




APPENDIX 2
Ranking of the highest LFR and BFR coefficients

Lp. Class of passive factor LFR Class of passive factor BFR
1 Godula and radiolarian shales | 4.497 Godula and radiolarian shales 2.638
2 Istebna sandstones 3.356 Menilite Beds — mudstones 2.475
3 Slope angle 35-52° 2.839 Menilite Beds — cherts and Dynéw marls | 2.273
4 Weglowiec veriegated marls 2.792 Slope angle 17-20° 1.962
5 Fault dist. 0-50 m 2.729 Upper Gaize Beds 1.949
6 Overthrust dist. 0-50m 2.627 Slope angle 20-23° 1.909
7 Variegated shales 2.502 Verovice Beds 1.892
8 Fault dist. 50-100 m 2.415 Variegated shales 1.766
9 Overthrust dist. 50-100 m 2.412 Anticline dist. 150- 200 m 1.728
10 | Menilite Beds — mudstones 2.236 Slope angle 15-17° 1.688
11 | Fault dist. 100-150m 2.078 Slope angle 23-26° 1.671
12 | Verovice Beds 2.048 Overthrust dist. 0-50 m 1.661
13 | Overthrust dist. 100-150 m 1.965 Anticline dist. 200-250 m 1.602
14 | Anticline dist. 200-250 m 1.779 Weglowiec veriegated marls 1.537
15 | Fault dist.150-200 m 1.765 Fault dist. 150-200 m 1.496
16 | Anticlines dist. 250-300 m 1.636 Anticline dist. 100-150 m 1.457
17 | N 1.596 NE 1.443
18 | Anticline dist. 150-200 m 1.594 Slope angle 26-30° 1.416
19 | Slope angle 30-35° 1.567 Overthrust dist. 50-100 m 1.308
20 | Upper Gaize Beds 1.549 Fault dist. 200-250 m 1.296
21 | NW 1.46 Fault dist. 600-1000 m 1.271
22 | Overthrust dist. 150-200 m 1.362 Slope angle 30-35° 1.254
23 | Fault dist. 200-250 m 1.353 Anticline dist. 50-100 m 1.218
24 | Anticline dist. 100-150 m 1.34 Fault dist. 250-300 m 1.209
25 | Anticline dist. 300-350 m 1.336 Cataclinal 1.198
26 Fault dist. 250-300 m 1.274 Overthrust dist. 200-250 m 1.178
27 | NE 1.2454 || Fault dist. 50-100 m 1.175
28 | Overthrust dist. above 3000 m | 1.215 N 1.16

29 | Slope angle 20-23° 1.206 Slope angle 12-15¢ 1.133
30 | Slope angle 17-20° 1.205 Anticline dist. 250-300 m 1.129
31 | Cataclinal 1.189 Fault dist. 300-350 m 1.122
32 | Fault dist. 300-350 m 1.154 Fault dist. 0-50 m 1.118
33 | Fault dist. 600-1000 m 1.148 Slope angle 0-3¢ 1.117
34 | Syncline dist. 500-600 m 1.143 Lower Lgota Beds 1.111
35 | Syncline dist. 400-500 m 1.130 Fault dist. 350-400 m 1.105
36 | Slope angle 15-17° 1.119 SE 1.088
37 Syncline dist. 100-150m 1.117 Transverse 1.087
38 | Syncline dist. 50-100 m 1.114 NW 1.072
39 | Slope angle 26-30° 1.114 E 1.070
40 | Slope angle 6-9°0 1.110 Anticline dist. 0-50 m 1.061






