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Abstract This paper presents the application of Light 
Detection and Ranging (LiDAR) data for landslide 
identification and mapping in the pilot area at the Istria 
Penninsula (Croatia) and the analyses on the influence of 
expert knowledge on the quality of landslide inventory. 
Visual interpretation of landslides was carried out on high-
resolution airborne laser scanning (ALS) LiDAR dataset. 
Scanning was taken in March 2020 for the pilot area in the 
City of Buzet. Based on the characteristics of the acquired 
LiDAR Point Cloud, a bare-earth digital elevation model 
(DEM) with 30 cm resolution was created. Different 
topographic derivative datasets such as slope, hillshade, 
contour lines, and roughness maps were created to 
interpret the LiDAR data. Eight experts with different 
levels of expert knowledge on LiDAR interpretation were 
given one week to carry out visual identification and 
mapping of potential landslides in the pilot area (0.3 km2) 
at a large scale (1:200) to provide detailed landslide 
mapping. Statistical analyses were performed based on the 
collected data to determine differences in the mapping 
accuracy and the number of recognized landslides by the 
experts. Results show that the experts familiar with the 
geology of the study area and potential landslide 
mechanics obtained better results than the experts who 
mapped landslides based on only ordinary topographic 
and geomorphological features specific for landslides. 
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Introduction 

Landslide inventory maps present essential input 
parameters for multiple regional spatial analyses such are 
landslide susceptibility, hazard, and risk assessment 
(Guzzetti et al. 2000; van Westen et al. 2006) and to 
establish a pattern between landslide occurrence and 
geological and geomorphological conditions. 
Unfortunately, Croatian local governments do not have 
reliable data about past landslide locations, so the main 
problem with the current landslide hazard and risk 

management practice in Croatia is insufficient landslide 
inventory archives  However, 
the traditional methodology for producing landslide 
inventory maps includes field mapping, which produces a 
limited amount of data, in case of inaccessible and 
overgrown areas and, consequently, only a rough 
estimation of a number of landslides. Therefore, the 
traditional engineering geological field mapping is time-
consuming and ineffective for large study areas.  

Remote sensing methods, such as airborne LiDAR, 
are used for visual landslide interpretation with high 
accuracy and precision, resulting in substantially complete 
inventory maps . 
LiDAR is a fully automated, modern remote sensing 
technology that uses light beams in a pulsed laser to 
acquire ground elevation data (Wehr and Lo
Based on the characteristics of the acquired LiDAR Point 
Cloud, primarily due to high point density, it is possible to 
produce high-resolution Digital Terrain Models (DTM). 
High-resolution Digital Terrain Models are used in various 
studies, especially landslide mapping (Schultz, 2007; Bell 
et al. 2012; ). However, 
to use high-resolution LiDAR Point Cloud for such 
purposes is mandatory to automatically filter vegetation 
and all other above-earth 
bare-earth DEM. Landslides are usually located in forest 
areas or covered by dense vegetation making LiDAR the 
only appropriate remote sensing tool in landslide mapping 
(Gold, 2004). Several different morphometric maps can be 
derived for the LiDAR dataset, such as slope, hillshade, 
contour, and roughness map to present specific landslide 
topography.  

This study aims to demonstrate how expert 
knowledge on LiDAR data interpretation and familiarity 
with geological and geomorphological conditions of the 
study area influences the results of landslide identification 
and mapping. The paper hypothesis is that the 
landslide identification and mapping by several experts 
with different experiences in LiDAR mapping and 
knowledge about a research area will result in higher 
accuracy of landslide inventory maps.
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Study area 

The City of Buzet is located in the northern part of the 
Istria Peninsula in the western part of Croatia. From the 
geomorphological point of view, it is the part of the mega-
geomorphological region of the Dinaric Mountain Belt and 
macro-geomorphological region of the Istrian Peninsula 
with the Kvarner Bay coastal region and archipelago 
(Bognar, 2001). 2 of the 
hilly area (Fig. 1), southwest of the i ountain 
Range. According to Corine Land Cover ( ) the current 
land use of the investigated area includes 14.2 km2 of 

2 of agricultural areas, and 0.004 km2 of 
water bodies. Therefore, according to the Corine Land 
Cover classification, there are no artificial surfaces. 

Slope angle in the wider study area is steeper than 5° 
 area, while the prevailing slope angles 

have a range of 5°– study area) and 12°–32° 
study area), making this area potentially prone 

to landslides (Fig. 1a).  
The wider study area (Fig. 1b) is dominantly 

consists of an alteration of marls and sandstones (flysch 
deposits), breccia deposits, nummulitic limestone, and 
limestone deposits. Marls are clayey, greenish to 
yellowish-grey, sporadically loose due to the weathering, 
sporadically compact due to higher calcium carbonate 
content. Sandstones are fine-grained, blue to yellowish 
and grey. They are very hard due to their higher calcium 
carbonate content. If there is more lime binder present, 
they turn into sandy limestone. They appear in layers from 
1 cm to 1-2 m tick. The total thickness of this part of the 

 
Characteristics of flysch rock mass imply that 

lithological contact between the highly weathered flysch 
deposits and fresh Eocene flysch is highly susceptible to 
landsliding. Landslides in such geological and 

geomorphological environments are mainly small to 
medium-sized landslides. 

According to Köppen-Geiger climate classification 
(Köppen , the climate of the City of Buzet belongs to 
the "Cfa" climate class, which is temperate with no dry 
season, hot summer and coldest months averaging above 
0°C. Mean annual precipitation (MAP) is 1200 – 1300 mm, 
and landslides are primarily induced by rainfall (Bernat et 
al. 2014a). 
 
 

 

LiDAR data for the study area were acquired in the 
ect “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”. Airborne laser scanning (ALS) was taken in 
March 2020, using Eurocopter EC 120B equipped with 
Hasselblad camera and Riegl LMS- -range 
airborne laser scanner. The LiDAR system used in this 
study captured data at the pulse rate frequency of 400 kHz 
with the surface point horizontal accuracy of 3 cm and 
vertical accuracy of 4 cm. Final Point Cloud has 
approximately 623 million points with a point density of 

Based on the point density and average point spacing, the 
final LiDAR dataset was used to create a bare-earth DEM 
with a 30 cm resolution using the kriging interpolation 
method. 

The hillshade, slope, contour, curvature, and surface 
roughness maps were derived from the 30 cm resolution 
digital terrain model (Fig. 2). Derivatives of the LiDAR-

from the LiDAR DTM. For calculating curvature and 
surface roughness, an additional ArcGIS Toolbox 
Geomorphometry and Gradient Metrics (Evans et al. 2014) 
were used. 
 

 

 
Figure 1 Study area in the City of Buzet with the outline of the pilot 
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For this paper, landslide identification was done for the 0.3 
km2 on the topographic derivative maps. Landslide 
mapping is based on identifying the main landslide 
features such as main and minor scarps, sudden changes 
in a slope topography, and landslide foots. Hillshade maps 
produced with different azimuth angles of the light source 
(45°and 315°) with the altitude angle of the light source 
above the horizon set to 45° were used to avoid shades 
covering landslide features. Along with the hillshade map, 
the slope map (Fig. 2b) and curvature map (Fig. 2c) were 
used to interpret changes in the slope topography, such as 
main landslide scarp and landslide foot (Ardizzone et al. 
2007). Terrain roughness map computed by methodology 
proposed by Riley et al. alize 
elevation or slope angle changes to identify unstable 
slopes. 

Eight experts with different levels of expert 
knowledge in LiDAR interpretation and different levels of 
knowledge of the study area were given one week to carry 
out the visual identification and mapping of potential 
landslides on the pilot area (0.3 km2). Seven experts 
independently mapped the landslides on the pilot area, 
while E procedure of 
Experts 5 and Expert 6 mentored by an Expert with high 
LiDAR mapping experience in a similar geomorphological 
environment. Experience in landslide identification on the 
topographic derivative maps was expressed as ‘high’, 
‘medium’, ‘low’, and ‘no experience’ for each Expert (Table 
1). LiDAR mapping experience was defined as ‘high’ for 
experts who are very experienced in landslide mapping, 
‘medium’ for experts familiar with landslide mapping but 
didn’t do it regularly, and ‘low’ 
recently started working with LiDAR data. ‘No experience’ 
category was reserved for the Expert who mapped 
landslides for the first time using a LiDAR dataset. 

On the other hand, research knowledge of the study 
area was expressed as ‘high’, ‘medium’, and ‘low’ for each 
Expert (Table 1). Research knowledge of the geological and 
geomorphological conditions of the study area was 
defined as ‘high’ for experts who are familiar with the 
geological and geomorphological setting and have 
previous experience with landslide occurrences in similar 
conditions, and ‘medium’ for experts who have some 
experience and basic knowledge about landslide 
occurrences in similar geological and geomorphological 
conditions. Finally, research knowledge about geological 
and geomorphological conditions was expressed as ‘low’ 
for experts unfamiliar with the study area.  

Landslide mapping was done at a large scale (1:200 - 
500) to ensure detailed mapping of landslide boundaries. 

check geomorphological forms, which can have a similar 
appearance to landslides on DTM derivatives.  

Landslides identified by experts at the LiDAR dataset 
were checked during the field survey in January 2022. 
Boundaries of the checked landslides were eventually 
modified in the field based on landslide morphology, so 

the resulting landslide inventory consisted of correctly 
identified and mapped landslides. 

Statistical analyses were performed based on the 
collected data using the polygon-based approach to 
compare different experts inventory maps with valid 
inventory maps (Van Den Eeckhaut et al. 2005). The 
analysis included determining the number of mapped 
landslides and the total area affected by landslides for each 
Expert. Processed data were then compared with the 
verified landslides in the inventory. Furthermore, the 
number of correctly identified landslides were determined 
for each Expert. Finally, for each Expert, the ratio of 
correctly identified landslide area and a total area of 
confirmed landslides was determined, Table 2. 

 
 

 

Figure 2 Composite display of the landslide (40 × 40 m) at an 
orthophoto and three different topographic derivative DTM 
maps with contour lines (1 
(b) transparent slope map on the hillshade map; (c) curvature 
map; and (d) transparent surface roughness map on the hillshade 
map. 

 
 
Table 1 Levels of expert knowledge in LiDAR mapping and 
research knowledge of study area. 

Expert no. LiDAR mapping 
experience 

Researcher knowledge 
on study area 

Expert 1 Low High 
Expert 2 Medium Medium 
Expert 3 High Medium 
Expert 4 High Medium 
Expert 5 Low Low 
Expert 6 Low Low 
Expert 7 No experience Low 
Expert 8 Medium High 
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Results 

The landslide inventory map has been produced on a small 
part (0.3 km2) of the City of Buzet area. The initial 
landslide inventory map produced by eight experts 
consisted 
around 0.037 km2 
the mapping area (0.30 km2). Mapped landslides extend 
from 5.00 m2 mapped by Expert 2, to 2 mapped 
by Expert 1. Fig.  
in the pilot area.  

Based on the collected data by seven experts, field 
verification of the produced landslide inventory was 
undertaken. Because the field verification was carried out 
cautiously and systematically, not all the landslides were 
verified during this paper preparation. The field 
verification included checking landslide boundaries and 
modifying them according to landslide morphology in the 
field. As shown in Fig. 
were verified. During the field verification of landslides in 
the central part of the pilot area, it was noticed that a large 
number of landslides was mapped on slopes with active 
erosion. Also, it was noticed that the detailed mapping of 
landslide boundaries at erosion affected slopes is not 
unambiguously because landslide boundaries 
to changes during a short period of time. Therefore, it was 
decided to exclude all previously mapped landslides 
within the erosion areas and declare that they are a part of 
multi-hazard areas, including erosion and landslides 
processes and badland morphology. After the field 
verification, landslides were divided into four categories: 
confirmed landslides (  of 
mapped landslides), confirmed landslides with modified 
boundary ( ), unconfirmed landslides ( ) and 
abolished landslides within multi-hazard areas (1 ). 

during the field survey and were excluded from further 
analysis. 

For each Expert, an average of 72
landslides were verified. As indicated in Table 2 number of 

landslide mapped on the field can contain more than one 
landslide indicated by an expert on LiDAR DTM. That 
explains the more significant number of verified landslides 
for some experts than the smaller number of verified 
landslides for other experts. For example, Expert 1 mapped 
one landslide of  m2 while Expert 2, within the same 
boundaries, mapped three smaller landslides with areas 
ranging from 102.36 m2 to 532.54 m2. Furthermore, the 
average size 2 

for Expert 2 up to 1434.77 m2 for Expert 1, which indicates 
that Expert 2 mapped primarily small to medium-sized 
landslides. On the other hand, Expert 1 identified and 
mapped predominantly large landslides.  

The landslide mapping analyses included 
overlapping individual expert inventories with the 
inventory that includes only confirmed landslides and 
confirmed landslides with modified boundaries, i.e. 
confirmed landslide inventory. The pixel-based approach 
was applied, and the number of landslide pixels mapped 
by experts within the limits of confirmed landslides was 
calculated. As the result, the total calculated area affected 
by confirmed landslides was 0.007 km2 or approx. 
the pilot area. Based on the confirmed landslide inventory, 
statistical analysis was undertaken. Analysis shows 
significant discrepancies between eight experts in the 
landslide mapping accuracy. As shown in Table 2 
percentage of correctly mapped landslides varies 
significantly between experts. The accuracy and precision 
of landslide mapping depend on LiDAR mapping 
experience and knowledge about geological settings and 
geomorphological processes in a study area
the highest percentage of correctly mapped landslide area 
(70,04  of individual landslide inventory). This result can 
be explained with repeated mapping procedures by two 
experts, Expert 5 and Expert 6, who were mentored by the 
Expert with high LiDAR mapping experience in similar 
geomorphological environments. On the other hand, 
Expert 7 has the smallest percentage of correctly mapped 
landslides,  of landslide area matched with 
confirmed landslide inventory, which is expected since 
Expert 7 has the lowest knowledge on geological and 
geomorphological characteristics of the study area and 
experience with LiDAR mapping. Other results range from 

for Expert 1 (low LiDAR mapping experience and 
high researcher knowledge of study area for 
Expert 5 (low LiDAR mapping experience and low 
researcher knowledge of study area). Expert 2 (medium 
LiDAR mapping experience and medium researcher 
knowledge of study area) and Expert 3 (high LiDAR 
mapping experience and medium researcher knowledge of 
study area) have a similar percentage of correctly mapped 
landslides which is 
Expert 3. Based on the results presented in Table 2, it can 
be concluded that the percentage of correctly mapped 
landslide area directly depends on LiDAR mapping 
experience and researcher knowledge of the study area. 
Also, it can be concluded that if more than one expert is 
involved in landslide mapping in the study area, the result 
will be a more accurate landslide inventory.  
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Table 2 Landslide mapping results based on expert knowledge on LiDAR mapping and research knowledge of the study area. 

Expert no. Number of 
mapped 
landslides 

Number of 
verified 
landslides 

Minimal area 
of confirmed 
landslide 
(m2) 

Maximal area of 
confirmed 
landslide 
(m2) 

Average area 
of confirmed 
landslides 
(m2) 

Correctly 
mapped 
landslide area 
(m2) 

Percentage 
of correctly 
mapped 
landslide 
area (%) 

Expert 1 16 13 440.42 5791.88 1434.77 1822.79 25.47 
Expert 2 76 38 5.04 681.72 166.49 2962.98 41.40 
Expert 3 44 29 11.87 949.78 194.19 2858.13 39.94 
Expert 4 21 18 23.00 663.00 223.06 2079.00 29.05 
Expert 5 49 36 14.00 1134.00 276.47 3518.37 49.16 
Expert 6 26 20 42.00 1208.00 527.75 2348.19 32.81 
Expert 7 7 7 120.00 1437.00 724.00 1457.46 20.37 
Expert 8 109 49 15.88 1217.40 253.06 5012.19 70.04 

 
 
 

 
Figure 3 Landslide inventory map produced by the experts with indicated confirmed landslides and erosion. 
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Discussion and conclusion 

This study demonstrated the efficiency and accuracy of the 
airborne LiDAR data on landslide identification and 
mapping and the influence of the expert knowledge on the 
research results. Landslide interpretation of the pilot area 
(0.3 km2) was done using the 30 cm DTM and its 
derivatives such as the hillshade, slope and contour maps. 
Seven experts with different levels of expert knowledge in 
LiDAR interpretation and study area were given one week 
to carry out visual identification and mapping of potential 
landslides to provide detailed landslide mapping at a large 
scale of DTM maps. The initial landslide inventory map 
produced by seven 
making up the total landslide area of 0.037 km2. In 
addition, the field verification was conducted on 
landslides or 51.2  of the total number of landslides in the 
inventory. Based on the total number of verified 
landslides, 37.6  
confirmed with modification of landslides boundaries, 
33,3  abolished since a landslide 
location was inside multi-hazard areas  
landslides remained unconfirmed. The number of 
unconfirmed and confirmed landslides with modified 
landslide boundary during the in situ verification pointed 
that the common recommendation about verification of 

landslides in the final landslide inventory, is not 
sufficient in the pilot area as well as areas with complex 
geology settings and multi-hazard processes. Therefore, to 
ensure the accuracy of the landslide inventory map, it is 
necessary to increase the ratio of in situ verified and 
confirmed landslides related to the total number of 
landslides in an inventory map. 

The analysis of landslides mapped by seven experts 
showed that the experience and knowledge about a 
research area play a crucial role in landslide recognition in 
complex geological conditions such are flysch formation in 
the City of Buzet wider area. Furthermore, obtained results 

, which 
procedure of three Experts, show that the same pilot area 
needs to be mapped multiple times to accomplish a high 
accuracy landslide inventory map.  
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