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Abstract: Fan-shaped landforms, particularly fluvial fans, are inherently prone to multiple geohazards because
steep slopes, weak lithology, sparse vegetation, and rapid runoff response often coincide within limited spatial
areas. This study evaluates multi-hazard susceptibility in the Crnicka Reka catchment, eastern North Macedonia,
by comparing GIS-based parametric models with FAHP-based multi-criteria analysis. Excessive soil erosion,
landslide susceptibility, and flash-flood susceptibility were first assessed individually using the Erosion Potential
Model, Landslide Susceptibility Index, and Flash Flood Potential Index, and were then integrated through spatial
overlay to identify multi-hazard zones. The EPM results indicate an average erosion coefficient of Z = 0.5, with
total erosion production of 5,304 m*/year and a specific erosion rate of 780.9 m*km?year, mainly concentrated
in the lower catchment. LSI classified 41.7% of the catchment as high to very high landslide susceptibility, while
FFPI identified 57.4% as high to very high flash-flood susceptibility. The parametric multi-hazard overlay
delineated 6.3% of the catchment as overlapping high-susceptibility zones, mainly in the central and lower
sections. FAHP identified broader susceptibility patterns, including 19.1% high erosion susceptibility, 32.7%
high to very high landslide susceptibility, 44.8% high to very high flash-flood susceptibility, and 15.4% multi-
hazard overlap. ROC-AUC validation showed higher predictive performance for the parameter-based models,
with 85.1% for LSI and 84.2% for FFPI, compared with 76.7% and 72.2% for the corresponding FAHP models.
These results indicate that parametric GIS models are more effective for hazard-specific prediction, whereas
FAHP is more sensitive to combined conditioning factors and provides complementary information for multi-
hazard interpretation. The approach should be interpreted as an overlay-based susceptibility framework rather
than a dynamic cascading-hazard model. This multi-method approach enhances the robustness of multi-hazard
assessment and informs integrated catchment management. Future integration of LiDAR and UAV-based
monitoring could further improve understanding of sediment transport, slope instability, and flash-flood dynamics.

Keywords: multi-hazard susceptibility, soil erosion, landslides, torrential floods, Fuzzy Analytic Hierarchy
Process (FAHP), GIS, catchment, hydro-meteorology, geohazards

1. INTRODUCTION weak lithology, sparse vegetation, and intensive rainfall

can jointly increase geomorphic instability. Their

Geohazards such as soil erosion, landslides, and  impacts are further intensified by land-use change,

flash floods represent major environmental threats in  deforestation, unsustainable land management, and
small mountainous catchments, where steep slopes, climate variability, which create complex spatial
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patterns of susceptibility and risk (Sassa, 2023; Sousa et
al., 2021; Di Salvo et al., 2024). In such environments,
remote sensing and Geographic Information Systems
(GIS) provide an effective decision-support framework
for integrating terrain, geological, hydrological,
climatic, and land-cover data into spatially explicit
hazard assessments, particularly for identifying critical
zones relevant to watershed management and risk
reduction (Katapodi & Antoniou, 2025).

GIS-based modelling is widely applied for
assessing individual geohazards, including soil erosion,
landslide susceptibility, and flash flood potential. Soil
erosion is commonly evaluated using empirical and semi-
empirical approaches such as USLE/RUSLE and the
Erosion Potential Model (EPM) (Gavrilovi¢, 1972;
Hanane et al., 2024; Sud et al., 2024). Recent applications
in contrasting catchments further show that erosion
estimates may vary considerably depending on model
structure, parameterization, and the scale at which
drainage-basin characteristics are represented (Vujacic et
al., 2023; Bytyqi & Agaj, 2024). The EPM has shown
reliable applicability in North Macedonia and other
mountainous environments, particularly where erosion
intensity is controlled by lithology, slope, land cover, and
precipitation (Aleksova et al., 2023; Aleksova et al.,
2024a; Milevski et al., 2024; Bezak et al., 2024).
Landslide susceptibility assessment similarly relies on the
spatial relationship between landslide occurrence and
conditioning factors such as slope, lithology, land cover,
curvature, and distance from drainage networks, while
flash flood susceptibility is commonly assessed using
terrain, lithological, land-cover, and vegetation-related
indicators, including the Flash Flood Potential Index
(FFPI) (Smith, 2003; Milevski et al., 2019; Aleksova et
al., 2025; Milevski et al., 2025b). Flood-vulnerability
assessment is increasingly framed not only as
susceptibility mapping, but also as a basis for prioritizing
prevention and mitigation measures in locally exposed
areas (Dubey et al., 2025).

Although parametric and statistical models are
useful for individual hazard assessment, they often treat
erosion, landslides, and flash floods separately, despite
the fact that these processes may occur within the same
geomorphic system. This is particularly important in
small fan-shaped and torrential catchments, where
sediment production, slope instability, and rapid runoff
may spatially overlap. Multi-Criteria Decision-Making
methods, especially the Fuzzy Analytic Hierarchy
Process (FAHP), provide a complementary approach by
integrating expert-based judgement with fuzzy logic and
reducing uncertainty in the weighting of hazard-
conditioning factors. FAHP has therefore been
increasingly applied in recent studies of landslide, flood,
and soil erosion susceptibility (Gopinath et al., 2024;
Mokarram et al., 2024; Cikmaz et al., 2025). Hybrid

expert-based and machine-learning  approaches
represent a promising direction in flood-susceptibility
assessment (Gorsevski & Milevski, 2026).

Despite  these methodological —advances,
integrated multi-hazard assessments remain limited in
small ungauged catchments of the Western Balkans,
where field data are often scarce and geomorphic
processes are spatially concentrated. In such areas, the
comparison between established parametric models and
FAHP-based susceptibility modelling is important for
evaluating how different methodological assumptions
influence the delineation of hazard-prone zones. At the
same time, spatial overlay of independently modelled
hazards can provide a practical first step for identifying
zones of concurrent susceptibility, although it should be
interpreted as an overlay-based multi-hazard approach
rather than a fully dynamic cascading-hazard model
(Pourghasemi et al., 2020; UNDRR, 2025).

The Crnicka Reka Catchment in eastern North
Macedonia represents a suitable case study because of
its small size, steep terrain, fan-shaped sections, weak
geological formations, sparse vegetation in the lower
parts, and active geomorphic processes, including three
currently active landslides. Previous studies in the wider
area mainly addressed erosion and landslide processes
at local or municipal scale (Milevski, 2004; Kenderova
& Milevski, 2010; Milevski & Ivanova, 2013; Milevski
et al., 2013a), while an integrated comparison of
parametric geohazard models and FAHP-based
susceptibility assessment has not yet been conducted for
this catchment.

Therefore, this study aims to assess multi-hazard
susceptibility in the Crnicka Reka Catchment by
integrating conventional GIS-based models—EPM for
soil erosion, LSI for landslide susceptibility, and FFPI
for flash flood potential—with FAHP-based multi-
criteria modelling. The specific objectives are to: (i) map
individual susceptibility to soil erosion, landslides, and
flash floods; (ii) compare the spatial outputs of
parametric models and FAHP; (iii) identify zones of
overlapping susceptibility as multi-hazard hotspots; and
(iv) evaluate the implications of these patterns for
watershed management, land-use planning, and local
risk reduction.

2. MATERIALS AND METHODS

2.1. Overview of the study area (Crni¢ka Reka
Catchment)

The Crnicka Reka Catchment is located in the
Malesevo—Pijanec Basin in eastern North Macedonia
and represents one of the most erosion-prone small
catchments in the country (Figure 1). It is a short right-
bank tributary of the Zelevica River, within the
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Bregalnica River Basin. The river originates on Vlaina
Mountain below Kadiica peak at 1598 m a.s.1. and flows
into the Zelevica River downstream of the village of
Crnik at 755 m a.s.l. Although the main channel is only
9.1 km long, it has a pronounced longitudinal gradient
of 843 m, or 92.6%o, which strongly favors torrential
runoff, sediment transport, and slope instability.

The catchment covers 6.8 km? and is
characterized by an elongated morphology controlled
by geological structure and tectonically influenced
valley development. Elevation ranges from 762.8 to
1800.6 m a.s.l., with an average elevation of 1151.1 m.
The upper part of the catchment is developed mainly in
Cambrian and Jurassic volcanic rocks, including
diabase and gabbro, together with Cambrian schists,
whereas the lower section is incised into Pliocene
lacustrine-swamp  sediments. These lithological
contrasts are important because the lower valley,
developed in loose clastic sediments, is particularly
susceptible to erosion, landslides, and torrential
processes (Kovacevi¢ & Rakicevi¢, 1973).

Soil conditions further contribute to the spatial
variability of geohazard susceptibility. Chromic Luvisols
occur in the upstream and downstream sections, while the
central and lower parts include complexes of Leptosol
and Regosol, Regosols, and Luvisol-Regosol

associations (Figure 2; Table 1). These soil units are
relevant for erosion and runoff generation because
shallow and weakly developed soils, particularly
Leptosols and Regosols, have reduced stability and
limited resistance to intense rainfall and surface runoff.

Hypsometry In m
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1250 - 1500
1500 - 1600
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I Catchment burder | |
] Country border by

Figure 1. Case study area A); and its location in North
Macedonia B).

Table 1. Lithological units and soil distribution of the
catchment.

Lithology Area (km?)  Area (%)
Solid volcanic rocks 1.60 23.48
Shists 1.63 24.02
Clastic sediments 3.57 52.49
Total 6.80 100.00
Soil types Area (km?)  Area (%)
Chromic Luvisol 2.24 32.88
Complex of Leptosol and 1.49 21.92
Regosol

Cambisol 1.21 17.81
Regosol 1.02 15.07
Complex of Luvisol and 0.84 12.33
Regosol

Total 6.80 100.00

Morphometrically, the catchment is steep and
dissected. The average slope is 17.7°, while the 20 -
30° slope class dominates 36.5% of the total area.
Slopes above 30° cover almost 40% of the basin,
indicating high potential for mass movement and
accelerated erosion (Figure 3; Table 2). Northern
aspects prevail due to the elongated catchment shape
and the orientation of the Vlaina Mountain slopes.
Terrain Wetness Index values indicate generally
limited moisture accumulation, although wetter zones
are locally concentrated along drainage lines and
concave terrain positions, where runoff concentration
and slope instability may increase.

Precipitation is one of the main controlling
factors of recent erosion and torrential activity in the
catchment. ERAS data for 2007 - 2018 indicate
annual precipitation between 658.7 and 808.0 mm,
with an average of 725.2 mm, while higher parts of
Vlaina Mountain receive larger amounts (Figure 4).
Torrential rainfall, mainly in autumn and occasionally
during summer, promotes the development of rills,
gullies, badlands, earth pyramids, and landslides,
especially after prolonged dry periods (Milevski &
Ivanova, 2016; Copernicus Climate Change Service,
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Figure 2. Lithological map according to Karajovanovic et
al. (1976), 100k A); and soil map according to Soil map
of Macedonia, FAO (2015), 50k B).

F@re 3. Morphometric maps of the study area: slope A);
aspect B); TRI C); and TWI D).
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Table 2. Morphometric characteristics of the catchment.
Slopes in degrees

Class Area (km?) Area (%)
0-10 0.5 7.2
10-20 1.1 16.8
20-30 2.5 36.5
30-40 2.0 29.5
>40 0.7 10.0
Total 6.8 100.0
Aspect
Side Area (km?) Area (%)
North 3.9 57.9
East 1.3 18.6
South 0.3 4.2
West 1.3 19.3
Total 6.8 100.0
TRI in m*/km?
Class Area (km?) Area (%)
21.3-50 1.8 27.1
50-75 1.8 25.9
75-100 1.6 23.4
100-125 1.0 14.1
125-150 0.5 6.9
150-183.2 0.2 2.4
Total 6.8 100.0
TWI
Class Area (km?) Area (%)
Low wetness 4.9 71.8
Moderate wetness 1.6 23.0
High wetness 0.4 5.2
Total 6.8 100.0

2019). Mean annual air temperature ranges from
about 10.5 °C in the lower areas to 4 - 5 °C at the
highest elevations.

Vegetation and land-cover conditions strongly
influence erosion and flash-flood susceptibility.
According to CORINE Land Cover (2018), the
catchment includes broad-leaved forest, mixed forest,
pastures, complex cultivation patterns, transitional
woodland-shrub, and natural grasslands (Figure 5;
Table 3). Sparse vegetation and bare or weakly lower
valley, where loose sediments and protected surfaces
are particularly widespread in the anthropogenic
pressure increase the erosive effect of rainfall.
Numerous active erosional forms, including rills,
gullies, badlands, earth pyramids, and landslides, have
been documented in this area, with clear differences in
erosion intensity between the upper and lower parts of
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Figure 4. Precipitation model A); and air temperature model B).

Figure 5. CLC according to Copernicus Land Monitoring
Service, 2018 A); curvature B); distance to river C); and

drainage density map D).

Table 3. Corine Land Cover (CLC2018) classes.

Area Area

CLC2018 classes (km?) (%)
Pastures 1.19 17.54
Complex cultivation patterns 1.07 15.79
Land principally occupied by
agriculture, with significant 0.48 7.02
areas of natural vegetation
Broad-leaved forest 1.43 21.05
Mixed forest 1.19 17.54
Natural grasslands 0.36 5.26
Transitional woodland-shrub 1.07 15.79
Total 6.80 100.00

the catchment (Milevski, 2008; Milevski & Ivanova,
2013; Milevski et al., 2013b).

For the susceptibility analysis, the main spatial
conditioning factors derived for the catchment
include lithology, soil type, slope, aspect, curvature,
Terrain Ruggedness Index, Terrain Wetness Index,
precipitation, temperature, land cover, distance to
river, and drainage density. These variables were used
as input parameters for the EPM, LSI, FFPI, and
FAHP models. Detailed class distributions of
lithology, soil types, morphometric parameters, and
land-cover categories are provided in Tables 1 - 3.

2.2. Soil Erosion assessment (Erosion
Potential Method)

Soil erosion in the Crnicka Reka Catchment was
assessed using the Erosion Potential Method (EPM),
also known as the Gavrilovic method (Gavrilovic,
1972). The model was implemented in a GIS
environment using a 5 m Digital Elevation Model from
the State Agency for Real Estate Cadastre of North
Macedonia, geological maps, soil maps, CORINE land-
cover data, Sentinel-2 imagery, and ERAS climate data.
The EPM estimates mean annual sediment production
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using the following equation:
Wy=T-H-x-NZZ-F (1)

where, Wy is mean annual sediment production, T is the
temperature coefficient, H is annual precipitation, Z is
the erosion coefficient, and F is the catchment area. The
erosion coefficient Z integrates rock resistance, land-
cover conditions, visible erosion processes, and slope:

Z=Y xXa x (p +\J0.5) )

where, Y represents rock and soil resistance, Xa is the
land-cover coefficient, ¢ represents visible erosion
processes, and J is the mean terrain slope.

Geological maps at 1:25,000 scale (Kovacevi¢ &
Rakicevi¢ 1973) and soil maps at 1:50,000 scale (FAO,
2015) were rasterized and resampled to the 5 m DEM
resolution. Erodibility values were assigned according
to the EPM classification, while the Y coefficient was
refined using a square-root transformation following
Bezak et al. (2024). Land-cover values (Xa) were
derived from CORINE Land Cover data (CORINE
Land Cover, 2018), while visible erosion processes ()
were estimated using the Bare Soil Index (BSI) from
Sentinel-2 imagery, following Milevski et al. (2024).
Terrain slope (J) was calculated from the DEM.

Climate parameters (T and H) were derived from
ERAS5 data and validated against observations from the
Berovo meteorological station for the period 1991 -
2020, with 97.8% agreement. These parameters were
integrated with the erosion coefficient Z to estimate
mean annual erosion loss and specific erosion rate. The
GIS-EPM approach has previously been validated in
North Macedonia and other regions (Bezak et al., 2024;
Milevski et al., 2024; Aleksova et al., 2024b), while field
investigations were used in this study to support the
interpretation of active erosion forms and improve
model reliability.

2.3. Landslide susceptibility assessment
(Landslide Susceptibility Index)

Landslide susceptibility in the Crnicka Reka
Catchment was assessed using the Landslide
Susceptibility Index (LSI), following the GIS-based
framework applied by Milevski et al. (2019, 2024).
The analysis considered the main conditioning factors
relevant to slope instability in the study area:
lithology, slope, plan curvature, land use, and distance
from streams and roads. These parameters were
selected because they directly influence material
strength, slope morphology, runoff concentration, and
anthropogenic disturbance, and have been widely
used in recent landslide susceptibility studies
(Milevski et al., 2019; Beigh & Bukhari, 2024; Li et
al., 2024; Zhang & Sun, 2024).

The LSI was calculated by estimating the relative
contribution of each parameter class to landslide
occurrence. Weighting factors were derived by
comparing landslide density within each class with the
overall landslide density in the catchment. The
weighting factor was calculated as:

where, Wij represents the weight of class i within
parameter j, fij is the landslide density for the
corresponding class, and f is the overall landslide
density in the study area.

In this study, parameter weights were assigned
according to their contribution to landslide initiation:
slope (30), lithology (15), land use (10), plan curvature
(8), distance to streams (2), and distance to roads (2),
giving a total weight of 67. Landslide susceptibility was
calculated by aggregating the weighted parameter
values for each grid cell. The final LSI values were
classified into five susceptibility classes, from very low
to very high, using the natural breaks method. Field
observations and mapped active landslides were used to
support the interpretation and validation of the resulting
susceptibility zones.

2.4. Flash floods susceptibility assessment
(Flash Floods Potential Index)

Flash flood susceptibility in the Crnicka Reka
Catchment was assessed using the Flash Flood Potential
Index (FFPI), implemented in a GIS and remote sensing
environment. The FFPI integrates terrain, lithological,
land-cover, and vegetation-related parameters and has
been widely applied for spatial identification of flash
flood-prone areas (Popescu & Barbulescu, 2023;
Shawagqfah et al., 2024; Aleksova et al., 2024c). In this
study, lithology was used instead of soil type due to the
limited spatial resolution of the available Soil Map of
Macedonia at 50k scale (FAO, 2015), while lithological
data were derived from the geological map of
Kovacevi¢ & Rakicevi¢ (1973).

The FFPI was calculated using four weighted
parameters: slope, lithology, land use, and vegetation
cover:

FFPI=(M~+S+L+V)/4 (4

where, M represents terrain slope, S lithology, L land
use, and V vegetation cover. Terrain slope was derived
from the 5 m DEM and reclassified on a scale from 1 to
10. Lithology was classified into nine categories
according to susceptibility to runoff generation and
erosion, while land use was obtained from CORINE
Land Cover 2018 and ranked from 1 to 10 according to
its influence on flash flood susceptibility.

Vegetation cover was represented using the
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Bare Soil Index (BSI), derived from Sentinel-2
imagery processed in Google Earth Engine (GEE) for
the 1999 - 2023 period. The BSI was calculated as:

BSI = ((Red + SWIR) — (NIR + Blue))/((Red + SWIR)
+ (NIR + Blue)) (5)

where, Red, SWIR, NIR, and Blue represent the
corresponding Sentinel-2 spectral bands. Since BSI
values ranged from —1.9 to 0.6, with an average of
—0.8, a constant of 1 was added to avoid negative
values in the vegetation component. The vegetation
parameter was therefore calculated as:

V=768 xIn(BSI+1)+8  (6)

All parameters were standardized and integrated
in GIS to produce the final FFPI map. Higher FFPI
values indicate areas with steeper slopes, less permeable
lithology, sparse vegetation, and land-cover conditions
that favor rapid runoff generation and flash flood
susceptibility. The resulting susceptibility map was
classified into five classes, from very low to very high,
using the natural breaks method.

2.5. Multi-hazard parametric-based approach

The multi-hazard assessment was performed by
overlaying independently derived susceptibility maps
for soil erosion, landslides, and flash floods in a GIS
environment. In this study, multi-hazard refers to the
spatial co-occurrence of high-susceptibility zones,
rather than to dynamic modelling of cascading or time-
dependent hazard interactions (Aleksova et al., 2024a,b;
Milevski et al., 2024; Di Salvo et al., 2024).

All susceptibility maps were standardized into
five classes, from very low to very high, and processed
in QGIS v.3.38 and SAGA GIS v.9.7.0. The reclassified
raster layers were integrated using the Grid Calculus
tool to identify individual hazard zones and areas where
two or more hazards overlap. This overlay-based
approach provides a practical framework for small data-
limited catchments such as Crni¢ka Reka, while its
inability to model triggering sequences or temporal
hazard dynamics is acknowledged as a limitation.

2.6. Multi-hazard FAHP-based approach

The Fuzzy Analytic Hierarchy Process (FAHP)
was applied to account for uncertainty in the weighting
of conditioning factors used for soil erosion, landslide,
and flash flood susceptibility assessment. The method
combines the Analytic Hierarchy Process with fuzzy
logic by using Triangular Fuzzy Numbers (TFNs),
allowing pairwise comparisons to be expressed as
ranges rather than fixed numerical values (Saaty, 2008;
Buckley, 1985; Chang, 1996).

Separate FAHP models were developed for each
hazard type. Soil erosion susceptibility included slope,
rainfall, TWI, soil type, curvature, land use/land cover
(LULC), and distance to river. Flash flood susceptibility
included rainfall, slope, drainage density, distance to
river, TWI, soil type, and LULC. Landslide
susceptibility included slope, lithology, rainfall, distance
to river, LULC, soil type, curvature, and aspect. These
parameters were selected according to their relevance to
the geomorphological, hydrological, geological, and
land-cover conditions of the Crni¢ka Reka Catchment.

Pairwise comparison matrices were constructed
using TFNs and a 9-point fuzzy linguistic scale (Table
4). Each fuzzy comparison was defined by lower,
middle, and upper values, representing the uncertainty
range of expert judgement.

Table 4. Linguistic variables with fuzzy and reciprocal
fuzzy numbers.

Intensity of  Linguistic  TFN (|, Reciprocal
Importance  Variables m, u) oy
p ’ 1/m, 1/1)
| . Equal 11,1 1,1,1
1mportance
) Intermediate 123 1/3,1/2,1
values
3 . Weak 234 1/4,1/3,1/2
1mportance
A Intermediate 34,5 1/5,1/4,1/3
values
Fairly
5 strong 4,5,6 1/6,1/5,1/4
importance
6 Intermediate 5.6.7 1/7,1/6,1/5
values
; yery strong 6,7.8 1/8,1/7,1/6
1mportance
o Intermediate 7.8.9 1/9,1/8,1/7
values
5 . Absolute 9.9.9 1/9,1/9,1/9
1mportance

In the FAHP analysis, the pairwise comparison
matrix was constructed using Triangular Fuzzy
Numbers:

1 ERP) dip
e A B C)
gln1 E~1n2 1

The fuzzy weights were calculated using
Buckley’s geometric mean method. This approach
calculates the geometric mean values for the lower,
middle, and upper components of each criterion,
followed by vector normalization:

L= 0]*  and 1=[ZL,L] 8
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m; = [[[L; my]* and m=[¥L,m] (9)
ui = [T, u]" and u=[3L,uw] (10)

The normalized fuzzy weights were then
converted into crisp values using the Center of Area
(COA) defuzzification method:

— li m; uj
Xj [ T m T] (11)
X = lj+mj+u; (12)

t 3
To evaluate the reliability of the pairwise
comparisons, the Consistency Ratio (CR) was
calculated (Cikmaz et al., 2025). Values below 0.10
were considered acceptable, indicating consistent
expert judgement (Ghosh & Gope, 2021):

CI
CR=:+100 (13)

The Consistency Index was calculated using
the principal eigenvalue and the number of criteria
included in each FAHP matrix:

_ Amax—n
Cl=="— (14)

The Random Index (RI) values used for CR
calculation were adopted from Saaty’s standard RI
scale according to the number of criteria included in
each FAHP matrix.

3. RESULTS
3.1. Erosion susceptibility assessment

The EPM results indicate generally low to
moderate erosion intensity in the Crnicka Reka
catchment, with an average erosion coefficient Z =0.5.
Most of the catchment falls below Z = 0.8, while
10.5% of the area exceeds this threshold, indicating
zones of increased erosion susceptibility (Figure 6;
Table 5). These higher-susceptibility zones are mainly
associated with steeper slopes, sparse vegetation, and
less resistant lithological and soil conditions.

The estimated total sediment production is
5,304.0 m®/year, corresponding to a specific erosion
rate of 780.9 m*/km?*/year. Although very low and low
erosion-rate classes dominate the catchment, high and
very high erosion rates together cover 13.0% of the
area (Figure 7; Table 6). The strongest erosion is
concentrated in the lower part of the catchment near
the village of Crnik, where specific erosion rates reach
2,100-3,400 m*/km?*/year, compared with only 180—
330 m3/km*/year in the source area. This downstream
intensification reflects the combined influence of loose
sediments, sparse vegetation, channel incision, and
rainfall-driven runoff concentration.
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Figure 6. Soil erosion susceptibility map of the Crni¢ka
Reka catchment (according to Z coefficient values).
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Table 5. Erosion assessment modeling (according to Z
coefficient values).

Class name Erosion Area Area
coefficient Z (km?) (%)
Very low 0-0.4 2.9 43.3
Low 0.4-0.8 3.1 46.2
Moderate 0.8-1.2 0.6 9.4
High 1.2-1.6 0.1 1.0
Very high <1.6 0.1 0.1
Total 6.8 100.0
= ~
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Figure 7. Soil erosion map of the Crnicka Reka catchment.
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Table 6. Classification of areas based on the amount of
erosion.

Class name Class in Area Area
m3/km?/year (km?) (%)

Very low 5.3-500 2.7 40.4
Low 500-1000 2.0 29.2
Moderate 1000-1500 1.2 17.4
High 1500-2000 0.5 7.0
Very high <2000 0.4 6.0
Total 6.8 6.8

3.2. Landslide susceptibility assessment

The  LSI-based  assessment  indicates
substantial landslide susceptibility within the Crnicka
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Figure 8. Landslide susceptibility map using LSI.
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Table 7. Landslide susceptibility classes.
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Table 8. Flash floods susceptibility.

Class Name Area (km?) Area (%) Class Name Area (km?) Area (%)
Very low 15 21.4 Very low 0.6 94
Low 0.9 12.8 Low 1.2 175
Moderate 1.6 24.1 Moderate 1.1 15.7
High 1.1 15.5 High 2.2 32.9
Very high 1.8 26.2 Very high 1.7 245
Total 6.8 100.0 Total 6.8 100.0

Reka catchment, with 41.7% of the area classified as
high or very high susceptibility (Figure 8; Table 7).
These zones are mainly concentrated along steep
valley slopes and in areas developed on weakly
consolidated lacustrine and fluvial sediments, where
slope instability is enhanced by rainfall, river
undercutting, and sparse vegetation cover.

Three major landslides and several smaller
instability features were identified, mostly along
valley slopes below approximately 1000 m a.s.l. Near
the village of Crnik, two debris slides occur on the left
valley side, with escarpments of about 30-50 m. Their
development is closely related to weak sands, gravels,
and sandstones, where water saturation during intense
rainfall reduces material strength and promotes slope
movement. Field investigations and drone-based
DEM surveys from 2018 and 2024 show spatial
correspondence between mapped landslides and very
high susceptibility zones, supporting the reliability of
the LSI model.

3.3. Flash flood susceptibility assessment

The  FFPI-based assessment indicates
pronounced flash flood susceptibility in the Crni¢ka
Reka catchment, with 57.4% of the area classified as
high or very high susceptibility (Figure 9; Table 8).
The most susceptible zones are concentrated mainly
in the lower catchment, where intense rainfall,
reduced infiltration, and runoff concentration
increase flash flood potential.

These high-susceptibility areas correspond to

sections developed on Luvisol, Leptosol, and Regosol
soils, as well as Pliocene lacustrine-swamp
sediments. Their weak permeability and limited
resistance to surface runoff favour rapid hydrological
response along the Crni¢ka Reka channel.

3.4. Multi-hazard susceptibility assessment

The overlay-based multi-hazard assessment
indicates that 63.8% of the Crnicka Reka Catchment
is susceptible to at least one of the analysed hazards,
while zones where multiple hazards overlap cover
6.3% of the total area (Figure 10; Table 9). These
overlapping zones are mainly concentrated in the
central and downstream sections of the catchment,
where unstable lithology, steep valley slopes, sparse
vegetation, and increased runoff potential occur
together.

Landslide susceptibility represents the
dominant component of the multi-hazard pattern,
followed by flash flood susceptibility and excessive
erosion. Landslide-prone zones are mainly
associated with steep slopes and clastic sediments,
flash flood susceptibility is highest in downstream
areas with concentrated runoff, while excessive
erosion is linked to deforested or sparsely vegetated
surfaces, Leptosol-Regosol soils, and weak
sedimentary formations. The resulting map should
therefore be interpreted as a spatial co-occurrence
map of susceptibility zones, not as a dynamic model
of cascading processes or temporal hazard
interactions.
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Table 9. Multi-geohazard susceptibility assessment.
Geohazard Area (km?)  Area (%)

Excessive erosion 0.6 8.6

Landslide susceptibility 2.9 41.7

Flash floods susceptibility 1.3 19.8

Multl—h_az_a_rds 04 6.3

susceptibility

Total susceptibility 4.4 63.8

Total 6.8 100.0

3.5. FAHP-based parameter weighting

The FAHP weighting results indicate that the
three hazards are controlled by both common and
process-specific factors. For soil erosion, the highest
normalized weights were assigned to slope (0.34),
rainfall (0.24), and TWI (0.16), showing that erosion
susceptibility is mainly driven by terrain gradient,
precipitation input, and runoff concentration. Flash
flood susceptibility was primarily controlled by rainfall
(0.35), slope (0.24), and drainage density (0.17),
confirming the dominant role of hydro-meteorological
forcing and rapid surface runoff. Landslide
susceptibility was mainly influenced by slope (0.34),
lithology (0.26), and rainfall (0.13), reflecting the
importance of steep terrain, weak geological formations,
and water-related triggering conditions.

These weighting patterns show that slope is the
most consistent controlling factor across the catchment,
while rainfall has a stronger influence on erosion and
flash flood susceptibility (Sablji¢ et al., 2025). Lithology
is particularly important for landslides, corresponding to
the presence of weakly consolidated sediments and
unstable valley slopes. Lower-weighted parameters,
including LULC, soil type, curvature, aspect, and
distance to river, contribute to local susceptibility
variation but have a secondary role compared with the
dominant controls.

The full pairwise comparison matrices and
detailed fuzzy-weight tables were summarized in the

main text to improve readability. The consistency
analysis confirmed the reliability of the FAHP
procedure, with CR values of 0.03 for landslides, 0.02
for soil erosion, and 0.03 for flash floods, all below the
accepted threshold of 0.10. This indicates acceptable
internal consistency of the pairwise comparisons and
supports the use of the derived weights in GIS-based
susceptibility modelling and subsequent multi-hazard
overlay analysis.

3.6. FAHP-based geohazard susceptibility and
multi-hazard overlay analysis

The FAHP-derived susceptibility maps show
clear spatial differentiation among the analyzed
hazards (Figure 11; Table 10). Flash flood
susceptibility is the most extensive, with high and
very high classes covering 44.8% of the catchment,
mainly in hydrologically responsive areas where
rainfall, slope, and drainage density favor rapid runoff
generation. Landslide susceptibility is also
significant, with 32.7% of the area classified as high
or very high, primarily along steep and geologically
unstable valley slopes. Soil erosion susceptibility is
more spatially restricted, with high and very high
classes covering 19.1%, reflecting the localized
influence of slope, rainfall, TWI, soil conditions, and
land-cover characteristics.

The FAHP-based multi-hazard overlay
indicates that 51.0% of the catchment is susceptible
to at least one hazard, while overlapping multi-hazard
zones cover 15.4% of the total area (Figure 11; Table
11). These zones are mainly concentrated in

headwater and steep valley sections, where terrain
instability, runoff concentration, and erosion-prone
surfaces coincide. The results suggest that these areas
should be prioritized for mitigation measures,
particularly slope stabilization, afforestation, erosion
control, and runoff management.

Figure 11. FAHP-based geohazard susceptibility maps
and multi-hazard overlay.

303



Table 10. Areas and proportional distribution of soil
erosion, landslide susceptibility, and flash flood classes.

Class Soil erosion Landslide Flash flood
name Area  Area Area Area Area Area
kmd) (%) md) (%) (km’) (%)

Very low  1.80 26.5 1.27 18.7  0.95 14
Low 2.10 30.9 157 23.0 1.40 20.6
Moderate  1.60 235 1.74 25.6 1.40 20.6
High 1.00 14.7 1.61 23.7 1.90 27.9
\h/gﬁ' 0.30 4.4 0.61 9.0 1.15 16.9
Total 6.8 100.0 6.8 100.0 6.8 100.0

Table 11. Areas distribution of multi-hazard
susceptibility components.

Geo-hazards Area (km?)  Area (%)
Soil erosion 0.4 5.4
Landslide 16 23.1
Flash floods 0.5 7.1
Multi-hazards 1.0 15.4
Total susceptibility 3.5 51.0
Total 6.8 100.0

The multi-hazard map should be interpreted as an
overlay-based susceptibility assessment, not as a dynamic
model of cascading or time-dependent hazard
interactions. Nevertheless, it provides a practical spatial
basis for identifying priority zones in a small, data-limited
catchment where multiple geomorphic and hydrological
processes overlap. The consistency analysis confirms the
reliability of the FAHP weighting procedure, as all CR
values range between 0.02 and 0.03, well below the
accepted threshold of 0.10 (Table 12).

Table 12. Consistency analysis results of Fuzzy AHP
models for susceptibility areas.

Geohazard n A CI RI CR

Landslide 8 832 0.05 1.41 0.03
Soil erosion 7 7.17 0.03 1.32 0.02
Flash floods 7 7.24 0.04 1.32 0.03

3.7. ROC-AUC validation

Model performance was evaluated using
ROC curves and AUC percentages for landslide
and flash-flood susceptibility (Figure 12). The
GIS-based parameter models showed higher
predictive accuracy than the FAHP models. The
LSI landslide model achieved 85.1%, while the
FAHP landslide model reached 76.7%. For flash
floods, the FFPI model achieved 84.2%, compared
with 72.2% for the FAHP model.

The higher performance of LSI and FFPI
indicates that the parameter-based GIS models
better captured the observed hazard distribution.
This is mainly because their conditioning factors
and class weights were defined using process-
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Figure 12. ROC-AUC result validation.

specific geohazard criteria, field observations,
local terrain interpretation, and the judgement of
five experts involved in parameter weighting. The
FAHP models, although methodologically
consistent, apply broader fuzzy multi-criteria
weighting and therefore produce more generalized
susceptibility patterns than the process-specific
models. Thus, the parameter-based models
performed better for hazard-specific prediction,
while FAHP provided complementary information

for identifying wider zones of combined
susceptibility.
4. DISCUSSION

The Crnicka Reka catchment represents a small
but highly sensitive geomorphic system where erosion,
mass movements, and flash-flood susceptibility result
from the interaction of steep slopes, weak lithology,
sparse vegetation, and rainfall-driven runoff. Although
the catchment covers only 6.8 km? its elongated
morphology and fan-shaped sections favour runoff
concentration, sediment transfer, and slope instability.
Therefore, the identified susceptibility pattern is not
controlled by catchment size alone, but by the local
convergence of terrain, lithology, hydrology, and land-
cover conditions, as also emphasized in recent GIS-based
multi-hazard studies (Aleksova et al., 2023; Aleksova et
al., 2024b,c; Milevski et al., 2024; Di Salvo et al., 2024).

For soil erosion, the EPM results indicate
moderate overall intensity, but the internal spatial
contrast is more important than the mean value. Total
erosion production reaches 5,304 m3/year, with a
specific erosion rate of 780.9 m3/km?/year, compared
with 925 m*/km?/year reported for the wider Bregalnica

304



% S 2 S 5
Figure 13. Field evidence of sediment accumulation,
channel incision, and active erosion—mass movement
processes in the Crnicka Reka catchment.

catchment (Milevski, 2008; Milevski, 2011). Within
Crmicka Reka, erosion rates increase from 180-330
m’/km*year in the source area to 2,100-3,400
m?/km?/year near Crnik. Estimated surface lowering of
1-3 mm/year, together with sediment accumulation and
channel incision, confirms that the lower valley acts as
the main erosion and sediment-transfer zone (Figure
13). Similar EPM-based interpretations of erosion
intensity and sediment production have been reported in
recent studies (Bezak et al., 2024; Milevski et al., 2025a;
Aleksova et al., 2024b).

The LSI model classifies 41.7% of the catchment
as high to very high susceptibility. Rainfall acts as a
triggering factor by increasing saturation and reducing
shear strength, while river undercutting and land-use
change further destabilize lower slope sections (Milevski,
2004; Kenderova & Milevski, 2010; Milevski et al.,
2024). Field investigations from 2018 to 2025 confirmed
three active landslides within very high susceptibility
zones, supporting the spatial reliability of the LSI output.
The FFPI model classifies 57.4% of the catchment as
high to very high susceptibility. River-channel
displacement of 0.5 - 6 m and incision into weak
sediments further increase flood susceptibility by
concentrating runoff along unstable channel sections.
These findings are consistent with recent studies
(Popescu & Barbulescu, 2023; Shawaqfah et al., 2024;

Aleksova et al., 2025; Milevski et al., 2025b).

The FAHP weighting results help explain the
methodological differences between the models. Rainfall
and slope dominate across the analyzed hazards,
confirming the hydro-geomorphic sensitivity of the
catchment and the importance of rainfall-driven
instability under changing precipitation regimes (IPCC,
2023; Skilodimou et al., 2019; Taoukidou et al., 2025).
For landslides, slope (0.34) and lithology (0.26) are the
dominant parameters, consistent with studies identifying
terrain steepness and geological weakness as primary
controls of slope failure (Akinci et al., 2015; Zighmi et
al., 2025; Katapodi & Antoniou, 2025). For flash floods,
rainfall (0.35), slope (0.24), and drainage density (0.17)
dominate, confirming the importance of precipitation
input and drainage response in rapid runoff generation
(Marchi et al. 2010; Dursun & Babalik, 2023).

The comparison between parametric models and
FAHP shows that the approaches are complementary but
not equivalent. For erosion, FAHP identifies 19.1% of the
catchment as highly susceptible, compared with 8.6%
from EPM, reflecting its greater sensitivity to the
combined influence of rainfall, curvature, TWI, soil type,
and land cover, while EPM remains more appropriate for
estimating erosion magnitude and sediment production.
Field evidence from Crnicka Reka, including “melovi” or
badland forms, confirms intense erosion within highly
erodible sediments (Milevski, 2004; Kenderova &
Milevski, 2010; Milevski & Ivanova, 2013). For
landslides, LSI and FAHP show closer agreement
because both emphasize slope and lithology, with 41.7%
and 32.7% of the catchment classified as high to very
high susceptibility, respectively. For flash floods, FFPI
identifies 57.4% high to very high susceptibility,
compared with 44.8% from FAHP, indicating that FFPI is
more sensitive to direct runoff-producing conditions.
ROC-AUC validation further confirms that the
parameter-based models performed better, as their
weights were supported by expert judgement and field-
based interpretation, whereas FAHP produced broader
and more generalized susceptibility patterns.

Comparison with national-scale studies confirms
methodological consistency, but also highlights the local
sensitivity of the Crni¢ka Reka catchment. National EPM
assessments report Z = 0.36 and about 9.6% high erosion
susceptibility, whereas Crnicka Reka reaches 780.9
m’/km?/year, approximately 51.2% above the national
average, indicating stronger local geomorphic and
climatic controls (Djordjevi¢ et al., 1993; Aleksova et al.,
2023; Milevski et al., 2024). For landslides, the national
AHP-LSI estimate of 41.7% high and very high
susceptibility closely matches the LSI result for Crnicka
Reka (Milevski et al., 2019; Milevski et al., 2024). For
flash floods, national FFPI assessments report 25.6%
high susceptibility, while cloud-based national modelling
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gives 45.4%; the higher local values in Crnicka Reka
reflect the influence of steep slopes, weak sediments, and
rapid runoff concentration (Aleksova et al., 2025;
Milevski et al., 2025b).

The multi-hazard assessment should be
interpreted as a spatial overlay of independently modelled
susceptibility maps, not as a dynamic simulation of
cascading processes, triggering sequences, or temporal
interactions. This is an important limitation. The
parametric overlay identifies 6.3% of the catchment as
overlapping high-susceptibility zones, whereas FAHP
identifies a larger multi-hazard area of 15.4%. This
difference results from FAHP’s higher sensitivity to
combined factors such as rainfall, TWI, drainage density,
and land-cover conditions. Thus, the parametric overlay
is more conservative and process-specific, while the
FAHP overlay is more suitable for identifying broader
zones of combined susceptibility (Skilodimou et al.,
2019; Katapodi & Antoniou, 2025; Di Salvo et al., 2024).

The main limitations remain the lack of long-term
landslide inventories, hydrological event records, and
sediment-monitoring data, while future research should
include UAV surveys, expanded landslide and flash-flood
inventories, rainfall-event observations, and sediment-
transport monitoring to support the transition from
overlay-based susceptibility mapping toward dynamic
multi-hazard analysis.

5. CONCLUSIONS

This study evaluated multi-hazard susceptibility in
the Crnicka Reka catchment through the comparative
application of GIS-based parametric models and FAHP.
Individual susceptibility to excessive soil erosion,
landslides, and flash floods was first assessed separately,
followed by an integrated multi-hazard interpretation.
The results indicate that, despite its small size, the
catchment is highly sensitive to geohazards due to the
combined influence of steep slopes, weak lithological
units, soil associations, sparse vegetation cover, and
rainfall-driven runoff. The highest susceptibility is
concentrated in the central and lower parts of the basin,
where unstable slopes, erodible sediments, reduced
vegetation cover, and runoff concentration coincide.

The comparison between the parametric models
and FAHP confirms that the two approaches provide
complementary information. The GIS-based parametric
models showed stronger performance for hazard-specific
prediction, whereas FAHP was more effective in
identifying broader zones where multiple conditioning
factors overlap. This demonstrates the value of
combining process-specific modelling with multi-criteria
analysis in small mountainous catchments where erosion,
landslides, and flash floods develop within the same
geomorphic system.

From a risk-management perspective, the
central and lower parts of the catchment should be
considered priority areas for mitigation. Appropriate
measures include slope stabilization, afforestation,
erosion-control structures, runoff regulation, and
restrictions on land-use practices that increase surface
instability. Although LULC received a lower FAHP
weight, its influence remains evident in sparsely
vegetated and degraded areas, confirming the
importance of vegetation cover for reducing erosion,
improving slope stability, and limiting rapid runoff
response (Taoukidou et al., 2025; Dursun, 2025).

Future research should focus on moving beyond
overlay-based susceptibility mapping toward more
dynamic multi-hazard assessment. This could be
achieved by coupling susceptibility models with
hydrological and hydraulic modelling of peak runoff,
peak discharge, flow accumulation, channel response,
and sediment transport. Cloud-based workflows in GEE
could support reproducible validation and comparison
using CHIRPS maximum rainfall intensity, ERAS-Land
climate variables, Sentinel-based land-cover dynamics,
and updated DEM-derived parameters. UAV-based
modelling and LiDAR data would further improve the
spatial resolution of slope, curvature, drainage density,
channel incision, and erosion-form mapping. These
improvements would strengthen quantitative validation
and provide a stronger basis for operational flash-flood,
erosion, and landslide risk management in small
mountainous catchments.
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