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Abstract

A preliminary landslide susceptibility analysis on a regional scale of 1:100 000 using bivariate statistics was conducted for
the City of Karlovac. The City administration compiled landslide inventory used in the analysis based on recorded land-
slides from 2014 to 2019 that caused significant damage to buildings or infrastructures. Analyses included 17 geofactors
relevant to landslide occurrence and classified them into four groups: geomorphological (elevation, slope gradient, slope
orientation, terrain curvature, terrain roughness), geological (lithology-rock type, proximity to geological contacts,
proximity to faults), hydrological (proximity to drainage network, proximity to springs, proximity to temporary, perma-
nent and to all streams, topographic wetness) and anthropogenic (proximity to traffic infrastructure, land cover using
two classifications). Five scenarios were defined using a different combination of geofactors weighted by the Weights-of-
Evidence (WoE) method, resulting in five different landslide susceptibility maps. The best landslide susceptibility map
was selected upon the results of a ROC curve analysis, which was used to obtain success and prediction rates of each
scenario. The novelty in the presented research is that a limited amount of thematic data and an incomplete landslide
inventory map allows for the production of a preliminary landslide susceptibility map for usage in spatial planning. Also,
this study provides a discussion regarding the used method, geofactors, defined scenarios and reliability of the results.
The final preliminary landslide susceptibility map was derived using ten geofactors, which satisfied the pairwise CI test,
and it is classified in four zones: low landslide susceptibility (57.05% of the area), medium landslide susceptibility
(20.63% of the area), high landslide susceptibility (13.28% of the area), and very high landslide susceptibility (9.03% of
the area), and has a success rate of 94% and a prediction rate of 93% making it a highly accurate source of preliminary
information for the study area.
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the recent past. Due to that reason, the preparation of
landslide susceptibility maps requires a landslide inven-
tory map used in combination with a series of environ-

1. Introduction

Landslide susceptibility is defined as the spatial, time

independent probability of landslides occurring in an
area depending on the local terrain conditions (Guzzetti
et al., 1999; Guzzetti, 2005). Landslide susceptibility
can be obtained using different analytical approaches,
i.e. heuristic, statistical and deterministic (Soeters and
Van Westen, 1996). Statistical landslide hazard assess-
ment has become very popular, especially with the use
of Geographic Information Systems (GIS) and the pos-
sibility of applying data integration techniques that have
been developed in other disciplines (Van Westen et al.,
2005). Landslide susceptibility maps are based on the
assumption that landslides are likely to occur under the
same conditions as those under which they occurred in
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mental factors. All susceptibility maps depict a relative
indication of the spatial probability of landslides in the
form of zones. A landslide susceptibility map ranks the
relative slope stability of an area into categories that
range from stable to unstable. The identification and
map portrayal of areas highly susceptible to damaging
landslides are the first and necessary steps towards loss
reduction (Mihali¢ Arbanas and Arbanas, 2015).

The first extensive papers on the use of spatial infor-
mation in a digital context for landslide susceptibility
mapping date back to the late seventies and early eight-
ies of the last century. Among the pioneers in this field
were Brabb et al. (1972) in California and Carrara et
al. (1977) in Italy. All research on landslide susceptibil-
ity and hazard mapping uses digital tools for handling
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Figure 1: Geographical location of the study area, administrative area of the City of Karlovac in Europe (A) and central
Croatia (B). Landslide inventory map of the study area (C).

spatial data, i.e. Geographical Information Systems
(GIS). Van Westen’s dissertation (Van Westen, 1993) is
the first comprehensive overview of the application of
GIS technology in landslide hazard zonation, followed
by the classification of landslide hazard analysis meth-
ods. A dissertation by Guzzetti (2006) provided numer-
ous examples of analysis, assessment and zonation of
landslide susceptibility, hazards and risks in Italy, which
have been subjects of scientific research. An overview of
the spatial data types required for landslide susceptibili-
ty assessments and the methods for obtaining these data
were published in Van Westen et al. (2008). The meth-
ods and approaches proposed and tested to ascertain
landslide susceptibility are shortly presented in Fell et
al. 2008a,b. Despite numerous attempts and unquestion-
able progress, the general assumptions and the most
popular methods and techniques used to assess landslide
susceptibility have not changed significantly in the last
few decades (Guzzetti, 2021).

Reichenbach et al. (2018) critically reviewed the
statistically-based landslide susceptibility assessment
literature by systematically searching for and then com-
piling an extensive database of 565 peer-reviewed arti-
cles from 1983 to 2016. They have found that the Weight
of Evidence (WoE) analysis is among the most common
statistical method for landslide susceptibility modelling,
together with logistic regression, neural network analy-
sis, data-overlay, index-based and machine learning
methods. WoE belongs to bivariate statistical analyses
(BSA), one of the simplest statistical analysis methods
and it is popular in numerous research fields, enabling
environmental scientists to model various natural condi-
tions. BSA techniques can be used as a simple geospatial
analysis tool to determine the probabilistic correlation

between dependent variables (produced using the inven-
tory map of a landslide incidence) and independent vari-
ables (landslide causal factors) by computation of land-
slide densities and the significance of each factor. In
BSA, the importance of each factor is investigated sepa-
rately (Porwal et al., 2006; Guzzetti, 2021).

This paper describes landslide susceptibility modelling
by adopting bivariate statistical analysis. The research
was performed in the administrative area of the City of
Karlovac (total area of 402 km?), which possesses a data-
base with 196 registered landslides in the form of a land-
slide inventory map. The study area is characterized by
different geological and geomorphological conditions,
including lowland and highland areas of the Pannonian
Basin and Dinarides (see Figure 1a,b). An analyzed land-
slide inventory map (see Figure 1c) contains locations of
all landslides registered by the City administration in the
period from 2014-2019, and most of them were triggered
by rainfall events during Cyclone Tamara (Mihali¢ Arba-
nas et al., 2017). Landslide and rainfall events are related
to extreme weather conditions that are becoming more
common in Croatia in recent years (Bernat Gazibara et
al., 2018), causing material damage in a range of disas-
ters. The application of the Weight of Evidence method,
presented in this paper, using a series of landslide causal
factors, resulted in the landslide susceptibility map on a
small scale of 1:100 000.

The objective of this study is to derive a preliminary
landslide susceptibility map on a small scale, using in-
complete landslide inventory and limited input data
about geofactors, for the application in spatial planning.
The main tasks of the research were: (i) optimization of
geofactors using a pairwise conditional independence
(CI) test; (ii) landslide susceptibility analyses for five
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Figure 2: Digitized Basic Geological Map in the scale of 1:100 0oo compiled from the Karlovac Sheet (Benéek et al., 1989)
and the Crnomelj Sheet (Bukovac et al., 1983)
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scenarios using different combinations of landslide
causal factor groups; (iii) verification of all susceptibili-
ty maps using AUC rates for defined scenarios. The re-
search was organized to elaborate the assumption that a
limited amount of input data can be used for a reliable
prediction of “where” landslides are likely to occur.

2. Study area

The study area is defined by the administrative border
of the City of Karlovac located in the central part of
Croatia, encompassing the area of contact between two
geotectonic units of Internal and External Dinarides
(Schmid et al., 2008; Tomljenovié et al., 2008) as well
as the Pannonian Basin. Geomorphologically, most of
the study area belongs to the megageomorphological re-
gions of the Pannonian Basin and, to a lesser extent, to
the Dinaridic Mountain System (Bognar, 2001). Conse-
quently, the relief generally changes in the northeast-
southwest direction from plain (the fluvial floodplain of
the Kupa River) through lowland (Crna Mlaka Depres-
sion) to hilly type (the hills of Vukomericke Gorice,
Utinjsko-Tusilovi¢ki Hills and Vojni¢ Hills) according
to changes of geological settings (Mihali¢ Arbanas et
al., 2017). The Karlovac Depression is surrounded by
the lowest slopes of Samobor Hills on the northwest, the
Vukomericke Gorice on the northeast and it is separated
by the Korana River from Kordun Foothills.

The elevation ranges from 101 to 372 m a.s.l. and the
altitude increases to the west, to the southwest and the
south, in the direction of relief changes. The prevailing
slope angles (70% of the study area) are <5° whereas
only 20% of the study area is in a range from 5° to 10°
and 9% is in a range from 10° to 20°. The study area
comprises 402 km?, where the current land cover in-
cludes about 20 km? of artificial surfaces, about 200 km?
of agricultural areas, and about 180 km? of forests. An
area of about 7 km? belongs to water bodies of four large
rivers (the Kupa, Korana, Dobra and MreZnica rivers)
and other types of inland waters. The City of Karlovac is
the administrative centre of the Karlovac County and its
largest urban area with a population of 59,016 residents
(DZS 2011). The study area is comprised of Quaternary,
Neogene and Pre-Neogene sediments and mostly sedi-
mentary rocks.

Figure 2 presents geological characteristics of the
City area according to the Basic Geological Map on a
scale of 1:100 000, compiled from the Karlovac Sheet
(Ben&ek et al., 1989) and the Crnomelj Sheet (Bukovac
et al., 1983). A detailed description of geological units is
given in Madas et al. (1989). Quaternary deposits pre-
vail at the surface of the study area (about 85% of the
area). The Holocene sediments are of fluvial origin,
composed of sand, sandy clays, clays, gravels, silt and
bog sediments. The Pleistocene deposits are loess and
heterogeneous mixtures of mostly impermeable clayey
soils. The Miocene and Pliocene deposits are present

only at the surface in part of the hilly area (about 4% of
the area) in the form of stratified sandstones, conglomer-
ates, marls and limestones, as well as sands, gravels and
clays. The Pre-Neogene rocks are composed of Meso-
zoic deposits of the Triassic, Jurassic and Cretaceous
periods (about 4% of the area) and Upper Paleozoic de-
posits (about 7% of the area). Mesozoic deposits are
composed of various types of chemogene, clastic, intru-
sive, effusive and metamorphic rocks due to complex
geotectonic history, including flysh-type rocks. The Up-
per Paleozoic is composed of quartz conglomerates,
sandstones, siltstones and shales.

The City of Karlovac is highly affected by landslide
hazards. The climate of the City is continental with a
mild maritime influence, with mean annual precipitation
(MAP) of 1 100 mm and with precipitation mostly re-
corded in the period from May to December (Zaninovi¢
et al., 2008). However, landslides are also controlled by
extreme hydrological events, i.e. floods which are caused
by regional events, such as Cyclone Tamara from 2014,
when the heavy rainfall triggered more than 100 land-
slides in the Karlovac area during one rainfall event.
Due to heterogenic geological and geomorphological
conditions, landslide types are of various sizes, from
small to medium-large landslides (<10 hectares). The
preparatory causal factors of slope instabilities in the
study area depend on the geomechanical properties of
rocks and soils, geomorphological conditions and pro-
cesses, including river erosion and different types of
man-made processes.

3. Data and methods

This chapter describes input data for landslide sus-
ceptibility analyses, including a landslide inventory and
spatial data divided into groups of geomorphological,
geological, hydrological and anthropogenic geofactors.
In this study, bivariate statistics was used to determine
landslide susceptibility. The Weight of Evidence method
was applied to calculate the weight factors of classes for
each factor map and a pairwise test was used to deter-
mine factor maps’ conditional independence.

3.1. Data

The input data for the landslide susceptibility analysis
of the City of Karlovac area includes the landslide inven-
tory and other spatial data used to derive factor maps.
Landslide inventory was obtained from the City adminis-
tration in vector point files indicating the locations of 196
landslides recorded in the period from 2014 to 2019. The
landslide inventory was compiled based on information
received from citizens or road patrol who informed the
City administration responsible for landslide remediation
or civil protection. Most reported landslides have dam-
aged infrastructure, mainly roads and private properties.
The landslide inventory of the City of Karlovac was split
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Figure 3: Landslide inventory map (1:250 ooo) with landslides divided into two sets used
for the development of the susceptibility model and its verification

into two data sets by random selection in ArcGIS 10.8, a
modelling set (140 landslides in the inventory) for model-
ling landslide susceptibility and a validation set (56 land-
slides in the inventory) (see Figure 3).

The landslide causal factors for the landslide suscepti-
bility modelling in the City were selected expertly and
based on data availability. The existing data for this study
area includes topography in the form of a Digital Eleva-
tion Model (EU-DEM) with a resolution of 25 x 25 m
downloaded from Copernicus Land Monitoring Service
(EEA, 2018), digitalised geologic data from the Basic
Geologic Map (Bencek et al., 1989; Bukovac et al.,
1983) in a scale of 1:100 000, digitalised hydrological
data (superficial streams and springs) from the topograph-
ic map in a scale 1:25 000, land cover data of the CO-
RINE Land Cover dataset (NRC/LC, 2018) and traffic
infrastructure from Open Street Maps (OSM, 2019). Most
factor maps are derived by further processing (i.e. geo-
morphometric, topographic and distance analysis) of the
original input data. Only land cover data and geological
units are applied as original data in the model. A total of
17 landslide-conditioning factors, such as elevation, slope
gradient, slope orientation, terrain curvature, terrain
roughness, lithology (rock type), proximity to geological
contact and faults, proximity to drainage network, springs,
temporary streams, permanent streams and all streams,

topographic wetness, land cover (a), land cover (b) and
proximity to traffic infrastructure were used in the study.
All analyses were performed in ArcGIS 10.0 software,
where all 17 factor maps were converted to raster format
with a spatial resolution of 25 m. The following section
describes all derived factor maps.

Elevation is a very frequently used parameter in land-
slide susceptibility studies because landslides may form
in specific relief ranges (Dai et al., 2001). The relief map
of the study area generated from the EU-DEM is shown
in Figure 4a. The range of elevations shown on the
DEM indicates a difference in altitude of 271 m. A factor
map of elevations was created by reclassifying the 25 m
resolution DEM.

Slope gradient is often considered to be the most im-
portant morphometric parameter used to more effective-
ly analyze and describe relief (Van Westen et al., 2008).
A slope gradient factor map was created using the Spa-
tial Analyst extension (Slope tool) in the ArcGIS 10.0
software, and it represents the spatial distribution of
slope angle values in the range from 0 to 90 degrees. The
slope values in the study area (see Figure 4b) range be-
tween 0° and 40°. However, the mean value of the slope
is 3.97°, with a standard deviation of 4.04°.

The slope aspect identifies the downslope direction of
the maximum rate of change in the elevation value from
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Figure 4: Input data and factor maps used in landslide susceptibility modelling of the City of Karlovac
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Table 1: First and second levels of classification of the Corine
Land Cover (CLC) (NRC/LC, 2018)

OTfh :lfsl;si:ilcf;rt(i?(l)n The second level of classification
Urban fabric

Artificial Industrial, commercial and transport units

surfaces Mine, dump and construction sites
Artificial, non-agricultural vegetated areas
Arable land

Agricultural Permanent crops

areas Pastures

Heterogeneous agricultural areas

Forests

Forest and semi
natural areas

Scrub and/or herbaceous vegetation
associations

Open spaces with little or no vegetation

Inland wetlands

Wetlands —
Maritime wetlands

. Inland waters
Water bodies

Marine waters

each cell to its neighbours. The resulting aspect dataset
with eight main directions, N, NE, E, SE, S, SW, W, NW
and flat surfaces (see Figure 4c), was created with the
Aspect tool (3D Analyst) in ArcGIS 10.0 software.

Surface curvature is the curvature of a line formed by
intersecting a plane (in some chosen orientation) with
the terrain surface. The curvature map was created with
the Curvature tool (3D Analyst) in the ArcGIS 10.0 soft-
ware. The curvature shapes define the possible processes
on the slopes, whether the flow slows down or acceler-
ates on the slope. The values for the study area vary be-
tween -6.84 and 5.64 (see Figure 4d). The mean value
of the profile curvature data is 2.46, with a standard de-
viation of 0.96.

A terrain roughness map (see Figure 4e) was created
using the Roughness tool in the Geomorphometry and
Gradient Metrics Toolbox (Evans et al., 2014). Terrain
Ruggedness Index (TRI) is defined according to Riley et
al. (1999), and the algorithm calculates the sum change
in elevation between a grid cell and its eight neighbour
grid cells. Therefore, an increased TRI shows more sig-
nificant local relief heterogeneity.

Geological data were obtained from the Basic Geo-
logical Map on a scale 1:100 000, the Karlovac Sheet
(Ben&ek et al., 1989) and the Crnomelj Sheet (Bukovac
et al., 1983). The digitalisation of geological maps and
further spatial analysis resulted in three factor maps:
lithological map, which shows chronostratigraphic units
(see Figure 4f); proximity to geological contacts; and
proximity to faults. Geological data obtained by digitiz-
ing the Basic Geological Map 1:100 000 are shown in
Figure 2.

A drainage network is a set of all drainage systems in
an area, i.e. a set of natural canals through which water
constantly flows or temporary, and which are connected
into a single stream and represent the smallest independ-
ent geomorphological component (Markovi¢, 1983). In
this paper, the drainage network was derived from a 25
m resolution DEM using several tools in the Spatial An-
alyst — Hydrology Toolbox in ArcGIS 10.0 and is pre-
sented as vector data in the shape of a line, as shown in
Figure 4g.

The digitalisation of the topographic map with a scale
1:25 000 (TK25) available on the WMS server of the
State Geodetic Administration resulted in vector data of
superficial streams in the shape of a line and springs in
the shape of a point (see Figure 4h). Streams were clas-
sified as permanent and temporary. Based on the digital-
ized input data, four factor maps were created: proximity
to springs, proximity to (all) streams, proximity to tem-
porary streams and proximity to permanent streams.

Topographic wetness is a steady state wetness index,
and it is commonly used to quantify topographic control
on hydrological processes. The topographic wetness
map was derived from a DEM using the Compound Top-
ographic Index tool in Geomorphometry and Gradient
Metrics Toolbox (Evans et al., 2014) in ArcGIS 10.0
software, and it represents the Compound Topographic
Index (CTI) shown in Figure 4i. Lower values of CTI
indicate lower wetness (hill tops), and higher CTI values
indicate higher terrain wetness (plain areas).

The traffic infrastructure network, including roads
and railways, is obtained from the Open Street Map
website in the form of vector data, as shown in Figure
4j. The factor map showing proximity to the traffic in-
frastructure was created based on the input data.

Information on the land cover was downloaded from
the Copernicus Land Monitoring Service (Corine Land
Cover) website as accessible raster files ready for use in
GIS. Land cover, according to the Corine Land Cover
(CLC), is classified into three hierarchically organised
levels of detail. The first and second levels of classifica-
tion were used in this paper, as shown in Table 1 and Fig-
ure 4k and Figure 41, respectively. The most detailed
third level was not used in the analysis due to the rela-
tively large study area and the small scale of the analysis.

3.2. Methods

Landslide susceptibility is a quantitative or qualita-
tive assessment of the spatial probability of a particular
type of landslide to occur in an area. An overview of
landslide susceptibility assessment methods is given in
many papers, e.g. in Corominas et al. (2013) and Re-
ichenbach et al. (2018). Qualitative methods are inven-
tory-based and knowledge-driven methods. Quantitative
methods are based on data (data-driven, statistical meth-
ods) and on physically-based models. In this paper, a
bivariate statistical method referred to as Weights-of-
Evidence (Agterberg et al., 1990; Bonham-Carter et
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al., 1989; Bonham-Carter, 1994) is applied in a GIS
environment to derive quantitative spatial information
on the predisposition to landslides. Because of the size
of the study area (402 km?) and limited data availability,
the WoE method is considered as the appropriate ap-
proach. General schematic representation of the process-
es of map development according to Van Westen et al.
(2002) is shown in Figure 5. Each factor map overlaps
with the landslide inventory map for the purpose of ob-
taining the frequency of landslides in each class of all
factors. By comparing the landslide density in the factor
classes with the landslide density in the entire study
area, the relative influence of the observed landslide fac-
tor is determined. After the calculated densities, weight-
ing factors can be determined using different methods
(Coe et al., 2004). The disadvantage of the bivariate
method is that it starts from the assumption that the slid-
ing factors are mutually independent, which is not usu-
ally the case in natural environments (Van Westen et
al., 2002). To mitigate the influence of dependent fac-
tors, i.e. violating the conditional independence, a pair-
wise test is applied to all factor maps and their classes.

The Weight of Evidence method was developed by
the Canadian Geological Survey (Agterberg et al.,
1990; Bonham-Carter et al., 1989), and it was used to
map mineral resources. Sabto (1991) applied the above
method to landslide hazard analysis. This method is easy
to use in the GIS interface, and Table 2 shows the vari-
ables used to calculate the weighting factors.

Table 2: Defining the variables used in the Weight of
Evidence method (modified from van Westen et al. 2002)

) Potential landslide causal factor
Landslides
Present Absent
Present Npix, Npix,
Absent Npix, Npix,

The variables shown are four possible combinations
obtained after overlapping a landslide map (binary land-
slide map) with a weight map (binary variable map). Af-
ter defining the variables, Equations (1) and (2) are used
to calculate the positive and negative weights, respec-
tively. The final weight of evidence value, used for land-
slide susceptibility analyses, is acquired using Equation
(3) (Van Westen et al., 2002).

Npix,
Npix, + Npix,

W =1
g Npix,

i e

(M
Npix; + Npix,

Npix,
Npix, + Npix,

W =1
o8 Npix,

i e

@
Npix, + Npix,

Wiy =W =W+ 2, (3)
Where:

Npix, —number of pixels for present landslides and
present potential landslide causal factor;

Npix, —number of pixels for present landslides and
absent potential landslide causal factor;

Npix, —number of pixels for absent landslides and
present potential landslide causal factor;

Npix, —number of pixels for absent landslides and
absent potential landslide causal factor;

W —positive weights (indicating the importance
of the presence of the factor);

W~ —negative weights (indicating the importance
of the absence of the factor);

w — weight of evidence value (weight factor).

map
As stated by Bonham-Carter (1994), the pairwise
conditional independence (CI) test should be run on all
combinations of factor maps used in the analyses using
bivariate statistics, i.e. the Weight of Evidence method.
The pairwise CI test can reveal the magnitude of violat-
ing the assumption of factor maps independence and
identify which maps are causing the most dependence.
Using Equations (4), (5) and (6), the X value is calcu-
lated for each pair of the factor maps (a and b) and later
compared to the tabulated values of Xu'. The tabulated
values depend on the significance level p selected ex-
pertly and the degree of freedom d calculated using
Equation (7). Furthermore, for corrections on the factor
maps showing dependence, a Yates correction (Walker
and Lev, 1953) was done according to Equation (8).

2

L (fi(o) _fi(e))
X' = z— 4)

i=l fi(e)
Where:
a, b — studied factor map a and factor map b, respec-
tively;

k  —multiplication of the number of classes in the

two studied factor maps
e k=xxy (5)
where: x, y — the number of classes in factor map a and
factor map b, respectively;

f,,, —number of observed landslides in the overlap
area of two classes of two studied factor maps;

f.., — expected number of landslides in the overlap
area of two classes of two studied factor maps

2; i(0) XE,; i(0)
N

Le: fi, = (6)
where: N — total amount of observed landslides.
d=(x=1)x(y-1) (7)
2
k ‘ff(o) - fi(e) -0.5
X = Z( 7 ) (8)
i=1 ie)
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Bivariate statistical analysis
Landslide inventory map Factor maps Weight maps
Slope length I Weight: Slope length
\ ' Slope convexity I Weight: Slope convexity
Q 2 Slope direction I Weight: Slope direction
. . ‘ Distance to roads I Weight: Distance to roads
' Distance to streams I Weight: Distance to streams
Lithology I Weight: Lithology
Slope classes I Weight: Slope classes
\4
Geomorpholo Weight: G hol
1. Overlay of the first factor oy I = e
map and the landslide Distance to faults | Weight: Distance to faults
inventory map. Calculation Landuse Artificial Weights: Landuse
of landslide densities for each |« l||||||][|l[l = surfaces [J+0s
class and the overall landslide P d ) Forests
an ! vlling X [
density in the entire map o @mﬂlﬂlﬂ///ﬁ’ Water —
7
T =
Slope [Slide [npix. | Density //////
0-10 | No [200 | 0,01
10-20 | No [|125 | 0,05
20-30 | Yes|300 | 1,55 Proximity to streams
30-40 | Yes [150 | 0,85 )
40-50 | Yes [210 | 1,20 Ltholosy
>50 |Yes|[s55 |0,03
Slope classes
Geomorpholo
- Distance to faults | 3. Reclassify the factor map
2. Calculate a \_/velght v alue with the weight values stored
for each class in the first Landuse ;
factor map using: i in the table,
informa ﬁg va Igés o s | e Repeat the procedure 1 to 3
oy P surfaces | *03 for all factor maps
-weights of evidence, or el Y,
-certainty factors '
The landslide density in a el |
class is related to the overall ( . . )
landslide density in the ma 4. Combine all weight maps
Y i . into a single map using certain
| Weight tables combination rules
\ J
Susceptibility
range
6.4 [m T ‘L
= 4 .
u e 5. Reclassifying the
) ' susceptibility range in 3
u gu= Ete classes: low, medium and high Final landslide
o 25l ik _Susceptibility. susceptibility map
B i D low
o5 L = (6 Overlapping the susceptibility D nTedium
" 1o0% map with the landslide inventory, Il high
calculating the landslide density
50% - / in all three classes of suscepti-
bility and adjusting the cut-off
0% low medium ;_high \values until satisfying results |
-9,5 0 +6,4
Figure 5: Simplified flow chart of the development of landslide susceptibility map using
bivariate statistical method (Van Westen et al., 2002)
4. Results tential landslide occurrences); (iv) developing four differ-

ent scenarios to determine landslide causal factor group
importance; (v) modelling validation using the validation
set of landslides from the inventory, and (vi) classification
of the landslide susceptibility map.

The GIS-based landslide susceptibility assessment for
the City of Karlovac comprises the following main pro-
cessing steps: (i) calculation of weights for factor maps
using the modelling set of the landslides by applying the
Weight of Evidence method; (ii) testing the CI using pair-
wise test; (iii) calculation of the posterior probability map
(i.e. combination of the controlling factors to predict po-

4.1. Weight maps

In this study, 17 factor maps were created for the
landslide susceptibility analysis. Derived factor maps
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can be divided into four groups of landslide causal fac-
tors: (i) geomorphological factors, including an eleva-
tion map, a slope gradient map, a slope aspect map, a
terrain curvature map, and a terrain roughness map; (ii)
geological factors, including a lithology map, proximity
to the geological contacts and faults; (iii) hydrological
factors, including proximity to the drainage network,
springs, temporary streams, permanent streams and all
streams and a topographic wetness map; and (iv) anthro-
pogenic factors, including proximity to traffic infrastruc-
ture, two land cover maps derived based on the first and
second level of hierarchical division. Classes of stretched
uncategorical factor maps were defined expertly, and
they are listed in the following paragraphs together with
the most important relations to landslides.

The elevation map is divided into four classes: 100-
150 ma.s.l.; 150-200 m a.s.l.; 200-250 m a.s.l.; and 250-
375 m a.s.l. Only four landslides were recorded in the
class above 250 m a.s.1., while the class 150-200 m a.s.l.
has the greatest impact on the occurrence of landslides.

The slope gradient map is divided into five classes:
0-5°; 5-10°; 10-15°; 15-20°; and 20-40°. The greatest in-
fluence on the occurrence of landslides is given by the
slope gradient classes 10-15°; and 20-40°, while in the
0-5° class, fewer landslides were observed than expected.

The slope orientation map is divided into nine classes:
flat terrain, north (N), northeast (NE), east (E), southeast
(SE), south (S), southwest (SW), west (W) and north-
west (NW). Landslides were not recorded on flat ter-
rains, while most of them were recorded on slopes ori-
ented to the northeast and south, and it is concluded that
these slopes have the greatest impact on the occurrence
of landslides.

The terrain curvature map is divided into four classes:
concave slopes (-7-0.5); slightly concave slopes (-0.5-
0); slightly convex slopes (0-0.5); and convex slopes
(0.5-6). According to the results, by far the greatest in-
fluence on the occurrence of landslides has the class 0.5-
6, the convex slopes.

The terrain roughness map is divided into four class-
es: smooth terrain (0-1); slightly rough terrain (1-2);
rough terrain (2-3); and very rough terrain (3-5). There
are only 12 landslides in the class of smooth terrain and
very rough terrain (significantly less than the expected
number of landslides), while the classes of slightly rough
terrain and rough terrain have a significant impact on the
occurrence of landslides.

Lithology (rock type) is divided into 29 classes ac-
cording to the chronostratigraphic units defined on the
Basic Geological Map on a scale of 1:100 000 (see Fig-
ure 2). The class with the most significant influence on
the occurrence of landslides are Pliocene and Pleisto-
cene deposits (Pl, Q): sands, gravels, clays, sandstones
and conglomerates. A significant number of landslides
were recorded in the class of alluvium (aQ,): sands,
sandy clays, clays, gravels, silt, bog sediments.

The proximity to the geological contacts map is di-
vided into five classes: 0 - 50 m; 50 - 100 m; 100 - 200
m; 200 - 400 m; 400 - 800 m; and 800 - 3800 m. In class
0 - 50 m, 49 landslides were recorded, and in class 50 -
100 m, 36 landslides were recorded. Only 4.38 land-
slides were expected in the mentioned classes, so it is
concluded that most landslides occur near the geological
contact (from 0 to 100 m). In the class proximity greater
than 800 m to the geological contact, 105 landslides
were expected, and only 17 were recorded.

The proximity to the fault map is divided into six class-
es: 0 - 50 m; 50 - 100 m; 100 - 200 m; 200 - 400 m; and
400 - 1600 m. Classes of proximity 0 - 50 m and 50 - 100
m have by far the greatest impact on the occurrence of
landslides, 25 and 26 landslides were recorded, respec-
tively, although only 1.84 were expected in each class.

The proximity to the drainage network map is divided
into five classes: 0 - 50 m; 50 - 100 m; 100 - 200 m; 200
- 300 m; and 300 - 550 m. The distribution of recorded
landslides is significant for analysis in almost all classes
of each parameter.

The proximity to springs map is divided into five
classes: 0 - 100 m; 100 - 250 m; 250 - 500 m; 500 - 1000
m; and 1000 - 12 000 m. Class 0 - 100 m has a very small
area with only one recorded landslide. In the classes 100
- 250 m, 250 - 500 m and 500 - 1000 m, significantly
more landslides were recorded than was expected.

The proximity to temporary streams is divided into
six classes: 0 - 100 m; 100 - 200 m; 200 - 300 m; 300 -
400 m; 400 - 500 m; and 500 — 2,300 m. Given the dif-
ference between the number of mapped and expected
landslides, all classes except 500 — 2,300 m indicate the
possibility of landslides.

The proximity to permanent streams map is divided
into six classes: 0 - 100 m; 100 - 200 m; 200 - 300 m;
300 - 400 m; 400 - 500 m; and 500 - 3,600 m. The great-
est impact is given by the class 0 - 100 m because a rela-
tively large number of landslides were recorded near
permanent streams.

The proximity to all streams map is divided into six
classes: 0 - 100 m; 100 - 200 m; 200 - 300 m; 300 - 400
m; 400 - 500 m; and 500 - 1,800 m. Similar to the prox-
imity to temporary streams map, all classes except the
500 — 1,800 class indicate the possibility of landslides,
i.e. have more observed than expected landslides.

The topography wetness map is divided into four
classes: dry terrain (3.36 - 6.38); slightly humid terrain
(6.38 - 7.09); humid terrain (7.09 - 7.7); and very humid
terrain (7.7 - 29.5). The greatest influence on the occur-
rence of landslides has the class of dry terrain (3.36 -
6.38). However, significantly less than expected has the
class of slightly humid terrain (6.38 - 7.09).

The proximity to the traffic infrastructure map is di-
vided into four classes: 0 - 50 m; 50 - 100 m; 100 - 200
m; and 200 - 2,200 m. The class of distance 0 - 50 m
from the roads has the largest difference between ex-
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Table 3: Calculated weights for landslide causal factors based on the Weight of Evidence method

Class description Class area | Npix, |Npix, |Npix, |Npix, WS A map
100-150 m a.s.L. 267.96 66 74 267.96 |132.22 |-0.35 0.47 -0.66
g [150-200 m a.s.1. 79.10 60 80 79.10 |321.08 |0.77 -0.34 1.28
"§ 200-250 m a.s.l. 33.01 10 130 33.01 |367.17 |-0.14 |0.01 0.01
% 250-375 m a.s.L. 20.11 4 136 20.10 |380.07 |-0.56 |0.02 -0.42
SUM 400.18 140 0.17
0-5° 281.82 64 76 281.82 |118.36 |-0.43 0.61 -0.74
g |5-10° 80.26 45 95 80.26 31991 (0.47 -0.16 |0.51
g 10-15° 29.13 24 116 29.13 |371.05 |0.86 -0.11 0.84
; 15-20° 7.41 4 136 7.41 392.77 (0.43 -0.01 0.32
% 20-40° 1.56 3 137 1.56 398.62 |1.71 -0.02 1.60
5 SUM 400.18 140 0.30
& flat terrain 1.16 0 140 1.16 399.53 |0.00 0.00 -0.01
5 north 51.37 12 128 51.37 |349.31 [-040 |0.05 -0.46
_}g . north-east 53.63 29 111 53.63 [347.06 |0.44 -0.09 0.52
@ -g east 49.27 21 119 49.27 |351.42 |0.20 -0.03 0.22
§ & |south-cast 44.33 16 124 4433 |356.35 |0.03 0.00 0.03
E; E south 44.26 24 116 4426 |356.42 |0.44 -0.07 10.50
g) _% south-west 50.35 11 129 50.35 [350.33 |-0.47 |0.05 -0.53
% i west 53.46 15 125 5346 |347.23 |-0.22 0.03 -0.26
é north-west 52.86 12 128 52.86 |347.82 |-0.43 0.05 -0.49
é SUM 400.69 140 -0.01
2 | concave slopes 70.14 28 112 70.14 | 330.03 |0.13 -0.03 0.17
§ slightly concave slopes | 138.51 30 110 138.51 [261.67 [-0.48 0.18 -0.66
5 slightly convex slopes 127.84 30 110 127.84 [272.34 |-0.40 0.14 -0.54
'§ convex slopes 63.68 52 88 63.68 336.49 |0.85 -0.29 1.14
& |SUM 400.18 140 0.01
smooth 148.48 4 136 148.48 25170 |-2.56 |0.43 -3.13
= 2 | slightly rough 165.09 81 59 165.09 |235.09 |0.34 -0.33 0.67
.% §D rough 77.71 47 93 77.70 32247 |0.55 -0.19 |0.74
= g very rough 8.91 8 132 8.91 391.27 0.94 -0.04 |0.98
SUM 400.18 140 -0.13
« |0-50m 95.88 49 91 95.88 [304.73 [0.38 -0.16 |0.51
£ é 50-100m 69.96 36 104 69.96 |330.65 |0.39 -0.11 0.46
g gg 100-200m 90.84 18 122 90.83 309.77 |-0.57 |0.12 -0.71
& E ‘8, |200-400m 89.07 20 120 89.07 |311.54 |-0.44 0.10 -0.57
g g ng 400-1600m 54.86 17 123 54.86 [345.75 [-0.12 [0.02 -0.17
§ * lsum 400.61 140 -0.03
% 0-50m 38.43 25 115 38.43 [362.11 |0.62 -0.10  |0.72
E :; 50-100m 35.24 26 114 3524 36530 |0.75 -0.11 0.86
s “E 100-200m 60.69 18 122 60.69 [339.85 |-0.16 |0.03 -0.19
E:D E» 200-400m 85.05 27 113 85.05 |315.49 [-0.10 |0.02 -0.12
é S 400-800m 87.44 33 107 87.44 |313.10 |0.08 -0.02  |0.10
,E 800-3800m 93.69 11 129 93.69 [306.85 |-1.09 |0.18 -1.27
SUM 400.54 140 0.00
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Table 3: Continued

Class description Class area | Npix, |Npix, |Npix, |Npix, W/ A Wi |
bQ, 13.59 1 139 13.59 387.07 |-1.56 [0.03 -1.65
apQ, 22.70 1 139 2270 |377.95 |-2.07 |0.05 -2.19
obQ, 0.41 0 140 0.41 400.25 |0.00 0.00 -0.07
amQ, 4.06 0 140 4.06 396.59 |0.00 0.01 -0.08
aQ, 110.03 27 113 110.03 |290.62 |-0.35 |0.11 -0.53
dQ, 26.56 10 130 26.56 |374.09 |0.07 -0.01 0.01
tsQ, 0.55 2 138 0.55 400.10 |2.34 -0.01 2.29
1Q, 53.02 5 135 53.02 |347.64 |-1.31 0.11 -1.48
PLQ 109.26 63 77 109.26 |291.40 |0.50 -0.28  |0.71
Um 0.01 0 140 0.01 400.65 |0.00 0.00 -0.07
M, 0.42 0 140 0.42 400.23 |0.00 0.00 -0.07
E M, 0.69 0 140 0.69 399.97 10.00 0.00 -0.07
:8 - M, 4.25 2 138 4.25 396.40 |0.30 0.00 0.23
§ % M, 6.83 1 139 6.83 393.83 |-0.87 |0.01 -0.95
= ;9: M, 5.76 5 135 5.76 394.89 |0.91 -0.02  |0.86
?é; gﬁ K} 0.07 0 140 0.07 400.58 |0.00 0.00 -0.07
:8 E Bpab 0.11 0 140 0.11 400.54 |0.00 0.00 -0.07
E" — K, 2.95 0 140 2.95 397.71 |0.00 0.01 -0.08
{lop’ 123 0.23 0 140 0.23 400.42 |0.00 0.00 -0.07
12 1.89 1 139 1.89 398.76 |0.41 0.00 0.35
Se 0.23 0 140 0.23 400.43 |0.00 0.00 -0.07
I, 0.00 0 140 0.00 400.65 |0.00 0.00 -0.07
I 2.04 1 139 2.04 398.62 0.34 0.00 0.27
I 0.78 3 137 0.78 399.87 |2.40 -0.02 235
T2 2.61 4 136 2.61 398.04 |1.48 -0.02 1.43
T, 0.07 1 139 0.07 400.59 |3.78 -0.01 3.71
T, 2.32 1 139 2.32 398.33 |0.21 0.00 0.14
T, 2.44 1 139 2.44 398.22 |0.16 0.00 0.09
Pz, 26.78 11 129 26.77 |373.88 |0.16 -0.01 0.11
SUM 400.65 140 -0.07

pected and mapped landslides, and it is concluded that
the roads contribute to the instability of the slopes. How-
ever, it should be considered that most of the landslides
were recorded by the municipal warden in charge of
road maintenance.

Land cover map A, derived from the first level of hi-
erarchical classification, has four classes: artificial sur-
faces, agricultural areas; forests and semi-natural areas;
and water bodies. In the class of agricultural areas, the
expected number of landslides is 68.93, and 106 land-

slides were recorded. From the above, it is concluded
that the most significant impact on the occurrence of
landslides has the class of agricultural areas.

The land cover map B, derived from the second level
of hierarchical classification, is divided into nine class-
es: urban fabric; industrial, commercial and transport
units; artificial, non-agricultural vegetated areas; arable
land; pastures; heterogeneous agricultural areas; forests;
scrub and/or herbaceous vegetation associations; and in-
land waters. Almost all mapped landslides are in the
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Table 3: Continued

Class description Class area | Npix, |Npix, |Npix, [Npix, |W~' W, Wi |

o x |0-50m 91.92 26 114 91.92 |308.12 |-021 |0.06 [-0.27

fg 50-100m 83.50 22 118 |83.50 |316.53 |-0.28 [0.06 |-0.35

> 2 |100-200m 136.27 39 101 136.27 263.76 |-0.20 [0.09  |-0.30

€ & |200-300m 71.55 47 93 7155 |32849 [0.63 |-021 0.84

;ég 300-550m 16.80 6 134 |16.80 38324 |0.02 |0.00 [0.02
< |sum 400.04 140 0.00

0-100m 4.72 1 139 472 [39596 |-0.50 [0.00 |-0.43

2 |100-250m 22.23 18 122 [2223 [37844 [0.84 |-0.08 [0.99

é‘éﬁ 250-500m 56.91 18 122 5691 [343.76 |-0.10 [0.02 |-0.04

% & |500-1000m 90.12 34 106 90.12 31055 [0.08 |-0.02 [0.17

& |1000-12000 226.69 69 71 226.69 [173.99 |-0.14 0.16  |-0.22
SUM 400.68 140 0.07

0-100m 135.65 23 117 135.65 |264.54 [-0.72 023  |-0.95

B oé 100-200m 98.98 27 113 9898 [301.21 [-025 007 |-0.31

g | & 200-300m 63.30 19 121 6330 |336.89 |-0.15 [0.03 |-0.17

€ | E 2 [300-400m 39.06 19 121 39.06 |361.13 [0.33  [-0.04 039

g E‘g 400-500m 22.74 7 133 [22.74 [37745 [-0.13 [0.01 [-0.12

S 5 |500-2300m 40.47 45 95 4047 [359.72 [1.16  |-0.28 |145
= SUM 400.19 140 0.01

T _10-100m 62.75 31 109 6275 [337.60 [035 |-0.08 [0.36

;3 8% 100-200m 49.76 11 129 [49.76 [350.60 [-0.46 [0.05 [-0.57

% | z% |200-300m 42.29 17 123 4229 [358.06 [0.14 |-0.02 [0.09

e | EE§ 300-400m 36.09 133 [36.09 [364.26 [-0.59 [0.04 [-0.69

;i ;ég 400-500m 31.08 3 137 [31.08 [369.27 [-129 006 |-1.41

5 | 500-3600m 178.38 71 69 178.37 [221.98 [0.13  [-0.12 |0.19
SUM 400.35 140 -0.06

0-100m 179.41 44 96 179.41 [22037 [-036 |022 [-0.51

=  |100-200m 104.41 24 116 10441 29536 [-042 |0.11  [-0.47

2 2 |200-300m 52.43 17 123 5243 [347.34 [-0.08 [0.01  [-0.02

Z § |300-400m 26.29 18 132 [2629 [37348 [-0.14 [0.01 [-0.08

g % 400-500m 13.09 9 131 13.09 [386.69 [0.67 |-0.03 [0.77

A |500-1800 13.09 38 102 [24.14 [37564 [150 |-025 [1.82
SUM 399.78 96 0.07

, |dry 83.76 64 76 83.76 31642 [0.78  |-0.38 |1.05

£ o |slightly humid 135.07 57 83 135.07 |265.11 [0.19  |-0.11 [0.19

gn%’ humid 115.69 11 129 |115.69 28449 -1.30 |026 |-1.67

EB very humid 65.65 8 132 [65.65 [33452 [-1.05 [0.12 [-1.28
SUM 400.18 140 -0.11

class of heterogeneous agricultural areas, 104 of them,
which makes this class the most susceptible to land-
slides. Landslides were not recorded in the classes in-
dustrial, commercial and transport units, artificial, non-
agricultural, vegetated areas and arable land.

4.2. Pairwise CI test

Pairwise conditional independence (CI) test between
all classes of all causal factors was tested using the pair-
wise CI test before deriving landslide susceptibility maps.

Table 4 shows y? values calculated for each combination
of weight maps using Equations 4, 5 and 6. Tabulated ¥’
values are acquired by calculating the degree of freedom
(see Equation 7) for the significance level of 1%.

Conditional independence or conditional dependence
for each pair of weight maps is determined by compar-
ing the two ¥ values. Greater calculated %> value than
the tabulated shows that the pair has conditional depend-
ence, i.e. the null hypothesis of conditional independ-
ence is rejected.
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Table 3: Continued
Class description Class area |Npix, |Npix, |Npix, |Npix, |W/ LA Wi
2 0-50m 71.94 123 17 71.94 |328.27 | 1.59 -1.91 249
E % 50-100m 53.61 4 136 53.61 |346.59 [-1.55 |0.11 -2.66
.é é 100-200m 80.18 3 137 80.18 |320.02 |-2.24 |0.20 -3.44
g ‘g 200-2200m 194.47 10 130 194.47 |1205.73 |-1.92 |0.59 -3.51
984 SUM 400.20 140 -1.00
" | Artificial surfaces 19.57 13 127 19.57 |381.08 |0.64 [-0.05 |0.35
*;3 ft: Agricultural areas 197.26 106 34 197.26 |203.40 | 0.43 -0.74 10.83
%:) % Forest and semi natural areas 176.51 13 127 176.50 [224.15 |-1.56 |0.48 -2.38
§ % Water bodies 7.32 8 132 7.32 39333 | 1.14 -0.04 0.84
é;) = SUM 400.66 140 -0.34
E urban fabric 14.71 13 127 14.71 |385.95 [0.93 -0.06 |0.57
;D i‘;i]“:;?ftlﬁffi’gmemial and 459 0 140 459 [396.07 0.00 |0.01 |-0.43
= artificial. non-agricultural 0.28 0 140 1028 40038 [0.00 |0.00 |-0.42
£ ~ | vegetated areas
i e;’ arable land 11.48 140 11.48 |389.18 |0.00 |0.03 [-0.45
§ pastures 23.95 2 138 2395 |376.71 |-1.43 |0.05 |-1.89
'% heterogeneous agricultural areas | 161.83 104 36 161.83 |238.83 | 0.61 -0.84 |1.03
— | forests 146.10 11 129 146.10 | 254.56 | -1.53 |0.37 -2.32
icer;i;‘l’fé";szgi’;fgg‘sls 30.40 2 138 3040 (37025 -1.67 |0.06 | -2.15
inland waters 7.32 8 132 732 139333 |1.14 |-0.04 0.76
SUM 400.66 140 -0.42

Firstly, weight maps that contain similar information
are reduced to one map. For example, between four
maps proximity to drainage network, proximity to tem-
porary streams, proximity to permanent streams and
proximity to all streams, only one map is chosen as opti-
mal weight map, proximity to drainage network because
it was derived using a DEM thus including both geomor-
phological and hydrological information. Land cover
(A) is rejected as it showed a more conditional depend-
ence with other weight maps compared to the land cover
(B). Besides, weight maps that showed significant con-
ditional dependence with the remaining weight maps
were excluded. This filtering resulted in removing the
elevation, the slope gradient and the terrain curvature
weight map, as they showed conditional dependence
with several remaining weight maps. Finally, for the re-
maining conditional dependent weight map pairs, the
Yates correction (Equation 8) is applied, resulting in
less CI violation. The Yates correction is necessary to
apply for small expected frequencies (Bonham-Carter,
1994), however, in this paper, it was applied for the mit-
igation of CI limitations, reducing the amount of de-
pendence pairs. Table 5 shows the final selection of
weight maps after the three-step filtering used for land-
slide susceptibility modelling.

4.3. Landslide susceptibility modelling, verification
and zonation

For each class of the selected factor maps listed in
Table 5, a weight value was defined applying the WoE
method resulting in the W, value (see Table 3). This
study created the landslide susceptibility maps by sum-
ming (overlapping) the factor maps according to the as-
signed weight values based on five scenarios. The first,
Scenario 0, is used to create the final landslide suscepti-
bility map as it contains all the weight maps which
passed the three-step filtering. The other four scenarios
are defined to determine which landslide causal factor
group has the most significance to landslide susceptibil-
ity modelling. Therefore, in each of the four scenarios
(Scenario I-IV) different group of landslide causal fac-
tors is used, as shown in Table 6.

The success and prediction rate of all scenarios was
determined for all five landslide susceptibility maps, and
the results are shown in Table 6. Furthermore, ROC
curves for Scenario 0 used for the final susceptibility map
are shown in Figure 6, presenting the success and predic-
tion rates. Scenario 0 was selected as the optimal in order
to use all eight weight maps which passed the three-step
filtering for the final landslide susceptibility map. How-
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Table 4: Calculated and tabulated x> values for all weight map pairs

@ |5 » @
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- Q o o —~
£ | 8 £ | 2|82 = | & 2 | 2 g g 8 el &
= i E 21 =18 2 | & = | g k5] = s | 82| B
=) < 9 = ] > | &n S 2|8 aQ < s | £ 6 Q
2| @ 8| g| | 2|8 2 |2¥| E |23/22 2| §|e&| S
= o o = 4= = . ; . S| .5 . €| 7 E . el 7
m n n =1 [ A A AE| A | AR | AB| A H | &8 A
. 30
Slope gradient 2%
. . 27 22
Slope orientation 43 53
. 52 28 (32
Terrain curvature 2 2% 43
Terrain roughness 16 170 |20 30
& 22 |26 |43 |22
Lithology (rock |192 |153 139 |89 |119
type) 117 150 (276 |117 |117
Prox. to geol. 55 22 |22 |30 (27 |87
contact 26 32 53 26 26 150
Prox. to faults 32 29 |51 |21 |21 108 |38
: 31 38 |64 |31 |31 182 |38
Prox. to drain. 71 85 22 67 26 104 |37 18
network 26 32 |53 |26 |26 |I150 |32 |38
Prox. o Springs 43 65 (34 |48 (26 (62 |12 |27 |19
(HOSPINES | og 132 |53 |26 |26 |150 |32 |38 |32
Prox. to temp. 54 23 |64 (37 |18 (118 |26 (38 |65 |30
streams 31 38 |64 |31 |31 182 |38 |44 |38 |38
Prox. to perm. 87 37 |41 (54 |29 |158 |42 |37 (8 |21 64
streams 31 38 |64 |31 31 182 |38 |44 |38 |38 |44
Prox. to all 21 16 |33 |51 12 (149 46 (36 |91 11 286 |141
streams 22 21 64 |31 31 117 |38 |44 |38 |26 |44 |44
Topographic 62 21 |16 |28 (16 |51 (13 |13 |39 |28 |19 |18 |24
wetness 22 26 |43 (22 |22 117 |26 |31 |26 |26 |31 |31 31
Prox. to traffic 63 18 (23 |7 8 88 |9 18 (14 (28 |17 (35 (20 |21
infrastructure 22 26 |43 |22 |22 |117 |26 |31 |26 |26 |31 |31 31 |22
Lol Goer () 30 35 |30 (34 |18 |116 |22 |27 |46 (22 |24 |88 |33 19 12
22 26 |43 (22 |22 |117 |26 |31 |26 |26 |31 |31 |31 |22 |22
Laind) @z 18)) 33 183 |47 |43 |24 (171 |30 (39 |58 |42 (40 (150 |56 |24 |13 |420
43 43 |93 |43 |42 (276 |53 |64 |53 |53 |64 |64 |64 |43 |25 |43

Bold numbers are calculated and italic are tabulated Chi square values, respectively.
Values in green fields indicate accepted and in red fields rejected null hypothesis of conditional independence, respectively.

ever, four additional scenarios were defined, proving that
only the anthropogenic group of landslide causal factors
causes significant changes in the AUC values. Scenarios I,
II and III resulted in almost equal AUC values compared
to the optimal Scenario 0. In contrast, Scenario IV showed
a success rate of only 79% and a prediction rate of 74%,
which is significantly lower than the other scenarios.

The landslide susceptibility map created based on
Scenario 0 using the Weight of Evidence method was
classified into four classes (low, medium, high, and very
high) using the cut-off values defined according to Ber-
nat Gazibara (2019) (see Figure 7). The classification
was done using the ROC curve derived from all land-
slides, both the modelling set and the validation set. Fig-

100% +
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Figure 6: ROC curve analysis results for the rate of success
and the rate of prediction for the final landslide

susceptibility map
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Table 5: Calculated and tabulated x? values for filtered weight maps

e = = 2 2 g 5
g 2 | 22 |28 | 2 |2..| 2 £ |z %
LE | £5 | £2 |E®g| E, |EYE| En | BE |E.E
a5 S 2% =28 X 2 X .8 2 X g Qg R s
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% & = 8 a8 A3 AE A8 & A& BB | &EE
: 20.47
Terrain roughness
42.98
Lithology (rock type) 138.77 |138.05
ithology (roc e
Y P 276.16 | 117.06
Proximity to geological | 22-36 18.02 87.44
contact 53.49 26.22 149.73
. 50.72 21.41 108.48 | 25.10
Proximity to faults
63.69 30.58 181.84 | 37.57
Prox]mlty to drainage 22.31 26.02 104.28 23-57 20-3
network 53.49 26.22 149.73 | 32.00 37.57
. . 34.02 25.51 61.96 12.15 30.72 19.12
Proximity to springs
53.49 26.22 149.73 | 32.00 37.57 32
: 16.24 16.04 50.70 13.45 14.9 28.45 27.94
Topographic wetness
42.98 21.57 117.06 |26.22 30.58 26.22 26.22
Proximity to traffic 23.42 8.41 88.07 8.54 20.92 13.79 29.26 21.28
infrastructure 42.98 21.67 117.06 |26.22 30.58 26.22 26.22 21.67
46.6 24.3 170.86 |29.68 46.43 41.82 41.83 24.06 13.12
Land cover (B)
93.22 41.98 276.16 | 53.49 63.69 53.49 53.49 42.98 24.98

Bold and italic figures are calculated and tabulated Chi square values, respectively.
Values in green fields indicate accepted and in red fields rejected null hypothesis of conditional independence, respectively.

Table 6: Used weight maps and AUC rates for defined scenarios

. Scenarios
Group of landslide Weight maps
causal factor 0 I 11 1011 v
. Slope orientation i - +* +* +*
Geomorphological -
Terrain roughness + - + + +
Lithology (rock type) 4 4 - +* +*
Geological Proximity to geological contact F F - F 4
Proximity to faults + 4 - 4+ 4
Proximity to drainage network +* +* * - +*
Hydrological Proximity to springs + + + - +
Topographic wetness +* +* +* - +*
. Land cover (B) + + + + -
Anthropogenic — -
Proximity to traffic infrastructure + + + + =
AUC success rate (%) 94 93 94 94 79
AUC prediction rate (%) 93 92 93 94 74

ure 8 shows the final landslide susceptibility map of the
City of Karlovac, and according to this map, 227.91 km?
or 57.05% of the study area exhibits a low landslide sus-
ceptibility, 82.41 km? or 20.63% of the study area exhib-

its a medium landslide susceptibility, 53.07 km? or
13.28% of the study area exhibits a high landslide sus-
ceptibility and 36.09 km? or 9.03% of the study area ex-
hibits a very high landslide susceptibility.
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Figure 7: Classification of the
ROC curve for the landslide
susceptibility map according
to the criteria from Bernat
Gazibara (2019)
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Figure 8: Landslide susceptibility of the City of Karlovac in a scale of 1:250 0oo created by the Weight of Evidence method

5. Discussion the used landslide inventory of the City of Karlovac is
that it was compiled based on information collected by

The proposed methodology to assess landslide sus-  the municipal warden or citizens. It mainly contains re-
ceptibility at a 1:100 000 scale is based on a bivariate  ported landslides that caused damage to either buildings
method calibrated on a modelling set of landslides and  or infrastructures. This means that numerous landslides
tested by a validation set of landslides. The limitation of  in green areas (forests, pastures, etc.) are missing from
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the inventory. The mean landslide density of 0.48 land-
slides/km? at the area of the City is significantly lower
than expected in terrains of similar geoenvironmental
conditions (Bernat Gazibara et al., 2019). However,
since landslides are distributed across the whole study
area, for the purpose of this research, which is a prelimi-
nary landslide susceptibility map, the inventory is prov-
en to be representative.

Modelling was started with 17 weight maps, followed
by a pairwise CI test which resulted in a dependence of
numerous combinations between weight map pairs. The
main reason for this is that several weight maps included
similar information and needed to be filtered out and ex-
cluded from the modelling. Further filtering and correc-
tions lowered the CI violation to its minimum, ending up
with only 3 out of 45 possible combinations showing
dependence. The proposed method resulted in satisfac-
tory AUC values for both success and prediction rates
even though the modelling was done without a slope
gradient map, commonly used in landslide susceptibility
modelling. This proves that reducing the CI violating,
i.e. decreasing the distortion of the results in a bivariate
method, can be successfully performed by using a pair-
wise CI test without losing the performance of the mod-
el measured in AUC values.

Therefore, the final landslide susceptibility map was
selected based on a maximum weight map, which con-
tained minimum conditional dependence. Usage of 10
unique landslide causal factors with a significant number
of classes in each provided that the final zonation has a
detailed range of information. Final landslide suscepti-
bility map zonation greatly influences its application,
because the distribution of the zones could have an ef-
fect on spatial planning and land use management. The
western and southern parts of the study area present a
good transition from low to very high landslide suscep-
tibility zones, as well as equal zone distribution. On the
other hand, the north-eastern and central parts of the
study area are generally classified as a low landslide sus-
ceptibility zone, which is expected considering the land-
slide causal factors at the area. The mentioned areas are
predominately plain terrains where landslides are un-
likely to occur. However, even in such areas, in a much
lesser surface area, high and very high landslide suscep-
tibility zones are distinguishable.

In this paper, map zonation was done using the ROC
curve cut-off values defined by Bernat Gazibara
(2019), which resulted in a highly accurate and reliable
classified landslide susceptibility map. Only 9% of the
study area classified as very high landslide susceptibility
contains 85% of mapped landslides, making it an effi-
cient ratio pointing out the most susceptible areas.
Therefore, additional zonation methods were not applied
in this study since the mentioned method provided satis-
factory information about specific areas in the City of
Karlovac regarding landslide susceptibility. However, it
is important to point out the importance of the zonation

method since different methods can result in very differ-
ent zone distributions, leading to different map interpre-
tation and its application. Such is the case with the prox-
imity to traffic infrastructure, where the high influence
of a single class shown in the Weight of Evidence analy-
sis is well preserved even after the final overlapping of
all weight maps proving that even a single factor can
greatly impact the final zonation map.

Four additional scenarios were defined to test the in-
fluence of each group of landslide causal factors on the
model performance. The results showed a direct link be-
tween the anthropogenic group of landslide causal fac-
tors and the AUC values. It is the only scenario that re-
sulted in significantly different results compared to the
final Scenario 0. Removing proximity to traffic and land
use (B) resulted in far worse results in the AUC values,
which is expected since 50 to 100 m proximity to traffic
class in the proximity to traffic weight map has a signifi-
cant ¥, value. Since the landslide inventory mainly
consists of landslides near the traffic infrastructure, the
AUC values are directly linked to the landslide invento-
ry. This observation proves how certain classes of weight
maps can directly influence the quality of landslide sus-
ceptibility modelling because of their direct correlation
to the landslide inventory, i.e. proving the significance of
using a representative landslide inventory. Also, using a
representative proximity to traffic weight map, which
proved to be an important precondition for the occur-
rence of landslides, should be completed by roads from
satellite images on a larger scale in order to deliver rep-
resentative /¥, values. The importance of a representa-
tive landslide inventory and representative weight maps
is crucial to receive detailed results and high precision
conclusions regarding certain geofactors and their rele-
vance to landslide susceptibility. Also, using contrast
and studentized contrast in the classification process
would allow for the definition of different breakpoints
when creating factor maps, however, in this paper, class-
es were defined expertly. Different breakpoints, i.e. the
domain of each class in the weight maps leads to differ-
ent landslide susceptibility modelling, which was not
studied in this paper. According to Neuhéuser et al.
(2011), contrast and studentized contrast allow the clas-
sification to reflect the original spatial association of
landslide causal factors and the landslides.

6. Conclusions

This paper has demonstrated the necessity of using
specific and adapted procedures for indirect landslide
susceptibility assessment by bivariate methods, espe-
cially at a 1:100 000 scale, for complex environments
with some uncertainty in landslide inventory data. The
proposed procedure, based on a limited amount of the-
matic data and a landslide inventory map, consists of:
data collection, spatial data processing in GIS, develop-
ment of weight maps and defining of geofactor classes,
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analysis of the impact of individual classes of geofactors
on landslides, CI analysis and weight map filtering, de-
velopment of landslide susceptibility maps, verification
of the susceptibility maps, and reclassification of the fi-
nal susceptibility map into four classes of landslide sus-
ceptibility. The novelty in the presented research is that
a limited amount of thematic data and an incomplete
landslide inventory map allows for the production of a
preliminary landslide susceptibility map for usage in
spatial planning.

A reliable landslide susceptibility map was derived
based on the analysis of ten geofactors: slope aspect, ter-
rain roughness, lithology (rock type), proximity to geo-
logical contacts, proximity to faults, topographic wet-
ness, proximity to springs, proximity to drainage net-
work, proximity to traffic infrastructure and land cover
(B classification). Pairwise CI test proved to be a suc-
cessful method as it excluded seven out of ten geofac-
tors, greatly influencing the overall performance of the
model. The final preliminary landslide susceptibility
map has a success rate of 94% and a prediction rate of
93%. The results proved a good correlation between the
used geofactors and the occurrence of landslides. Three
out of four additional scenarios resulted in similar suc-
cess and prediction rates demonstrating that even with
fewer geofactor maps, i.e. having even more limited data
the reliability of susceptibility modelling would remain
satisfactory. An exception being the anthropogenic geo-
factor group closely related to the landslide inventory
map, as explained in the previous section.

Susceptibility modelling was done with easily acces-
sible and high cost-benefit ratio input data, defining a
robust and reproducible procedure for preliminary land-
slide susceptibility assessments. Our work shows that
applying the simple Weight of Evidence method in the
statistical model can satisfactorily recognise landslide-
prone areas in a complex environment on a small scale
of 1:100 000. In case of more complete and more repre-
sentative landslide data, as well as DEM of higher reso-
lution, it would be possible to create a susceptibility map
on a medium or large scale. Moreover, further analyses
would be necessary to collect more detailed input data
for all factor maps to create a more reliable landslide
susceptibility map.

Considering the availability and resolution of spatial
data used to analyse landslide susceptibility in the City
of Karlovac, there are also limitations for applying this
map. Namely, the derived preliminary landslide suscep-
tibility map can be used as a basis for future research to
narrow down the study area to a larger scale because it
provides preliminary information about the study area
on a small scale. Taking into consideration that 85% of
the landslides are zoned in only 9.03% of the study area
provides relevant information regarding the priorities
for the City’s administration management. Overlapping
the zonation done in this paper with settlement bounda-
ries can also provide information on a larger scale, point-

ing our settlements in high or very high risk zones of
landslide hazard. Most of the City’s urban area is in the
high and very high landslide susceptibility zone, which
implies the necessity of further landslide risk manage-
ment. The derived landslide susceptibility map can be
used as a guideline for selecting areas for landslide sus-
ceptibility, hazard and risk zonation on a larger scale.
Further landslide research in the City of Karlovac will
lead to a better understanding of landslide prone areas,
which is crucial for improving land use policy and re-
ducing damage to buildings and infrastructures.

Analyses performed in this study resulted in a final
version of the preliminary landslide susceptibility map
that can be used for informative purposes as a basis for
select areas in conducting further spatial analyses of
landslide hazards.
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SAZETAK

Procjena podloznosti na klizanje na podrudju grada Karlovca primjenom
bivarijantne statisticke metode

Za grad Karlovac provedena je preliminarna analiza podloznosti na klizanje u regionalnome mjerilu 1 : 100 0oo primje-
nom bivarijantne statistike. Inventar klizi$ta koji je kori$ten u analizama izradila je gradska uprava na temelju zabiljeZe-
nih klizi$ta koja su izazvala znatne $tete na zgradama ili infrastrukturi u razdoblju od 2014. do 2019. godine. Analize su
ukljucivale 17 geofaktora relevantnih za pojavu klizista podijeljenih u ¢etiri skupine: geomorfologki (nadmorska visina,
nagib terena, orijentacija padine, zakrivljenost terena, hrapavost terena), geologki (litologija, udaljenost od geoloske
granice, udaljenost od rasjeda), hidroloski (udaljenost od drenazne mrezZe, udaljenost od izvora, udaljenost od privreme-
nih, stalnih i svih potoka, vlaznost terena) i antropogeni (udaljenost od prometne infrastrukture, namjena zemljita
primjenom dviju klasifikacija). Primjenom metode Weights-of-Evidence (WoE) definirano je pet scenarija, pri ¢emu su
kori$teni razli¢iti geofaktori. Rezultati analiza ¢ine pet razli¢itih karata podloznosti na klizanje. Najbolja karta podloz-
nosti na klizanje odabrana je na temelju rezultata analize ROC krivulje, koja je koriStena za dobivanje stupnja to¢nosti i
predikcije svakoga scenarija. Doprinos je prikazanoga istraZivanja u tome da koristenje ogranic¢enih tematskih karata i
nepotpune karte inventara klizista omogucuje izradu preliminarne karte podloznosti na klizanje za koristenje u prostor-
nome planiranju. Takoder, ova studija pruza raspravu o kori$tenoj metodi, geofaktorima, definiranim scenarijima i pouz-
danosti rezultata. Kona¢na preliminarna karta podloZnosti na klizanje izradena je koristenjem deset geofaktora koji su
zadovoljili test pairwise CI i klasificirana je u Cetiri klase: niska podloznost na klizanje (57.05 % povr$ine), srednja pod-
loZnost na klizanje (20.63 % povrsine), visoka podloznost na klizanje (13.28 % povrs$ine), vrlo visoka podloznost na kli-
zanje (9.03 % povrsine), te ima stupanj to¢nosti od 94 % i stupanj predikcije od 93 %, $to je ¢ini vrlo to¢nim izvorom
preliminarnih informacija za podrudje istrazivanja.

Kljuéne rijedi:
kliziste, procjena podloZnosti, zonacija, bivarijantna statisti¢ka analiza, grad Karlovac
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