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Landslide and Soil Erosion Inventory Mapping Based 
on High-Resolution Remote Sensing Data: A Case 
Study from Istria (Croatia) 

Sanja Bernat Gazibara, Petra Jagodnik, Hrvoje Lukačić, Marko Sinčić, Martin 
Krkač, Gabrijela Šarić, Željko Arbanas, and Snježana Mihalić Arbanas 

Abstract 

The central part of the Istrian Peninsula (Croatia) is the 
area of the Eocene flysch basin, i.e. “Gray Istria, which is 
prone to weathering and active geomorphological pro-
cesses. The high erodibility of the Istrian marls led to the 
formation of steep barren slopes and badlands exception-
ally susceptible to slope movements. This research 
presents the application of high-resolution remote sensing 
data, i.e., Light Detection and Ranging (LiDAR) data and 
orthophoto images, for landform mapping at a large scale 
(1:500). Visual interpretation of remote sensing data was 
done for the pilot area (20 km2 ) near City of Buzet to 
produce detailed inventory maps for implementation in 
the spatial planning system. There is a lack of detailed 
inventory maps because systematic mapping was not 
performed for any part of Istria until the scientific research 
project LandSlidePlan (HRZZ IP-2019-04-9900), funded 
by the Croatian Science Foundation. After preliminary 
visual interpretation of LiDAR DTM and field 
verifications, it was concluded that four types of 
landforms could be mapped, i.e. badlands, gully and com-
bined erosion, unstable slopes and landslides. The 
research objective is to show the representative examples 
and potential of direct and unambiguous identification and 
mapping of small and shallow landslides and soil erosion 
processes based on the visual interpretation of high-
resolution remote sensing data in flysch-type rock. 
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1 Introduction 

Inventory mapping of slope processes presents essential input 
parameters for multiple spatial analyses such as landslide or 
erosion susceptibility, hazard, and risk assessment (Guzzetti 
et al. 2000; van Westen et al. 2006), especially in the case of 
large-scale hazard zoning (Sinčić et al. 2022). However, the 
traditional landslide and erosional inventory mapping 
methods include field mapping and interpretation of aerial 
photos and satellite images, which produces a limited amount 
of data in case of an inaccessible and overgrown area. There-
fore, the LiDAR data is the only appropriate remote sensing 
tool for landslide and soil erosion mapping in a forest or 
densely vegetated areas. The landslide maps obtained 
through the visual analysis of LiDAR-derived DTMs have 
better landslide area statistics and completeness than the 
inventories obtained through field mapping or the interpreta-
tion of aerial photographs (Eeckhaut et al. 2007). 

One of the priorities for an action plan in the Sendai 
Framework for Disaster Risk Reduction 2015–2030 
(UN 2015) is understanding disaster risk in all its dimensions 
and disseminating location-based information to decision-
makers, the general public, and at-risk communities. There-
fore, the most critical risk reduction measure and mitigation 
of the geohazards’ consequences is creating inventory and 
prognostic maps that should be implemented into the spatial 
planning system for defining building conditions or 
restricting development in erosion or landslide-prone areas. 
The scientific research project Methodology development for 
landslide susceptibility assessment for land-use planning 
based on LiDAR technology (LandSlidePlan, HRZZ 
IP-2019-04-9900), funded by the Croatian Science Founda-
tion (Bernat Gazibara et al. 2022), deals with inventory 
mapping of small and shallow landslides and presents inno-
vative approaches to scientific research of landslide suscepti-
bility assessment using LiDAR technology. Among other 
study areas, selected based on geological settings and degree

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-39012-8_18&domain=pdf
mailto:sanja.bernat@rgn.unizg.hr
https://doi.org/10.1007/978-3-031-39012-8_18#DOI


of urbanisation, the landslide maps will be developed for the 
pilot area in the central part of the Istrian Peninsula (Croatia). 
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2 Study Area 

The Istrian peninsula is a geomorphological unit separated 
from the interior by the limestone mountains of the Ćićarija 
Mt. Istria is geomorphologically composed of a hilly northern 
edge (White Istria), lower flysch hills (Gray Istria) and low 
limestone plateaus (Red Istria). “Gray Istria” is in the inland 
of the Istrian peninsula, where a more continental and 
humid climate prevails. Based on the precipitation data 
recorded at the Lanišće weather station (NE border of the 
Istrian flysch basin) for the past 49 years (from 1961 to 2010), 
this area received mean annual precipitation (MAP) of 
1774.3 mm. 

The study area (19.96 km2 ) is located in the northern part 
of Istrian County, in Gray Istria, and it includes the part of the 
City of Buzet between the valley of the river Mirna in the 
north and the accumulation Butoniga in the south. From the 

geomorphological standpoint, it is a predominantly hilly area 
with most terrain steeper than 12°. Approximately 2.6% of 
the study area has slope angles less than 2°, 9.7% between 
2–5°, 25.5% between 5–12°, 45.5% between 12–32°, 16.1% 
between 32–55° and 1.1% steeper than 55° (Fig. 1a). 

Fig. 1 Study area location and characteristics: (a) slope distribution; (b) geology; (c) land-use 

According to the Basic geological map of Croatia with a 
scale of 1:100,000, most of the study area is composed of 
Middle Eocene sediments (Fig. 1b). Those are represented by 
the alteration of sandstones and marls, also known as flysch 
deposits, with thicknesses ranging from 0.3–7 m (Pleničar 
et al. 1969). Bergant et al. (2003) state that Flysch deposits 
can be divided into upper and lower parts. The lower part of 
the flysch complex is mainly composed of the interbedding of 
marls and carbonate lithological members with occasional 
carbonate megalayers. On the other hand, the upper part of 
the Flysch complex is mainly composed of carbonate turbi-
dite sediments which appear in very thin layers. Alongside 
the Middle Eocene sediments study area comprises Alluvium 
deposits as the youngest lithological member and 
Nummulitic and Foraminifera Limestones as the oldest 
lithological member.
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In Sinčić et al. (2022), a detailed land use classification 
based on high-resolution orthophoto images was performed 
for the study area. As shown in Fig. 1c, 55.8% of the study 
area is covered by forests, 40,7% is an agricultural area, 3.2% 
is artificial (urban), and 0.3% represents water bodies. 
Although the population density is low, the revitalisation of 
old and abundant villages and construction outside of the 
areas defined in the spatial plans due to tourism development 
is present in the interior parts of the Istrian peninsula. 

The central part of Istria is characterised by moderate 
dissection (100–300 m), which is a consequence of the high 
erodibility and low durability of flysch sediments and the 
reason for the frequent occurrence of intense exogenetic 
processes, such as sliding (Arbanas et al. 1999; Dugonjić 
Jovančević and Arbanas 2012; Arbanas et al. 2014), gully 
erosion and badland formation (Gulam et al. 2014.). In addi-
tion, more intensive weathering and selective erosion of less-
durable marls compared with sandstones enable the develop-
ment of deeper weathering profiles with up to 10 m of 
weathered rock mass (Vivoda Prodan and Arbanas 2016). 

Sliding is most often in weathered Eocene flysch-like 
deposits and on contacts between weathered and fresh 
flysch-type rock, especially at places of concentrated flows 
of superficial water (e.g., near roads), which typically cause 
small and shallow landslides (Dugonjić Jovančević and 
Arbanas 2012). Also, block translational landslides are pos-
sible (Arbanas et al. 2010; Mihalić et al. 2011). Landslides 
are mostly small to medium-sized (Fig. 2a, b), with sliding 
surfaces at depths of several meters to a maximum of 15 m 
triggered mostly by precipitations and human activity. 
Dugonjić Jovančević et al. analysed 19 landslides recorded 
as singular phenomena that occurred from 1979 through 
2010, and the general conclusion is that long rainfall periods 
are crucial for initiating landslides. In contrast, short rainfalls 
have a significant influence on erosion. Moreover, debris 
flows (Arbanas et al. 2006), rock falls, and toppling 
(Fig. 2c, d) also become active under the influence of heavy 
rainfall and superficial flows. 

Since 2008, the landslide database for the “Gray Istria” 
was conducted by the Department of Hydrotechnics and 
Geotechnics, Faculty of Civil Engineering, University of 
Rijeka, using documentation collected from the department’s 
archives and the archives of the Istrian County Roads Office 
and the Civil Engineering Institute of Croatia. The collected 
data for the studied landslides contain basic information 
about the location, type, dimensions and time of occurrence 
and other data from geological and geotechnical studies, 
laboratory test reports, remediation designs, etc. However, 
there is a lack of detailed landslide inventories because sys-
tematic inventory mapping was not performed for any part of 
Istria until today. 

Badland formations (Fig. 3) in the central part of Istria are 
predefined by the combination of specific lithology, 
i.e. Eocene flysch deposits, and climate. However, according 
to Gulam et al. (2014), the most important factor in badland 
development and formation is the close contact of the channel 
flow with the accumulated material at the badland slope foot. 
Also, badlands in central Istria are very small, susceptible to 
slope movements and characterised by sparse or no vegeta-
tion. The most extensive single badland area has an area of 
0.08 km2 , according to the badland inventory map made by 
Gulam et al. (2014), based on visual identification and 
mapping of the orthophoto images on a scale of 1:5.000. 
Existing inventory covers approx. 500 km2 in the central 
part of Istria, and the badland area covers 2.2% of the total 
research area. However, there is a lack of previous 
investigations on other soil erosion processes in the central 
part of Istria, such as gully or sheet erosion, and these pro-
cesses were never systematically mapped. 

3 Remote Sensing Data 

Remote sensing data for the study area were acquired in the 
framework of the project “Methodology development for 
landslide susceptibility assessment for land-use planning 
based on LiDAR technology (LandSlidePlan IP-2019-04-
9900)” funded by the Croatian Science Foundation (Bernat 
Gazibara et al. 2022). 

LiDAR scanning using an Airborne laser scanning system 
(ALS) was undertaken in March 2020 using Reigl 
LMS-Q780 long-range airborne laser scanner coupled with 
a high-resolution Hasselblad camera at the average altitude of 
700 m a.s.l.. LiDAR system used in this study acquires data at 
the pulse rate of 400 kHz and horizontal surface accuracy of 
3 cm (XY plane) and vertical accuracy of 4 cm (Z-direction). 
Final Point Cloud has approx. 623 million points, with an 
average point density of 16,09 pt./m2 resulting in average 
point spacing of 0.18 cm. Additionally, the final Point Cloud 
was classified into four distinct classes: (i) default unclassi-
fied points, (ii) ground bare earth points, (iii)vegetation, and 
(iv) noise. Based on the classified Point Cloud bare-earth 
DEM was generated using kriging interpolation method 
resulting in a spatial resolution of 30 cm. 

For the purpose of landslide and soil erosion inventory 
mapping morphometric derivative maps were derived from a 
30 cm resolution digital terrain model (DTM) using ArcGIS 
10.8. software. A total of four types of morphometric 
derivatives were used; (i) hillshade map, (ii) slope map, (iii) 
roughness map (Surface/Area Ratio, SAR), and (iv) stream 
power index map (SPI). 

Hillshade map represents a pseudo-three-dimensional 
visualisation of the terrain surface used for the visual



interpretation of morphological terrain characteristics 
(Guzzetti et al. 2012). The map was derived using ArcGIS 
10.8. Spatial Analyst extension Hillshade by simulating the 
illumination conditions that are defined by the azimuth of the 
light source (0° to 360°) and the angle of incidence of light 
rays (0° to 90°). The resulting map has the value of surface 
brightness for each cell ranging from 0 to 254, depending on 
the illumination conditions (Jenness 2007). The final 
hillshade map was derived using illumination parameters 
315°/45° and 45°/45°. 
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Fig. 2 Badlands in the Istrian flysch area 

Slope map represents the spatial distribution of the terrain 
slope angle (gradient or steepness) ranging from 0°-90°. As  

well as the hillshade map the slope map enables the identifi-
cation of characteristic geomorphological elements such as 
landslide and erosion boundaries (Ardizzone et al. 2007). The 
map was derived using ArcGIS 10.8. Spatial Analyst exten-
sion Slope which calculates the average slope angle value 
using a 3 by 3 cell moving window to process the data for the 
same (central) pixel and the eight surrounding pixels’ angle. 

Terrain roughness map represents the local variability in 
the slope angle, terrain elevation, and slope orientation. For 
the purpose of the landslide and erosion inventory mapping 
Surface/Area Ratio (SAR) map proposed by Berry (2002)



was used. The map represents the ratio between 2D and 3D 
terrain maps using the following expression (Berry 2002): 
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Fig. 3 Landslides activated in December 2020 in the Istrian flysch area 

SAR= 
c2 

cos slp π 
180 

ð1Þ 

where c is the DTM cell size, slp is the slope map in degrees 
derived from the LiDAR DTM. The final SAR map was 
classified into two categories using the quantile classification 
method. 

Stream power index (SPI) map represents the erosive 
power of the surface water runoff (Moore et al. 1991). For 
the calculation of the SPI, it is necessary to derive a flow 
accumulation map and slope angle map. The flow accumula-
tion map represents accumulated flow as the accumulated 

weight of all cells flowing into each downslope cell in the 
output raster. The stream power index map was derived using 
the Raster calculator implemented in ArcGIS 10.8. following 
the equation proposed by Moore et al. (1991): 

SPI= ln flow accumulationð Þ× slp 
100

ð2Þ 

where flow accumulation is the value of each cell on the flow 
accumulation map and, slp is the slope map in degrees 
derived from the LiDAR DTM. The final SPI map was 
classified into four categories using the quantile classification 
method. 

High-resolution digital orthophoto images of 0.5 m reso-
lution for different periods are available via Web Map



Service (WMS) on The Geoportal of the State Geodetic 
Administration (SGA). Orthophoto images used for interpre-
tation of badland areas and verification of visual interpretated 
landslides based on LiDAR data is from 2020. 
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4 Results 

Visual identification and mapping of landform features were 
made on the study area (20 km2 ) at a large scale (1:500) to 
produce detailed landslide and erosion inventory maps for 
implementation in the spatial planning system. After a pre-
liminary visual interpretation of LiDAR DTM and field 
verifications, it was concluded that four types of landforms 
could be mapped, i.e. badlands, gully and combined erosion, 
unstable slopes, and landslides. 

4.1 Badlands 

Badlands were identified and mapped starting from the 
orthophoto images (year 2020, resolution 0.5 m) available 
for the territory of the Republic of Croatia on the State 
Geodetic Administration website. The badland areas were 
identified as landforms with sparse or no vegetation in the 
surrounding areas. In addition, most of the badlands in the 
study area are characterised by a sandstone cap, representing 
an erosive base level. The boundary of the badland-affected 
slope was additionally mapped in detail on the LiDAR DTM 
derivatives, i.e. a combination of hillshade map, 65% trans-
parent slope map and 1 m contour map. Differences between 
orthophoto and LiDAR interpretation were significant 
(Fig. 4), on some locations, the difference was up to 20 m. 
The unique ID, type of badlands and the total area covered by 
the erosion process were associated with each mapped land-
form. There are three morphological types of badland areas in 
the study area, following the classification developed by 
Moretti and Rodolfi (2000). Type “A” develops because of 
the action of concentrated water runoff and results in sharp 
and dissected landforms, very dense drainage patterns and 
deep V-shaped channels. Type “B” is mainly due to superfi-
cial slides of soil or regolith on the unweathered substratum, 
resulting in gentler slopes and less dense drainage patterns, 
i.e. it represents a natural evaluation of type A badlands due 
to landform smoothing and vegetation growth (Ciccacci et al. 
2008). Type “AB” is an intermediate landform between 
Type A, where the dominant process is vertical erosion, and 
Type B, where superficial sliding prevails. Classification of 
each mapped badlands area was performed based on LiDAR 
data derivatives because shadows on orthophoto images 
disabled the possibility of identifying the degree of landform 
dissection and drainage network density. 

4.2 Gully and Combined Erosion 

Based on the LiDAR DTM derivatives, the identification and 
detailed mapping of different types of soil erosion processes 
is widely used (Vanmaercke et al. 2021). The whole method-
ology for the identification and mapping of a gully, com-
bined, and sheet erosion using the visual interpretation of 
high-resolution LiDAR DTM is presented in Đomlija et al. 
(2019) and Jagodnik et al. (2020). Furthermore, Đomlija et al. 
(2019) proved that only gully and combined erosion phenom-
ena could be mapped with a high geographical and thematic 
accuracy using LiDAR data. Sheet erosion, however, can 
only be indirectly identified on certain LiDAR DTM 
derivatives based on the recognition of colluvial deposits 
accumulated at the foot of the eroded slopes. Considering 
the potential of high-resolution LiDAR data for soil erosion 
mapping, only gully and combined erosion were mapped in 
the study area. Gullies with a width of more than 3 m and 
wider areas affected by combined erosion were mapped by a 
single polygon (Fig. 5). 

Gully erosion was easily recognised due to the elongated 
or branchy shape of gully channels on hillshade, slope and 
SPI maps. The SPI approximates the potential locations and 
magnitude of the gully formation, and higher values of the 
SPI indicate a high erosional capacity, while lower values 
indicate ridges. The wider area affected by combined erosion 
can be precisely delineated based on the disturbed slope 
surface appearance on the hillshade map, the small-sized 
drainage networks on the SPI map and the rough surface on 
the SAR maps. Furthermore, all areas identified as combined 
erosion are located within the relief concavities, with gullies 
formed in their central parts. The rough texture of the affected 
areas (Fig. 5b) distinguishes the soil erosion area from the 
surroundings, while the highest values are assigned to bad-
land areas. A high level of precision in mapping the gully and 
combined erosion phenomena was achieved by drawing the 
separate portions of polygons based on the visual analysis of 
different LiDAR DTM derivatives and subsequent merging 
of drawn lines into a unique polygon while mapping. 

4.3 Unstable Slopes 

Unstable slopes were categorised as areas with different types 
of landslide mechanisms on the artificial slopes (Fig. 6). 
During intense rainfall events, there are a large number of 
slope movement processes on the artificial slopes along the 
roads, including superficial sliding, falling and toppling. 
Examples of slope movements on unstable slopes along the 
roads after extreme rainfall events in December 2020 are 
shown in Fig. 2c, d. Furthermore, most of these slope 
instabilities have a small volume that can be removed quickly



after initiation during emergency road maintenance. Consid-
ering the removal of colluvium from the roads, most of the 
landslide phenomena on artificial slopes will not be visible on 
LiDAR DTM derivatives unless laser scanning is recorded 
immediately after the landslide event. Furthermore, if visible 
on the LiDAR DTM derivatives, the exact landslide 
boundaries could not be mapped due to the coalescence of 
superficial landslides or poor contrast between affected and 
unaffected areas due to the intense erosion. 
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Fig. 4 Badland inventory mapping: (a) interpretation based on digital orthophoto map; (b) interpretation based on LiDAR DTM derivatives 

4.4 Landslides 

Landslide identification on the LIDAR DTM morphometric 
derivatives (Fig. 7) is based on recognising landslide features 
(e.g., concave main scarps, hummocky landslide bodies and 
convex landslide toes). A digital orthophoto map from 2020 
(Fig. 7a) was used during landslide identification to check the 
morphological forms along roads and houses, such as artifi-
cial fills and cuts, which can have a similar appearance to 
landslides on DTM derivatives. Each mapped landslide poly-
gon was assigned with the landslide type and certainty of



mapping, e.g., accuracy and precision. The certainty of land-
slide identification was expressed as ‘high certainty’ where 
the landslide parts and morphology are clearly visible and 
easy to identify and ‘low certainty’ where the landslide parts 
are not clearly visible or are missing, and the landslide 
morphology is unclear, i.e., landslide identification is not 
with high reliability. The precision of mapping was expressed 
as ‘high precision’ where the landslide boundaries (crown, 
flanks, and toe) are clearly visible, and landslide mapping can 
be performed with high spatial accuracy; and ‘low precision’ 

where the landslide boundaries are smooth and unclear, 
i.e. where landslides are assumed based on a zone of depres-
sion/ accumulation and landslide boundary mapping is with 
low spatial accuracy. 
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Fig. 5 Gully and combined erosion inventory mapping: (a) interpretation on transparent slope map over hillshade map; (b) interpretation on 
transparent SAR map; (c) interpretation on transparent SPI map 

At the beginning of the landslide inventory mapping pro-
cess, Lukačić et al. 2022 conducted research in which seven 
landslide researchers interpreted landslides on LiDAR data 
on a small part of the study area (0.3 km2 ). Landslide 
researchers had different levels of LiDAR mapping experi-
ence and knowledge of the study area. The results were



significant differences in LiDAR interpretation among land-
slide experts (Fig. 8), which did not depend on previous 
knowledge of the study area, but on the experience and skill 
of interpreting LiDAR data. The final matching of landslide 
inventories produced by eight experts was less than 30%. 
Furthermore, obtained results show that the same pilot area 
must be mapped multiple times to accomplish a high-
accuracy landslide inventory map (Lukačić et al. 2022). 
Landslide inventory mapping was back and forth between 
LiDAR interpretation in the cabinet and field verification 
because it was necessary to calibrate mapping skills in the 
Istrian flysch terrains. During the field verification, the num-
ber of unconfirmed and confirmed landslides with modified 
landslide boundaries indicated that the common recommen-
dation about verifying 10% of landslides in the landslide 
inventory (Galli et al. 2008) is not sufficient in the pilot 
area with complex geology settings and multi-hazard pro-
cesses. Therefore, to ensure the accuracy of the landslide 
inventory map, it is necessary to increase the ratio of field-
verified and confirmed landslides related to the total number 
of landslides in an inventory map (Lukačić et al. 2022). 
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Fig. 6 Interpretation of unstable slopes based on LiDAR DTM derivatives, i.e. hillshade and slope map 

The biggest challenge was landslide identification and 
mapping in the affected by gully and combined erosion and 
badland areas (Fig. 9). Every inch of erosion-affected area is 
disturbed due to the slope processes, and because of that, it 

was very hard to distinguish sliding from erosion processes 
on LIDAR DTM derivatives. Furthermore, due to the higher 
certainty of the final landslide inventory, only landslides with 
clearly visible depression and accumulation zones were 
mapped in soil erosion areas. 

5 Application in the Spatial Planning 
System 

Detailed landslide and soil erosion inventory maps (M 1:500) 
of the study area (20 km2 ) in Istrian flysch-type rocks consist 
of four types of landforms, i.e. badlands, gully and combined 
erosion, unstable slopes, and landslides (Fig. 10a). Potential 
users of landslide and soil erosion inventory data and infor-
mation differ widely (Wold et al. 1989), although they can be 
divided in four general categories are (1) scientists and 
engineers who use the information directly; (2) planners 
and decision-makers who consider landslide hazards among 
other land-use and development criteria; (3) developers, 
builders, and financial and insuring organisations; and 
(4) interested citizens, educators, and others with little or no 
technical experience. The main purpose of derived 
inventories is an implementation in the spatial planning sys-
tem and application in further large-scale landslide



susceptibility assessment. Inventory maps could be used to 
manage landslide and soil erosion hazards in populated areas 
by excluding development or by proposing requirements for 
minimum on-site geotechnical investigations in the frame of 
slope stability assessment before constructing in areas 
endangered by registered landslides or soil erosion processes. 
The approach of avoiding erosion and landslide-prone areas 
is rarely feasible, and it is neither possible nor desirable to 
proscribe development in any urbanised area. However, the 

USGS proposal for a national landslide hazards mitigation 
strategy (Spiker and Gori 2000) summarises the major miti-
gation approaches, including: (1) restricting development in 
landslide-prone areas; (2) enforcing codes for excavation, 
construction, and grading; (3) engineering for slope stability; 
(4) deploying monitoring and warning systems; and 
(5) providing landslide insurance. 
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Fig. 7 Landslide inventory mapping based on LiDAR DTM 
derivatives, i.e. hillshade, slope and contour map 

Based on the USGS strategy, we defined two zones with 
measures applicable to spatial plans at the local level. The 
first zone was determined based on the extent of badland 
areas and includes restricting development, i.e., a ban on 
expanding construction areas in the badlands areas. The 
second zone includes areas affected by gully and combined 
erosion and shallow landslides, in which a spatial plan mea-
sure enforces codes for excavation and construction. In 
Fig. 10b it is shown an example of zoning based on the 
close-up extent of derived landslide and erosional landslide 
inventory. 

Regardless of restricting development in badland areas, 
several badlands areas in central Istria have a large potential 
as geoturisam sites because of their often great esthetical 
value or picturesque nature. Furthermore, if well managed, 
gullies can become productive and biodiverse hotspots that 
play a key role as ecological corridors (Romero-Díaz et al. 
2019). 

6 Discussion and Conclusion 

The findings of this study inform which LiDAR-based mor-
phometric maps are the most effective in providing geomor-
phological clues and which landslide and erosion processes 
can be identified and mapped with high geographical and 
thematic accuracy using high-resolution remote sensing data. 
Furthermore, the proposed methodology for accurately 
identifying and detailed inventory mapping of badlands, 
gully and combined erosion, unstable slopes and landslides 
on a large scale can be used as guidance in future studies in 
areas with similar geological settings and degree of 
urbanisation. 

Although the visual interpretation of LiDAR DTM 
derivatives and manual mapping of landslide and soil erosion 
landforms is time-consuming, it is considered that the same 
quality of the results could not be obtained by using the 
conventional geomorphological mapping methods, given 
the specific topographic characteristics of the studied area, 
i.e. inaccessible and densely vegetated area. Furthermore, the 
possibilities of using the automated landslide and soil erosion 
mapping methods are limited regarding the numerous artifi-
cial traces on the affected surface that are not topographic 
signatures of geomorphological processes. However, the 
possibilities of visual recognition of landslide and soil ero-
sion phenomena, and thus the quality of the mapping results,
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Fig. 8 Result of visual landslide interpretation carried out by seven landslide experts with different LiDAR mapping experience and knowledge of 
the study area 

Fig. 9 Example of landslide mapping in areas affected by gully and combined erosion on LiDAR DTM derivatives



strongly depends on the spatial resolution of used remote 
sensing data and researcher experience in interpreting 
LiDAR DTM derivatives because accurate and precise 
delineating of the landforms can be complex mapping 

challenge. By analysing inventory completeness and size of 
mapped landforms, we can estimate the quality of LiDAR-
derived inventory maps (Bernat Gazibara et al. 2019a, b). 
Therefore, the LiDAR-base landslide and erosion inventory 
maps prepared using the proposed mapping procedure are 
usually considered sustainably complete for future 
applications, such as landslide and erosion susceptibility 
assessment or estimating temporal changes in gully erosion. 
Furthermore, a detailed inventory map derived based on 
visual interpretation of high-resolution remote sensing data, 
combined with landslide and soil erosion susceptibility maps, 
provides appropriately detailed input data for defining 
measures in local-level spatial plans. Derived inventory 
maps can be used to manage landslide and soil erosion 
hazards in populated areas by restricting development in 
badland areas or enforcing codes for excavation and con-
struction in areas endangered by registered landslides or 
gully and combined erosion processes.

374 S. Bernat Gazibara et al.

Fig. 10 Application of landslide and soil erosion inventory maps in the 
spatial planning system: (a) close-up extent of final inventory map; (b) 
derived map with defined spatial plan measures 
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