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ANALYSIS OF NATURAL AND MAN-MADE FACTORS OF LANDSLIDE
DEVELOPMENT IN THE CARPATHIAN REGION USING GIS

Purpose. Determination of the dependencies of spatial relationships between landslides in the Carpathian region of Ukraine
and the factors causing them, taking into account the differences in geomorphological, geological, climatic conditions and natural
and geographical zoning according to the landscape principle.

Methodology. The morphometric analysis of the territory was carried out using QGIS tools to determine the slope angles and
exposure; linear characteristics were calculated: distances to the river, road, and houses. Based on the image interpretation data,
we calculated the total annual rainfall and average annual air temperature. The impact of the factors considered on landslide for-
mation was assessed using multivariate statistical analysis: factor analysis and linear multiple regression.

Findings. Studies on the impact of natural and topographical conditions and anthropogenic activity on the development of
landslide processes have been conducted. Orographic and climatic factors play the most important role. Construction of business
facilities results in a decrease in the slope stability in 14—19 % of cases. The analysed independed factors showed good consistency
between the distribution of existing landslides and the parameters under consideration: the share of the total variance of the factors
under consideration is 71—76 %, the coefficient of determination of the regression model is 0.7. Based on the results of geoinfor-
mation and statistical analyses, it is proved that differences in geomorphological conditions and human activity (construction of
roads, economic facilities) are dominant in the formation of landslides in different landscape zones.

Originality. It is established that there is a dynamic coherence between the spatial change in natural conditions and human
settlement and activity, which interact with each other to create prerequisites for the development of landslides.

Practical value. This study is important from the point of view of understanding and mitigating the cause-and-effect relation-
ship of landslide development for certain territories, and the results obtained can be useful in developing land use planning strate-

gies, infrastructure development, and planning new construction works.
Keywords: landslides, GIS, natural and anthropogenic factors, geoinformation analysis, factor and regression analyses

Introduction. Landslide processes in Ukraine are some of
the most widespread natural phenomena, covering large areas,
producing large volumes of rock fall and causing significant
material damage to human activity. According to published
data [1], the western regions of Ukraine suffer the most from
landslides: Zakarpattia — 3,297 (385.8 km?), Ivano-Fran-
kivsk — 805 (301 km?), Lviv — 1,347 (292.6 km?), Chernivtsi —
1,467 (760.2 km?). In total, landslide areas in these oblasts
cover 1,739.6 km?, which is 81 % of the total landslide area in
Ukraine (2,148.17 km?). The last cases of local activation were
observed in the summer of 2020 due to prolonged heavy rain-
fall [2, 3]. The differentiation of geological and tectonic condi-
tions of formation and development of gravitational processes,
which are the most studied, makes it necessary to find a new
method of spatial analysis of landslides.

Literature review. The study of the influence of the natural
conditions of the Carpathian region on the development of
landslide processes and the division of the territory by engineer-
ing-geological and tectonic conditions for the study of the spa-
tial factors of landslide development is reflected in a number of
modern Ukrainian studies, in particular, by Demchyshyn M. G.
[4], Kuzmenko E.D. [4, 5], Zhuravel O.M. [4, 5], Karpen-
ko O.M. [4], Ivanik O.M. [6], Kasiyanchuk D.V. [7, 8]. The
study of spatial and temporal correlations of landslide activation
with the factors causing it is devoted to [9, 10]. By analysing
geospatial data using GIS tools (topography, geology, hydrolo-
gy, weather conditions and anthropogenic activities), the Land-
slide Vulnerability Index was determined [11, 12]. The publica-
tion [13] highlights the use of statistical methods to analyse dif-
ferences in the leading factors based on geomorphological zon-
ing. In recent years, artificial intelligence methods (regression,
neural network analysis) have been widely used to model land-
slide susceptibility, taking into account the importance of each
factor of the processes under study [13, 14].

In this publication, the conditions for the development of
landslide processes are analysed on the basis of the homogeneity
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of the geomorphological, geological and climatic conditions of
the area and on the basis of physical and geographical zoning.

General characteristics of the study area. Landslides in the
Carpathian region are influenced by geological and tectonic
structure, relief, climate and human activity. The triggering
factors can be divided into two groups: permanent and rapidly
changing ones. Permanent factors include geological and tec-
tonic structure [15] and geomorphology [16], which remain
relatively unchanged. These factors play a role in shaping the
characteristics and intensity of landslides.

In particular, the geological structure and lithological com-
position of the rocks influence the level of rock stability and the
intensity of landslide processes. The study area includes large
mountain ranges and plains of different structure and age.
Landslides are associated with areas dominated by two-compo-
nent flysch (composed of alternating argillites and siltstones),
clays, loams, marls and other water-resistant rocks. Various clay
formations act as ‘sliding mirrors’ for the overlying rocks.

The rapidly changing factors category combines meteoro-
logical aspects (such as rainfall and air temperature), seismic
events (earthquakes) and anthropogenic impacts (deforesta-
tion, slope cutting, construction). These factors act as ‘trig-
gers’ for the activation of landslide processes. They act indi-
rectly through surface runoff, moisture, porosity, temperature
and the mechanical properties of the rock. In addition, some
exogenous processes also influence the development of land-
slides, in particular the erosion of permanent and temporary
watercourses.

Summary of the main material. Considering that natural
and landscape conditions are stable in time and at the same
time different for different territories, this study aims to iden-
tify and study patterns in the factors of landslide development.
The physical and geographical zoning of Ukraine is based on
the identification of relatively homogeneous regions in terms
of natural conditions, which differ in their landscape structure.
The classification takes into account the spatial position of
landscapes (in the plains, in the mountains), the relationship
between climate, vegetation, relief, moisture conditions and
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the degree of influence of human activity on them. The spatial
structure of landscapes has a zonal character (Fig. 1).

According to the natural and geographical zoning, the
north-eastern and south-western parts of the administrative
regions under consideration (Fig. 1) belong to the plain land-
scapes (Roztotsko-Opilska upland region, Prut-Dnister up-
land region, Precarpathian upland region, Zakarpatska low-
land region), the rest of the territory belongs to the mountain-
ous landscapes (External Carpathian region, Verkhovyna wa-
tershed region, Polonyna-Chornohora region, Marmaroshska
region, Volcanic-intermountain basin region) [17]. Thus, the
study area can be divided into two classes according to land-
scape characteristics: plain and mountainous.

The initial data for the spatial location of landslides and
their absolute heights were the landslide cadastres of Geoin-
form SO in the region of Zakarpattia, Ivano-Frankivsk, Cher-
nivtsi and Lviv. The development of landslide processes is in-
fluenced by a complex of factors, both natural and human.
Based on the experience of similar studies [4, 10], geomorpho-
logical, anthropogenic and climatic factors were considered:
data on precipitation, air temperature, road network, con-
struction objects were obtained from the website WorldClim
and the cadastre.

Research methods. Considering that different areas of the
Carpathian region have different physical and geographical
conditions, it is advisable to study landslide factors by geo-
graphical zoning, carrying out geographical information anal-
ysis using QGIS (calculation of slope angles and exposure,
linear characteristics: distance to the river, to the road, to the
houses). On the basis of the data obtained, we analysed the
spatial variability and determined its impact on the develop-
ment of landslide processes.

Fig. 2 shows the distribution of the considered factors for
plains and mountainous areas (the ordinate axis shows the num-
ber of landslides, the abscissa — the values of the parameters).

Absolute landslide heights. The height of the relief affects
the instability of the slope. Since the territory is divided into
two areas with significant differences in relief — plain and
mountainous — it is natural that there are significant differ-
ences in the absolute heights of recorded landslides. In the
plains, the lowest elevation is 121 m (Prut-Dnister Upland)
and the highest is 555 m (Precarpathian Upland), with the vast
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majority of landslides occurring at the 300 m mark. Moun-
tainous areas are characterised by greater differences in eleva-
tion, ranging from a minimum of 125 m (Volcanic-Inter-
mountainous Hollow region) to a maximum of 1,572 m (Verk-
hovyna watershed region), with most landslides occurring at
absolute elevations of up to 800 m.

The slope angle also affects the instability of slopes: the steeper
the slope, the greater the stress on the rock, and it also affects the
run-off of precipitation and the moisture content of the rock. In
flat areas, most landslides (84 %) occur on gentle slopes 5—10°, in
mountainous areas — on moderate slopes up to 25°, with most
landslides (78 %) occurring on slopes from 5 to 20°. As the slope
angle increases, the number of landslides decreases (Fig. 2).

Slope exposure affects air temperature, moisture evapora-
tion rate and rock weathering processes. The range of exposure
is divided into 8 directions: north, north-east, east, south-east,
south, south-west, west and north-west. It should be noted
that landslides have been recorded on the slopes in all direc-
tions, which does not allow us to interpret the effect of expo-
sure unambiguously. However, there is a certain tendency to-
wards an increase in landslides on slopes facing south-east and
south for mountainous areas (38 % — 646 landslides).

Distance to the river. The Carpathian region is character-
ised by the densest river network in Ukraine, with an average
of 1.7 km/km? [18]. Such a system of watercourses causes ver-
tical and lateral erosion, and during floods and high tides,
large areas of the coastal zone are inundated. The width of the
flood zone is the first few hundred metres. The factor of ‘dis-
tance to the river’ has been divided into intervals of 200 m.
Considering that landslides can be hundreds of metres long
and wide, the ‘distance to the river’ parameter is one of the
most important factors in the formation of landslides. As
shown in Fig. 2, a quarter of the landslides were recorded at
the closest distance of 200 m (340 in the plain, 644 in the
mountainous area). The number of landslides decreases with
increasing distance from the river network.

The distance from roads is one of the main factors of an-
thropogenic influence [12, 13], as road construction cuts the
slope, which increases the stress state, and also changes the
direction of surface groundwater flow, which leads to a de-
crease in slope stability. This is confirmed by the location of
landslides in relation to roads: more than half of them are lo-
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Fig. 1. Physical and geographical zoning of the study area
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Fig. 2. Distribution of spatial characteristics of landslide factors

cated within 200 m of roads 787 (56 %) on flat land, 1,376
(53 %) on mountainous land). This pattern indicates a strong
link with the development of landslides.

The distance to the houses not only poses a direct threat to
human life, but also causes significant material damage. The
construction of houses disrupts the natural stability of slopes
and interferes with the drainage system of surface groundwa-
ter. Data show that between 14 % (137) and 19 % (420) of
landslides in the plains and mountains occur at a dangerous
distance from houses. Such close proximity can cause cracks
in building foundations and walls, leading to destruction.

Total annual rainfall. Intense, prolonged rainfall is known to
contribute to excessive moisture in the upper layer of rock, which

shifts when in contact with clayey rock. This is one of the main
driving forces for landslide activation [19]. A very high number of
landslides (1,195, 85 %) were recorded in flat areas with precipi-
tation up to 700 mm/year. The mountainous areas are character-
ised by a maximum of landslide events (1,959, 92 %) within the
precipitation intervals of 800—1,200 mm/year [20].

Mean annual air temperature. Air temperature affects the
rate of evaporation of moisture and the circulation processes
in the atmosphere; it also accelerates the weathering of rocks
and the number of landslides increases with increasing tem-
perature. The amplitude of the average annual temperature
varies from 1 to 9°, with an average of 7.8° for the plains and
6.5° for the mountains.
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Methods. The use of statistical methods is based on the
study of functional relationships between the phenomenon
under study and the factors that determine it. To determine
the significance and influence of each of the factors under
consideration, multivariate statistical methods were used, in
particular, factor and regression analyses [21, 22].

Factor analysis takes into account the correlations between
a large number of variables in order to determine the structural
relationships between the process under study, in our case
shifts, and a set of independent variables whose combined ef-
fect creates the conditions for its development. Given the dif-
ferent nature of the factors under consideration, the data were
first standardised. The test for normal distribution of the fac-
tors studied showed that all the parameters follow a lognormal,
exponential or Weibull law, except for the parameters: slope
angle, slope exposure and average annual air temperature. This
distribution of factor characteristics can be explained as fol-
lows: 1) slope angle and slope exposure are natural factors for
areas where landscapes are least exposed to human influence;
2) the dynamics of mean annual temperature change has, in
addition to global time harmonics, intermediate periods of
‘cooling’ and ‘warming’, which form natural cycles in modern
conditions; 3) precipitation is the most dynamic factor; 4) pre-
cipitation is the most dynamic component and depends on
changes in temperature, surface heating and air movement,
which is consistent with a lognormal distribution; 5) the abso-
lute height of the landslide and the distance to water bodies in
areas of medium altitude where active economic activity is car-
ried out are unconditionally consistent due to human influence
on the landscape conditions of the territory. To make the distri-
bution more normal, logarithmisation was applied.

The optimal factor loadings are determined by rotating the
axes using the orthogonal varimax method, which is used to
analyse a specific general process (shifts). The significant con-
tribution of each parameter is described by factor loadings
equal to or greater than £0.7 [21] (Table 1).

The results of the analysis show that the first factor ex-
plains more variables than the rest. Three factors can be distin-
guished: the first, with the highest variance, combines abso-
lute heights and climatic conditions; the second groups linear
parameters: distance to the river, road and houses; the third
combines parameters that characterise the slope: slope angle
and exposure.

The formation of landslides in the plain area occurs at
lower gipsometric altitudes (—0.918), gentler slopes (—0.670),
southern and south-western exposure (0.305), with lower an-
nual precipitation (—0.886), higher average annual air tem-
perature (0.950) and close to rivers (—0.617), roads (-0.752)
but far from houses (0.790).

As for mountainous areas, landslides occur at high alti-
tudes (0.895), near rivers (—0.682), on steep slopes (0.514), on
eastern, southern and western exposures (0.719), with higher
precipitation (0.663) and lower average annual air temperature

(—0.874). The anthropogenic factor also plays an important
role — More landslides were recorded near roads (—0.745) and
houses (—0.643).

Thus, we observe differences in the influence of natural
factors — absolute heights, climatic indicators — in different
landscape zones, but the unifying factor is the anthropogenic
impact. In total, the three factors explain 76.1 and 71.3 % of the
total variance for plains and mountains respectively. The re-
maining percentage of unexplained variance can be attributed
to the influence of geology, tectonic structure and seismicity.

The results of the factor analysis indicate the importance of
considering geographical conditions as an important step in
understanding the causal relationship between global climate
change and building code compliance. The simplest geograph-
ical division of the territory is altitude, as it reflects changes in
natural conditions and hence the geography of settlement.

In order to confirm the identified relationships between
the considered factors and landslides, a multiple regression
analysis was performed [20, 21] for one of the most representa-
tive physical and geographical areas in terms of the number of
registered landslides in the flat landscape — the Prut-Dniester
highland region (498 landslides). The multiple regression
analysis is based on the functional relationship between the
dependent variable (landslides) and several independent vari-
ables (considered factors)

Y() = bo + b; - x(0), ey

where x(i) — are the independent variables; b, — the free term;
b; — the angular regression coefficients.

In the equation, the regression coefficients represent the
contributions of each independent factor to the outcome vari-
able (displacements). The reliability of the regression model is
determined by the multiple correlation coefficient (R), the coef-
ficient of determination (R?) and the normal distribution of the
residuals (the difference between the actual data of the factors
considered and the theoretical values of the regression equa-
tion). For the selected Prut-Dniester highland area, the multi-
ple correlation coefficient is 0.837, which characterises the den-
sity of the relationship between landslides and the independent
variables considered. The coefficient of determination charac-
terises the degree of dispersion around the mean value of the
dependent variable (landslides) described by the regression. In
our case, R>=0.70, i.e. 70 % of the causes of landslides are ex-
plained by the factors included in the equation. The columns of
the table ‘Coefficients of the regression model’ contain the fol-
lowing information: »* — standardised regression coefficients;
Std.Err. — of b* — standard error of b*; b — coefficients of the
regression equation; Std.Err. of b — standard error of the coef-
ficients of the regression equation. Intercept is the free term in
the regression equation. The value of #(479) is the Student’s t-
test (1(number of degrees of freedom)) used to test the null hy-
pothesis that the coefficients of the equation are equal to ‘0’; the
p-value is the significance level for the null hypothesis. As can

Table 1
Results of the factor analysis
Plain areas Mountain areas

Factor characteristics Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3
Absolute displacement mark, m -0.918 0.073 0.086 0.895 0.168 -0.077
Slope angle, degrees 0.127 0.091 -0.670 0.514 -0.121 0.132
Exposure of the slope, degrees 0.016 —-0.135 -0.760 -0.065 —-0.098 0.719
Total annual precipitation, mm —0.886 0.097 0.065 0.663 —0.166 0.021
Average annual air temperature, degrees 0.950 0.034 -0.034 -0.874 —-0.287 0.065
Distance to the river, m 0.053 —-0.617 -0.416 0.212 —0.682 —-0.098
Distance to the road, m -0.156 -0.752 0.014 -0.310 -0.745 -0.066
Distance to houses, m 0.003 -0.791 0.152 -0.242 —0.643 0.055
The proportion of total variance 0.409 0.202 0.150 0.380 0.198 0.135
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be seen from Table 2, the multiple regression equation takes
into account all the factors involved, with the exception of the
slope exposure parameter. The main role in the formation of
landslides is played by precipitation, which acts as a ‘trigger’ for
rocks that have undergone changes under the influence of other
factors; absolute altitude; and anthropogenic factors (more
landslides occur near built-up areas and roads).

Thus, the development of landslides in the Prut-Dniester
highland region is described by the equation

y=1392.96 + 0.9 - Total annual precipitation —
—0.228 - Absolute landslide elevation +
+0.106 - Distance to houses — 0.081 - Distance to road — (2)
—0.101 - Average annual air temperature —
—0.062 - Distance to river — 0.042 - Slope angle.

The quality of the regression is assessed by comparing the
residuals of the model with the normal law according to the his-
togram. The histogram of the residuals and the graph of the ex-
pected normal distribution confirm the adequacy of the accepted
multiple regression model (Fig. 3). When the regression model is
fitted, the points on the graph should lie along a straight line,
indicating that the residuals follow a normal distribution law.

Based on this, the Carpathian region can be clearly classi-
fied as the main condition for the distribution of geographical
conditions and dominant factors for different areas, in addi-
tion to the stratigraphic component. Mountainous — as such,
where climatic conditions, and especially global climate
change, are fundamental and directly interdependent. Areas
with predominantly flat terrain, or areas where the difference
in absolute altitude is not so great, clearly indicate that human
impact on landscapes is a key issue in the study area and can be
generally accepted for similar conditions.

The analysis of the distribution of independent factors
plays an important role in understanding the nature of the in-
fluence of each of them on landslide formation.

Conclusions. It has been established that there is a dynamic
interaction between spatial changes in natural conditions and
human settlement and activities, which interact to create condi-
tions for the development of landslide processes in the study area:

1) the geographical division of the area provides a clear spatial
variation of natural conditions with human settlement as a factor
in the development and intensification of landslide processes;

2) landslide processes, understood as exclusively land-
scape-dependent, have intensified their development in places
with intensive anthropogenic activity in recent decades, deter-
mined by the peculiarity of settlement in accordance with the
most favourable natural and topographical conditions;

3) topographic (altitude, slope, distance from the river)
and climatic factors (precipitation, air temperature) have the
greatest influence, which is clearly evident in the geo-analyti-
cal analysis based on the geo-information approach;

4) a common significant factor in the development of land-
slides in both landscape zones is the anthropogenic impact,
which is manifested during road construction and construction
of economic facilities by cutting slopes, which reduces the nat-
ural stability of the entire slope (the development of half of the
landslides is caused by road construction, and 14—19 % of
landslides were formed in the vicinity of construction sites);

5) the study of natural and geographical conditions is
closely related to engineering and geological zoning, which
outlines common landscape zones for the territory that have
been formed and determines the areas of settlement.
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AHaJIi3 NPUPOHO-TEXHOTeHHUX YMHHUKIB
PO3BUTKY 3CyBiB y KapnarcbkoMy perioHi
3 pukopuctanusm I'IC
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Mera. BusHayeHHsI 3aJI€XKHOCTEI TPOCTOPOBUX B3aEMO-
3B’SI3KiB MiX 3cyBaMU y KaprnaTtcbkoMy perioHi YKpaiHu if YynH-
HUKaMU, 110 iX CIPUYMHSIOTH, YPaXOBYIOUM BiIMIHHOCTI reo-
MOP(OJIOTIYHUX, TEOJOTTYHUX, KITIMATUIHUX YMOB i TPUPOTHO-
reorpadiyHe paifoHyBaHHSI 3a JaHAIAGTHUM TPUHLIMIIOM.

MeTtoauka. 3a fonomMoroio iHctpymeHTiB QGIS BruKoHa-
HO MOp(hOMETPUYHUI aHAJTi3 TEPUTOPII 111 BUSHAYEHHST Ky~
TiB HAXUJIy Ta EKCITO3UILiT CXUJTY; OOUMCIICHI JIiHiliHi XapaKTe-
PMCTUKM: BiACTaHi IO piuku, mopir, OynuHkiB. Ha ocHoOBI
naHux neimndpyBaHHS 3HIMKIB BUKOHAaHI PO3paxXyHKHU Cy-
MapHOI pivyHOI KiJILKOCTI OMNadiB i cepeIHbOPIYHOI TeMIiepa-
Typu noBiTps. OLliHKa BIUIMBY PO3IJISSHYTUX UYMHHUKIB Ha
MpoLeCH 3CYBOYTBOPEHHSI BUKOHAHA 3a I0ITOMOT0I0 6arato-
(bakTOpHOTrO CTATUCTUYHOTO aHaTi3y: (haKTOPHOTO i METO-
JIOM JIiHiiTHOT MHOXXWHHOI perpecii.

PesyabTaTi. BukoHaHi TOCTiIKEHHS BIUIUBY PUPOTHO-
TororpadiyHUX YMOB i aHTPOIOTeHHOI TisSJIbHOCTI HA PO3BU-
TOK 3CYyBHHUX MpolieciB. HaitBarominny posb BilirpaioTb opo-
rpadiyHi Ta KJIiMaTUYHi YMHHUKU. BymiBHULTBO 00’€KTiB
TOCTIONAPIOBaHHST TIPU3BOIUTD IO 3MEHIIIEHHST CTIHKOCTi CXM-
niBy 14—19 % Bunanxax. [1poaHasizoBaHi He3aIexKHi YMHHU -
KU 3aCBiIYMIIM TapHY Y3rOIKEHICTh MixXK PO3ITOILJIOM HassBHUX
3CYBIB i pO3NISIHYTUMU MapaMeTpaMu: YacTKa 3arajibHoi Juc-
nepcii po3mIsIHyTUX YMHHMKIB CTaHOBUTH 71—76 %, Koedilti-
€HT AeTepMiHalii perpeciiiHoi Mozaeni 0,7. 3a mimcymkamu re-
oiH(opMaliiHOTO Ta CTATUCTUYHOTO aHATi3iB JOBEACHO, 1110
BiIMiHHOCTI TeOMOP(MOJIOTIYHUX YMOB i JIOACHKA IisUIbHICTD
(OyIiBHULITBO J0OpIr, 00 €KTIB rOCIIOIaplOBaHHSI) € TOMiHAHT-
HUMM B YTBOPEHHI 3CYBIB ISl Pi3HUX JIaHAIIA(THUX 30H.

HaykoBa HoBu3Ha. BcTaHOB/IeHO, 1110 iCHYE AMHaMidyHA
Y3roJIKEHICTh MiX IMPOCTOPOBOIO 3MiHOIO MPUPOJIHUX YMOB i
PO3CEJICHHSIM i MiSITbHICTIO JIOAWHU, SIKi, B3AaEMOJIiI0Ui MixX
00010, CTBOPIOIOTH MEPEAYMOBU JIJIsI PO3BUTKY 3CYBiB.

IIpakTiyHa 3HaynMicThb. [laHe TOCTIIXKEHHS € BaXKJIMBUM
i3 TOYKU 30py PO3YMiHHS i TOM’SIKILIEHHSI TTPUYMHHO-HA-
CJTITKOBOTO 3B’I3KYy PO3BUTKY 3CYBHUX IPOIIECIB IIJIST OKpe-
MUX TEPUTOPIii, a OTPUMaHI pe3yJIbTaTU MOXKYTh OyTU KOpUC-
HUMU Mill Yac po3poOJICHHS CTpATeTriil MIaHyBaHHS 3eMJIEKO-
PUMCTYBaHHSI, PO3BUTKY iH(MPACTPYKTYpU, NPU IUIAHYBaHHI
HOBUX Oy/iBeJIbHUX POOIT.

Kmouosi ciioBa: 3cysu, I'lC, npupoori ma anmponoeerHi wuH-
HUKU, 2e0iHhopmayitinuil ananiz, hakmopuuil i pecpecitinuil aHaniz
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