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Abstract: Landslides represent one of the most critical issues for landscape managers. They can
cause injuries and loss of human life and damage properties and infrastructure. The spatial and
temporal distribution of these detrimental events makes them almost unpredictable. Studies on
landslide susceptibility assessment can significantly contribute to prioritizing critical risk zones.
Further, landslide prevention and mitigation and the relative importance of the affecting drivers
acquire even more significance in areas characterized by seismicity. This study aimed to investigate
the relationship between a set of environmental variables and the occurrence of landslide events in
an area of the Apulia Region (Italy). Logistic regression was applied to a landslide-prone area in the
Apulia Region (Italy) to identify the main causative factors using a large dataset of environmental
predictors (47). The results of this case study show that the logistic regression achieved a good
performance, with an AUC (Area Under Curve) >70%. Therefore, the model developed would be
a useful tool to define and assess areas for landslide occurrence and contribute to implementing risk
mitigation strategy and land use policy.

Keywords: landslide; logistic regression; environmental hazard; risk assessment

1. Introduction

Landslides, one of the most devastating natural/human-induced disasters worldwide,
cause injuries and loss of human life as well as damage to properties and infrastructure [1,2].
Haque et al. [3] estimated that from 1995 to 2014 in Europe, there were a total of 476 land-
slide events, with 1370 deaths and 740 injuries recorded. These alarming numbers illustrate
the need to enhance national and regional efforts to prevent or minimize such impacts on
human and natural assets.

With 620,808 recorded events, Italy is one of the most affected European countries [4].
Every year landslide events cause the displacement of hundreds of thousands of people,
building and infrastructure damages, and conspicuous loss of cultural heritage. To show
the magnitude of the recent status, 172 main events were recorded in 2017, 146 in 2016, 311
in 2015, 211 in 2014, and 112 in 2013. Related economic damages have been estimated at c.a.
EUR 2.5 billion per year [4] in the period between 2014 and 2020.

Identifying critical zones becomes essential to managing landslide susceptibility, es-
pecially in areas where landslides severely threaten human and natural resources and
the country’s massive cultural heritage. In this regard, the scientific community can help
decision-makers by developing ad hoc risk analysis models based on empirical evidence
and drivers of landslide occurrence. Geomorphological and topographic conditions, seis-
micity, intense rainfall, and anthropogenic factors, such as road and railway infrastructures,
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urban sprawl, land cover changes, and agricultural practices, represent the main predispos-
ing and triggering factors of landslide events [5-7].

Studies focusing on landslide susceptibility assessment can provide an outstanding
contribution to these purposes since they estimate the spatial distribution of landslide
occurrence probability in a given area based on predisposing factors [1]. The literature
is characterized by inventory-based studies, data-driven (including bivariate and multi-
variate statistics) analysis, knowledge-driven works, and probabilistic, physically-based,
and deterministic approaches [2]. Recently, several machine learning-based techniques
have been tested to develop landslide monitoring tools. However, these methods still
feature significant drawbacks for modeling complex algorithms, including uncertain model
performances, scarce aptitude to detect local variability, and the use of “black boxes”, which
is not appreciated yet by the operative world. Consequently, most landscape managers still
prefer more traditional and sound models, such as logistic regression [8].

In fact, the most widely used method at local and regional scales is logistic regres-
sion [2,9,10], which has an advantage over other multivariate statistical methods in that it
is independent of data distribution and able to handle continuous, categorical, and binary
data [11]. In a logistic regression approach, the binary dependent variables are related
to a vast dataset of independent drivers, such as topographic parameters, land uses, and
others [12]. This study aims to test logistic regression in a survey area (Apulia, Italy),
characterized by frequent seismic events and historically affected by widespread landslides.
Specifically, we aimed to (i) understand the relationship between selected environmental
variables and the occurrence probability of landslide events and (ii) produce landslide
susceptibility maps for management, mitigation, and prevention purposes.

The proposed analytical framework can be applied to other areas worldwide with similar
environmental features. Consequently, results may be helpful for landscape/environmental
planners involved in landslide risk mitigation and land-use planning activities.

2. Materials and Methods
2.1. Study Area

The research was carried out across the Dauni Mountains (902.9 km?; Min. Lat.
41°4/32.01”, Min. Long.14°55'59”, Max. Lat. 41°55'35.27”, Max. Long. 15°31'51.6”) which
are located in the western part of the Apulia Region (Italy) (Figure 1). They belong to the
Dauno Sub-Apennine dominion, representing the marginal external front of the Southern
Apennine chain [13,14]. The chain units, affected by intense tectonic deformations, are
thrusted over the Bradanic Trough unit, which in turn overlays the Apulian Foreland units.
Folds and thrust structures and eastward verging, along with clay-rich flysch formations,
characterize the structural and geological framework of the area [15,16].

As reported by the parametric catalog of Italian earthquakes CPTI15 [17,18], the study
area has low seismic activity. However, more intense seismic activity characterizes the
nearby Southern Apennines and Gargano Promontory areas, located less than 50 km from
the study area [19,20]. Due to the more frequent and more energetic seismic activity of the
Southern Apennine chain, the study area may be affected by seismic shaking able to induce
landslides, as reported by Del Gaudio et al. (2012), who created a seismic hazard map of
an area of the Daunia.

The elevation ranges between 73 and 1135 m a.s.l. (mean 566 m a.s.1.). The morphology
is typically hilly-mountainous, strongly shaped by landslides favored by lithological and
soil features, seismicity, and the area steepness (vide infra). The most diffuse lithotype are
clay-limestone (CL), sands and conglomerates (5C), and clayey and clayey-limestone (CCL)
units. Soils are strongly influenced by both parent material and the whole environmental
features, being more developed in CL and CCL units (Alfisols and Ultisols) [21,22] while
less (Inceptisols and Entisols) in SC units and where landslide movements modify their
original nature. Land uses are featured by common arable crops (70%, with olives as
main tree crops), broad-leaved, coniferous, and mixed forests (21%). Urban areas are very
limited (1%). Mean annual rainfall (1918-2007) ranges from 533 to 931 mm. Mean monthly
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Figure 1. Dauni Mountains study area location with landslide detachment niches identification.

The study area is characterized by a high seismic hazard that, together with the
previously reported environmental features, makes it extremely prone to landslide events;
between 1918 and 2007, 515 mass movements were registered (Table 1).

Table 1. Number of landslides registered within the study area (1918-2007) with their main features.

Landslide Type N.
Slow earthflow 228
Rotational/traslational landslide 143
Complex landslide 96
Rapid debris flow 18
Fall/topple 11
Area affected by numerous shallow landslide 11
Unclassified landslide 7
Sinkhole 1
Total number 515

2.2. Data Collection

We extracted data from multisource and multiscale geographic databases (Table S2).
A total of 47 predictors were selected according to 7 main macro-class classification /factors:
topography, seismic, geolithologic, pedologic, land use, morphologic, and climatic. Some
of them are represented in the Figure S1.

The whole investigated area was divided into several grids of 250 square meters each.
For each grid, the value of all predictors (vide supra) was calculated using GIS software.
The seismic factor was evaluated using data from the national database and additionally
evaluating the fault distance by applying the Euclidean distance algorithm.
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Topography: Elevation, Slope,
Curvatures, Aspect, TP
(Topographic Position Index),
VRM (Vector Ruggedness
Measure), Flow accumulation.

Substrates: Geolithology,
Soil textures.

Climate: Maximum Rainfall,
Cumulative Rainfall.
Pr. Cumulate)

Concerning the dependent variable, the location of landslide detachment niches was
obtained from the landslides regional inventory. Since this database provides informa-
tion concerning landslides verified between 1918 and 2007 without providing a specific
occurrence date, the causative factors” assessment was limited to these years. Thus, climate
causative factors were quantified as mean values for the same period. Meanwhile, the
study area was reduced to subareas in which land use did not vary throughout this period
in order not to consider the effect of land cover variation on slope stability. Available
Corine Land Cover Maps (1990, 2000, 2006) were crossed, and only land cover persistence
areas (582.2 km?) were retained for further analysis. Overall, the total number of landslide
detachment niches considered within the study area was 328.

Finally, the modified study area was divided into 9316 cells of 250 x 250 m, and,
for each of them, the mean values of the causative factors were assessed. In addition,
a dichotomic value (i.e., 0 or 1) linked to the absence or presence of landslide detachment
niches was assigned to each cell as the dependent variable’s value.

2.3. Causative Factor Selection

The first fundamental step was factor selection. Several factors occur in the process
of landslide hazard assessment [1,2,23]. In fact, they are the result of interaction between
intrinsic and external factors [24]. As a matter of fact, there are no definitive factor se-
lection lists, and the tendency is often to rely on accessible databases [9]. However, the
selected model allows for the use of a large number of independent variables, and therefore,
a large number of databases have been considered, which are collected in the categories
below (Figure 2).

Land use: % of surface
cell for each category

LOGIT model

Seismic: Fault Distance,
Epicenter Distance and
soil Acceleration.

La n d S I Ide Dvistance from: Roads,
occurence Rivers

Figure 2. Flow chart of the methodological approach used.

The attached table (Table S1) shows all the calculated factors, the original source, and
the spatial /temporal resolution. These data were acquired from public data infrastructures
managed by individual regions, Italian Environmental Agencies (such as ISPRA), and
the European Environmental Agency (EEA). According to [23], we classified the factors
into (i) predisposing factors (e.g., topography and geological substrate), (ii) triggering
factors (e.g., precipitations and earthquakes), and (iii) accelerating factors (e.g., human-
altered systems).

Regarding predisposing factors, the following groups of predictors were considered:

- Morphology. The landform is one of the most important factors influencing landslide
occurrence [25]. The slope angle is considered one of the main triggering factors for
landslides [26,27]. The aspect is decisive for triggering landslide processes. It is strictly
connected to climatic conditions [28] and the factor impacting slope stability [29].
The topographical indices are useful for describing and quantifying the intensity and
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characteristics of hydrological processes [25]. The main topographical indices are
reported in Table S1.

The topographic factors were calculated starting with a high-resolution digital terrain
model (DTM) with 8-m resolution.

Geolitology. The lithological features also define the resistance capacity of the substrate
to external forces. Indeed, this is related to material strength because they have varied
compositions and structures for different rock types [9,30,31].

Pedology (texture). Soil texture is one of the soil’s main physical features. Previous work
has shown how soils of different textures can have different levels of susceptibility
to the triggering of landslides [24]. Hamza et al. (2017) indicated that limestone has
more probability of landslide occurrence, thus providing a hazard index value of
1.10 (Table 2). In contrast, the probability of occurrence of landslide for gypsum and
sandstone is comparatively lower, with a hazard index ranging from 0.80 to 0.77.
Distance from river. This parameter has a strong link to the erosion process in hilly
regions [9]. Rivers and streams play an important role in landscape modification by
modeling the landforms and shaping the lithological substrate [32]. The distance from
the river is calculated as the Euclidean distance by the river stream extracted from
a high resolution (1:10000) land use map.

Table 2. List of causative factors.

Class of Factors Factors Selected

Topography

Seismic Factors

Elevation; Flow accumulation; Planform curvature;
Profile curvature; Standard curvature; Slope; Aspect;
Topographic indexes (Slope roughness, Terrain
roughness, Topographic wetness index, Vector
Ruggedness Measure, Topographic Position Index,
Topographic factor).

Peak ground acceleration; Distance to active fault;
Distance to earthquake epicenter.

Percentage of cover area of Terrace alluvium; Sandstones
and clays; Clays and marls; Clays; Debris; Alluvium and

Geolithology river-lake deposits; Beaches; Lakes and glaciers; Sands

and conglomerates; Sandy and sand-marly units; Clayey
and clayey-limestone units; Marly limestone units.
Percentage of cover area of clay; Percentage of sand;

Pedology

Land Cover
Morphology

Climate

Percentage of silt.

Percentage of cover area of Urban area; Agricultural
area; Grassland; Forest; Natural area, Rivers and lakes.
Distance to rivers; Distance to roads.

Mean annual maximum rainfall observed in 1 day;

Mean annual rainfall.

Considered triggering factors were:

Seismic factor. The dynamics of triggering landslides following an earthquake are well
documented [33-35]. Earthquake-induced landslides are one of the worst natural
hazards [36]. Specifically, there is a strong relationship between distance from faults
and epicenters [37]. Furthermore, the factors triggering earthquake-induced landslides
are also related to earthquake characteristics, such as ground acceleration [11].
Climate. The climate affects landslides both directly and indirectly. For instance,
intense rainfall is the most common triggering agent of landslides [38].

Finally, the following accelerating factors were considered:

Land cover/land use. It influences the ability to eventually prevent and/or limit the
extent and distribution of landslides. Forested and natural systems usually showed
a statistically lower landslide occurrence, and they have an important role in prevent-
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ing it. This is especially true when located in areas with critical topographical and
lithological conditions [39].

- Distance from road. Roads are an important susceptibility factor to the triggering of
landslides as their construction could modify the land topography and shape. As a matter
of fact, roads represent an important driver of the soil profile and hillslope alteration [2].

Variable Selection

Predictors were selected starting from the original 47 x 9316 observation matrix
dataset. In a multivariate statistical analysis, the selection process is one of the most
important tasks [40]. In this work, the elimination of highly correlated predictors was
carried out in the first variables selection according to previous works [41,42]. In this
step, the predictors with Pearson’s correlation coefficient >0.75 were removed. The final
correlation matrix is reported in Table S1.

2.4. Logistic Regression

Logistic regression analyzes the relationship between multiple independent variables
and a categorical dependent variable while estimating the occurrence probability of an event
by fitting data to a logistic curve [43]. The logistic function is described as [31]:

1

IEEACTR) W

where P is the probability of landslide occurrence and Z a linear combination of casual
X; factors:
Z = Bo+ B1x1 + Baxa + Baxz + ...+ Buxy 2)

where f; are the landslide casual factor’s coefficients.

The models were performed using R statistical software. In order to operate a pre-
dictor’s selection, the regressions were performed using a stepwise model. Stepwise
regression is a set of iterative search and model comparison procedures that identify which
independent variables have the strongest association with the dependent one (Draper and
Smith, 1981; Hauser, 1974). Using this approach, the model was performed for each type of
landslide and for the total landslide.

For the four models, the Area under Curve (AUC), the Accuracy, and the Akaike
information criterion (AIC) were calculated. In order to evaluate the predictive capacity
of the logistic model, the McFadden pseudo R? area was calculated. This is intended as
a logistic regression analog of R? and uses ordinary least-squares (OLS) regression [44].

3. Results
3.1. Main Factors Affecting Slope Stability

Table 3 reports the results of significant drivers for each model. In particular, stepwise
logistic regression was performed using four different sub-datasets, from the whole landslide
dataset, according to the following typology: (i) total landslides (TL); (if) rotational/translational
landslide (RTL); (iii) slow earth flow (SEF), and (iv) complex landslide (CL).

Table 3. List of coefficient drivers. Table S2 reports a complete list of factors with their significant
metadata. The value of factors removed by stepwise logistic regression was not reported.

. Rotational/Traslational Complex
Total landslide (TL) Landslide (RTL) Slow Earth Flow (SEF) Landslide (CL)
Factor Coeff. SE p Coeff. SE p Coeff. SE P Coeff. SE P
—0.381  0.030 e —0.704  0.037 o —0.694  0.036 ok —0.388  0.031 o
T_TWI —0.099  0.025 ok / / / / / / —0.207  0.023 i
T_VRM 0.086 0.023 o 0.076 0.027 * / / / 0.050 0.026
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Table 3. Cont.
Total landslide (TL) R"tigr‘l’g;‘llgza(i?&‘)’“al Slow Earth Flow (SEF) Lancd‘;‘:i‘gle("cm
Factor Coeff. SE p Coeff. SE 4 Coeff. SE P Coeff. SE p
T_DIM / / / 0.112 0.026 Hx —0.081 0.027 #* —0.040 0.026 .
T_F_acc —0.042 0.025 . —0.244 0.042 ok / / / —0.223 0.040 ook
T_Curv_pl —0.053  0.022 o 0.100 0.025 ok —0.039  0.025 —0.064 0.023 w*
T _Curv_st 0.106 0.022 i 0.146 0.024 xAE —0.043 0.026 . —0.037 0.020 .
T_N / / / 0.054 0.025 * / / / —0.112 0.024 x*
T_NE / / / —-0.196  0.030 ok / / / / / /
TE / / / —-0.172  0.029 o / / / / / /
T_SE / / / —0.040  0.025 . / / / / / /
TS 0.117 0.021 wx / / / 0.061 0.025 / / /
T_SW / / / 0.038 0.023 . —0.052 0.025 . 0.060 0.021 x*
T W —0.038 0.023 . 0.141 0.027 X —0.088 0.025 ook —0.043 0.024
T_NW 0.067 0.022 b / / / / / / 0.089 0.021 .
T_FLAT —0.060 0.035 . —0.235 0.041 xAE —0.089 0.034 *x / / /
T Ls 0.182 0.024 o 0.115 0.029 xR 0.175 0.027 ook 0.132 0.022 ook
T_TPI 0.112 0.022 o 0.060 0.022 b 0.253 0.022 ook —0.036 0.021 .
S_Epic 0.056 0.027 * —0.252 0.028 xrE 0.286 0.031 worE —0.112 0.024 *
G_TA —0.071 0.043 . —0.098 0.046 * —0.081 0.039 * —0.141 0.041 ook
G_SSC 0.137 0.018 wx —-0.113  0.024 ok 0.206 0.017 e 0.030 0.020
G_CM —0.042 0.022 . —0.132 0.025 xAE —0.224 0.039 wohE 0.034 0.019 .
_C —0.236 0.031 o —0.333 0.040 X —0.260 0.031 ook —0.319 0.035 ook
G_DDB —0.262 0.037 o —0.140 0.043 ok —0.244 0.038 ook —0.262 0.035 ok
G_LG /0.134 0.044 i —0.077 0.038 * —0.069 0.037 . —0.068 0.037 .
G_SC 0.042 0.023 . 0.061 0.023 xk —0.280 0.033 ook / / /
G_SSM 0.045 0.019 * —0.136  0.034 o —0.119  0.036 w* 0.101 0.010 e
G_CCL 0.099 0.022 xEx —0.092 0.028 xk 0.083 0.023 worE 0.103 0.022 *
G_ML / / / 0.157 0.027 i / / / —0.077 0.024 ok
P_sand —-0.110  0.026 wx 0.095 0.028 ek —0.241 0.030 e / / /
P_silt —0.169 0.023 xEE —0.311 0.029 xrE —0.161 0.024 wohE 0.106 0.028 oo
LU_urb 0.068 0.013 Hx 0.130 0.011 Hox —0.160 0.042 oo 0.066 0.013 x*
LU_grs —0.072 0.024 ** —0.073 0.022 wak —0.257 0.037 ook —0.137 0.030 i
LU._for / / / 0.079 0.023 wxE —0.089 0.026 worE 0.148 0.021 oo
LU_nat 0.149 0.016 xx 0.111 0.018 oo 0.064 0.017 oo / / /
D_riv —0.159 0.024 wx —0.041 0.022 —0.213 0.031 ook 0.073 0.025 **
D_road —0.338 0.026 i —0.389 0.028 wxE —0.303 0.027 wohE —0.380 0.028 oo
C_p_max —0.039 0.023 / / / —0.164 0.025 oo 0.168 0.025 o

4 <0.001,* p < 0.01,*p <0.05,. p <0.1.

3.2. Model Performance

In Table 4, performances of the model applied on four sub-datasets (vide supra) were reported.

Table 4. Models performance.

McFadden’s
3 * EXd
Landslide AIC AUC Accuracy Pseudo R2
All 8004.13 0.76 0.71 0.12
Rotational / Translational 7407.88 0.68 0.73 0.19
Slow Earth Flow 7200.94 0.80 0.77 0.21
Complex Landslide 7828.44 0.69 0.70 0.13

* AIC = Akaike Information Criterion. ** AUC = Area Under Curve.

Slow earth flow showed the best performance, with an accuracy >0.75, meaning
that this can be considered an accurate model. Overall, all implemented models showed
values > 0.70, thus considered suitable. The area under curve (AUC) values are comparable
with previous similar studies [45]. To evaluate the model’s performance, McFadden’s
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Pseudo R squared, instead of R squared, was applied. A McFadden’s Pseudo R squared
between 0.2-0.4 indicates a very good fit. The RTL and SEF landslide models showed the
best fit with 0.19 and 0.21, respectively.

3.3. Susceptibility Mapping

According to the method performed by Elia et al. (2019), four susceptibility maps were
created; each recorded landslide’s detachment niche was georeferenced.

Implemented models and resulting maps show the landslide occurrence probability
within the study area (Figure 3). Based on probability values, areas were classified in
terms of susceptibility as: (i) high (>0.65, red areas); (ii) moderate (0.50-0.65, orange);
(iii) moderate-low (0.30-0.50, yellow); (iv) low (20-30, light green); and (v) very low
(0.00-0.20, green). In the total landslide map, areas affected by high-level susceptibility
are distributed mainly in the northwest area. Conversely, in RTL maps, areas featured
by high-level susceptibility are localized in the southern part of the region. In the slow
heart flow model maps, the susceptibility distribution is closer to that observed for the
total model; however, areas with high susceptibility are more concentrated in the extreme
northwestern part. In the complex landslides map, high-level susceptibility spots were
identified in several parts of the investigated area. Overall, in every implemented map, the
low susceptibility is concentrated in the central-east part of the study area, in correspon-
dence with the less hilly areas. In fact, the study area shows an elevation gradient from
west to east, and the landslides distribution follows this gradient, especially in RTL and CL.

1.All Landslides Type 2.Rotational/Traslational landslide

I5°1S'E 15°30F 15°0E 15°15E 1530F
7

>

41730N

191N
T

1
130N

715N

41°15N

41730N
T

1
430N

i
715N

1
15°0F [ERED

3. Slow Earth Flow

S°IS'E 15730E

3

15°0E 15°15E 1530E
v ) T= L

1 L 1
150 15°15E 15730

4. Complex Landslide

41930N

41°15N
T

130N

1SN

41°30N

41°15N

1
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1
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Figure 3. Landslide triggering probability distribution maps. The black dots represent the land-
slide positions.
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4. Discussion
4.1. Logistic Regression Metrics

The assessment of areas likely to produce land movement phenomena was carried
out by adopting a logistic regression model, one of the most used approaches in landslide
susceptibility analysis. In fact, it allows predicting where landslides are more likely to
occur based on the relationship between past events and ad hoc selected causative factors.
The logistic regression was demonstrated to be highly suitable in assessing what the most
correlated and the most predictive factors in estimating the landslide occurrence suscep-
tibility are. This method provided consistent and significant results in the investigated
area. By carrying out a cutoff of the probability of occurrence equal to 0.5, it appears that
about 80% of the territory has been classified correctly, i.e., that for 80% of cases where no
event has occurred, the probability is lower than 0.5; on the opposite, it is higher where
events occurred.

According to the literature, AUC values of 0.5-0.7 are considered low accuracy, 0.7-0.9
suggest valuable applications, and values around 0.9 indicate high accuracy (Swets 1988). In
our study, the AUC indicates 0.76, 0.68, 0.80, and 0.69 for TL, RTL, SEF, and CL, respectively,
between predicted probabilities and observed outcomes. The findings are consistent with
other models developed to estimate landslide susceptibility worldwide, especially given
the high rate of human and natural variability across the study area [34,46,47].

4.2. Correlation Analysis

As shown in Table 2, the correlation analysis revealed that only 37 of the 47 causative
factors were uncorrelated and were thus included in the subsequent logistic regression.
These factors are related to topography (T_E, T_F_acc, T_FLAT, T NW, T_TPI, T_S, T_TWI,
T_VRM, T_W), seismicity (S_Epic), geolithology (G_TA, G_SSC, G_CM, G_C, G_DDB,
G_LG, G_SC, G_SSM, G_CCL, G_ML), land cover (LU_urb, LU_grs, LU_for, LU_nat),
morphology (D_riv, D_road), and climate (C_p_max). It is well known [48-51] that the
slope length and steepness factor (T_Ls) is one of the main landslide predictors, being
a parameter used to characterize the effects of topography and hydrology on soil loss [52,53].
In our study, the T_Ls showed the highest coefficient in predicting the totality of recorded
events and one of the most predicting variables for the other landslide types, evidencing its
influence in the evolution of landslide types. Similarly, Huangfu et al. (2021) [54] found
that slope is one of the three most important predictors affecting landslide geo-hazard risk
in China.

Generally speaking, landslides occurring on steep slopes are triggered by a reduction
of the apparent cohesion of colluvium (soil and debris accumulated upon an impermeable
bedrock), resulting from water infiltration into the soil. Concave shape also affects the
development of rotational/translational mass movement, reflecting the importance of the
hydrological regime in slope stability. In these areas, a convergence of surface and subsurface
water streams saturates rapidly the soil, which becomes more prone to movements [51].

As expected, most of the other topographic variables showed a high predicting power
in landslide occurrence. For example, T_TPI showed an elevated ability to predict the
landslide, particularly the SEF. This finding is consistent with other studies [55,56], showing
how the TPI is essential for slope stability analysis aiming at classifying priority zones
in landslide occurrence [57]. However, the configuration of such a set of predictors is
quite different among the four landslide types. Table 2 suggests that topographic and land
cover variables are the most significant predictors for RTL type; seismic and geolithological
variables had the highest predicting power for SEF, while the presence of forest and annual
maximum rainfall significantly affects CL. These findings demonstrated that different land-
slide types are regulated by different predisposing or preparatory factors [58]. For example,
distance to earthquake epicenter (S_Epic) had only a positive and significant relationship
with the SEF landslide type. This is probably because mountainous landscapes, susceptible
to landslides, are often characterized by moderate rates of earthquake events. Many au-
thors similarly found this relationship [59-61], arguing that the presence of a fault damage
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zone is the primary control on the distribution of earth flows; this was primarily due to
ground quaking and the subsequent expansion of superficial debris favoring accelerated
water infiltration.

On the contrary, all types of landslides showed a negative relationship with the
distance from the roads, while only two types with the distance from rivers. The more
the distance from the road increases, the more the probability of a landslide decreases.
This negative trend was observed by other authors worldwide [62-65], highlighting the
importance of anthropogenic impact on slope stability. Additionally, other authors [26,66]
reported that the landslide susceptibility gradually increases up to a proximity zone of
200 m from a road network.

4.3. Perspectives

Our findings in the Apulia region are of primary importance for a more broad assess-
ment of landslide and seismic risk management. The proposed approach can be applied
to a larger scale of analysis which constitutes one of the future perspectives. Indeed, we
recognize the limits of our study. Firstly, to achieve a significant landslide susceptibility
assessment, we used the most detailed available datasets on landslide occurrence and
environmental predictors. However, although we employed the most harmonized and
available dataset, we are aware that there are several limitations in its accuracy. Numerous
factors such as the phenomenon’s complexity, the high diversity of geomorphic landslide
features, and the use of different mapping and sampling procedures undoubtedly affected
the accuracy and precision of the applied landslide dataset [67-69]. Additionally, our model
results from data collected in dynamic landscapes and ecosystems constantly subjected to
changes. Therefore, starting from these findings, new and innovative approaches must be
developed as new knowledge is obtained from a geological, hydrological, and geotechnical
point of view.

5. Conclusions

Landslides are one of the most devastating natural disasters, causing human and
economical losses. In order to mitigate landslide risk, it is fundamental to identify critical
risk zones. In the current study, logistic regression was applied to a landslide-prone area
in the Apulia Region (Italy) in order to identify the main causative factors and produce
a landslide susceptibility map. The model has never been applied before in the study area.

In this case study, it was found that logistic regression achieved a good performance,
with an AUC value higher than 70%. Thus, it could constitute a useful tool in identifying
critical areas for landslide occurrence and defining a risk mitigation strategy and land
use policy. For example, in high-moderate susceptibility areas, mitigation infrastructures,
resilience building, and a relocation strategy for families living in those areas could be
provided. In addition, as a result of this study, it was found that human infrastructures,
such as road networks, are one of the main elements triggering landslides. Thus, peculiar
attention must be paid to the choice of the route when designing the transport networks.

However, further detailed studies should be conducted to compare different models,
widen the number of causative factors considered (i.e., geotechnical data), and assess
landslide susceptibility individually for each type of landslide since the current study
combined different types of landslides. Nonetheless, this study gives a comprehensive and
preliminary understanding of the likely future insights for researchers and policy makers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sul14148426/s1; Table S1: Correlation matrix; Table S2: Factors
table; Figure S1: maps of some important driving factors.
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