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Landslide Detection and Spatial Prediction:
Application of Data and Information
from Landslide Maps

Snjezana Mihali¢ Arbanas, Sanja Bernat Gazibara, Martin Krkac,
Marko Sin¢i¢, Hrvoje Lukaci¢, Petra Jagodnik, and Zeljko Arbanas

Abstract

The need for landslide maps of wider areas has increased
with the understanding that proper planning will consid-
erably decrease the construction and maintenance cost of
structures. The main objective of the paper is to present
types of data and information on landslides that can be
derived from landslide inventory and landslide suscepti-
bility maps and their use for spatial and urban planning.
Recent examples of landslide zonation maps from Croatia
are given to show the possibility of the derivation of data
about landslides by using LIDAR (Light Detection and
Ranging) DTM (Digital Terrain Model) for the compila-
tion of historical landslide inventory. The application of
data about landslide phenomena is compared with the
application of information from landslide susceptibility
zonation maps. It is concluded that a multi-level and
hierarchical approach is necessary to reach the cost-
effectiveness of nationwide production of landside maps
for land-use planning.
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1 Introduction

The first review of landslide hazard zonation maps was
compiled by Varnes and the IAEG Commission on Land-
slides and other Mass-Movements (Varnes 1984) as part of
the landslide risk mitigation programme published by
UNESCO. Given the content of these maps, there are two
basic types that are fundamentally different: maps present-
ing records of landslide phenomena and maps showing a
prediction of landslide processes in terms of spatial proba-
bility (i.e., landslide susceptibility) or temporal probability
(i.e., landslide hazard). Landslide records in the form of
landslide contours are collected by landslide detection and
mapping. The results are displayed on the landslide inven-
tory maps that are discussed in detail in the paper Guzzetti
et al. (2012). Spatial prediction of landslides is the result of
landslide susceptibility assessment and it is displayed on the
landslide susceptibility zonation maps that present the dis-
tribution of resulting susceptibility in the form of a few
zones. The most recent overview of the main methods to
predict populations of landslides in space and time is given
by Guzzetti et al. (2021).

During the period of more than 35 years, numerous
attempts and unquestionable progress happened in landslide
mapping and zonation. The most recent and revolutionary
change in methods and techniques used to detect and map
landslides is an application of high-resolution LiDAR (Light
Detection and Ranging) bare earth DTM (Razak et al. 2011).
The capability of the derivation of the detailed landslide
inventory in highly vegetated areas with shallow landslides
is enabling further development of landslide maps for
application in spatial and urban planning. This will also have
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a positive impact on the enhancement of landslide zoning
maps by offering new opportunities to prescribe provision of
legislative action for the purpose of regulating the land use
and the construction of buildings within the area under the
jurisdiction of the legislative body concerned.

The main objective of the paper is to present types of data
and information on landslides that can be derived from
landslide inventory and landslide susceptibility maps and
their use for spatial and urban planning. The paper is orga-
nized into three main chapters. Some methodological aspects
of the preparation of landslide inventory maps are dealt with
in the chapter “Landslide detection and mapping”. Emphasis
is on applying the LIDAR technology and ALS (Airborne
Laser Scanning) to landslide inventory mapping. Examples
of historical landslide inventories are given to illustrate the
quality and quantity of data derived by visual identification
of shallow landslides and by compilation of complete
detailed landslide inventories. The chapter “Susceptibility
modelling and zonation” introduces basic concepts related to
landslide susceptibility assessment and resulting zonation
maps. A multi-stage approach to landslide susceptibility
mapping is noted, from small to large scale. Examples of
landslide susceptibility maps derived from an assessment on

the national, regional and local levels are given to illustrate
the quality of map information. The chapter “Application of
landslide data and information” summarises general con-
siderations of applying data and information from landslide
maps in land use planning. Scale-related objectives are given
for a hierarchical approach to producing landslide zoning
maps. We have used examples of spatial planning docu-
ments of different levels from Croatia and landslide maps of
multiple study areas (Fig. 1).

2 Landslide Detection and Mapping

Detecting or identifying landslide features on the ground
surface is part of the landslide mapping, which precedes the
cartographic representation of slope movements. The task of
the expert performing mapping is the recognition of changes
in the surface topography left by the occurrence of a land-
slide (or landslide signature, Pike 1988). The choice of the
type and scale of the resulting map depends on many factors,
primarily on the end user’s requirements and the ultimate
purpose of the landslide mapping (Mihali¢ Arbanas and
Arbanas 2015).
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Fig. 1 Study areas used as pilot areas for landslide inventory mapping and landslide susceptibility mapping
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Guzzetti et al. (2012) provide an overview of types of
landslide inventory maps followed by a comprehensive
description of methods and techniques for their preparation.
There are two main types of inventory maps, archive and
geomorphological maps. Methods of their preparation
include some or all of the following: remote sensing, ground
surveys and archive data from different sources (e.g., liter-
ature etc.). Generally, archive landslide inventories are of
small scale (> 1:200,000), compiled based on literature or
other archive sources (inquires to public organisations and
private consultants, chronicles, journals, technical and sci-
entific reports, interviews of landslide experts etc.) without
involved procedures of landslide detection and mapping.
Contrary, geomorphological landslide inventories contain
landslide data derived through the process of interpretation
of aerial photographs, very high-resolution satellite images
or digital terrain models (DTM), followed by limited ground
survey (i.e., field checks) to derive medium- (1:25,000—
1:200,000) or large-scale (>1:25,000) landslide inventory
maps. The types of geomorphological landslide inventories
differ depending on the time-span of input data (pho-
tographs, images, DTM) that are used for landslide detec-
tion. Summarised overview of the main characteristics of
historical, event, seasonal and multi-temporal landslide
inventory maps, according to Guzzetti et al. (2012), is given
in Table 1.

The objective of landslide detection aims to determine
landslide boundaries at the ground surface. Regardless of the
adopted technique, detecting and mapping landslides are

complex, time-consuming, and error-prone task (Galli et al.
2008). Over the last decade, airborne laser scanning has been
made available and has been used to identify and map
landslide morphology in areas partially or completely cov-
ered by dense vegetation (Carter et al. 2001; Razak et al.
2011). Airborne laser scanning (ALS) is also known as
airborne LiDAR or airborne laser swath mapping (ALSM).
LiDAR elevation data prove particularly effective where the
terrain is forested, a condition where old and very old,
deep-seated landslides are difficult to identify using tradi-
tional aerial photography or satellite imagery (Eeckhaut et al.
2007; Razak et al. 2011), and perform well also in arid and
sub-arid regions where the vegetation cover is sparse or
inexistent. Recognition of small cracks and detailed geo-
morphological features might be the best surface landslide
characteristics that can be interpreted from these images
(Fig. 2), which provides additional information compared
with other types of images or photos.

A relatively new remote-sensing tool uses airborne
mounted lasers to obtain digital representations of the
topographic surface for areas ranging from a few hectares to
thousands of square kilometers (Shan and Toth 2017).
Visual analysis and interpretation of the topographic surface
remain the most common and most promising application of
a very-high-resolution (metric to decametric) DEM captured
by airborne LiDAR sensors for detecting and mapping
landslides over large areas (Guzzetti et al. 2012). The
required resolution of a bare-earth LIDAR DEM for identi-
fying landslides primarily depends on the landslide size.

Table 1 Geomorphological landslide inventories classified by their scale and the type of mapping (Guzzetti et al. 2000, 2012, 2021; Malamud

et al. 2004; Galli et al. 2008)

Type (Guzzetti et al. 2004,
2005; Galli et al. 2008;
Fiorucci et al. 2011)

Landslide map data

Landslide age

The age of the landslides is not differentiated or is
given in relative terms, i.e., recent, old or very old

Examples: Brabb and Pampeyan (1972), Antonini et al. (1993), Cardinali et al. (2001), and Galli et al. (2008)

The landslides’ date corresponds to the triggering
event’s date (or period)

Examples: Harp and Jibson (1996), Buckman and Jeffrey (2001), Lin et al. (2004), Guzzetti et al. (2004),
Cardinali et al. (2006), Tsai et al. (2010), Dai et al. (2011), Parker et al. (2011), and Gorum et al. (2011)

Historical Many landslide events throughout tens, hundreds or
thousands of years

Event Landslides caused by a single trigger, such as an
earthquake, rainfall event or snowmelt event

Seasonal Landsides triggered by single or multiple events

during a single season, or a few seasons identified by
exploiting multiple sets of aerial or satellite images of

different dates

The date (or periods) of the landslides is attributed
based on the date (or periods) of the triggers and the
date of the imagery or the field surveys carried out to
compile the inventories

Examples: Guzzetti et al. (2004, 2005), Galli et al. (2008), and Fiorucci et al. (2011)

Multi-temporal

different dates

Landslides triggered by multiple events over more
extended periods (e.g., years to decades) identified by
exploiting multiple sets of aerial or satellite images of

The date (or periods) of the landslides is attributed
based on the date (or periods) of the triggers and the
date of the imagery or the field surveys carried out to
compile the inventories

Examples: Guzzetti et al. (2004, 2005), Galli et al. (2008), and Fiorucci et al. (2011)
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Fig.2 Oblique aerial view prepared from the LIDAR-derived bare-earth DTM of the Rje¢ina River Basin (Croatia) (Mihali¢ Arbanas and Arbanas

2015)

Examples from the literature reveal that investigators have
used 5-m resolution DEM (Glenn et al. 2006; Eeckhaut et al.
2007), 2-m resolution DEM (Ardizzone et al. 2007), 1.8-m
resolution DEM (Schulz 2007), 1-m resolution DEM
(McKean and Roering 2004; Chen et al. 2006; Mihali¢ et al.
2013; Domlija et al. 2014; Pomlija 2018) and 30-cm reso-
lution DEM (Bernat Gazibara 2019; Sin¢i¢ et al. 2022).

2.1 Historical Inventories Derived from LiDAR

Images

A geomorphological historical inventory shows the cumu-
lative effects of many landslide events throughout tens,
hundreds or thousands of years (Guzzetti et al. 2012). This
chapter presents the experience gained in Croatia, collected
through detecting and mapping landslides from
high-resolution LiDAR images produced based on ALS in
different landslide-prone geomorphological settings in
Croatia. Recognition of landslides was performed through
the visual analysis of a series of LiDAR derivatives by
experienced and trained landslide scientists, using a sys-
tematic methodology and well-defined interpretation criteria
(Bernat Gazibara et al. 2019a; Jagodnik et al. 2020a; Krka¢
et al. 2022).

The first study area, located in the hills of the Zagreb city
(known as the Podsljeme area), belongs to the continental
part of Croatia in the Pannonian Basin (Fig. 1). The study
area (of 21 kmz), at the southeastern-facing slope of the
Medvednica Mt., is urbanized and densely populated, with
prevailing artificial surfaces (about 56%) and equally rep-
resented agricultural areas and forests (both about 22%). The
area is composed of Quaternary soils (heterogeneous mix-
tures of unfoliated, mostly impermeable clayey-silty soils)
and stratified upper Miocene soils and soft rocks (sands, silts
and marls) (Siki¢ 1995). Gentle relief combined with
geomechanical properties of the abovementioned soils is a
preparatory causal factor for shallow soil slides, as it is
confirmed by the landslide inventory presented in Fig. 3.
Intense precipitation is the main triggering factor (Bernat
Gazibara et al. 2019a). In total, the landslide inventory from
the Zagreb city consists of 702 landslides with a
non-uniform distribution across the pilot area (Bernat Gaz-
ibara et al. 2019a). The prevailing types are shallow soil
slides; only ten landslides were classified as earth flows.
Nearly 65% of all the identified landslides were evaluated as
‘high confidence’ due to the visible landslide features on the
LiDAR derivatives, and almost 60% of all mapped land-
slides were evaluated as ‘high precision’ due to the fresh and
clearly visible landslide boundaries on the LiDAR
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Fig. 3 Landslide inventory of the study area in the Zagreb city (area
21 km?) derived by visual interpretation of LIDAR DTM morphometric
maps (modified from Bernat Gazibara et al. 2019a, b)

derivatives. Based on the landslide inventory, the total
landslide area is 0.5 km? (about 2.43% of the pilot area). The
mean landslide density is 33.4 slope failures per square
kilometer.

The second study area is located in the hills of the
Hrvatsko Zagorje region in the Pannonian Basin (Fig. 1).
The study area (20.22 km?) differs from the previous one
based on geomorphological settings and land use. According
to Krkac et al. (2022) this study area is covered with forests
(52%), agricultural areas and pastures (40%) and sporadic
artificial areas (8%). Slopes are composed chiefly of Mio-
cene soils, soft- and hard rocks (sandstones, marls, sands,
tuffs and biogenic, sandy and marly limestone, calcareous
marls and sandstones) and Triassic hard rocks (sandstones,
shales, dolomites, limestone and dolomitized breccias)
(gimunié et al. 1982; Anici¢ and JuriSa 1984). The inclina-
tion of bedding in Miocene and Triassic rocks vary
depending on structural geological settings. Quaternary soils
cover only flat areas in valleys around superficial streams.

Non-uniform distribution across the pilot area is caused
by changes in relief types (from steeper to more gentle
slopes) and lithologies (soft rocks and hard rocks). In total,
the landslide inventory from the Hrvatsko Zagorje region
consists of 912 landslides (Fig. 4), mainly shallow soil slides
and earth flows (Sinci¢ et al. 2022). Nearly 58% of all the

Fig. 4 Landslide inventory of the study area in the Hrvatsko Zagorje
(area 20.22 km?) derived by visual interpretation of LiDAR DTM
morphometric maps (modified from Sinci¢ et al. 2022)

identified landslides on the LIDAR DTM were evaluated as
‘high confidence’ due to the clearly visible landslide features
on the LiDAR derivatives. Based on the landslide inventory,
the total landslide area is 0.408 km” or 2.02% of the pilot
area. The mean landslide density is 45.1 slope failures per
square kilometer.

The third study area is in the Vinodol Valley (area of
64.57 kmz), situated in Dinarides (Fig. 1), in the NW coastal
part of the Adriatic Sea (Jagodnik et al. 2020a, b, c). The
geomorphological settings of the area is controlled by the
valley’s tectonic origin that resulted in an elongated shape
stretched the in Dinaric NW-SE direction. The area is pre-
dominantly rural, with approximately 30 settlements con-
nected by a network of county and local or unnamed roads.
Comparing to the two abovementioned study areas, the val-
ley is characterized by higher precipitation. The valley flanks
are composed of Upper Cretaceous and Palacogene hard
rocks (carbonates), while the lower parts and the bottom of
the valley are built of Palacogene flyschoid rock (Susnjar
et al. 1970). Superficial deposits in the valley are formed by
various geomorphological processes on slopes, such as rock
falls, debris flows, debris slides, and gully erosion. Fluvial
deposits cover flat areas around the Dubracina river and its
tributes. Heterogenous geological settings of the valley
resulted in numerous landslide types. Domlija (2018)
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Fig. 5 Details from the historical landslide inventory of the Vinodol
Valley (modified from Domlija 2018) for the southeastern part of the
Dubracina River Basin

identified 10 types of landslides using a modified Varnes
classification (Hungr et al. 2014). The five landslide types
were identified and mapped using LIDAR DTM morpho-
logical derivative maps: rotational rock and soil slide, debris
slide and avalanche, and debris slide-debris flow. Figure 5
presents part of the landslide inventory. In total, the inventory
consists of 631 landslides with a non-uniform distribution
across the area (Pomlija 2018). The most abundant landslide
phenomena are shallow debris slides (approx. 98%) of all
activity styles (complex, composite, successive, single,
multiple), typically activated along the contact between the
flysch bedrock and superficial deposits. Regardless on the
landslide type, about 80% are developed within the gully
landforms (Jagodnik et al. 2020a). Because of that, 236
gullies are also mapped, with a total area of 1.89 km?. The
smallest gully channel has an area of 317 m? the largest
0.48 km?, while the average has an area of 6700 m>. The
smallest mapped landslide is debris slide of 65 m” and the
largest is rotational rock slide of 63,708.5 m?. Nearly 24% of
all the identified landslides (394 phenomena), which could be
outlined in their entirety by visual interpretation of the
LiDAR DTM, were evaluated as ‘clearly expressed’, and
nearly 76% as ‘poorly expressed’. Based on the landslide
inventory, the total landslide area is 1.51 km? or 2.3% of the
pilot area. The mean density of landslides is 9.77 slope
failures per square kilometer. Besides abundant debris slides,
there are only 11 phenomena determined and mapped as rock
and soil slides and rock avalanche. The remaining six land-
slide types identified by Pomlija (2018) were impossible to
map as separate phenomena. Most of them are phenomena of
processes on steep rocky slopes.

2.2 Landslide Statistics and Completeness
of the Inventory

This chapter presents the landslide statistics obtained from
three inventory maps that represent hilly areas in Zagreb
city, the Hrvatsko Zagorje region and Vinodol Valley. The
quality, reliability and completeness of the landslide inven-
tory affect (i.e., control) the quality of the resulting suscep-
tibility assessment (Carrara et al. 1992; Ardizzone et al.
2002). The characteristics and the quality of the three
inventories was evaluated using the methodology proposed
by Malamud et al. (2004).

In the first study area in Zagreb city, with the mean
landslide density of 33.3 slope failures per square kilometer,
the smallest identified landslide has a planimetric area (Ap)
of 43 m* (Bernat Gazibara et al. 2017). The mapped land-
slides extend in size to a maximum of 8064 mz, while the
mean landslide area is approx. 700 m*> (mean = 704 m?,
median = 411 mz, std. dev. = 921 mz). The most frequent
landslides in the inventory have an area of approx. 400 m?,
and 90% of the landslide bodies showed a size between 100
and 2000 m?. The frequency—size distribution of all mapped
landslides in the pilot area (Fig. 6a) shows two regimes: a
positive power-law behavior for small landslides and a
negative power-law behavior for medium and large land-
slides. The transition between the positive and the negative
power-law relations can be used to distinguish between
small and medium landslides. Based on the maximum value
at approximately A; = 400 m?, 48% of the mapped land-
slides are small (A}, < 400 m?) in size.

In the study area of the Hrvatsko Zagorje region, the
mean landslide density is 45.1 slope failures per square
kilometre. The size of the identified landslides ranges from a
minimum value of 3.3 m? to a maximum of 13,779 mz,
whereas the average area is 448 m> (median = 173 mz, std.
dev. = 880 m?). The most frequent landslides in the inven-
tory have an area of approx. 200 m?, and almost 85% of the
landslide bodies showed a size between 40 and 2000 m?.
The frequency-size distribution of all mapped landslides in
the pilot area (Fig. 6b) shows two regimes: a positive
power-law behavior for small landslides and a negative
power-law behavior for medium and large landslides. The
transition between the positive and the negative power-law
relations can be used to distinguish between small and
medium landslides. Based on the maximum value at
approximately A; = 200 m?, 48% of the mapped landslides
are small (A < 200 m2) and 52% are medium and large
(Ar > 200 m?) in size. The prevailing dominant types of
landslides are shallow soil slides.
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In the study area of Vinodol Valley, the mean landslide
density is 9.77 slope failures per square kilometer. The size of
the identified landslides ranges from a minimum value of
64.8 m? to a maximum of 49,461.62 m2, whereas the average
area is 2336.70 m’ (median = 1218.17 m2, std. dev. =
4,498.11 m?). The most frequent landslides in the inventory
have an area of approx. 1200 m?, and almost 80% of the
landslide bodies showed a size between 500 and 20,000 m”.
The frequency-size distribution of all mapped landslides in
the pilot area (Fig. 6c) shows two regimes: a positive
power-law behavior for small landslides and a negative
power-law behavior for medium and large landslides. The

Landslide area (m’)

transition between the positive and the negative power-law
relations can be used to distinguish between small and med-
ium landslides. Based on the maximum value at approxi-
mately Ap = 1500 m?, 58% of the mapped landslides are
small (Ap < 1500 m?), and 52% are medium-large (Ap >
1500 m?) in size. The dominant types of landslides are debris
slide and debris slide-debris flow (Jagodnik et al. 2020a).
The distribution obtained for the mapped landslides in the
two study areas in Pannonian Basin and in one in the
Dinarides can be explained by the ‘universal distribution’
described by Malamud et al. (2004), which implies that the
occurrence of a landslide in the pilot area is a result of either
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natural triggering factors (e.g., rainfall or rapid snowmelt) or
human actions with regional impacts (e.g., widespread
deforestation and urbanisation). Frequency—size distribution
of all mapped landslides in Zagreb city (Fig. 6a), the
Hrvatsko Zagorje region (Fig. 6b) and the Vinodol Valey
(Fig. 6¢) are complete landslide inventory maps because
they include a substantial fraction of all landslides at all
scales.

3 Susceptibility Modelling and Zonation

The identification and map portrayal of areas highly sus-
ceptible to damaging landslides is the first and necessary
steps toward loss reduction. This section uses several
essential terms, such as ‘hazard’, ‘susceptibility’ and ‘zona-
tion’. The terminology used in this work is consistent with
the landslide hazard and risk definitions proposed by such
international committees as Varnes (1984), Fell et al. (2008),
United Nations Human Settlements Programme (2012) and
ISSMGE TC32 (2004). Predicting where, when, how many,
and how large landslides are expected in an area and during a
particular period is the main aim of landslide hazard assess-
ment (Varnes 1984; Guzzetti et al. 2005, 2021). Landslide
hazard zonation is commonly portrayed on maps. Landslide
susceptibility assessment and modelling are limited to the
spatial prediction of landslides. Landslide susceptibility maps
present spatial, time-independent probability of landslides
occurring in an area depending on local terrain conditions
(Guzzetti et al. 1999, 2005). The most frequent input data
about terrain conditions belong to the categories of geo-
morphological, geological, hydrological and anthropogenic
landslide factors.

The first extensive papers on the use of digital spatial data
for landslide susceptibility mapping date back to the late
seventies and early eighties 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
susceptibility and hazard mapping uses Geographic Infor-
mation System (GIS) as digital tools for handling spatial
data. Van Westen’s dissertation (Van Westen 1993) is the
first comprehensive overview of the application of GIS
technology to landslide susceptibility assessment followed
by a classification of analysis methods. Thirteen years later,
a dissertation by Guzzetti (2006) provided numerous
examples of analysis, assessment, and zonation of landslide
susceptibility, hazard, and risk in Italy, which have been
subjects of numerous scientific studies. Soon after that,
‘Guidelines for Landslide Susceptibility, Hazard and Risk
Zoning for Land Use Planning’ (Fell et al. 2008) was pre-
pared by the Joint Technical Committee on Landslides and
Engineered Slopes of three international societies. Simulta-
neously, an overview of the types of spatial data required for

landslide susceptibility, hazard, and vulnerability assessment
and the methods for obtaining these data was published in
van Westen et al. (2008). The most recently published rec-
ommended methodologies for the quantitative analysis of
landslide hazard, vulnerability, and risk at different scales
(site-specific, local, regional, and national) are from
Corominas et al. (2013). These methodologies primarily
include quantitative approaches developed worldwide during
the preceding decade. Reichenbach et al. (2018) performed
critical review of statistical methods for landslide suscepti-
bility modelling and associated terrain zonations based on
compiled extensive database of 565 peer-review articles
from 1983 to 2016. They also provide recommendations for
the preparation, evaluation, and use of landslide suscepti-
bility models and associated terrain zonations. Results can
be exploited for different purposes that are spatial and urban
planning, identification of the most suitable scenarios of risk
mitigation measures, prioritization of the areas that require
control works in tandem with their design, and the use of
funds earmarked for mitigating the risk. Landslide suscep-
tibility assessment can be considered the initial step towards
a landslide hazard and risk assessment, but it can also be an
end-product that can be used in land-use planning and
environmental impact assessment.

Landslide susceptibility zonation involves a degree of
interpretation aimed at the prediction of spatial distribution
and rating of the terrain units according to their propensity to
produce landslides. Moreover, landslide susceptibility is
defined as the tendency of a specific area to be affected by a
particular type of landslide in the future (Brabb 1984;
Guzzetti et al. 2005). The value of susceptibility is usually a
relative one and the quality of landslide susceptibility
models is known to be highly dependent on the quality of
input data (Sinci¢ et al. 2022), such as the landslide inven-
tory (Guzzetti et al. 2012) and the terrain attributes (pre-
dictors) (van Westen et al. 2008). The possibility of
obtaining the required input data strongly affects the type of
assessment method that can be used and the scale of anal-
ysis. All the susceptibility assessment approaches and
methods proposed in the literature can be grouped into five
broad categories (Reichenbach et al. 2018), namely: (i) ge-
omorphological mapping; (ii) analysis of landslide invento-
ries;  (iii)  heuristic or index-based  approaches;
(iv) process-based, or physically based numerical modelling
methods; and (v) statistically based modelling methods.
Qualitative approaches are subjective, ascertain susceptibil-
ity heuristically, and portray susceptibility levels using
descriptive (qualitative) terms. Quantitative methods pro-
duce numerical estimates for susceptibility zones, resulting
in more precise probabilities of occurrence of landslide
phenomena (Guzzetti et al. 1999).

Maps are a useful and convenient tool for presenting
information on landslide susceptibility. They can present
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many kinds and combinations of information at different
levels of detail. Susceptibility maps used in conjunction with
land-use maps are a valuable planning tool. The develop-
ment of a clear hierarchical methodology in hazard zonation
is necessary to obtain an acceptable cost—benefit ratio and to
ensure the practical applicability of the zonation (Soeters and
Van Westen 1996). The working scale for a susceptibility
analysis is determined by the requirements of the user for
whom the assessment or zonation is executed. Because
planners and engineers form the most important user com-
munity, the following scales of analysis can be differentiated
for landslide hazard zonation (IAEG 1976): Small scale
maps (<1:100,000); Medium scale maps (1:10,000 to
1:100,000); Large scale maps (>1:10,000). The current
practice in Europe (Corominas and Mavrouli 2010) shows
that the scale of the landslide zoning maps required by state
or local authorities varies significantly from country to
country, depending on the coverage, input data and methods
that are used as well as the information provided (qualitative
or quantitative). Commonly, there is a multi-stage approach
to landslide susceptibility and hazard mapping, from
national maps on a small scale to local maps on a large scale.
If resources are limited, it may be more prudent to bypass
small-scale mapping and concentrate on a few known areas
of concern (Highland and Bobrowsky 2008).

3.1 National and Regional Level Assessment
National landslide zoning maps at a small scale are created
to give a general overview of critical areas for an entire
country and can be used to inform national policymakers and
the public (Soeters and Van Westen 1996). The next stage is
regional mapping, which synthesizes available data and
identifies general problem areas at the regional level to
produce small- or medium-scale susceptibility maps. The
third stage is the local-level mapping, a more detailed sus-
ceptibility mapping program on a large scale that includes
areas of local administrative units (municipality or city) or
complex critical areas. We present here two types of sus-
ceptibility mapping performed in Croatia that resulted from
national and regional level landslide susceptibility modelling
and zonation. This presented experience is gained through
heuristic modelling of landslide susceptibility for the whole
territory of Croatia and for two counties, Karlovac County
and Primorsko-Goranska County (Fig. 1). Susceptibility
zonation was performed by experienced landslide scientists,
using knowledge to decide about the relative influence of
factor maps (van Westen et al. 2008).

The Republic of Croatia covers an area of 56,594 km?
and has about 4 million inhabitants. As it is depicted in
Fig. 1, 49% of the Croatian area belongs to the Pannonian
Basin, 51% to the Dinarides and Adriatic Plate (Istrian

Peninsula) (Mihali¢ Arbanas et al. 2017). Mean annual
rainfall ranges from 300 to 1000 mm/year in the Pannonian
part of Croatia to more than 3000 mm/year in the Adriatic
region. Multiple-Occurrence Regional Landslide Events
(MORLE) have been triggered by intense precipitation
events during very wet seasons in 2006, 2010, 2013, 2014,
and 2018. There are no systematic landslide inventories at
the country level, neither archival nor geomorphological.
Risk assessment of the Republic of Croatia (Mihali¢ Arbanas
et al. 2019) showed that the MORLE with the greatest
consequences happened in 2013 (Bernat et al. 2014a, b), and
the most likely MORLE is from 2018 (Bernat Gazibara et al.
2019b). In the winter period of 2012/2013, more than 900
(re)activated landslides were recorded in NW Croatia, and
the largest number was in the Krapina-Zagorje County, with
521 landslides in total.

To develop a national landslide susceptibility map
(Fig. 7), the fuzzy logic method has been applied to 15
different combinations of causal factors, because of lack of
complete landslide inventory. The Area Under the Receiver
Operating Characteristic Curve (AUROC) was used to val-
idate all derived landslide susceptibility maps and the best
was selected as the final one for further classification into
three susceptibility zones (Table 2, Fig. 7) based on natural
breaks classification method. With over 90% of mapped
landslides falling in high and very high susceptibility zones,
the results are considered satisfactory for national scale
landslide modelling. The analysis showed that approxi-
mately 28% of the area of Croatia is potentially prone to
sliding. Particularly landslide-prone areas in Croatia are

Landslide susceptibility map
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Fig. 7 Landslide susceptibility map of Croatia, original scale
1:100,000 (Bernat Gazibara et al. 2022)
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Table 2 Spatial distribution of landslide susceptibility zones in the
Republic of Croatia

Landslide susceptibility zone Area (kmz) Area (%)
Non-susceptible 40,922.37 72.33
Low susceptibility 8144.12 14.39
High susceptibility 7512.43 13.28

lowlands and hills in the Pannonian Basin, the hills of the
Istrian Peninsula and isolated narrow valleys in the Dinar-
ides, such as Rjecina River Valley and Vinodol Valley in
Primorje.

To develop a regional-scale landslide susceptibility map
of the Karlovac County (Fig. 8a) and of the Primorsko-
Goranska County (Fig. 8b) on a medium scale (1:25,000),
the same Fuzzy heuristic approach was used. It was applied
for both counties because of the lack of representative
landslide inventory using the same factor maps were ana-
lyzed for geomorphological and anthropogenic factors. The
main difference in the methodology assessment, compared to
the abovementioned assessment on a national scale, is the

use of a more detailed geological map, i.e., the Basic Geo-
logical Maps on the scale of 1:100,000. Results are more
detailed susceptibility zonations on the county level. Based
on AUROC, several derived landslide susceptibility maps
were validated to select the final one for both counties,
which were classified into three susceptibilities. With over
89% of mapped landslides falling in high and very high
susceptibility zones, the results are considered satisfactory
for regional scale landslide modelling. The analysis showed
that approximately 27% of the area of Karlovac County and
approx. 10% of the area of Primorsko-Goranska County is
potentially prone to sliding (Table 3, Fig. 8a and b). The
highest susceptible areas in Karlovac County are in the
western and north-western part that belongs to the lowlands
and hills of the Pannonian Basin. In Primorsko-Goranska
County located in the Dinarides, several isolated zones
throughout almost whole the county are highlighted, either
in the form of narrow or otherwise relatively small, isolated
zones. A comparison of both county maps with the national
landslide susceptibility map shows that there is more
detailed elaboration on the county map.

Landslide susceptibility map
original scale 1:25.000
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Fig. 8 Regional-level landslide susceptibility maps of the Primorsko-Goranska County and the Karlovac County, original scale 1:25,000
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Table 3 Spatial distribution of

landslide susceptibility zones in

Primorsko-Goranska County and
Karlovac County

Landslide susceptibility class

Non-susceptible
Low

High

3.2 Local Level Assessment

Landslide zoning maps at a large scale can be used for the
determination of hazard zones in areas affected by urban-
ization or large engineering structures and roads. The areas
to be investigated may cover upward of a few hundreds of
square kilometers, yet a considerably higher level of detail is
required at this scale. The detail should be such that adjacent
slopes in the same lithology are evaluated separately and
may obtain different hazard scores depending on their
characteristics, such as slope angle or form and type of land
use. Within the same terrain unit, a distinction should be
made between different slope segments. For example, a
concave slope should receive a different rating, when
appropriate, then an adjacent straight or convex slope. We
present here one example of preliminary large-scale sus-
ceptibility mapping performed for the urbanized hilly area in
the Zagreb city (Croatia) that resulted from local level
landslide susceptibility modelling and zonation. The pre-
sented experience is obtained by Bernat Gazibara et al.
(2019a) through statistical modelling of landslide suscepti-
bility at the pilot area of 21 km? (Fig. 1) that is represen-
tative for the whole Podsljeme area (Bernat Gazibara et al. in
press). Susceptibility zonation was performed by experi-
enced landslide scientists, using high-resolution LiDAR
morphometric derivative maps and univariate statistical
analysis. Landslide susceptibility analysis on a large scale of
1:5000, conducted for the pilot area of the Podsljeme zone
using bivariate statistics, is fully described in the doctoral
thesis by Bernat Gazibara (2019) and here is shortly pre-
sented only necessary information to enable comparison of
input data and resulting information with susceptibility
assessment performed in medium and small scale for
national and regional level zonation.

Podsljeme area of 180 km? is described in the previous
chapter together with its geomorphological historical land-
slide inventory map. In the densely populated area with 56%
settlement construction area, most of the terrain remained in
a natural condition or has been slightly modified by urban-
ization. This enabled the derivation of a complete detailed
inventory (Bernat Gazibara et al. 2019a) by visual inter-
pretation of LiDAR DTM derivative maps.

The landslide susceptibility assessment on a large scale
was performed based on the described landslide inventory
and on a series of geofactors relevant to landslide occurrence

Karlovac County Primorsko-Goranska County

Area (kmz) Area (%) Area (kmz) Area (%)

2816.33 73.24 3216.04 89.65
579.02 15.06 122.91 3.43
450.24 11.71 248.58 6.93

Table 4 Spatial distribution of landslide susceptibility zones in the
Podsljeme area

Landsl