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Abstract
Landslides are natural disasters which have impact in many areas around the world including the territory of the Republic of Macedonia. In this country, about 300 large landslides are registered, most of which cause serious damage to
the infrastructure almost every year. In that sense, the mapping of sites that are susceptible to landslides is essential for
management of these areas. This is a crucial step to prevent landslides in places where this could be expected or to
minimize its damages. Therefore, an approach of Geographic Information System (GIS) and Remote Sensing (RS) assessment of potential landslides in the area of the Republic of Macedonia is presented in this paper. That is because of
the high impact of landslides on the environment, socio-demographic situation, local economy and especially infrastructure. GIS tools and statistical methods for modeling and simulation allow the application of frequency ratio model
for analyzing the number landslide events in any class of a predetermined set of factors. Selected factors that have the
strongest influence on the landslide activity are lithology, slope angle, land cover (using CLC2012), slope curvature,
distance from rivers and distance from roads. The results show significant area with high landslide susceptibility which
is confirmed with data for the existing landslides. There are two advantages of the implemented model. First this model
uses clear and logical criteria for analysis and the second is based on empirical data about real landslide events.
Therefore, the landslide susceptibility map created with this model provides fairly objective assessment of the landslide
susceptibility within the study area and the results of this research are of great importance because they will speed up
the compilation of landslide inventory map.
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INTRODUCTION
Republic of Macedonia (25,713 km2) is a mountainous country where 2% of the territory is covered by water (lakes),
19% are plains and valleys, and the greatest part of 79% are hills and mountains. Because of frequent changes of mountains and deep valleys (Fig. 1), mean slope of the terrain in the country is very high, 15.2°, with 39.5% of the area
steeper than 15° (Milevski 2015). Hillslopes are mostly composed of erodible crystalline rocks (gneiss, mica-schists,
other schists), sandstones, Neogene lacustrine sediments and river deposits. Climate is semi-arid with 500-600 mm of
annual precipitations, which is insufficient for intensive vegetation growth. In addition, last decades there are frequent
storms with heavy or prolonged rains which contribute to excess runoff on uncovered slopes or otherwise high ground
water absorption (Milevski et al., 2107). In combination with population growth, increased urbanization, expansion of
urban and man-made structures into potentially hazardous areas this leads to extensive damage that has dramatic effects
on human life, infrastructure and environment (Luzi and Pergalani, 1999).
Landslides are one of such treats which very often occur in the Republic of Macedonia, especially during the rainfall or
fast snowmelt. For instance, numerous landslides were activated recently with road and canal construction in susceptible terrain, or by building major structures on steep terrain (Jovanovski et al., 2005). A typical example is the landslide
Ramina in the city of Veles, where sliding appeared in 1999 as a consequence of housing construction on unstable steep
slopes and another is the large landslide between Bituše and Velebrdo villages in the Radika valley (Manaković, 1974).
Because of a deep roadcut in tuffs on Stracin pass (on the road Kumanovo–Kriva Palanka), a shallow landslide appears
recently, which recurrently affect the traffic on this international road (Fig. 2). One of the largest (15 million m3) and
deadliest (12 deaths) well documented landslides in Macedonia on the Gradot hill near Kavadarci in 1956, even impound the valley of Bunarska River, forming a lake with significant landscape change (Manaković, 1960). Some of the
very large landslides occurred recently in coal mining sites (Manasiev et al., 2002) with excess extraction activities.
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Regionally, most of the landslides in Macedonia appears on the rims of basins, where usually Neogene lacustrine sands
and sandstones are superimposed over inclined clay or schists layers. Such are the large landslides in Tikveš, Berovo
and Delčevo Basins, in the valley of Radika etc. In more compact weathered rocks (igneous, limestones, marbles), usually in the western mountainous part of the country, rockfalls, rockslides, debris flows and other gravitational hillslope
processes occur (Stogovo, Šara Mountain, Korab, Jakupica; Milevski, 2015).

Fig. 1, Geographic location and relief map of the Republic of Macedonia.
To reduce the risk from the landslides, identification and mapping of the landslide prone area is very important task.
This information is often described in form of landslide susceptibility zonation (Varnes, 1984; Crozier, 1986; Soeters
and Van Westen, 1996; Guzzetti et al., 1999; Luzi and Pergalani, 1999; Crozier and Glade, 2005; Guzzetti et al., 2006).
Many of those techniques have been proposed GIS and remote sensing to evaluate landslide prone area (Nagarajan et
al.,1998; van Westen and Getahun, 2003; Tošić et al., 2014; Tošić and Lovrić, 2017). With the help of GIS, it is possible to integrate spatial data of different layers to determine influence of the causative factors on landslide occurrence
(van Westen, 1994; Carrara et al., 1995; Aleotti and Chowdhury, 1999; Cascini, 2008; Jimenez-Peralvarez et al., 2009).
Beside the high frequency and yearly damages of up to several millions euro, in the Republic of Macedonia only few
small-scale studies of GIS and RS based landslide area assessment were made with different success. Thus, Milevski et
al. (2009) use SAGA GIS-based cluster classification of landslide-related factors for susceptibility zonation of Gevgelija-Valandovo basin, and later, frequency-ratio GIS model was implemented in landslide hazard zonation of Pehcevo
Municipality (Milevski et al., 2013; Ivanova and Milevski, 2013), Vlaina Mountain (Milevski and Ivanova, 2015) and
of the Kriva River catchment (Milevski et al., 2017). Meanwhile, Peševski (2015) made very detailed landslide inventory of Polog-Reka (NW) area as a basis for landslide hazard zonation (LHZ).
Because there is not currently a landslides cadastre of the territory of the Republic of Macedonia, which is necessary for
any land use planning purpose, this paper attempts to determine the areas susceptible for landsliding. However, this
research is the first attempt to prepare GIS-based model for landslide susceptibility in national extent. The model does
not provide information regarding the temporal probability, the magnitude or the possible landslide propagation regions
but only defines possible areas of activation. The advantage is the efficient, cost-saving and above all, wide-area identification of hazard zones. Therefore, it can be used for decisions in spatial planning prior to land use designations, for
forestall planning strategies (e.g. designation of protective forests) and in hazard zoning of the disaster management
authorities (Proske and Bauer, 2016). The results of this research are of great importance because they will speed up the
compilation of landslide inventory map.
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Fig. 2, Some of the very active recent landslides in the Republic of Macedonia.

DATA AND METHODOLOGY
Modelling and mapping of landslide prone areas on regional scale is very complex task, because of many natural and
anthropogenic factors related with landslide processes. For that reasons, our results in LSA from the previous researches
on smaller (test) areas was included also (Milevski et al., 2009; 2013; 2017; Ivanova and Milevski, 2013). Furthermore,
all available bibliography, maps, reports from the media etc., for landslide occurrences in the Republic of Macedonia in
the past decades are collected. This was very important step to prepare landslide inventory and to determine the most
significant triggering factors (Peševski et al., 2012).
A spatial dataset (inventory) that represents former and recent landslides (presented as point features) is the most critical
information layer in order to implement quantitative statistical analysis for LS assessment. In this regard, several
sources of data were used including:
•

Landslide recorded in geological maps (hardcopies) in scale 1:100,000, produced generally in 1970-ties by the
Federal Geological Survey of Yugoslavia but only with position and relative extent of about 100 landslides;

•

Scientific papers, maps and media reports (generally after 1950-ties) for 96 landslides;

•

Records, photos and data from the own field work and field trips in the last 2 decades (for 55 landslides);

•

Orthophotos, satellite imagery and UAV-s photos (for 45 landslides).

The final landslide dataset consists of 296 landslides which is rather small number considering the extent. However, this
dataset was randomly split into two separate groups: a training dataset and a validation dataset. The training dataset
(148 landslides) was used for the implementation of statistical analysis, whereas the validation dataset (148 landslides)
was used during the verification of the results produced from the model. The landslides in the inventory have generally
similar characteristics: lateral based and downslope movement of soils or rocks. Some of the recorded landslides were
new-initial, and part was reactivated.
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The second task is identification of influencing factors which is the basis of several methods of landslide susceptibility
assessment (Dragićević et al., 2012). Terzaghi (1950) grouped these factors in two categories: internal and external. The
former includes those mechanisms within the mass that bring about a reduction of its shear strength to a point below the
external forces imposed on the mass by its environment, thus inducing failure. External mechanisms are those outside
the mass involved that are responsible for overcoming its internal shear strength, thereby causing to fail. According to
Crozier (1986), depending on the characteristics of the study area, at least three factors have to be included in GIS analysis including topography, lithology and land use. Donati and Turrini (2002) indicates that the most common conditioning factors are: lithological units, tectonic features, slope angle, proximity to (road or drainage) networks, land cover
and rainfall distribution. However, there are additional factors that may be arguably as influential.
In this research, 6 causative factors were considered: lithology, slope, plan curvature, land use, distance from streams
and distance from roads. Although there are no standard guidelines for selecting these parameters, the nature of the
study area, the scale of the analysis, and data availability were taken into account. The data for slope and curvature were
derived from 5 m digital elevation model (DEM) of the entire country using the SAGA GIS software, and then reinterpolated to 15 m grids. The lithology map was prepared from a 1:100,000 scale digitalized and rasterized geological map
of the country with 74 lithological units: from Precambrian gneiss and mica-schist through Mesozoic limestones to
Cenozoic sediments of marine, lacustrine and riverine origin. Land use layer was prepared according to CORINE
(CLC2012) classification hierarchy (level-1). Distance from the streams were derived using topographic river network
(25K) of the State Agency of Cadaster, while distance from the roads were prepared from OSM (Open Street Map) road
network in vector (.shp) format. Following the methodology, 5 buffer zones for roads (on 50 m steps) and rivers (on 100
m steps) were created and rasterized. All of the layers then were converted to a raster grids with 15x15 m cells (Fig. 3).
Table 1. Spatial data layers used in the study.
Factor - layer
Slope, Planar curvature
Lithology
Land use
Distance from stream
Distance from roads

Source
5-m DEM
Digital geologic map
CLC-2012
Topographic vector database
OSM roads database

Data type
Grid (geotiff)
Grid (geotiff)
Grid (geotiff)
Line (shp)
Line (shp)

The next step is selection of suitable LS method, and for larger areas, especially without very detailed landslide
inventory, statistical analysis of landslides and the frequency ratio method is among the best (Chalkis et al., 2014). This
method is based on the relationship between the spatial distribution of landslides and each conditioning parameter
(Magliulo et al, 2008). In the present paper, we estimate this relationship with the calculation of landslide susceptibility
index (LSI).
This method calculates the LSI for each category of all selected factors (e.g. slope, lithology, land cover, etc.), which
are selected for the study. To evaluate the influence of each variable, weighting factors are determined, which compare
the calculated density with the overall density in the area (Süzen & Doyuran 2004) as follows:

𝐴𝐴𝑖𝑖𝑖𝑖 ∗ 𝐴𝐴∗
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𝑊𝑊𝑖𝑖𝑖𝑖 = 1000�𝑓𝑓𝑖𝑖𝑖𝑖 − 𝑓𝑓� = 1000 � 𝐴𝐴 ∙

(1)

where: Wij is the weight given to a certain class i of parameter j; fij is landslide density within the class i of parameter j;
f is landslide density within the entire map; Aij* is the area of landslides in a certain class i of parameter j; Aij is the area
of a certain class i of parameter j; A* is total area of landslides in the entire map; A is total area of the entire map. In the
next step, all weights are summed up as in equation in order to achieve a resultant LSI map for the study area (Table 2).
The same course of action as in previous method is used for reclassifying the LSI values into different susceptibility
zones and map validation. According to this approach, the total calculated weigth of the defined classes for each factor
is 30 for slope, 15 for lithology, 10 for land cover, 8 for curvature, and 2 for stream and road distance, or 67 in total.
Thus, the relative ratio between these weights is 15:7:5:4:1:1, showing that slopes are the strongest landslide trigering
factor in the country, followed by lithology, land cover, planar curvature, and distance to streams and roads.
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Fig. 3, Raster layers of selected landslide-triggering factors: 1. Slope, 2. Lithology, 3. Land cover, 4. Planar curvature,
5. Road network buffers, 6. River network buffers.
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Table 2. The weight values of factors used for LSA model.
Factor
Lithology
Clastic sediments
Schists
Gneiss
Granitic rocks
Marble
Limestone
Slopes
0-5°
5-10°
10-30°
30-40°
>40°
Convergence (curvature)
Highly concave
Concave

Value

Factor
Flat
Convex
Highly convex
Land Cover
Dense forests
Transitional forests
Pastures
Cultivated lands
Urban areas
Bare rocks
Streams
0-100 m
>100 m
Roads
0-50 m
>50 m

5
4
3
2
1
1
2
6
10
8
4
2
3

Value
1.5
1
0.5
1
2
4
3
3
4
2
0
2
0

Landslide susceptibility is calculated by summing the values of all six parameters, ie by summing the values for each
single grid cell of all 6 digital layers. The values of the resulting model are in the range from 2.6 (areas with the lowest
potential for landslides) to 26 (areas with the greatest potential for landslides and areas where there are already
landslides). Between these values, 5 classes are determined with combination of quantile classification and natural
breaks in SAGA GIS and ArcGIS with very low, low, medium, high and very high landslides suspectibility zones
(Table 3).

RESULTS
In order to prepare the final map of landslide susceptibility zonation, a cross validation technique was used to compare
known landslide location data with the landslide susceptibility zonation map. Both GIS-based classifications (quantiles
and natural breaks) shows good accuracy of the implemented LS model, because more than 50% of the landslides in the
inventory are in the class of high and very high landslide susceptibility. According to the quantile classification, 53.4%
or 79 from 148 landslides in the validation subset, belongs to high and very high landslide susceptibility class covering
39.8% from the total area of the Republic of Macedonia (Table 3). The natural breaks classification is even more accurate with 75.6% of the landslides located in high and very high LS classes which in turn cover 55.5% from the country
area. However, the number of landslides (in %) compared with area (in %) of high and very high susceptibility class,
show similar ratio for quantile and natural breaks classification i.e. 1.34 and 1.36 respectively. From the other side, the
same ratio for the areas with low and very low susceptibility class is 0.49 and 0.20 for quantiles and natural breaks
respectively. Taken that the ratio tends to be as close to 0 for very low LS class, and increase well above 1 for very high
LS class, then natural breaks classification shows better accuracy. Thus, according to the LS map prepared with natural
breaks classification, 95.9% of the landslide events fall within very high, high and moderate landslide susceptibility
zones.
Table 3. Classification of LSI according to quantile and natural breaks method.
Quantiles
2.6-12.8
12.8-15.4
15.4-17.2
17.2-18.9
18.9-26.0
Total
Natural Breaks
2.6-8.0
8.0-12.9
12.9-15.8
15.8-18.6
18.6-26.0
Total

LS class
very low
low
moderate
high
very high
LS class
very low
low
moderate
high
very high

Area
5140.2
5081.6
5267.4
4959.1
5264.7
25713.0
Area
592.1
4548.0
6285.9
8289.0
5998.0
25713.0

%
20.0
19.8
20.5
19.3
20.5
100.0
%
2.3
17.7
24.4
32.2
23.3
100.0

Landslides
6
23
40
43
36
148
Landslides
0
6
30
68
44
148

%
4.1
15.5
27.0
29.1
24.3
100.0
%
0.0
4.1
20.3
45.9
29.7
100.0

Ratio
0.20
0.79
1.32
1.51
1.19
Ratio
0.23
0.83
1.43
1.27
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According to the calculated LSI, most of the landslides (in the test and validation dataset) in the Republic of Macedonia
occurred on moderate slopes (10-30°) and on terrain composed by clastic sediments (Neogene lacustrine deposits, colluvial sediments) and schists (mica-schists, green-schists etc.). Also, significant number of landslides occur in terrains
with weak vegetation (pastures, grasslands, bare and erodible rocks), but also in cultivated land on steep terrains and in
urban areas. Statistically substantial number of landslides are located on distance up to 100 m from the rivers (43%) and
up to 50-100 m from the roads (33%), mostly as a large roadside rockfalls.

Fig. 4, Landslide susceptibility map of the Republic of Macedonia.
From the other side, aspects do not show substantial correlation with landslide locations: 42% of the landslides are on
the north slopes and 58% on south slopes, but with high local unevenness. For that reason, aspects are not taken into
consideration. Actually numerous other studies are controversial about aspects-landslides correlation (Tanaka, 2005;
Caiyan et al., 2006; Chalkias et al., 2014). The similar is with altitude which do not show very strong correlation within
landslide inventory up to 1500 m (but there are large landslides even above this altitude).
Regionally, most of the area with high and very high landslide susceptibility in the Republic of Macedonia is extended
over hilly terrains and in mountain foots, on the side of valley bottoms in gorges, and on the sides of depressions and
basins which are usually covered with Neogene lacustrine sediments (Fig. 4). Thus, according to the map, the areas in
the central part of the country (Tikveš depression), the north-east part on the hillslopes of Osogovo and Bilino mountains and upper Bregalnica catchment (Fig. 5) and the foothills of Šara Mountain are among the most susceptible to
landslides.
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Fig. 5, Part of the landslide susceptibility map in the area of Kalimanci Lake.
In contrary, larger plains in the country and terrains built by very solid rocks (limestone, marble, andesite etc.), especially in the western part, shows low landslide susceptibility. However, the field studies found that even there the occurrence of (smaller) landslides is not totally excluded (near channels, roads, constructions, and other sites with substantial
anthropogenic activities).

CONCLUSION
This study was aimed at assessing the landslide susceptibility at a regional scale, in this case in the Republic of Macedonia. LSA is a crucial step to prevent landslides in places where this could be expected or to minimize its damages. At
regional scale, statistical methods are generally considered the most appropriate for LS mapping because they are objective, reproducible and easily updatable (Chalkias et al., 2014). By applying a bivariate statistical analysis, implemented
in a GIS environment, the relationships between landslide events and geo-environmental factors were assessed and
shown on the susceptibility map. There are two advantages of the implemented approach. First it uses clear and logical
criteria for analysis and the second it is based on empirical data about real landslide events. One of the challenging tasks
within this methodology is proper selection of most significant landslide-triggering factors. Depends of the extent and
approach, the number of selected factors greatly differ from case to case, with 4-5 as a minimum to more than 15. In
this study, six factors (lithology, slope, plan curvature, land use, distance from streams and distance from roads) were
selected, rasterized and harmonized to cell size 15 m × 15 m. Then, ratio of landslide events (as a points) in each factor
class is calculated, from which factor weights are determined and transferred in raster layers. The final model is actually
the sum of all 6 weighted layers. With further natural breaks classification (as a most accurate), 5 classes of LS are
defined represented in form of LS map. The results show that significant area (55.5% of the country) is under high and
very high landslide susceptibility zone which is verified with the landslide data. Thus, even with very limited landslide
inventory, there is 76.6% agreement between prepared LS map and 148 landslide locations of the validation dataset,
which is a reasonable result, taking into consideration the scale of analysis. However, the LSI method and the based
map can be further improved if larger and more reliable landslide inventory database is prepared and included in LS
modelling. The next goal will be better distinctiveness and accuracy of LS classes (low-very low in relation to high-very
high LS). Aside of that, there are other possibilities of improvement with including other triggering factors (precipitations, TWI, SPI etc.), or even comparisons with other methods.
The ultimate goal of producing reliable and accurate LS map, or indicative hazard map for landslides which will cover
entire country is not only to indicate endangered areas, but to take actions and activities toward prevention and decreasing of the hazard risk itself. If applied properly, such maps are suited for minimizing or avoiding future risks and damages. That is especially significant when climate change forecasts and its consequences in terms of increased landslide
frequency are considered (Kolčakovski and Milevski, 2012). Nevertheless, in the Republic of Macedonia, national
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funds are primarily used for recovery from damages by landslides, and much less for prevention and especially in producing of quality mass-movement susceptibility models and maps. According to our calculations, only 2 year funds for
recovery, will be sufficient to cover entire country with very detailed and reliable LS maps. In that sense, this model is
the first attempt on country level hoping that further improvement will be made soon.
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