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Abstract: Due to favorable natural conditions and human
impact, the territory of North Macedonia is very suscep-
tible to natural hazards. Steep hillslopes combined with
soft rocks (schists on the mountains; sands and sandstones
in depressions), erodible soils, semiarid continental cli-
mate, and sparse vegetation cover give a high potential
for soil erosion and landslides. For this reason, this study
presents a multi-hazard approach to geohazard modeling
on the national extent in the example of North Macedonia.
Utilizing Geographic Information Systems, relevant data
about the entire research area were employed to analyze
and assess soil erosion and susceptibility to landslides and
identify areas prone to both hazards. Using the Gavrilović
Erosion Potential Method (EPM), an average value of 0.36
was obtained for the erosion coefficient Z, indicating low to
moderate susceptibility to erosion. However, a significant
area of the country (9.6%) is susceptible to high and excess
erosion rates. For the landslide susceptibility assessment
(LSA), the Analytical hierarchy process approach is com-
bined with the statistical method (frequency ratio), showing

that 29.3% of the territory belongs to the zone of high and
very high landslide susceptibility. Then, the accuracy assess-
ment is performed for both procedures (EPM and LSA),
showing acceptable reliability. By overlapping both models,
a multi-hazard map is prepared, indicating that 22.3% of
North Macedonia territory is highly susceptible to erosion
and landslides. The primary objective of multi-hazard mod-
eling is to identify and delineate hazardous areas, thereby
aiding in activities to reduce the hazards and mitigate future
damage. This becomes particularly significant when consid-
ering the impact of climate change, which is associated with
increased landslide and erosion susceptibility. The approach
based on a national level presented in this work can provide
valuable information for regional planning and decision-
making processes.

Keywords: natural hazards, geohazards, hazards assess-
ment, excess erosion, landslides, GIS, remote sensing

1 Introduction

Natural processes and human activities shape the environ-
ment and can lead to natural hazards, including prominent
geohazards [1]. Although they may not always pose the
greatest threat to humanity, their impacts can vary signifi-
cantly, influenced by different levels of vulnerability. This
variability underscores the importance of employing multi-
hazard techniques for comprehensively analyzing hazardous
events. According to Aleksova et al. [2], the multi-hazard
approach involves identifying and evaluating the major
hazards that a region faces, considering the potential for
these hazards to occur simultaneously, cascade, or accumu-
late over time, and understanding their interrelated effects.
The multi-hazard approach is crucial because it unifies sus-
ceptibility, vulnerability, and hazard assessment within a
single framework. This method allows for a comprehensive
evaluation, essential for spatial planning, by identifying hazard-
prone areas, assessing vulnerabilities of natural and human-
made elements, and categorizing hazard zones based on varying
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levels of risk. Developing a multi-hazard map is a critical first
step in preventing and mitigating natural hazards, enabling the
systematic analysis of multiple hazards both independently and
in combination [3–9].

As a result of suitable natural factors and high human
impact over centuries, North Macedonia is highly suscep-
tible to a range of natural hazards and prominent geoha-
zards like severe erosion, landslides, rockfalls, and torren-
tial floods [10–16]. Characterized by erodible crystalline
rocks, sandstones, lacustrine and fluvial deposits, steep
slopes (39.5% exceeding 15°), a semiarid climate (annual
precipitation 500–600mm), and sparse vegetation, North
Macedonia experiences significant soil erosion (Figure 1).
This erosion is primarily a result of historical deforestation
and improper land use, leading to severe consequences
including landscape degradation and substantial economic
damage [10,14]. In Europe, soil erosion vulnerability is assessed
using qualitative, quantitative, and model-based methods
[17–19]. Although well-known empirical models such as USLE
[20], PESERA [21], KINEROS [22], WEP [23], and WEPP [24,25]
are widely used, locally adaptedmodels like the Erosion Poten-
tial Model (EPM) [18,26] also demonstrate proven accuracy.
Over the past two decades, the development of geospatial
databases using Geographic Information Systems (GIS) tech-
nology has improved these models, including EPM [27,28].

Landslides present another major threat in North
Macedonia, frequently triggered by intense rainfall or

rapid snowmelt (Figure 2). Construction activities, particu-
larly in vulnerable terrains, exacerbate landslide occurrences
[29]. Accurate identification and mapping of landslide-prone
areas are crucial, often achieved through Landslide suscept-
ibility zonation (LSZ) techniques [30]. GIS and remote sensing
tools are essential for evaluating landslide-prone areas by
integrating spatial data to assess the impact of causative
factors. Landslide susceptibility methods are categorized
into qualitative (heuristic) and quantitative, with hybrid
approaches often used when datasets are insufficient for
robust statistical analysis [30–33].

The United Nations Office for Disaster Risk Reduction
(UNDRR) emphasizes the multi-hazard concept, which involves
identifying multiple hazards a region may face and the condi-
tions under which these hazards may occur simultaneously,
sequentially, or cumulatively while considering potential
interconnected effects [2]. Effective hazard analysis relies
on applying multi-hazard techniques [2–9,11,17], and inte-
grating probabilistic and deterministic stochastic processes
offers an alternative approach [6].

Incorporating resilience – the ability of a system to absorb
and recover from hazardous events – is also crucial in this
context. Resilience encompasses the capacity to withstand and
recover from impacts, the adaptability to changing conditions,
and the ability to reduce vulnerability over time.

Given these considerations, it is imperative to develop
models at a national scale for assessing potential erosion and

Figure 1: Notable sites in North Macedonia with excess erosion: (a) Kratovska River valley; (b) Ribnica valley; (c) Ski-slopes on Kožuf Mt.; and (d)
Kamenica River valley.
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landslide susceptibility in North Macedonia. This research
represents the first attempt to create a multi-hazard map com-
bining both types of hazards. The primary objectives are: (1)
assessing erosion and landslide susceptibility using modified
models; (2) generatingmulti-hazard susceptibilitymaps; and (3)
identifying areas with the highest vulnerability to inform the
development of effectivemitigationmeasures [10–16]. This study
addresses soil erosion and landslide vulnerability through a
comprehensive GIS-based approach, integrating well-established
empirical and successful local models. Enhancing land use prac-
tices and forest rehabilitation are critical for managing these
hazards. This approach supports spatial planning and disaster
management decision-making by providing efficient, cost-effec-
tive, and wide-area hazard zone identification [33].

2 Data and methodology

2.1 Study area

North Macedonia, encompassing an area of 25,713 km2 in
the southern Balkan Peninsula, is predominantly mountai-
nous (79%), while plains cover just 19%, and the rest 2% are
lakes and reservoirs (Figure 3). The landscape features
frequently changes in mountains and valleys, resulting in

a high average slope of 15.4°, with 39.5% of the territory
having slopes steeper than 15° [34]. Geologically, the terri-
tory of North Macedonia belongs to six geotectonic units,
exhibiting diverse lithology ranging from Precambrian to
Cenozoic rocks [35]. The prevalence of highly erodible crys-
talline and clastic sedimentary rocks, especially at foothills,
makes these areas susceptible to erosion and landslides. As
a result of the chequerboard topography, the climate is
variably influenced by Mediterranean, continental, and
mountainous factors. Due to climate change, this semiarid
area with annual precipitation of about 500–700mm has
suffered more frequent storms and heavy rain events in
recent decades, contributing even further to erosion and
landslide occurrences [36]. Sudden winter-to-spring pene-
trations of hot Mediterranean air frequently lead to rapid
snowmelt and high overland flow, activating large land-
slides and avalanches [37].

Human activities, urbanization, and infrastructure expan-
sion into hazard-prone areas exacerbate the impact of natural
factors [38].

2.2 Methodology for soil erosion assessment

For the assessment of soil erosion intensity, the EPM, also
known as the Gavrilović method [26], is widely used in the

Figure 2: Some of the remarkable landslides in North Macedonia: (a) Landslides along the highway Petrovec-Štip; (b) Stanci landslide near Kriva
Palanka; (c) Sasa landslide in Kamenica River valley; and (d) Kosevica landslide.
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Balkans and beyond, including Serbia, Croatia, Slovenia, Ger-
many, Italy, Argentina, Belgium, North Macedonia, Greece,
etc. [18,39–44]. It reliably assesses soil erosion rate, estimates
mean annual soil loss and sediment yield, and helps plan
erosion control works and torrent regulation on a regional
scale. The method relies on the following equation:

= ⋅ ⋅ ⋅√ ⋅T H Z fWy π ³ ,

where Wy represents the average annual erosion rate in m3; T
is the temperature coefficient, calculated as T = (0.1∙t + 0.1)0.5,
with t being the mean annual air temperature; H indicates the
mean annual precipitation in mm; Z is the erosion coefficient,
ranging from 0.1 to 1.5 and more; and f is the studied area in
km2. Among these factors, the coefficient Z has the highest
importance, as it combines rock and soil erodibility (Y), land
cover index (Xa), index of visible erosion processes (φ), and
mean slope of the catchment (J) in the ratio

= ⋅ ⋅ + √Z Y φ JXa .( )

Originally, the EPM method was heuristic, generally based
on expert estimations of the parameters on the field.
Because of that subjectivity, GIS-based approaches have
been developed and updated recently, and they heavily
rely on deriving most parameters from digital elevation
models, thematic maps, and satellite images [11,14,27,28,45].

Thus, in our study, 15 m digital elevation model (DEM) from
the Ministry of Agriculture, Forestry, and Waters is used
(originally 5 m DEM corrected and interpolated to 15 m
DEM). For the Y coefficient, a previously digitized geological
(100 k) [46] and soil map (50 k) [47] were rasterized to 15m to
correspond to the used DEM resolution, and erodibility
values were added according to Gavrilović's approach [26].
These values generally range from 0.1 for resistant rocks to
2.0 for non-resistant rocks and soils (Table 1).

However, accurately quantifying coefficient Y poses
challenges because of the field’s different soil and rock
combinations and compactness. Thus, a fitting procedure
with rooting is used in the form Y = sqrt(Y1). The land cover
index, Xa, is derived from the CORINE Land Cover (CLC)
model (CLC2018) [48], with values ranging from 0.1 (indi-
cating dense forests) to 1.0 (indicating bare rocks) based on
Gavrilović [26] values (Table 2).

The values for the coefficient φ (visible erosion pro-
cesses) are determined from the Bare Soil Index (BSI), which
is based on Landsat 8 or Sentinel 2 imagery [45]. The Sen-
tinel 2-based BSI used in our study (BSI S2) is calculated from
the values of the spectral bands B, according to the form:

= + − +
+ + +

BSI S2 B11 B04 B08 B02

/ B11 B04 B08 B02 .

(( ) ( ))

(( ) ( ))

Figure 3: Geographical location of North Macedonia.
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In some studies, instead of BSI, the red spectral band of
Landsat 7/8/9 or Sentinel 2 scene is used as φ = a/255, where a
is the greyscale pixel value. The results are between 0 and 1,
where the lower values indicate areas without visible ero-
sion processes, while higher values show sites with severe
erosion processes [11,13–16]. However, further research will
show the eventual advantage of each approach.

The average terrain slope (J) was calculated from a 15 m
DEM, expressed in decimal percentage [49]. It is recognized
that higher slopes correspond to reduced stability, increased
erosion potential, and increased susceptibility to torrential
floods, as noted by Durlević et al. [50]. With all of the above,
the GIS-calibrated coefficient Z is determined by the equation:

= √ × × + × √ + √Z Y J JXa BSI 0.3 .( ) ((( ) ( )) ( ))

Climate parameters (T and H) are derived from the average
air temperature and precipitation models for the period
1991–2020, based on the interpolation of WorldClim v.2
[51], MODIS LST [51,52], and the data from the National
Hydrometeorological Service. Multiplied climate potential,
Z erosion coefficient, and study area (in km2) determine the

mean annual soil loss in m3 (Wy). The GIS-based EPM
approach has been tested in various regions in North
Macedonia [2,11,13–15] and other countries [44,53–62].

2.3 Methodology for landslide susceptibility
assessment (LSA)

The modeling and mapping of landslide-prone areas on a
regional scale represent a highly complex task due to the
numerous natural and anthropogenic factors associated
with landslide processes. Consequently, the LSA results
from prior research in the country were incorporated
into this study [11–13,15,63]. A crucial step in LSA is having
a good landslide inventory. However, North Macedonia lacks
a comprehensive inventory despite numerous landslides,
favorable natural conditions, and high human impact. For
our research, the existing dataset of 302 landslides from the
previous national-scale work [12] is updated with an addi-
tional 198 landslides (as georeferenced vector points), com-
prising a total of 500. Various data sources were used to
compile the dataset, including maps, scientific papers, media
reports, field surveys, and satellite imagery. Most landslides
were rotational and translational types, as well as rock falls
and earth falls (e.g., [64]). A random split into training (250
landslides) and validation (250 landslides) datasets was per-
formed. The training dataset facilitated statistical analysis for
modeling, while the validation dataset was used to verify the
model’s results [12]. This methodology aligns with established
practices in landslide susceptibility research [32]. The next
step in the procedure was to identify the primary landslide
factors. Topography, lithology, and land use are essential for
GIS analysis [63–65], although other factors like tectonic fea-
tures and rainfall distribution can also be influential [66]. E.g.,
Milevski et al. [12], for the same area, underscored the eva-
luation of eight triggering factors from which six are identi-
fied as most important, including lithology, slope angle, land
cover, terrain curvature, distance from rivers, and distance
from roads. These factors are selected in our study (Table 3),
and they are the foundation for various LSA methods [67].

The subsequent step involves selecting a suitable LSA
method. Considering the large areal extent and the very
limited landslide inventory, a combination of the fre-
quency ratio (Fr) and Analytical Hierarchy Process (AHP)
methods is employed. The frequency ratio method, recog-
nized as highly effective for larger areas [68], is grounded
in the relationship between the spatial distribution of land-
slides and each conditioning factor [69]. This method cal-
culates the Landslide susceptibility index (LSI) for each

Table 1: Some values of the soil and rock erodibility (Y)

Type Value

Regosol 1.20
Podzols, schists 1.00
Dystric Cambisol 0.80
Vertisol, fluvisol, luvisol 0.60
Tuffs 1.60
Ranker 0.90
Alluvial deposits 0.50
Clastic sediments 2.00
Compact limestone and marble 0.20
Decomposed carbonate rocks 1.20
Compact volcanic rocks 0.20

Table 2: Values of the land cover coefficient (Xa)

Type Value

Discontinuous urban fabric 0.25
Nonirrigated arable land 0.80
Pastures 0.50
Land principally occupied by agriculture 0.55
Broad-leaved forest 0.20
Coniferous forest 0.15
Mixed forest 0.15
Natural grasslands 0.40
Moors and heathland 0.50
Transitional woodland-shrub 0.40
Sparsely vegetated areas 0.90

Multi-hazard modeling of erosion and landslide susceptibility in North Macedonia  5



category i of all selected factors j (e.g., slope, lithology, land
cover, etc.). The calculation is performed using the fol-
lowing equation proposed by He and Beighley [70]:

⎟⎜=
⎛
⎝

⎞
⎠

N

A

N

A
LSI ln ,ij

ij

ij

T

T

where Nij represents the number of landslides in category j
of factor i, Aij denotes the area of this category, NT is the
total number of landslides, and AT is the total area under
investigation. If a category (or selected factor) strongly
correlates with landslides, the associated area will exhibit
a notably high positive LSI. Conversely, a negative LSI
value for a specific category signifies a low density of land-
slides in that class [12]. Consequently, LSI presents the
relative susceptibility to landslide occurrence. The final
LSI is generated by summing up all triggering factors’
values for a grid cell of all six digital layers.

The AHP approach is a semi-qualitative method that
involves matrix-based pairwise comparisons of different
factors’ weight contributions to landsliding. A pairwise
comparison matrix is compiled using three expert opinions
and frequency ratio range and rankings. These weights
signify the relative importance of each factor in triggering
landslides within the catchment, with slope being the most
influential factor, followed by lithology, land cover, planar
curvature, and distance to streams and roads [12]. As with
the LSI approach, in the AHP approach, the final map is
calculated by summing up the values of individual grid
cells of all digital layers [63].

The final LSAmodel is created from themean LSI + AHP
values. Subsequently, by natural breaks classification, the
continuous values are classified into five distinct classes:
very low, low, medium, high, and very high landslide sus-
ceptibility zones. Natural breaks and quantile classification
methods are commonly utilized without a widely accepted
agreement on the best approach for classifying LS values

[68–75]. However, the natural breaks algorithm [76] is pre-
ferred in this study for its effectiveness when the LSI histo-
gram exhibits distinct breaks [77,78].

2.4 Methodology for multi-hazard modeling

Developing a comprehensive multi-hazard model entails
the integration of models of potential erosion and landslide
susceptibility into a unified framework. Following Aleksova
et al. [16] work, pertinent GIS tools within QGIS 3.34 and
SAGA GIS 9.3.0 software were judiciously employed to delineate
multi-hazard areas. First, values frompreviously produced EPM
and landslide susceptibility models are classified into five
classes: very low to very high potential or susceptibility. Then,
the very high classes of both models are considered and reclas-
sified as class one for erosion and class two for landslides. With
a simple addition of both, themulti-hazard class as class three is
calculated.

The resulting multi-hazard model, designed to account
for the convergence of both geohazards, assesses the like-
lihood of one or two hazards occurring in a specific area.
To enhance the efficacy of this approach, a synthesis of
methodologies was employed, combining on-the-ground
field analysis with sophisticated statistical techniques
facilitated by GIS software. This holistic strategy aims to
provide a nuanced understanding of the geohazard land-
scape, yielding more accurate and actionable results.
Following the UNDRR, the multi-hazard concept considers
circumstances under which hazardous events may man-
ifest concurrently, progressively, or cumulatively over
time, acknowledging potential interconnected effects
[79]. The significance of employing multi-hazard techni-
ques in hazard event analysis is underscored in the
literature [2–9,11,13,15–17,62,80].

Table 3: Data sources for landslide susceptibility analysis

Data type Source Details Relevance

Lithology Digitalized geological map
(100 k)

Focused on seven distinct lithological units
within the municipality area.

Provides lithological composition data for
landslide analysis.

Slope and plan
curvature

15 m DEM Derived from a 15 m DEM. Key for understanding terrain morphology
and its influence on landslides.

Land use CORINE land cover 2018
classification hierarchy

Extracted land cover types within the
study area.

Aids in assessing landslide susceptibility
based on land cover types.

Distance from
streams

Topographic river networks Distances calculated with buffer zones (20 m
increments) and converted to raster format.

Proximity to streams influences landslide
susceptibility.

Distance from
roads

Open street map road
networks

Distances calculated with buffer zones (20 m
increments) and converted to raster format.

Proximity to roads influences landslide
susceptibility.
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3 Results

3.1 EPM

With the suggested EPM approach, the models of erosion
coefficient Z and the mean annual erosion rate W were
produced, maintaining a resolution of 15 m and aligning
with the input layer datasets. The erosion coefficient Z
model delineates values ranging from 0, indicative of areas
without erosion (or deposition sites), to values exceeding 1.5,
representing areas with severe (excessive) erosion (Figure 4).
The average Z value for the entire country is 0.36, which
corresponds to low-to-moderate erosion. Nevertheless, exten-
sive regions covering 9.6% exhibit high erosion vulnerability,
with a Z value above 0.7 (Table 4). In these regions, even
modest rainfall triggers substantial production of eroded
material. This phenomenon is particularly noticeable during
heavy rainfalls exceeding 30mm/day.

According to the used approach, the average annual
erosion rate (Wy) for the territory of North Macedonia is
moderate to high, measuring 516.4 m3/km2 or 0.52 mm/year.

This is significantly less than the findings from the tradi-
tional Erosion map (685.0 m3/km2 according to Djordjević
et al. [36]) prepared generally in the 1980s. Thus, to check
the accuracy of the implemented EPM approach, a compar-
ison is usually made with the measurement of sediment
deposition in reservoirs. Because of the available data, our
study compares the average annual sediment deposition
from the upper Bregalnica catchment (1124.7 km2) to Kali-
manci Lake (reservoir). Hence, with the EPM approach, the

Figure 4: Erosion susceptibility map of North Macedonia (according to Z coefficient values).

Table 4: Areas under different erosion susceptibility classes (according
to Z-values of EPM)

Susceptibility Class In km2 In %

Very low 0–0.2 6294.6 24.5
Low 0.2–0.4 10011.8 38.9
Moderate 0.4–0.7 6525.9 25.4
High 0.7–1.0 2130.5 8.3
Very high >1.0 324.9 1.3
Lakes — 425.3 1.7
Total 25713.0 100.0

Multi-hazard modeling of erosion and landslide susceptibility in North Macedonia  7



sediment delivery ratio (Ru) is estimated using the following
equation:

= √ × × +O D LRu /0.25 10 ,( ) ( )

where O represents the length of the watershed border in
km, D signifies the difference between the average altitude
and the altitude of the catchment outlet in km, and L is the
catchment length [26]. The sediment yield (G) is then cal-
culated as follows:

= ×G W Ru,

According to the calculations, the Ru value for the upper
Bregalnica catchment is 0.38, and the average annual sedi-
ment yield (G) from the catchment to the Kalimanci Lake
totals 236,943 m3/year. This value is just 10% higher than
the recent echo sonar measurements of sediment deposition
in Kalimanci Lake [81], according to which the average
annual sediment deposition in Kalimanci Lake is 214,325
m3/year. That shows the high accuracy of our EPM approach,
which needs to be further checked with additional measure-
ments on the mentioned rivers. Thus, the difference with the

previous (traditional) erosion map [36] is probably because of
the decreased erosion rate due to the substantial depopula-
tion of rural areas in the last decades and the different
approaches used in both procedures.

Aside from the mentioned differences, the spatial dis-
tribution of erosion classes exhibits some similarities. The
erosion rate (Wy) typically ranges between 0 and 500 m3/
km2/year in flats or densely forested mountainous regions.
Contrary to that, certain rural areas experiencing signifi-
cant human impact show erosion rates exceeding 1,000 m3/
km2/year (Figure 5). The areas with the highest erosion
rates (excess erosion) are identified in the catchments of
Bregalnica, Crna River, Pčinja, Kriva Reka, Pena, etc.,
giving rise to destructive landforms, the loss of valuable
fertile land, and the substantial filling of riverbeds with
sediment.

With further analysis, the annual erosion rate has
been segmented into five classes, ranging from very low
erosion or deposition to severe (excess) erosion.

The findings in Table 5 emphasize the prevalence of
terrains exhibiting low to very low erosion rates,

Figure 5: Potential annual erosion rate of North Macedonia.
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constituting 61.5% of the total. These areas are associated
with densely forested, gentle-slope mountain regions and
plains in depressions. Deposition sites are linked to lakes,
reservoirs, and downstream segments of larger rivers,
resulting in their comparatively lower mean elevation
when compared to other classes. As per the model, sub-
stantial proportions of the country encompass regions with
high erosion rates, totaling 13.3%. These areas are domi-
nantly located on steep, exposed, and erodible hilly moun-
tain slopes. Such erosion rate often leads to a landscape
marked by rills, gullies, badlands, and earth pyramids.

3.1.1 Landslide susceptibility model

As the previous research [12] shows, for the area of North
Macedonia, and with a very limited landslide dataset, the
mean value of the combined LSI and AHP models produces
LSA map with acceptable accuracy; thus, the same approach
is used in this study.

The LSI model is based on summing up the values of all
six triggering parameters, with subsequent classification
into susceptibility zones. The results indicate that the
0–50 m road buffer exhibits the highest positive LSI value.
However, this outcome might be influenced by the nature
of the landslide dataset, where many landslides and rock-
falls occur on roadside slopes. Despite this, the relative
significance ratios between classes for each factor align
well with expectations from field analysis. Except for the

road factor, the most crucial factors are slope, lithology,
and land cover (Table 6). All factors, except convexity
(planar curvature), exhibit a values range (between LSImin

and LSImax) greater than 1.0 and an LSImax value exceeding
0.25, indicating their relevance as predictors. The size of
factors’ ranges (maximal value differences per factor) also
serves as ranking indicators for the AHP, the second
method employed in this study.

In the AHP method, factor weights are determined
through pairwise comparisons, resulting in a comparison
matrix. The matrix-based weight of the factors and the
matrix’s consistency ratio (CR) are calculated using the
AHP Excel template and online form [63]. The CR is calcu-
lated to ensure the matrix’s reliability, with a prescribed
threshold of less than 0.1 for acceptance [82]. Thus, the CR
is 0.035, signifying acceptable consistency.

The factor class ranking (R) is based on the LSI values
range and expert rankings. It is defined from 1 (insignificant
influence) to 5 (highest influence for that factor). Thus, it is
found that the highest number of recorded landslides (95) is
present in the slope class of 10–30°, and that class is ranked
at the value 5. The same procedure is taken for all other
factors, and then factor weights are multiplied by their class
rankings. The AHP map is produced by summing the values
for all seven factors, i.e., their corresponding classes [63],
and the resulting values range from 0.7 (low landslides sus-
ceptibility) to 5.0 (high landslides susceptibility).

A hybrid approach is employed to leverage each map’s
advantages and address potential disadvantages by over-
laying both raster grids. The mean sum of LSI and AHP
values for each cell is calculated and classified according
to natural breaks, resulting in a more refined final map
with improved classification accuracy.

Model validation is a critical phase in the LSA metho-
dology. The landslide inventory with 500 recorded land-
slides and the LSI + AHP model were compared in this
process. The findings of this comparison are outlined in
Table 7.

Therefore, among the 500 landslides documented, 131
(or 26.2%) are situated within the highest LS zone.

Table 5: Erosion rate classes in North Macedonia according to EPM

Class m3/km2/year In km2 In %

Very low 0–200 6757.5 26.3
Low 200–500 9056.3 35.2
Moderate 500–1,000 6043.2 23.5
High 1,000–1,500 2401.0 9.3
Very high (severe) >1,500 1029.7 4.0
Lakes — 425.3 1.7
Total 25713.0 100.0

Table 6: AHP comparison matrix for the selected factors

Factor Slope Lithology Land cover Road dist. Curvature Stream dist. Weight

Slope 1 2 3 4 5 5 0.349
Lithology 0.50 1 2 3 5 5 0.248
Land cover 0.33 1 1 2 3 3 0.152
Road dist. 0.25 0.33 0.50 1 2 3 0.103
Curvature 0.20 0.20 0.33 0.50 1 1 0.058
Stream dist. 0.20 0.20 0.33 0.33 1 1 0.049
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Combined with the high LS zone, this encompasses 51.2% of
all observed landslides, indicating a strong accuracy. To
comprehensively evaluate the model’s performance in the
study area, additional validation analysis was conducted
using the receiver operating characteristics (ROC) curve
and area under the curve (AUC) value (Figure 6). The AUC
value serves as a measure of the probabilistic model’s relia-
bility in predicting event occurrences. Values between 0.5
and 1 signify a good fit, whereas those below 0.5 indicate
randomness. To ensure proper validation, it is recommended
to have 2–3 times more false-positive landslides than true
ones in the validation dataset [74,82]. In this study, 600
false-positive landslides were randomly selected and thor-
oughly inspected. The ROC curve and AUC value were com-
puted using SPSS statistical software, resulting in an AUC
value of 0.79, signifying a high level of accuracy for the
employed model.

Regionally, high and very high landslide susceptibility
areas in North Macedonia (29.3%) are predominantly

located in hilly terrains, mountain foothills, steep valley
sides, gorges, and basin slopes covered by Neogene lacus-
trine sediments (especially in the central, east, and north-
east part of the country). Conversely, larger plains and
terrains composed of solid rocks, especially in the western
part of the country, exhibit lower landslide susceptibility
(Table 8; Figure 7). However, field studies reveal that even
in these areas, smaller landslides cannot be entirely ruled
out, particularly near channels, roads, constructions, and
sites with substantial anthropogenic activities.

3.1.2 Multi-hazard modeling

In line with the study’s goal, a multi-hazard map was
crafted by merging maps depicting erosion and landslide
susceptibility. Using SAGA GIS software, regions displaying
very high erosion potential were superimposed onto those
very highly prone to landslides (Figure 8). This process
facilitated the identification of areas facing significant vul-
nerabilities from both hazards, leading to the delineating
of multi-hazard zones. The analysis indicates that parts of
North Macedonia are exposed to coexisting threats, speci-
fically landslides and excessive erosion. The multi-hazard
zone (3.8%) is typically found in hilly-mountainous regions
with steep slopes, non-resistant rocks, and high rainfall
intensity. Human activities like deforestation and improper
land use exacerbate these vulnerabilities. In Table 9, a zone,
calculated as the “total at risk” in the study, covers approxi-
mately 22.3% of the country area.

4 Discussion

In North Macedonia, extensive areas experience acceler-
ated erosion due to centuries of intensive human activity
in environments conducive to settlement. These regions
primarily include steep, south-facing slopes of depressions

Table 7: Recorded landslides by LSI classes and percentages

Class Registered landslides In %

1 42 8.4
2 74 14.8
3 128 25.6
4 125 25.0
5 131 26.2
Total 500 100.0

Figure 6: ROC curve and AUC of the combined LSA model.

Table 8: Landslide susceptibility areas in North Macedonia according to
the natural breaks classification

Susceptibility Class km2 %

Very low 1 5512.5 21.4
Low 2 5279.9 20.5
Moderate 3 6953.9 27.0
High 4 3293.2 12.8
Very high 5 4243.3 16.5
Lakes — 430.3 1.7
Total 25713.0 100.0

10  Ivica Milevski et al.



and valleys, typically below 1,000m in elevation, which
were favorable for early settlements. The accelerated ero-
sion has transformed the original landscape into rills, gul-
lies, badlands, and earth pyramids. Some landscapes have been
severely devastated by soil erosion, notably the Bregalnica
catchment, the Crna catchment, and the Pčinja catchment.
Conversely, the lower regions of these catchments and valleys
experience substantial deposition of eroded material, signifi-
cantly influencing fluvial processes. The lower sections of rivers
such as Vardar, Pčinja, Bregalnica, and Crna are covered by
extensive alluvial plains with fresh deposits, where lateral ero-
sion, meandering, and channel accretion prevail. Due to exces-
sive deposition, many downstream riverbeds have been
uplifted by more than 10–15m, resulting in the abandon-
ment of large tracts of agricultural land and significant
socioeconomic impacts on rural environments.

According to the results obtained from the EPM, the average
value of the erosion coefficient Z for NorthMacedonia is 0.36, or
low-to-moderate. Nevertheless, there is a significant presence of
terrains with moderate, high, and very high erosion risk (values
greater than 0.4), comprising 8981.3 km2 or 35% of the total area.

The average annual sediment production is 516.4m3/km2 or
0.56mm/year. As much as 13.3% of the total area is under
high and very high erosion rates, exceeding 2,000 m3/km2/year
(a soil layer of 2mm per year). Excessive water erosion in these
areas causes the creation of eroded landscapes, the loss of fertile
areas, and the filling of riverbeds with large amounts of sedi-
mentary material.

According to the available data for the countries in
the region, the Republic of Serbia has an average erosion
coefficient of 0.3 and a mean erosion rate of about 487.8
m3/km2/year [83]. Slovenia, a country of similar area
(20,273 km2), has a specific erosion rate of about 280
m3/km2/year [84], which is nearly half the average specific
erosion rate for the territory of North Macedonia (516.4
m3/km2/year). The mean erosion rate on the Republic of
Srpska’s territory (as a part of BiH) was 239.91m3/km2/year
[53]. On the other side, the mean erosion rate in Greece is
much higher – approximately 27.5 tons/ha/year, equivalent to
1,018m3/km2/year [85].

Aside from the proven accuracy shown in our study,
several drawbacks and uncertainties associated with the

Figure 7: Landslide susceptibility map of North Macedonia based on the mean sum of LSI and AHP values.
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GIS-based approach of EPM need to be considered in
further applications and developments:
• The coefficient of rock and soil erodibility “Y” poses chal-
lenges as values are relative and determined by the
author of the original model based on estimations.
Incorporating and combining these two types of erod-
ibility (rock and soil) into a single value is complex,
especially without a high-detail soil properties map
for North Macedonia.

• The coefficient “Xa,” related to land use type and closely
tied to (CLC) data, presents challenges due to the outdated

CLC2018 model. Changes in land cover, such as forest fires
in 2021, 2022, and 2024, are not represented yet, empha-
sizing the need for updates with the latest satellite
imagery.

• In certain cases, using the BSI from satellite imagery as a
basis for the coefficient of visible erosion processes φ
may not be optimal. Combining spectral bands (red,
near infrared – NIR) may provide more accurate values.

One of the primary objectives of this work was to
evaluate landslide susceptibility at a regional scale, speci-
fically in North Macedonia. LSA is crucial in anticipating and
mitigating potential landslide occurrences or minimizing
their impact. At the regional level, statistical methods are
widely considered the most suitable for landslide mapping
due to their objectivity, reproducibility, and ease of updating
[86]. A bivariate statistical analysis conducted in a GIS envir-
onment examined the relationships between landslide
events and geo-environmental factors, presenting the find-
ings on a susceptibility map. The approach offers two main
advantages: it utilizes clear and logical criteria for analysis

Figure 8: Multi-hazard map of the extended area of North Macedonia.

Table 9: Areas highly susceptible to erosion, landslides, and multi-
hazards in North Macedonia (% of total area)

High susceptibility to km2 %

Erosion 1491.4 5.8
Landslides 3222.5 12.7
Multi-hazards 971.3 3.8
Total at risk 5685.2 22.3
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and is based on empirical data related to actual landslide
events. However, without a comprehensive landslide inven-
tory, statistical approaches can be complemented by semi-
quantitative methods like the AHP, which introduces sub-
jectivity into the analysis [63,86].

This study considered six preconditions for landslide
occurrence: slope, lithology, land cover, plan curvature,
distance from streams, and road distance. These factors
were converted into raster (grid) format and standardized
to a cell size of 15 m. The frequency ratio of landslide
events in each factor class was then calculated as LSI
values. These values formed the basis for the relative rank-
ings of factor classes used in the AHP weighting matrix.
The final LS model is derived as a mean sum of LSI and
AHP values. Five LSZ were classified using natural breaks.
Despite a limited landslide inventory, combining the LSI
and AHP approach achieves a 79% AUC value, showing
accurate results considering the scale of analysis. The
results indicate that a significant portion of the country
(29.3%) is situated within high and very high landslide
susceptibility zones, corroborated by the landslide dataset.

The LSI + AHP approach used in our study has several
limitations. As the modeling is based on national-scale
datasets, the results are unsuitable for a reliable site-
oriented spatial analysis, for which a much more detailed
landslide inventory and precondition factors in better reso-
lution are needed. Furthermore, the resulting LS map pre-
sents only the predicted spatial distribution of landslides
and not the temporal probability of landslide occurrence
(for which the exact data about the precipitation pat-
terns and highest intensities must be considered). To
improve LSA, a significant improvement of the landslide
data inventory is needed, as well as better spatial reso-
lution of the precondition data layers, the inclusion of
additional precondition factors (e.g., topographic wet-
ness index, stream power index, normal difference vege-
tation index, geological structural elements, precipita-
tion intensities, and the introduction of alternative model
validation approaches.

By superimposing high erosion and landslide suscept-
ibility zones, a multi-hazard area is identified, covering
3.8% of the national territory. This area is highly susceptible
to both soil erosion and landslides and frequently threatens
productive land, settlements, infrastructure and even human
lives. These sites need to be among the state priorities for
protection and conservation. However, other natural and geo-
hazards (like flash floods, ground subsidence, etc.) need to be
included in multi-hazard zonation and maps utilizing the
recent technologies. In that regard, newmethods increasingly
rely on machine learning, probabilistic modeling, and data-
driven approaches to handle the complexity of natural and

geohazard interactions. Machine learning’s ability to process
large datasets, detect patterns, and predict hazard events is
central to these advancements. Hybrid models that combine
machine learning with physical models are becoming
more common in leveraging the strengths of both methods.
Moreover, real-time monitoring, uncertainty estimation, and
the focus on cascading hazard interactions are areas of active
research [87,88].

Addressing landslides and excessive erosion is crucial
for managing and mitigating geohazards in North Macedonia.
Combined with field research, these results are vital for preser-
ving geodiversity values. The findings contribute to under-
standing erosion vulnerability in Southeast Europe, highlighting
specific challenges at the country level.

5 Conclusion

The ultimate goal of creating a reliable and accurate multi-
hazard map covering the entire country is to identify vul-
nerable areas and guide preventive actions and activities
to reduce hazard vulnerability. If implemented effectively,
such maps are instrumental in minimizing or avoiding
future risks and damages [33,89]. This significance becomes
even more pronounced when considering climate change
forecasts and their potential impact on increased landslide
frequency and soil erosion yield. However, in North Mace-
donia, national funds are predominantly allocated for
damage recovery, with a limited focus on prevention and
developing high-quality susceptibility models and maps.

One of the principal products of multi-hazard vulner-
ability studies is maps [90]. Examining areas highly prone
to multi-hazards is essential for implementing preventive
measures and effective environmental management by
local, provincial, and state services [89–91]. A key goal of
multi-hazard mapping is to delineate hazardous zones,
aiding in reducing vulnerabilities and preventing future
damage [92–98]. This is particularly crucial considering
the impact of climate change, associated with increased
landslide activity and excessive erosion [99]. The approach
outlined in this study can potentially create reliable multi-
hazard maps nationally, offering valuable insights for
regional planning and decision-making processes [100–102].
Using such maps, stakeholders can make informed choices
and take measures to minimize vulnerabilities and enhance
resilience to environmental challenges. Identification and
management of these zones involve comprehensive vulner-
ability assessments and implementation of mitigation mea-
sures such as slope stabilization and reforestation to mini-
mize their impact on communities and infrastructure.
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With its distinct physical features, geographical posi-
tion, and rich geodiversity, North Macedonia provides an
ideal context for a comprehensive regional geohazard ana-
lysis [34,103]. GIS facilitate the use of relevant data to assess
excessive and water erosion, landslide susceptibility, and
multi-hazard-prone areas. GIS capabilities allow for a hol-
istic understanding of the interaction between geohazards
and the landscape. Nevertheless, the results presented in
this article represent the first multi-hazard assessment and
the initial version of an integral map of multi-hazard dis-
tribution in North Macedonia for land use planning, which
is important nationally and regionally. For any specific
conclusion, establishing a cadaster of geohazard-endan-
gered areas in the entire country area as a valuable future
goal, aiding sustainable spatial and urban planning will be
needed.
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