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Abstract

Assessing landslide susceptibility is paramount in planning, implementing
management plans, and mitigating risks in areas vulnerable to this hazard. The
present study, based on the Analytical Hierarchy Process (AHP) and Frequency
Ratio (FR) in conjunction with Geographic Information Systems (GIS), aims to
evaluate landslide susceptibility in the Oued Lebene watershed. Eleven causal
factors determining landslides were considered, including elevation, slope, aspect,
curvature, relative relief, lithology, precipitation, distance to drainage, distance to
road, NDVI, land use, and vegetation cover. Using both AHP and FR methods, a
correlation between previous landslides and triggering factors was established to
assess their influence on landslide susceptibility. Maps depicting sensitivity were
produced using each method, categorized into four groups, and subsequently
validated using the area under the curve (AUC). The AHP approach unveiled that
regions characterized by high, moderate, and low susceptibility correspondingly
constitute 21.24%, 70.57%, and 7.84% of the total area. Likewise, the FR technique
suggests that regions with high, moderate, and low susceptibility comprise 2.50%,
39.39%, and 58.03% of the study area, respectively. The findings indicate that FR,
with an AUC of 0.722, outperformed AHP, which achieved an AUC of 0.711, in
delineating the study areas concerning historical landslides. These maps will be of
valuable utility for planners and decision-makers for meticulous planning and risk
mitigation purposes.

Keywords: Analytical Hierarchy Process, Frequency Ratio, landslide susceptibility,
Northern Morocco, Oued Lebene watershed.
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1. Introduction
Landslides are defined as the movement of soil or rock masses downslope, resulting from
interaction with gravitational force [1], [2]. This phenomenon is primarily caused by the
interaction of factors such as intense soil weathering and significant precipitation,
exacerbated by human intervention in the form of rapid urbanization and infrastructure
development [3], [4], [5], [6]. On the other hand, the triggering of landslides in mountainous
areas is determined by orographic parameters, including slope, aspect, curvature, relief
magnitude, hydrology encompassing flow density, groundwater circulation, and distance to

watercourses, geomorphology, land use, as well as seismicity considering earthquakes and
volcanism [7], [8], [9], [10].

Landslides, recognized as natural disasters, inflict more significant damage than
earthquakes and floods in certain regions [11]. Cause approximately 1,000 fatalities
worldwide annually [12], [13], and result in material losses amounting to around 4 billion
dollars due to slope failures [14]. Landslides account for 9% of all natural hazards [15]; they
induce morphological alterations in the landscape while causing damage to natural and
artificial soil structures [16].

Compared to Western countries, efforts to prevent risks and landslides in Morocco are less

addressed [17]. The most notable work in this area was carried out during the implementation
of the D.E.R.R.O project, where the agricultural administration became aware of the damages
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caused to agricultural lands, silted dams due to significant alluvial loads originating from
upstream Bad Lands, and the undermining of riverbanks, as well as damages affecting road
infrastructure.

However, landslide risk mapping in Morocco only began in the early sixties after the
establishment of geotechnical maps of some cities (Tangier, Fez, Rabat...) by researchers
Humbert and Jeanette in 1962. Indeed, the first landslide hazard maps were established by
Millies-Lacroix in 1968 for the Rif region, known for its exposure to this hazard, followed by
the pre-Rif area as part of the development of the Sebou watershed (Avenard, 1969).
Although these innovative documents are available, Moroccan engineers and researchers
have shown limited interest in systematic studies, preferring to focus mainly on the punctual
consolidation of road network slopes. One notable exception lies in the maps developed as
part of doctoral theses, specifically for the regions of El Hoceima, Taounate, Tetouan, and the
Tangier Peninsula.

Identifying areas with potential risk is crucial to mitigate the damages caused by
landslides, whether of natural or anthropogenic origin, which have harmful consequences for
human life, the natural environment, and the economy [14], [18]. The inaccessibility of
locations and the unavailability of data make it challenging to assess high-potential landslide
areas. However, currently, the application of GIS and the analysis of satellite images and
Google Earth have enabled the identification and evaluation of potential landslide locations
on steep and inaccessible slopes [19], [20], [21].

Given the destructive nature of landslides, numerous researchers have developed
techniques to assess areas' susceptibility to landslides. These techniques are classified
according to statistical [22], [23], probabilistic [24], [25], deterministic [26], and expertise-
based approaches [27], [28], [29]

Although various approaches to assessing landslide susceptibility exist, a conclusive
determination of the best method to adopt in different regions remains elusive. Within the
realm of qualitative approaches, the Analytic Hierarchy Process (AHP) is generally
acknowledged as the preferred approach for analyzing landslide susceptibility, relying on the
knowledge and expertise of experts. The integration of the AHP has undergone significant
transformation since its introduction by Saaty (1977) as a new methodology for mapping
landslide susceptibility zones. Many applications of this method have been reported in
various regions worldwide [30], [31], [32]. Some studies have also conducted comparisons
between the Factor Rating (FR) and (AHP) methods for assessing landslide susceptibility
[27], [33], [34], [35]. However, no studies have been reported concerning this specific facet
in watersheds.

Landslide susceptibility map models were developed to address this gap by combining the
AHP and Factor Rating (FR) approaches. This fusion allowed for the weighting of all causal
factors by class. Afterward, the precision and dependability of these models were evaluated
by employing the area under the curve and juxtaposed the outcomes of AHP and FR
regarding their efficacy in assessing landslide susceptibility in Oued Lebene.

2. Methods and Materials
2.1 The Study Area

The Oued Leben watershed, situated within the larger Sebou River basin in Morocco,
covers a total area of 1386 km? and is located on the southern slope of the pre-Rif region
(Fig.1). It is elongated in shape and oriented NNE-SSW, stretching over several tens of
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kilometers, with variations in elevation over short distances [36]. Primarily drained by the
Oued Leben River, which extends for 67.39 km, it lies within the transitional Rif’s geological
zone between the high mountains of the southern Rif, reaching a maximum altitude of 1700
m, and the low hills of the eastern and central pre-Rif region, with a minimum altitude of 300
m.

From a geological perspective, the watershed is characterized by various formations,
including sedimentary sequences and rock outcrops. The lithology upstream of the watershed
reveals the presence of various layers, including black pelites with rare small sandstone beds
and intercalations of clayey limestone from the Cretaceous period, and black flysch with a
pelitic dominance and rare limestone beds from the Upper Jurassic. Downstream, the study
area is dominated by formations consisting of marls, marly limestones, intraformational
conglomerates, and oolitic limestone with flint from the Lias period. Additionally,
conglomerates and detrital limestones from the Middle Miocene are present [37].

Precipitation in the region is closely associated with the Mediterranean climate,
characterized by distinct seasons of cold winters and dry summers. The wet season typically
lasts from November to May. Annual rainfall ranges between 600-1013 mm/year, exhibiting
significant variability, which results in seasonal fluctuations in the flow of the Oued Leben
watershed.
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Figure 1: Location map of the Oued Lebene watershed
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2.2 Methodologies and data sets

The data required for this study were collected from various sources. A geological map of
the Rif (1/500,000 scale), meteorological data, an ASTER Digital Elevation Model (DEM),
and a Landsat-8 image dated 03/05/2023 were utilized. Climatic data covering 30 years of the
regional directorate of agriculture and the water and forestry services of the Fes-Meknes
region provided (1992-2022). Additionally, a Landsat-8 image with a resolution of 30 m was
obtained from the United States Geological Survey (USGS) website, and an ASTER DEM
with a resolution of 30 m was retrieved from the NASA Earth Explorer website (Table 1).

Table 1: Data Sources

Data Resolution / Scale Source
DEM 30 * 30 https://earthexplorer.usgs.gov
Landsat 8 30 * 30 https://earthexplorer.usgs.gov
Elevation 30 * 30 Derived from the DEM
Slope 30 * 30 Derived from the DEM
Aspect 30 * 30 Derived from the DEM
Curvature 30 * 30 Derived from the DEM
Relative Relief 30 * 30 Derived from the DEM
Stream Map 30 * 30 Derived from the DEM
LULC 30 * 30 Derived from the Landsat 8
NDVI 30 *30 Derived from the Landsat 8
Lithology digitization of the geological map

. «
1/500000,Rasterization 30 * 30 of Rif

The regional agriculture
department (DRA) and the water

. 3 1 *
Rainfall Interpolation with 30 * 30 and forestry services (ANEF) of
the Fes-Meknes region
digitization of Dhar Souk,
Roads Map 1/50000,Rasterization 30 * 30 Taineste, Kalaa des Sles, Tissa,

Beni Frassen et Bab Lmrouj
topographic maps 1/50000

This study was initiated by designing a detailed inventory map, constituting a fundamental
component for assessing regional landslide susceptibility. Subsequently, landslide
susceptibility mapping was conducted based on pre-identified criteria considered relevant in
associated environmental contexts. Eleven causal factors were determined, including
elevation, slope, aspect, curvature, relative relief, lithology, precipitation, distance to
drainage, distance to road, NDVI, land use, and vegetation cover. To generate the ultimate
landslide susceptibility maps employing the FR and AHP methodologies (Fig.2), all thematic
data layers were converted into a 30x30 m raster spatial database within the ArcGIS
environment, utilizing the UTM zone 30 N coordinate system.
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Figure 2: Schematic illustration of methods

2.3 Factors causal to landslides

Landslide susceptibility is primarily associated with the eleven factors presented in Table
1. These factors considered in this analysis were classified into three categories: data derived
from the DEM, lithological characteristics extracted from the geological map after
digitization, and drainage network features. A spatial database was developed in the ArcGIS
environment, comprising eleven thematic layers, each representing a determinant factor in the
landslide process (Fig.2).

2.4 Analytical Hierarchy Process (AHP) method

The AHP method, developed by Saaty (1977), represents a multicriteria analysis approach
that allows for the quantification of qualitative characteristics through weighting [38], [39],
[40]. This method has been successful in various fields, such as studying potential land use
transformation [41] or evaluating the probability of water erosion [42].

The AHP consists of several phases, including structuring the problem hierarchically by
defining the objective and prioritizing criteria and sub-criteria through a pairwise
comparative analysis of each characteristic [43], [44], [45]. A standard scale from one to nine
was employed to establish relative ranking values for all factors. On this scale, 1 represents
equal importance, 3 indicates low importance, 5 reflects moderate importance, 7 denotes high
importance, and 9 represents extreme importance. Intermediate values 2, 4, 6, and 8§ were
assigned to factors based on their relevance compared to others [46].

Once the comparison matrix is filled, the eigenvalues and corresponding eigenvectors are
computed. The eigenvector reveals the priority order or hierarchy of the examined
characteristics [38]. This result is paramount in evaluating probability, as it will determine
the relative importance of each criterion at play. The eigenvalue serves as a measure to
calculate the consistency ratio (CR) and the consistency index (CI) Eq. (1) [46].
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cr =2 1

CR denotes the Consistency Ratio, RI stands for the random index, and CI represents the
consistency index, formulated as Eq. (2) [46].
Cl = (Amax — n)/(n — 1) (2)
Amax represents the largest or principal eigenvalue of the matrix, easily computable from the
matrix, while n denotes the order of the matrix.
Using equation (3) [46], the weights obtained were allocated to the various causal classes
to create a distinctive landslide susceptibility index.

LSI ZZRi * Wi 3)
Ri represents the landslide-influencing factor, and Wi denotes the criteria weights for each
factor.

2.5 Frequency ratio (FR) method

The Frequency Ratio (FR) is a recognized bivariate statistical method known for its
simplicity of implementation and accurate results. It is commonly employed in mapping
landslide susceptibility [47], [48]. FR is based on the assumption that future landslide events
will occur under similar conditions to past events. A landslide inventory and thematic maps
combination was developed using Eq. (4)[48] to obtain an FR for each class of causal factors.

N pix(1)/N pix (2) 4

~ Y Npix (3) /X N Pix (4) )
Npix 1 represents the area of landslide in each class, N pix 2 denotes the area of the class, N
pix 3 signifies the total number of area landslide pixels over the entire area, and N pix 4
indicates the total number of pixels in the area.
The Landslide Susceptibility Index (LSI) was then calculated by summing the values of each
factor ratio using Eq. (5).

FR

LSI = FR1 + FR2 + FR3 + -+ FRn (5)
Where FR is the frequency ratio for each factor.
According to the FR method, one equals the average value. Thus, an FR less than 1 indicates

an average correlation, while an FR greater than 1 indicates a higher correlation, suggesting
an increased risk of landslide [49], [50], [51].

3. Results and Discussions

Using a GIS environment, the AHP maps landslide susceptibility in the Oued Lebene
watershed. An inventory of 70 landslides was established from Google Earth data and field
observations (Fig.3). The impact of different factors on landslide distribution was conducted
by comparing these causal factors based on the existing landslide inventory. The results
obtained from the AHP comparison matrix (Table 2) show, on the one hand, that the
consistency ratio was less than 10%. On the other hand, the maximum weighting was
recorded by the elevation, slope, and lithology factors at 0.217, 0.157, and 0.134,
respectively. Factors represented by curvature, precipitation, and terrain aspects have
significantly impacted the spatial distribution of landslide susceptibility. Meanwhile,
proximity to roads, proximity to drainage networks, land use, and NDVI have little influence
on landslide occurrence.
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Figure 3: Landslides inventory map

Table 2: Thematic factors comparison through the pair-wise matrix

Distan

Elevati Slo Litholo Curvat Rainf Aspe ce To Distan LUL NDV Relati ]
s on e ure all ct Strea el C | ve il
p gy - Road Relief
Elevation 2 3 5 7 5 5 9 0'72 1
Slope 2 33 4 a4 s 7 0P
Lithology 3 2 2 2 4 s 6 P
e 13 2 3 4 5 4 s 6 0'712
: 0.10
Rainfall 12 12 173 12 3 3 4 4 4 6 ;
0.07
Aspect 13 153 12 1/3 1/3 2 3 4 5 6 N
Distance 0.05
ToSteam VS 1312 1/4 13 12 2 4 4 A
Distance 0.04
ToRomg 1714 12 1/5 V4 13 12 4 4 S
LULC 5 14 1/4 VA 14 14 12 13 4 0'23
NDVI s 15 15 s 14 15 14 14 13 0'32
Relative 19 17 1/ 1/6 V6 16 14 14 14 1/6 0.01
Relief 5

Omax =12.4522 CI=0.1452 CR=0.0955
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Table 3: Factors weights and consistency ratio obtained from AHP

Factors Class Vf"(l:llgalln t  Amax CI CR
140 -340 0.131
350 -510 0.355
Elevation 520 - 700 0.031  5.0944 0.0236 0.021
710 -970 0.156
980 - 1707 0.327
0-6.7 0.068
6.8-13 0.112
Slope 14-19 0.530  5.0935 0.0233 0.0208
20-27 0.068
28 - 65 0.222
Litharenite and sandy marl 0.210
Sandy marl and limestone marl 0.237
Black pelite, limestone intercalation 0.213
White limestone marl with flint 0.115
Lithology Marly matrix 0085 57128 0.0891 0.0614
Terraces and alluvial 0.061
Alternation of oolitic limestone and
dolomitic breccia 0.038
Chaotic facies with reworking and 0.024

sedimentary clippers of prerif
Conglomerates, sandstones, and marls 0.017

Flat (-1) 0.202
North (0-22.5) 0.225
Northeast (22.5-67.5) 0.205
East (67.5-112.5) 0.118
Southeast (112.5-157.5) 0.084
Aspect 10.8782  0.0975 0.0646
South (157.5-202.5) 0.059
Southwest (202.5-247.5) 0.040
West (247.5-292.5) 0.022
Northwest (292.5-337.5) 0.016
North (337.5-360) 0.029
Concave 0.067
Curvature Flat 0.467 3 0 0
Convex 0.467
236 -377 0.122
378 - 465 0.258
Rainfall 466 - 550 0079  5.1214  0.0303 0.027
551 -622 0.079
623 - 807 0.462
0-150 0.182
Rﬁ‘:ﬁge 160 - 190 0.115  3.0879  0.0439 0.075
200 - 250 0.703
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Water 0.035
Forest 0.054
Irrigated Agriculture 0.085
LULC 6.4383  0.0876 0.0706
Built 0.085
Bare Grounds 0.145
Agriculture Lands 0.595
Dead plants or object 0.228
Unhealthy Vegetation 0.600
NDVI ] 4.0797  0.0265 0.0295
Moderate Healthy Vegetation 0.121
Very Healthy Vegetation 0.051
200 0.579
400 0.145
i 600 0.093
Distance To 6.5193  0.1038 0.0837
Road 800 0.093
1000 0.059
>1000 0.031
100 0.489
400 0.151
i 700 0.151
Distance To 6.5548  0.1109 0.0894
Stream 1000 0.100
1500 0.070
>1500 0.041

3.1 Factors Ranking using AHP

The elevation factor and an increasing slope gradient directly impact the degree of
weathering and erosion rate. Areas with low altitudes and gentle slopes are less susceptible to
landslides than high-altitude areas with steep slopes [52].

The spatial distribution relationship aligns perfectly between elevation and slope; Table 3
and Fig. 4a and 4b demonstrate that the maximum weighting of these two factors was
recorded in the moderate elevation and slope class, respectively 0.355 and 0.530, and in the
extreme class with 0.327 and 0.222. High-slope and elevation terrains are highly susceptible
to landslides [53]. The moderate elevation and slope class are prone to this hazard in the
watershed.

The Oued Lebene watershed was primarily composed of nine lithological formation
categories, almost entirely characterized by the dominance of marls, which were contributed
through their structures to the instability of the study area regarding landslides with a weight
exceeding 0.5 (Table 3 and Fig. 6¢).

The profile curvature describes the rate of change in the slope of a terrain [54]. A dense
drainage network resulting in high concavity or convexity always leads to slope failure and
landslide susceptibility [55]. The study area in question experiences an equal effect from the
Flat class and the Convex class with a weight of 0.467, while the impact of the Concave class
is minor (Table 3 and Fig.4d).
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Intense precipitation implies maximum erosivity, significantly affecting slope instability
concerning landslide occurrence. The values of this factor for the Oued Leben watershed
range from 236 to 807 mm/year, showing an increasing trend from downstream to upstream.
The maximum values are located upstream to the east and northwest; hence, the maximum
weight of the [623 - 807] class was quantified at 0.462 (Table 3 and Fig.5b).

The initiation of a landslide was closely related to the aspect that reflects the direction of
the slope [56]. The results shown in Table 2 and Fig. 4c indicate that this factor has a
moderate impact on the landslide process with a weighting of 0.079. Among the different
aspect factor classes, the classes corresponding to the North and East parts of the study area
(North, East, and Northeast) were considered more significant than others, with weights of
0.225,0.118, and 05209W5, respectivelzso(.v"vfable 3).
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Figure 4: Map of oued Lebene watershed: (a) Elevation, (b) Slope, (c) Aspect, and (d)
Curvature

Streams contribute to slope destabilization in rugged areas, causing undercutting of the
slope base through their fluvial action [57]. The final weight of this factor is approximately
0.054, implying a minimal influence on the spatial distribution of landslides in watersheds
(Table 2). The analysis of the results in Table 3 and Fig. 6b shows that the class referring to
areas near watercourses within a range of less than 100 m had a significant impact compared
to other classes, with the impact decreasing progressively as one moves away from the rivers.

As for the other factors responsible for the spatial distribution of landslides in the Oued
Lebene watershed, it was observed that their final weights do not exceed 0.045 for the
proximity to road networks, following the same logic as proximity to watercourses (Table 2
and Fig. 6a). Land use and NDVI have minimal influence on landslide susceptibility, with
respective final weights of approximately 0.036 and 0.029 (Table 2, Fig. 5c and Fig. 5d). The
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least significant factor in this process is relative relief, which implies the impact of vegetation
changes relative to elevation, with a final weight of 0.015 (Table 2 and Fig. 5a).
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3.2 Factors Ranking using FR

The Frequency Ratio (FR) is a method derived from probabilistic approaches based on
observed correlations between the distribution of landslides and associated causal factors
[58], [59]. The Frequency Ratio (FR) calculated value represents the correlation level
between landslides and a particular class of causal factor [60].

The analysis of Table 4 shows that the vegetation cover factor and the NDVI have
considerably impacted landslides with the highest frequency ratio, 4.786 and 4.349,
respectively. Dense vegetation cover contributes to mitigating soil movement while
promoting soil horizon stability. Hence, the probability of landslide occurrence is high in
areas where vegetation is absent, as illustrated by the bare soil class for the LULC factor and
the Dead plants or objects class for the NDVI factor. In third and fourth place, find slope and
elevation, which act in synchronization, where the frequency ratio gradually increases with
the growth of the angle and altitude, with a final weight of approximately 3.689 and 3.156,
respectively.

The distance from roads and drainage networks denotes a moderate susceptibility
probability, followed by an aspect with a value of around 1.451, which remains moderate
compared to other factors. Meanwhile, lithology, with a weight of 1.034, was characterized
by complex geological structures. Hence, classes present significant values, including
formations such as marls. As for precipitation and curvature, the results indicate a minor
contribution and a lower possibility for landslides.

Table 4: Weight calculation for each class through FR

Class Landslide

Factors Class Pixels Pixels FR Poids
0-6,7 382548 963 0,003
6,8 -13 517895 1908 0,004
Slope (Degree) 14-19 452603 2154 0,005
20 -27 266772 2034 0,008
28 - 65 88334 1158 0,013
Total 1708152 8217 0019 3689
140 - 340 508589 3269 0,006
350-510 581702 2169 0,004
Elevation(m) 520 - 700 355493 815 0,002
710 -970 192353 610 0,003
980 - 1707 70015 1354 0,019 3,156
Total 1708152 8217 0,035
Litharenite and sandy marl 453345 2078 0,005
Sandy marl and limestone marl 299320 1652 0,006
Black pelite, limestone intercalation 196177 1123 0,006
White limestone marl with flint 158450 641 0,004
Lithology marly matrix 235077 1521 0,006 1,034
Terraces and alluvial 56292 251 0,004
Alternation of qo}itic lim.estone and 60000 507 0,008
dolomitic breccia
Conglomerates, sandstones, and marls 174607 319 0,002
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Total 1708829 8215 0,043
Flat (-1) 1379 3 0,002
North (0-22.5) 113856 168 0,001
Northeast (22.5-67.5) 191920 452 0,002
East (67.5-112.5) 183494 460 0,003
Southeast (112.5-157.5) 203622 1426 0,007
Aspect
South (157.5-202.5) 250835 2527 0,010
Southwest (202.5-247.5) 234934 1998 0,009 1,451
West (247.5-292.5) 216309 800 0,004
Northwest (292.5-337.5) 204867 269 0,001
North (337.5-360) 106936 114 0,001
Total 1708152 8217 0,040
Concave (-23 - -0,73) 281874 1873 0,007
Curvature Plane (-0,72 - 0,44) 994669 4170 0,004
Convex (0,45-27) 431609 2174 0,005
Total 1708152 8217 0,016 1,000
236 -377 290259 2045 0,007
378 - 465 275883 1106 0,004
Rainfall (mm) 466 - 550 299574 1663 0,006
551-622 420844 1346 0,003 1,026
623 - 807 255000 1139 0,004
Total 1541560 7299 0,024
0-150 316219 3145 0,010
Relative Relief (m) 160 - 190 802612 3813 0,005
200 - 250 579282 1239 0,002
Total 1698113 8197 0,017 3,002
Forest 73556 29 0,000
Irrigated Agriculture 276797 1051 0,004
LULC Built 106237 129 0,001
Bare Grounds 10131 327 0,032
Agriculture Lands 1073290 5838 0,005 4,786
Total 1540011 7374 0,043
Dead plants or objects 347991 4380 0,013
N Unhealthy Vegetation 563622 2426 0,004
Moderate Healthy Vegetation 463917 501 0,001
Very Healthy Vegetation 166506 51 0,000 4349
Total 1542036 7358 0,018
200 1029843 5780 0,006
400 114223 66 0,001
Distance To Roads 600 107498 156 0,001
(m) 800 101266 401 0,004
1000 97105 394 0,004
>1000 91904 546 0,006 1,607
Total 1541839 7343 0,022
Distance To Stream 100 99671 1034 0,010
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(m) 400 149306 401 0,003
700 402313 1358 0,003
1000 345772 1324 0,004
1500 275706 1609 0,006
>1500 269071 1617 0,006 559
Total 1541839 7343 0,032

3.3 AHP and FR for landslide susceptibility mapping

Once the factors weighted by class were determined, based on the final weight calculated
for each class by each method, these factors were combined using the weighted sum tool in
ArcGIS to produce landslide susceptibility maps of the study area. These maps were
categorized into four classes describing susceptibility ranging from low to very high for
landslide occurrence in the study area (Fig.7).

The analysis of the landslide susceptibility map produced by the AHP shows that 7.84% of
the study area exhibits remarkable stability and faces a low risk of landslide occurrence.
70.56 % of the watershed falls into the moderate risk class. Meanwhile, 21.24% of the total
area of this region faces a high risk, with only 0.36 % located in a very high-risk zone.

The landslide susceptibility map from the FR method shows a spatial distribution of risk
classified as low to moderate, comprising 56.03% and 38.39% of the study area, respectively.
Approximately 2.5% are susceptible, with nearly 0.1% facing a very high risk of landslide
occurrence.
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Figure 7: Landslide susceptibility Map of Oued Lebene watershed: (a) AHP Model, (b) FR
Model
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3.4 Assessment of the accuracy of the landslide susceptibility map

The landslides identified in the study area were randomly divided into two groups. Among
the 70 landslides, 44 (70%) were chosen randomly as Training data, leaving the remaining 26
(30%) for validation (Testing data). AUC values range from 0 to 1, where values exceeding
0.5 suggest high predictive accuracy, while those below 0.5 suggest low predictive accuracy
[61]. The calculation of the prediction rate revealed AUC values of approximately 0.722
using the FR method, slightly surpassing the AUC values of 0.711 obtained with the AHP
method. The AUC findings from this study demonstrate satisfactory performance for both
methods employed in landslide susceptibility mapping, albeit with the FR method showing a
slight superiority over AHP. This is primarily due to the lack of literature and studies on this
topic in the study area, and thus, the pairwise comparison was based on the inventory of
existing landslides rather than expert judgments.
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Figure 8: AUC for AHP and FR Model

4. Conclusion

According to the AHP approach, regions categorized as high, high, moderate, and low
susceptibility represent 0.36%, 21.24%, 70.57%, and 7.84% of the total area, respectively.
Similarly, the FR method indicates that areas classified as very high, high, moderate, and low
susceptibility account for 0.08%, 2.50%, 39.39%, and 58.03% of the study area, respectively.

Following this, the modeling techniques for this hazard were assessed using the Area
Under the Curve (AUC), revealing prediction rates of around 0.711 and 0.722 for AHP and
FR, respectively. The outcomes of this validation demonstrated that the FR method slightly
outperformed the AHP method.

The produced landslide maps could be valuable for relevant authorities, natural resource
managers, and planners in planning development schemes and implementing landslide risk
mitigation measures. Thus, increased attention should be paid to infrastructure in high-risk
areas to reduce landslide losses. In conclusion, the future use of remote sensing data could
constitute a significant contribution with geospatial techniques to establish landslide
deformation zones in the study region.
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