
2020 | 73/1 | 13–28 | 11 Figs. | 2 Tabs. | www.geologia-croatica.hr
 Journal of the Croatian Geological Survey 
and the Croatian Geological Society 

 
Landslide types in the Slani Potok gully, Croatia
Petra Jagodnik1, Vedran Jagodnik1, Željko Arbanas1 and Snježana Mihalić Arbanas*,2

1 Faculty of Civil Engineering, University of Rijeka, HR-51000 Rijeka, Croatia 
2 Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb, HR-10000 Zagreb, Croatia; (*corresponding author: smihalic@rgn.hr)

doi: 10.4154/gc.2020.04 

Abstract
The Slani Potok gully (0.48 km2) is situated in the central part of the Vinodol Valley (64.57 km2) 
in Croatia, and it was formed in the Eocene flysch deposits. So far, the area of Slani Potok has 
been mainly referred in the scientific literature as being subjected to unusually intense soil ero-
sion processes (i.e., ‘’excessive erosion’’), associated with landslides. However, the landslides 
were never investigated in detail, given the available research methods only involved field inves-
tigations. Therefore, the landslide types according to the most commonly used landslide clas-
sifications have remained undetermined. In this paper, landslide types in the Slani Potok gully 
are presented, identified and mapped based on the visual interpretation of seven different LiDAR 
topographic derivatives computed from the 1 x 1 m DTM available from March 2012. The geo-
morphological historical landslide inventory of the Slani Potok gully was created, consisting of 
181 landslide phenomena. Landslides cover 69 % of the area (0.33 km2) of the Slani Potok gul-
ly. The size of the smallest landslide is 65 m2, and of the largest is 10,563 m2. Landslides are 
very small to moderate-small, shallow to moderate-shallow, and mainly successive in distribu-
tion. Most of the landslides initiate along the margins of the gully channel walls, and extend to 
the gully channel bottom. Such a large number of identified landslides, as well as their specific 
spatial arrangement within the gully, indicates that sliding processes predominantly affect the 
morphologic development of the Slani Potok gully, and that the soil erosion is the secondary 
process in the study area.
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ence of swelling minerals, sodium rich pore water, and the occur-
rence of the mineral thenardite (Na2SO4) (JURAK et al., 2005), 
which has been documented as the first discovery of this mineral 
in Croatia (MILEUSNIĆ et al., 2004). Thenardite was also ob-
served in the Eocene flysch bedrock in the upper part of the Slano 
Blato landslide (KOŠIR et al., 2013) located in the Vipava Valley 
in Slovenia, which is characterized by geological conditions simi
lar to the geological conditions in the Vinodol Valley.

Landslides and soil erosion, as well as the engineering geo-
logical conditions in the Slani Potok area have been investigated 
since the middle of the last century. Historical data about land-
slides can be found in several important engineering geological 
and geotechnical reports that provide information about materials 
and geological contacts between the superficial deposits and the 
bedrock (e.g., DOMJAN, 1965; BIONDIĆ & VULIĆ, 1970; 
ŠTAJDUHAR, 1976), or propose a review of suggested remedial 
measures (e.g., TOMIĆ et al., 1977). DOMJAN (1965) has re-
ported the first detailed data on flysch bedrock and superficial de-
posits, based on rotary drilling of 15 boreholes in the area of the 
County Road 5064 passing along the border of the Slani Potok gully 
in its upper part. BIONDIĆ & VULIĆ (1970) have created the first 
Engineering geological map at a scale of 1:5,000 of the Slani Po-
tok and Mala Dubračina area, based on the results of rotary dril
ling and detailed field investigations. Although this map provides 
valuable information about superficial deposits in the study area, 
it doesn’t indicate locations and boundaries of individual landslide 
phenomena, but only depicts the entire areas affected by active 
and dormant landslides. More recent engineering geological data 
about landslides activated in the Slani Potok gully and its wider 
area can be found in ĐOMLIJA et al. (2019b), as well as in several 
geotechnical design documents for landslide remediation pur-
poses (e.g., ARBANAS, 2000, 2002; GROŠIĆ, 2013).

1. INTRODUCTION
Landslides play an important role in the evolution of landforms 
(CROZIER, 2010). They represent a serious hazard in many parts 
of the world (GUZZETTI et al., 2012), often as an element of 
multiplehazard events (SCHUSTER & KOCKELMAN, 1996). 
Economic losses caused by landslides can be significant and con-
tinuously increasing, especially in developing urbanized areas. 
Despite the importance of landslides for the local communities 
and policies, it has been estimated that landslide maps cover less 
than 1% of the slopes in the landmasses, and that systematic in-
formation on  landslide types, their spatial distribution and sta-
tistics is lacking (GUZZETTI et al., 2012; MIHALIĆ ARBANAS 
& ARBANAS, 2014). The preparation of landslide inventories, 
which can provide information about the locations of individual 
landslide phenomena of certain types (GUZZETTI, 2006), rep-
resents the preliminary step in landslide susceptibility, hazard 
and risk assessment (GUZZETTI et al., 2012). Nevertheless, the 
knowledge of landslide types and understanding their socioeco-
nomic significance for a particular area can facilitate rational de-
cision making with regard to landslide prevention, control and 
mitigation (SCHUSTER, 1996; CLAGUE & ROBERTS, 2012).

The Slani Potok gully (0.48 km2) is situated in the central part 
of the Vinodol Valley (64.57 km2), in the north-western coastal 
part of the Republic of Croatia. The gully was formed in the Eo-
cene flysch deposits, which are mainly composed of marls, silt-
stone and sandstone (BLAŠKOVIĆ, 1999). The area of Slani Po-
tok is characterized by unusually intense erosion processes 
(ALJINOVIĆ et al., 2010), which have been commonly termed 
‘’excessive erosion’’ in the scientific literature (e.g., BENAC et al., 
2005; JURAK et al., 2005). Such erosion, associated with sliding 
processes (BENAC et al., 2005; ALJINOVIĆ et al., 2010), occurs 
due to the lithological composition of the flysch deposits, the pres-
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Despite the fact that the sliding processes in the Slani Potok 
gully have been known and studied for more than 50 years, the 
landslide types according to the most commonly used landslide 
classifications (e.g., VARNES, 1978; CRUDEN & VARNES, 
1996) have still remained undetermined. This is probably due to 
the availability of only conventional methods for landslide inves-
tigations, i.e., geomorphological field mapping and visual inter-
pretation of stereoscopic aerial photography, the  application of 
which is limited to the production of detailed landslide invento-
ries in morphologically complex and densely forested areas 
(GUZZETTI et al., 2012), such is the Vinodol Valley (CAEN, 
2008).

In the last two decades, analysis of surface morphology from 
the high resolution (HR) Digital Terrain Models (DTMs) created 
from LiDAR (Light Detection and Ranging) data (WEHR & 
LOHR, 1999; RAZAK et al., 2011; JABOYEDOFF et al., 2012) 
are effective in landslide inventory mapping (GUZZETTI et al., 
2012). One of the leading methods used for the identification and 
mapping of landslides is the visual interpretation of HR LiDAR 
topographic derivatives (SCAIONI et al., 2014), which enables 
the effective mapping of relatively large rotational slides and com-
plex failures (e.g., HAUGERUD et al., 2003; VAN DEN EECK-
HAUT et al., 2007; KASAI et al., 2009; POPIT, 2017), small and 
shallow rainfallinduced landslides (e.g., ARDIZZONE et al., 
2007; BERNAT GAZIBARA et al., 2019), and debris flows (e.g., 
HAUGERUD et al., 2003). Landslide mapping is effective in large 
forested areas (e.g., VAN DEN EECKHAUT et al., 2007; 
PETSCHKO et al., 2016), smaller cultivated (e.g., ARDIZZONE 
et al., 2007) and urbanized areas (e.g., MIHALIĆ ARBANAS, et 
al., 2016; BERNAT GAZIBARA et al., 2019). The visual inter-
pretation is mainly performed using the hillshade map, the slope 
map, and the contour line map (e.g., HAUGERUD et al., 2003; 
ARDIZZONE et al., 2007; VAN DEN EECKHAUT et al., 2007; 
BELL et al., 2010; PETSCHKO et al., 2016), although other Li-
DAR derivatives (i.e., maps) proved to be effective in landslide 
mapping, such as the curvature map (e.g., AMUNDSEN et al., 
2010), or topographic roughness map (e.g., POPIT & VER BOV
ŠEK, 2013; POPIT et al., 2016; BERNAT GAZIBARA et al., 
2019).

The Vinodol Valley was a pilot area of the CroatianJapanese 
scientific project Risk Identification and LandUse Planning for 
Disaster Mitigation of Landslides and Floods in Croatia con-
ducted from 2009 to 2014 (MIHALIĆ & ARBANAS, 2013). For 
the whole valley area, airborne laser scanning (ALS) was perfo-
med in March 2012 using the multireturn LiDAR system and the 
DTM at 1 x 1 m resolution was created, which opened up the op-
portunities for systematic and detailed scientific investigations of 
geomorphological processes in this area.

The first landslide inventory map for the area of the Du bra
čina River Basin in the Vinodol Valley, which also includes the 
Slani Potok gully, was created by TOŠEVSKI (2013) based on 
field geomorphological mapping coupled with the visual inter-
pretation of HR LiDAR DTM. For this purpose, three types of 
topographic datasets (i.e., the hillshade map, the slope map and 
the contour line map with 1 metre contour interval) are derived 
from the DTM. A total of 39 landslide phenomena were identi-
fied in the Dubračina River Basin, including 20 landslides located 
in the Slani Potok gully. A total of 16 landslides are visually iden-
tified on LiDAR derivatives. Despite the fact that a recent and 
new landslide mapping technique (GUZZETTI et al., 2012) was 
applied in this study, and that for each delineated landslide the 
dimensions and geometry are determined, the types of landslide 

processes occurring in the Dubračina River Basin have not been 
specifically determined. Landslides in TOŠEVSKI (2013) are 
classified only based on their size, according to the classification 
of landslides proposed by ŠESTANOVIĆ (2001).

This paper presents landslide types in the Slani Potok gully, 
which are identified and mapped based on the detailed visual in-
terpretation of seven different LiDAR derivatives available from 
March 2012. Landslides are classified according to the newest 
classification of landslide types proposed by HUNGR et al. 
(2014), who modified and updated the Varnes landslide classifi-
cation system (Varnes, 1978), mainly in relation to the definition 
of landslideforming materials. The significance of this study is 
the geomorphological historical landslide inventory of the Slani 
Potok gully that shows the individual boundaries and spatial ar-
rangement of 181 past and current landslides, classified according 
to recent advances in the understanding of landslide phenomena, 
as well as the relevant materials and mechanisms (HUNGR et al., 
2014). These new findings related to landslide types and their 
spatial arrangement can certainly contribute to the local sustaina
ble development, as well as to a better understanding of the mor-
phological evolution of the Slani Potok gully.

2. STUDY AREA 
The Slani Potok gully is located in the Vinodol Valley (64.57 km2), 
which is situated in the north-western coastal part of the Repub-
lic of Croatia (Fig. 1a). The gully is located in the central part of 
the Vinodol Valley, i.e., in the Dubračina River Basin (Fig. 1b), 
and covers an area of 0.48 km2 (ĐOMLIJA, 2018). The gully was 
formed within the populated rural area, and it is surrounded by 
several settlements and roads (Fig. 1c and d). The County Road 
CR 5064 passes along the border of the gully channel in its upper 
part, in which the badlands are formed (Fig. 1d), and this road 
has often been damaged due to the influence of active geomorpho
logical processes. County road CR 5089, which passes along the 
Dubračina riverbed in the middle part of the Valley (Fig. 1c), is 
connected with the county road CR 5064 by several local roads 
passing through the settlements situated along the lateral margins 
of the Slani Potok gully channel.

Delineation of the Slani Potok gully is performed during the 
preparation of the historical erosion inventory of the Vinodol Val-
ley (ĐOMLIJA, 2018), which depicts past and current soil erosion 
phenomena identified and mapped based on the detail visual in-
terpretation of eight types of HR LiDAR 1 x 1 m topographic 
derivatives. The methodology, as well as the LiDAR derivatives 
used for identification and mapping of soil erosion processes in 
the Vinodol Valley, which was also applied to delineation of the 
Slani Potok gully, is presented in detail in ĐOMLIJA et al. 
(2019a).

The Slani Potok gully is the largest gully phenomenon 
formed in the Vinodol Valley (ĐOMLIJA, 2018). According 
to the classification of gullies based on gully dimensions 
 (FREVERT, 1955), and the relative age and stage of gully growth 
(KOSTENKO, 1975), the Slani Potok gully can be classified as a 
large and relatively old gully, characterized by great length, 
marked branching of the gully channel and a detrital cone located 
at the gully mouth. The classification of gully types for the area 
of the Vinodol Valley is proposed by ĐOMLIJA (2018), based on 
the degree of development of the gully drainage network deter-
mined according to STRAHLER (1952, 1957), and the morpho-
logical characteristics of the gully channel. According to these 
criteria, the Slani Potok is a complex gully (ĐOMLIJA, 2018), 
with a branched gully channel the shape of which is mostly de-



G
eologia C

roatica
Jagodnik P. et al.: Landslide types in the Slani Potok gully, Croatia  15

fined by the thirdorder stream network of the main gully chan-
nel that has been extended by the secondorder and firstorder 
drainage channels (Fig. 1c). Numerous landslides activated within 
the Slani Potok gully have significantly contributed to its mor-
phological evolution.

The main part of the gully area is covered by forest vegeta-
tion, as are most of the surrounding slopes (Fig. 1d). The forests 
cover an area of 32.19 km2 in the Vinodol Valley (CAEN, 2008). 
The climate is maritime (ZANINOVIĆ et al., 2008), with mean 
annual precipitation between 300 and 700 mm. The rainy season 
lasts from November to May, with precipitation at its maximum 
in November when rainstorms of high erosive potential fre-
quently occur.

The steep flanks of the Vinodol Valley (Fig. 1d) are com-
posed of Upper Cretaceous and Palaeogene carbonate rocks 
(ŠUŠNJAR et al., 1970; BLAŠKOVIĆ, 1999), while the lower 
parts and the bottom of the Valley are built of a Palaeogene flysch 
rock mass, mainly composed of marls, siltstones and sandstones 
in alteration. However, the flysch bedrock is mostly covered by 

various types of superficial deposits formed by geomorphologi-
cal processes active both in the carbonate and flysch rock mass 
(BERNAT et al., 2014; ĐOMLIJA et al., 2014). A detail from the 
engineering geological map 1:25,000 (ĐOMLIJA, 2018), which 
was created based on the visual interpretation of HR LiDAR ima
gery, is shown in Figure 2. Older and recent talus deposits have 
been accumulated at the foot of the limestone cliffs, as a result of 
different types of mass movements, predominantly of rock falls, 
rock topples, and irregular rock slides (ĐOMLIJA, 2018). Large, 
individual limestone boulders have been transported to the hyp-
sometrically lower parts of the cliff foothills, probably as a result 
of larger rock falls and debris avalanches. Breccias have an ir-
regular, patchy occurrence and they are characterized by the dif-
ferent sizes and shapes of the sedimentary bodies. Flysch bedrock 
in the central part of the Vinodol Valley is mostly covered by the 
hillwash and older talus deposits, mainly composed of clays rang-
ing from high plasticity clays to gravely clays (PAJALIĆ et al., 
2017), mixed in different ratios with the rock fragments from 
limestone and flysch. Due to gravitational transport and mixing 

Figure 1. Geographical location of the Vinodol Valley (a); geographical location of the Slani Potok gully within the Vinodol Valley, with the spatial coverage of the 
Dubračina River Basin and the Suha Ričina Basin (b); geomorphology of the Slani Potok gully on the hillshade map derived from LiDAR DTM, with elements of drain-
age network determined according to STRAHLER (1952, 1957) (c); and the aerial photograph of the Dubračina River Basin, photographed from the southeast to 
the northeast (d).
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of fragments, these soils can significantly vary in thickness, from 
less than one to several metres, and as well as in their physico
mechanical properties across the study area (ĐOMLIJA, 2018).

Flysch slopes have been dissected by several relatively large 
and deep gullies, such as the Slani Potok (0.48 km2), Mala 

Dubračina (0.31 km2) and Kučina (0.15 km2) (Fig. 2). Within 
these gullies, the landslide deposits have been formed as a result 
of sliding processes. Landslide deposits represent zones of accu-
lumation of numerous landslides identified and mapped withing 
the gullies (ĐOMLIJA, 2018), composed of weathered flysch bed-

Figure 2. A detail from the engineering geological map of the central part of the Vinodol Valley 1:25,000 (ĐOMLIJA, 2018).
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rock, which represents a material lying at the contact between the 
soil and rock (PAJALIĆ et al., 2017). Due to the sliding processes, 
flysch bedrock can sporadically crop out in the steep upper parts 
of the gully channel walls. The soil erosion processes have also 
been active within the gullies; so alluvial fan deposits are situa
ted at the mouth of the gully channels, and they form the almost 
continuous sheet at the foot of the northwestern flysch slopes. 
Eluvium mostly covers the bedrock in the hypsometrically lower 
parts of the flysch slopes. The hillwash deposits have been formed 
in places at the foot of the flysch slopes, by the recurring sheet 
erosion processes on the surface of the eluvium. Alluvial fans and 
hillwash deposits partially cover the river alluvium deposites, lo-
cated around the Dubračina riverbed.

3. MATERIALS AND METHODS
3.1. High resolution LiDAR data
The LiDAR data used in this study were acquired in March 2012 
by airborne laser scanning using the multireturn LiDAR system. 
The last returns (i.e., bareground returns) were acquired at the 
point density of 4.03 points per square metre, with an average 
point distance of 0.498 meters. These data were used for the cre-
ation of the DTM with a 1 x 1 m resolution, using a Triangulated 
Irregular Network interpolation (MITAS & MITASOVA, 1999). 
The average accuracy of the altitude data is 30 cm, but it may be 
lower in areas covered with dense vegetation.

Seven types of topographic datasets are derived from DTM 
using the standard tools in the ArcGIS 10.0 software, and they are 
used for the topographic analysis of the Slani Potok gully: (i) the 
hillshade map; (ii) the slope map; (iii) the contour line map; 
(iv) the topographic roughness map; (v) the profile curvature map; 
(vi) the planform curvature map, and (vii) the stream power in-
dex map.

Hillshade maps were created using the sun azimuth angles 
of 315° and 45°, and the sun elevation angles of 45° and 30°. The 
hillshade map with the sun azimuth angle of 315° and the sun ele
vation angle of 45° (i.e., hillshade map 315°/45°) was used in the 
analysis in general, but in order to obtain the optimal shaded re-
lief for each part of the studied area (e.g., VAN DEN EECK-
HAUT et al., 2005) hillshade maps were overlapped in two com-
binations: (a) the semitransparent (50 %) hillshade map 45°/45° 
over the hillshade map 315°/45°, and (b) the semitransparent (50 %) 
hillshade map 45°/30° over the hillshade map 315°/45°.

The slope map was reclassified into seven slope angle classes, 
according to IGU (1968). The contour line map was created with 
1m contour intervals. The topographic roughness map was cal-
culated according to the Slope Variability Method (e.g., POPIT 
& VERBOVŠEK, 2013), where the slope variability implies a 
difference between the minimum and the maximum slope angle 
in the selected area. The input parameter for creation of the topo-
graphic roughness map was the slope map. First, the maximum 
slope angle raster (Smax) and the minimum slope angle raster 
(Smin) were generated, and the topographic roughness map, i.e., 
slope variability (SV) was then calculated as:

 SV S S= −
max min

The input parameters for the creation of the stream power 
index map were the slope map and the flow accumulation map. 
The stream power index map was calculated according to 
MOORE et al. (1991) as:

 SPI flow accumulation slope
= × 





ln( )
100

 (2)

3.2. Delineation of landslides based on visual  
interpretation of HR LiDAR topographic derivatives
Discernible topographic characteristics remaining at the surface 
after a landslide occurrence, i.e., topographic signatures (RIB & 
LIANG, 1978; ANTONINI et al., 2002; GUZZETTI, 2006) de-
pend on the landslide type (CRUDEN & VARNES, 1996), 
whereby the same type and rate of a mass movement results in a 
similar topographic signature (GUZZETTI et al., 2012). Moreo-
ver, landslides do not occur randomly in an area (GUZZETTI et 
al., 2002), but are instead the results of the interplay of physical 
processes and mechanical laws which control the landslide size, 
shape and spatial evolution (CROZIER, 1986; CRUDEN & VAR-
NES, 1996). The main features that have enabled recognition of 
topographic signatures specific for certain landslide features 
(VARNES, 1978) in this study are: (a) shape; (b) morphometric 
characteristics; (c) texture; and (d) appearance. These recognition 
features are visually analysed on different LiDAR derivatives, as 
shown by the example of landslide identification and mapping in 
Figure 3.

Landslides were first searched on the hillshade map (Fig. 3a), 
because the hillshade map most clearly reflects the pseudo three
dimensional effect of a surface (GUZZETTI et al., 2012). How-
ever, the topography of landslide features for a particular number 
of landslide phenomena in the study area is not clearly expressed 
on the hillshade map, as in the example shown in Figure 3a. A 
semilunar crown (pointed with red arrows in Fig. 3) can be, in 
most cases, easily recognized on the slope map (Fig. 3b), the topo
graphic roughness map (Fig. 3c), and the profile curvature map 
(Fig. 3d). Although contours generally most clearly reflect the 
shape of the landslide crown (e.g., AMUNDSEN et al., 2010; 
PETSCHKO et al., 2016), this is not the case in the presented ex-
ample (Fig. 3b). Abrupt changes in slope morphology, e.g., steep 
slope angles coupled with the slope concavity, are specific to the 
main scarp (pointed with blue arrows), and these morphometric 
characteristics can be easily recognized on the slope map (Fig. 3b) 
for almost all landslides in the Slani Potok gully. For a particular 
number of landslides in this study, these recognition features 
could have been easily observed on the profile curvature map too. 
For most of the landslides, the flanks (pointed with black arrows) 
are best reflected by the rough texture (Fig. 3c), convex slope 
morphology (Fig. 3d), and partially by the contour lines (Fig. 3b). 
The shape of a zone of accumulation (pointed with purple arrows) 
is mainly well expressed on the contour line map (Fig. 3b). How-
ever, the planform curvature map (Fig. 3e) and the stream power 
index map (Fig. 3f) were particularly useful for the recognition 
and precise delineation of a zone of accumulation. A hummocky 
appearance, rough texture and frequent changes of curvature, 
which are specific for the landslide foot (pointed with cyan 
 arrows), can be recognized on the slope map (Fig. 3b), the topo-
graphic roughness map, and the profile curvature map (Fig. 3d) 
for almost all the inspected landslides. The planform curvature 
map (Fig. 3e), and the stream power index map (Fig. 3f) also 
 reflect the landslide toe (pointed with green arrows), while the 
slope map (Fig. 3b), the topographic roughness map (Fig. 3c), and 
the profile curvature map reflect the landslide tip (pointed with 
white and gray arrows), mainly in the cases of well preserved 
 topography.

Landslides are mapped with polygons (Fig. 3g) by one and 
the same expert according to established mapping criteria, which 
imply that certain recognition features are visually analysed on 
the most effective LiDAR derivatives (Fig. 3). The recognition of 
landslide phenomena was performed by screening the LiDAR de-



G
eo

lo
gi

a 
C

ro
at

ic
a

Geologia Croatica 73/118

rivatives on a scale between 1:1,000 and 1:5,000, relative to the 
size of the Slani Potok gully. However, the precise delineation of 
landslides was performed on considerably larger scales, mainly 
ranging between 1:100 and 1:300. The portions of individual land-
slide features are separately drawn on different LiDAR maps, de-
pending on their visibility on each analysed LiDAR map. These 
separately drawn lines of landslide feature boundaries are subse-
quently merged into a unique polygon representing the landslide.

3.3. Identification of landslide types
Landslides are classified according to the updated Varnes clas-
sification of landslide types (VARNES, 1978) proposed by HUNGR 
et al. (2014). The main objective of this recent classification sys-
tem of landslide types is to modify the definitions of landslide
forming materials, to provide compatibility with the accepted 
geotechnical and geological terminology of rocks and soils. The 
type of movement for each landslide is determined based on the 
shape of the delineated polygon, while the landslide depth is es-
timated based on the polygon size (CRUDEN & VARNES; 1996; 
SOETERS & VAN WESTEN, 1996). The type of material is de-
termined based on the reconnaissance geological mapping and 
from the engineering geological map of the Vinodol Valley 
1:25,000 (ĐOMLIJA, 2018), as well as the general knowledge of 
geological (DOMJAN, 1965; BIONDIĆ & VULIĆ, 1970; 
ŠUŠNJAR et al., 1970; BLAŠKOVIĆ, 1999) and geotechnical 
conditions (ARBANAS, 2000, 2002; PAJALIĆ et al., 2017; 
ĐOMLIJA et al., 2019b) in the study area. Each polygon is 
 assigned with the landslide identifier number, consisting of  letters 
indicating the landslide type, and numbers indicating the ordinal 
number in order of landslide delineation.

Landslide dimensions are calculated using the standard tools 
in ArcGIS 10.0. The areas were automatically calculated, and the 
total lengths were manually measured. Descriptive statistics for 
each landslide type (HUNGR et al., 2014) are calculated based 
only on the total number of completely identified landslides, i.e., 
landslides where the delineated polygons depict the entire land-

slide body. This approach in the statistical analysis was applied 
in order to obtain the realistic data set for determination of land-
slide dimensions characteristic for the Slani Potok gully. Namely, 
the areas and lengths of delineated polygons of landslides with 
certain reactivated elements are smaller than they would be if the 
same landslides had not been reactivated. Therefore, such poly-
gons are excluded from the descriptive statistic analysis.

The relative landslide age and the state of activity were not 
determined in this study. The main reason for this is the fact that 
the determination of these attributes is based on the overall ap-
pearance of the landslide topography on analysed imagery (MC-
CALPIN, 1984; WIECZOREK, 1984; KEATON & DEGRAFF, 
1996). In the case of the Slani Potok area, this is difficult to per-
form correctly because of the soil erosion processes active within 
the gully (e.g., JURAK et al., 2005), which can significantly modi fy 
the landslide topography even in the case of recent landslide 
 phenomena (e.g., MALAMUD et al., 2004; BELL et al., 2012).

3.4. Field verification
Identification of landslides on LiDAR derivatives is partially veri
fied by multiple field recognitions, which were mostly conducted 
during the winter and early spring of 2015 and 2016, in the vege
tation leafoff period. Portions of individual landslides are iden-
tified in the field, where it was possible to recognize mainly the 
landslide crowns and main scarps, as well as to determine the 
landslideforming materials. Generally, field identification of 
landslide phenomena and their types identified on LiDAR maps 
is considerably limited for two main reasons, and thus the num-
ber of landslides that are also identified in the field is not ex-
pressed in this study.

Firstly, the study area is a large and branching gully (Fig. 1c) 
characterized by relatively steep gully walls that are mostly cove
red by dense forest (Fig. 1d). Therefore, only certain smaller gully 
portions in its upper denuded part (Fig. 1d) can be accessed, from 
which the researcher can obtain a distant view of the landslides 

Figure 3. An example of landslide features topography visible on HR LiDAR topographic derivatives: (a) the semi-transparent (50 %) hillshade map 45°/45° over the 
hillshade map 315°/45°; (b) the contour line map of 1 metre contour interval over the slope map; (c) the topographic roughness map; (d) the profile curvature map; 
(e) the planform curvature map; and (f ) the stream power index map; (g) delineated polygon representing landslide presented on the contour line map over the 
slope map.
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that is desirable for effective field recognition (GUZZETTI et al., 
2012). From such spatially restricted positions, it is not easy for 
a researcher to quantify the landslide phenomena observed in the 
opposite gully channel wall, located at a considerable distance 
away. Moreover, in the Slani Potok gully, a researcher can genera
lly distinguish landslides only in their upper parts, while indi-
vidual zones of accumulation, the characteristics of which are 
crucial for determination of the type of movement (SOETERS & 
VAN WESTEN, 1996), are difficult to distinguish in the field.

Secondly, landslides in the Slani Potok gully are identified 
and mapped based on the remote sensing data collected in 2012, 
after which a certain number of landslide phenomena occurred 
in the study area. There are also erosion processes active in the 
Slani Potok gully, particularly in its denuded portion, where they 
continuously modify the landslide topography. Therefore, it is not 
possible to straightforwardly validate the landslide inventory map 
prepared using the available LiDAR derivatives, given that a cer-
tain number of landslides in the Slani Potok gully are partially or 
totally modified by later landslides or erosion processes.

However, the Slani Potok gully is a relatively small study area 
when considering the main assumptions for the preparation of a 
landslide inventory (GUZZETTI et al., 2012), and it represents a 
single geomorphological unit of uniform geological and morpho-
logical conditions. For such small study areas, the principle of 
uniformitarianism (VARNES & IAEG, 1984) can be fully applied 
(GUZZETTI et al., 2012), unlike for larger study areas characteri
zed by marked variations in the local slope conditions, where the 
necessity for field verification of the remote sensing results in-
creases, and where it is commonly performed on 15 % of the area 
covered by a landslide inventory (GALLI et al., 2008).

4. RESULTS
Based on the visual interpretation of HR LiDAR topographic de-
rivatives, two types of landslides (HUNGR et al., 2014) are iden-
tified in the Slani Potok gully: (a) debris slide; and (b) debris slide
debris flow.

4.1. Debris slide (DS)
A debris slide (DS) represents the sliding of a veneer of colluvium 
or residual soil over a harder substrate on a shallow planar sur-
face parallel to the ground (HUNGR et al., 2014). Such transla-
tional sliding (CRUDEN & VARNES, 1996) generally results in 
an elongated shape of a landslide phenomenon (SOETERS & 
VAN WESTEN, 1966). According to HUNGR et al. (2014), de-
bris represents the unsorted and texturally mixed soil material 
originating from the weathering of bedrock which, if it is fine
grained, is generally of low plasticity. Specifically, the larger part 
of the Slani Potok gully is covered by the veneer of residual and 
colluvial deposits formed from the flysch bedrock, which are de-
termined as debris material according to their origin, textural 
characteristics and geotechnical properties (e.g., DOMJAN, 1965; 
BIONDIĆ & VULIĆ, 1970; ĐOMLIJA et al., 2019b).

Debris slide phenomena in the Slani Potok gully are tipically 
activated along the contact between the flysch bedrock and su-
perficial deposits, as well as along the contact of the residual and 
colluvial deposits. Debris slides have been initiated both along 
the margins of the gully channel walls (Fig. 4a to c), and within 
the inner parts of the gully channel (Fig. 4df). Certain landslide 
phenomena cause direct damage to local roads, as shown in 
Fig. 4c; the local road in the Kamenjak settlement affected by a 
landslide in February 2014.

Examples of debris slides representative of the study area on 
certain LiDAR maps used in the visual analysis are presented in 
Fig. 5. There are significant differences in the visibility of land-
slide features on the hillshade map in all the presented examples. 
The topography of debris slides DS 32 (Fig. 5a), DS 40 (Fig. 5b) and 
DS 6 (Fig. 5c) is clearly visible on the hillshade map. In contrast, the 
topography of debris slides DS 28 (Fig. 5a), DS 36, DS 37, DS 38 
(Fig. 5b), DS 2 and DS 4 (Fig. 5c) is not so clear on the hillshade 
map, while all debris slides shown in Figure 5e are almost un
recogniz able on the hillshade map. The topography of the largest 
debris slide DS 2 identified in the study area (A = 10,536 m2; 
L = 150 m), shown in Fig. 5c, is relatively smooth, and it has been 

Figure 4. Photographs of debris slide phenomena identified in the Slani Potok gully: (a-c) debris slides activated along the edges of the gully channel walls, where 
the landslide shown in (c) was activated on the local road in the Kamenjak settlement; (d-f ) debris slides activated within the inner parts of the gully channel. Ar-
rows in (d) and (f ) point to the crowns of debris slides.
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Figure 5. Examples of debris slide (DS) topography in the Slani Potok gully presented on (from left to right) the contour line map of 1-m contour interval over the 
slope map, the profile curvature map, and the semi-transparent (50 %) hillshade map 45°/45° over the hillshade map 315°/45° without, and with delineated land-
slide polygons: (a) DS 32 and DS 28; (b) DS 36, DS 37, DS 38 and DS 40; (c) DS 2, DS 4 and DS 6; (d) DS 75; and (e) DS 52, DS 54, DS 55 and DS 56.
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modified by artificial drainage channels. However, the slope map 
clearly reflects the topographic features of almost all debris slides, 
especially the crowns, main scarps, and zones of depletion. On 
the slope map, as well as on the profile curvature map, even the 
smallest debris slides (e.g., Fig. 5d and e) can be easily recognized. 
Debris slides predominantly have an elongated shape, such as 
those shown in Fig. 5b and 5e. However, certain phenomena are 
characterized by widening of the landslide accumulation, such as 
the debris slides DS 32 (Fig. 5a) and DS 6 (Fig. 5c).

There are 107 debris slide phenomena identified in the study 
area. Their total area is 196,134 m2. Of the total number of debris 
slide phenomena, 99 debris slide polygons represent completely 
identified landslides, which are used as a representative data set 
for the descriptive statistic analysis (Tab. 1). The smallest debris 
slide has an area of 65 m2, and the largest has an area of 10,536 m2. 
However, 75 % of all the identified debris slides have an area 
< 2,355 m2. The maximum total length of debris slide phenome na 
is 174 m, with an average value of 66 m. According to the 
 classification of landslides based on volume and depth proposed 
by ICL (2018), debris slides identified in the Slani Potok gully 
represent very small to moderatesmall, shallow to moderate
shallow landslides, with estimated volumes in a range between 
< 103 and 105 m3 and estimated depths in a range between one 
and five metres.

4.2. Debris slide-debris flow (DSDF)
A debris slidedebris flow (DSDF) generally initiates as a shal-
low planar sliding, and the movement transforms into a flow after 
moving a relatively short distance (HUNGR et al., 2014). For a 
particular number of landslide phenomena in the Slani Potok 
gully, a relatively shallow planar sliding of debris material pro-
vides the source for a flow type of movement of limited extent. 
Thus, the landslides are characterized by an elongated shape, 
given that displacement may extend over a considerable distance 
(SOETERS & VAN WESTEN, 1996). Flow features can gene
rally be clearly recognized in the zone of accumulation of land-
slides, by the hummocky appearance of their lobate convex 
forms. An example of debris slidedebris flow phenomenon iden-
tified in the Slani Potok gully is presented in Figure. 6.

Two types of debris slidedebris flow can be distinguished 
in the Slani Potok gully: (a) the Atype debris slidedebris flow, 
in which the displaced material flows to the gully thalweg and 
accumulates at the bottom of the gully channel (Fig. 7a); and 
(b) the Btype debris slidedebris flow, in which the flow of the 
displaced material continues along the gully thalweg and infills 
the bottom of the gully channel (Fig. 7b).

Examples of representative topography of an Atype debris 
slidedebris flow (DSDFa) on certain LiDAR maps are presented 

Table 1. Descriptive statistics for debris slides (DS) identified in the Slani Potok gully, calculated according to the number of completely identified landslides.

No. of complete
landslides

Total area
(m2)

Landslide 
dimension

Avg Min
25th 

percentile (Q1)
50th 

percentile (Q2)
75th 

percentile (Q3)
Max

99 178,746
Area, A (m2) 1,806 65 536 1,240 2,355 10,536

Total length, L (m) 66 12 37 61 85 174

Figure 6. An example of debris slide-debris flow phenomenon identified in the Slani Potok gully.
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in Figure. 8. The phenomenon DSDFa 1 (Fig. 8a) is characterized 
by the smoothed appearance on the hillshade map and the profile 
curvature map. However, almost all landslide features are clearly 
expressed on the slope map and the contour line map. The land-
slide has an elongated shape, with a total length of 136 m, and is 

generally narrow. The narrowing of the landslide body is more 
pronounced in the transition between the zone of depletion and 
the zone of accumulation. The morphological characteristics of 
the flow movement, e.g., the hummocky relief and lobate convex 
forms in the landslide foot (SOETERS & VAN WESTEN, 1996) 

Figure 7. Simplified models representing the types of debris slide-debris flows identified in the Slani Potok gully: (a) the A-type debris slide-debris flow;  
(b) the B-type debris slide-debris flow.

Figure 8. Examples of an A-type debris slide-debris flow (DSDFa) topography in the Slani Potok gully presented on (from left to right) the contour line map of 1-m 
contour interval over the slope map, the profile curvature map, and the semi-transparent (50 %) hillshade map 45°/45° over the hillshade map 315°/45° without, 
and with delineated landslide polygons: (a) DSDFa 1; and (b) DSDFa 9.
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are better expressed in the case of debris slidedebris flow 
 DSDFa 9 (Fig. 8b), the topography of which is almost entirely 
clearly recognizable on all LiDAR derived maps. This pheno
menon also has an elongated shape, with a total length of 157 m. 
The direction of transport, and thus the slightly curved shape of 
the landslide accumulation, was predetermined by the presence 
of the adjacent landslide phenomenon DS 32.

An example of a Btype debris slidedebris flow (DSDFb) 
with well preserved topography of all the landslide features is 
presented in Figure 9a. The phenomenon DSDFb 21 (A = 5,262 m2; 
L = 212 m) can easily be recognized on the hillshade map, 
 especially by the lobate convex accumulation infilling the bottom 
of the gully channel. Such lobate forms, coupled with the trans-
verse ridges, can be the most easily recognized on the profile cur-
vature map and the contour line map. An elongated and mainly 
curved shape also characterizes the landslide phenomena shown 
in Fig. 9b and 9c. The topography of the DSDFb 6 (A = 5,541 m2; 
L = 209 m) is generally smooth and thus poorly visible on the 
hillshade map. However, the main scarp and the right flank can 

be clearly recognized on the slope map, while the zone of accu-
mulation can be recognized on the contour line map and the pro-
file curvature map. In contrast, the topography of certain smaller 
landslides located between the county road CD 5064 and the lo-
cal road toward the Kamenjak settlement (Fig. 9c) is almost en-
tirely unrecognizable on the hillshade map. Only the rough tex-
ture is visible on the hillshade map, as well as the main scarp of 
the landslide phenomenon DSDFb 23, which is partially covered 
by the foot of the phenomenon DSDFa 21. However, in the cases 
of all shown phenomena, accumulations are well expressed on 
the slope map and the profile curvature map. Landslide sizes and 
shapes are predetermined by the existence of the drainage chan-
nels formed within the gully head, i.e., the paths of the displaced 
mass follow the gully thalwegs and thus they partially cover each 
other.

There are 74 debris slidedebris flows identified in the Slani 
Potok gully. Their total area is 145,226 m2. In total, 39 landslides 
are identified as an Atype debris slidedebris flow (total area of 
70,466 m2), and 35 landslides are identified as a Btype debris 

Figure 9. Examples of a B-type debris slide-debris flow (DSDFb) topography in the Slani Potok gully presented on (from left to right) the contour line map of 1-m 
contour interval over the slope map, the profile curvature map, and the semi-transparent (50 %) hillshade map 45°/45° over the hillshade map 315°/45° without, 
and with delineated landslide polygons: (a) DSDFb 21; (b) DSDFb 6; and (c) DSDFb 19, DSDFb 23 and DSDFb 25. In (c), the landslide polygon of DSDFa 21 is also 
presented.
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slidedebris flow (total area of 74,760 m2). In total, 65 delineated 
debris slidedebris flows are defined as completely identified 
landslides, and they are thus used as a representative data set for 
descriptive statistic analysis (Tab. 2). In the Slani Potok gully, the 
smallest debris slidedebris flow has an area of 154 m2, and the 
largest debris slidedebris flow has an area of 9,734 m2. An avera ge 
area of an Atype debris slidedebris flow is 1,877 m2, and 2,402 m2 

for a Btype debris slidedebris flow. The average total length of 
an Atype debris slidedebris flow is 90 m, and 115 m for a Btype 
debris slidedebris flow. According to the classification of land-
slides based on volume and depth proposed by ICL (2018), debris 
slidedebris flows in the Slani Potok gully represent very small 
to moderate-small, shallow to moderate-shallow landslides, with 
estimated volumes in a range between < 103 and 105 m3 and 
 estimated depths in a range between one and five metres.

4.3. Landslide inventory of the Slani Potok gully
The landslide inventory of the Slani Potok gully consists of 181 
dormant and active debris slide and debris slidedebris flow phe-
nomena. According to the classification of landslide inventories 
(GUZZETTI et al., 2012), it is the geomorphological historical 
inventory type. The total mapped landslide area is 0.34 km2. One 
of the largest mapped debris slides (A = 10,160 m2) covers part of 
the area which is outside the Slani Potok gully (see Fig. 11), so the 
total landslide area within the gully is slightly smaller: 0.33 km2. 
Landslides cover 69 % area of the Slani Potok gully. The size of 
the most abundant debris slide in the landslide inventory is approx. 
2,500 m2 (Fig. 10a), and the size of the most abundant debris 
slidedebris flow is approx. 2,700 m2 (Fig. 10b).

Landslides have mostly been activated along the margins of 
the gully channel walls (Fig. 11). They are characterized by their 
similar, predominantly elongated shapes. For most of the land-
slides, the total length is approximately the same as the length of 

the gully channel walls, except for a certain number of debris 
slidedebris flows. Debris slides have a more regular spatial ar-
rangement along the gully channel, while most of the debris slide
debris flows are located within the upper and middle parts of the 
Slani Potok gully. Landslides have a predominantly successive 
distribution (WP/WLI, 1993). Certain debris slides have been re-
activated within the zone of accumulation, and rarely within the 
zone of depletion. Some landslides are partially to significantly 
covered with accumulations of adjacent landslides, particularly 
if they are located near the debris slidedebris flow phenomena.

5. DISCUSSION
Debris slides are the most abundant landslide type identified in 
the Slani Potok gully (107 phenomena of in total 181 mapped 
landslides), including the smallest (Amin = 65 m2), and the largest 
slides (Amax = 10,563 m2). The average size of the debris slide pheno
mena (Aavg = 1,806 m2) is approximately the same as the average 
size of the Atype debris slidedebris flows (Aavg = 1,877 m2). 
The 75th percentile of the landslide area is also similar for debris 
slides (AQ3 = 2,355 m2) and the Atype debris slidedebris flows 
(AQ3 = 2,535 m2). The Btype debris slidedebris flows generally 
represent the largest landslides within the Slani Potok gully 
(AQ3 = 2,738 m2), although the largest mapped phenomenon 
(Amax = 9,734 m2) is smaller than the largest mapped debris slide 
(Amax = 10,563 m2). The Btype debris slidedebris flows also 
have the maximum total length (Lavg = 115 m), that is on average 
almost two times larger than the total length of debris slides 
(Lavg = 66 m). The similar elongated shapes (Fig. 11), as well as 
the similar dimensions of most identified landslides (Tab. 2, 3), 
are predetermined by the gully shape and dimensions, given the 
fact that landslides are mostly activated along the margin of the 
gully channel walls and transported to its bottom. Statistics 
 indicate that the relatively large landslide phenomena, with a size 

Table 2. Descriptive statistics for debris slide-debris flows (DSDF) identified in the Slani Potok gully, calculated according to the number of completely identified 
landslides.

Debris 
flow-debris slide

No. of complete 
landslides

Total area (m2)
Landslide 
dimension

Avg Min
25th

percentile (Q1)
50th

percentile (Q2)
75th

percentile (Q3)
Max

A-type 36 67,582
Area (m2) 1,877 154 843 1,728 2,535 5,659

Total
length (m)

90 22 63 90 113 183

B-type 29 69,649
Area (m2) 2,402 438 937 1,809 2,738 9,734

Total
length (m)

115 41 77 106 143 236

Figure 10. Frequency-size distribution of: (a) debris slide phenomena; and (b) debris slide-debris flow phenomena identified in the Slani Potok gully.
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greater than approx. 7,000 m2, are actually rare in the study area 
(Fig. 10). Relatively small landslide phenomena, particularly 
 debris slides, with sizes less than approx. 300 m2, mainly repre-
sent the reactivated parts of older and larger landslides.

There are significant differences in the visibility of landslide 
topography in the Slani Potok gully on LiDAR derivatives, espe-
cially on the hillshade map. In particular, a certain number of 
landslides are poorly visible (e.g., landslides shown in Figs. 5b, 
5c and 9c) to almost unrecognizable (e.g., landslides shown in 
Fig. 5e) on the hillshade map. This is important to point out, con-
sidering  that the hillshade map is commonly used as the first map 
(e.g., VAN DEN EECKHAUT et al., 2007; ARDIZZONE et al., 

2007; PETSCHKO et al., 2016) or even as the only map (e.g., 
BELL et al., 2012) within landslide studies based on the visual 
interpretion of HR LiDAR imagery. Namely, if other LiDAR 
maps had not been simultaneously analysed in this study when 
visually searching for landslides, a certain number of landslide 
phenomena in the Slani Potok gully could have easily been omit-
ted, given their poor visibility on the hillshade map.

It must be emphasized, based on the experience in mapping 
landslides in this study, that using as many LiDAR maps as pos-
sible, both singularly and in combinations, to recognize and pre-
cisely delineate the boundaries of individual landslide features is 
important. Specifically, certain LiDAR maps (e.g., the slope map, 

Figure 11. Landslide inventory map of the Slani Potok gully presented on the semi-transparent (80%) Croatian Base Map 1:5,000 over the hillshade map derived 
from the LiDAR DTM.



G
eo

lo
gi

a 
C

ro
at

ic
a

Geologia Croatica 73/126

the profile curvature map, and the topographic roughness map) 
proved to be more useful for the delineation of landslide crowns, 
but not particularly useful in delineating the landslide accumula-
tions. In the cases of many landslides identified in this study, the 
effectiveness of the contour line map in recognizing the crowns 
and flanks (e.g., Fig. 3) has been reduced, although this map is 
generally considered as highly effective for recognition of these 
landslide features (e.g., VAN DEN EECKHAUT et al., 2007; 
AMUNDSEN et al., 2010; PETSCHKO et al., 2016). The plan-
form curvature map and the stream power index map, frequently 
coupled with the contour line map, were highly effective in the 
recognition and precise delineation of landslide accumulations 
and toes in this study.

Among all landslide features, the crowns and toes were the 
easiest to be delineated, because these features mainly coincide 
with certain elements of the Slani Potok gully. Namely, most of 
the landslide crowns coincide with the upper margin of the gully 
channel (e.g., Fig. 5a to c), which can easily be recognized on the 
slope map due to the welldefined changes of slope angle between 
the gully channel and the surrounding slopes. Furthermore, the 
landslide toes mainly concide with the gully thalweg (Fig. 10), 
which is almost entirely visible on the planform curvature map, 
and the stream power index map. In contrast, the flanks and ac-
cumulations were the most difficult to delineate precisely, con-
sidering that landslides are partially being eroded and that they 
are mostly successive and thus covered by accumulations of ad-
jacent landslides (Fig. 10). Still, most adjacent landslide accumu-
lations could be recognized and delineated precisely by the linear 
patterns of the small drainage channels that usually form along 
their boundary, and which are reflected on the planform curva-
ture map and the stream power index map.

Previous studies on landslide identification and mapping 
(e.g., ARDIZZONE et al., 2007; VAN DEN EECKHAUT et al., 
2007; PETSCHKO et al., 2016) determined that the visual inter-
pretation of LiDAR imagery is characterized by a certain degree 
of subjectivity, and that it also implies certain simplifications 
within geomorphological deduction (GUZZETTI et al., 2012). 
However, the degree of subjectivity in this study is considered to 
be low, for the following reasons: (i) the topography of landslide 
phenomena is recognized on a considerable number of different 
LiDAR derivatives and their combinations according to estab-
lished mapping criteria (Fig. 3); (ii) landslide types (HUNGR et 
al., 2014) are distinguished according to the type of movement 
that is clearly reflected by the shape and size of delineated poly-
gons (SOETERS & VAN WESTEN, 1996), and they are also 
verified by field identification (Fig. 4 and 6); (iii) landslides occur 
within a specific and isolated topographic environment charac-
terized by relatively uniform morphological and geological con-
ditions (e.g., BIONDIĆ & VULIĆ, 1970; BLAŠKOVIĆ, 1999), 
that resulted in the limited number of landslide types formed in 
the same material; and (iv) the landslide inventory of the Slani 
Potok gully is produced by experts with adequate understanding 
both of the study area (ĐOMLIJA, 2018) and the associated land-
slide types (e.g., ARBANAS, 2000, 2002), which significantly 
contributes to the quality of the results (VAN DEN EECKHAUT 
et al., 2005). The described mapping procedure has achieved the 
high geographical accuracy of results in accordance to the 1 x 1 m 
spatial resolution of the LiDAR DTM, and thus the high quality 
of the landslide inventory. However, landslide mapping was an 
iterative and timeconsuming process, to which the topographic 
location of landslides within an area with significant soil erosion 
processes that influence the overall surface topography area also 
contributed.

The landslide inventory of the Slani Potok gully can be con-
sidered as an incomplete inventory (MALAMUD et al., 2004) 
because the smallest and the largest landslides are missing in the 
frequencysize distribution (Fig. 10), which is a common charac-
teristic of most historical inventories (e.g., GUZZETTI et al., 
2012). Nevertheless, the landslide inventory of the Slani Potok 
gully provides useful information on the landslide types and re-
alistic boundaries of individual phenomena, as well as their spa-
tial arrangement and relative density within the gully, as well as 
their average size. These findings can certainly contribute to a 
more accurate forecast of the propagation and development of 
future landslide phenomena in the Slani Potok gully, i.e., the land-
slide types and their proxy dimensions and positions. Although 
the state of activity is not determined in this study, most of the 
identified landslides are considered active (WP/WLI, 1993), es-
pecially in the upper denuded part of the gully channel. Certain 
landslide phenomena (e.g., Fig. 4ac and f) have been activated 
within the past few years, after airborne laser scanning was per-
formed in March 2012. Therefore, landslide activity, interrelated 
with soil erosion processes (ĐOMLIJA, 2018), contributes to sedi
ment production within the Slani Potok gully and also might lead 
to the widening of the gully channel in the future, which can po-
tentially further endanger its surroundings.

6. CONCLUSIONS
Two types of landslides according to the updated Varnes classi-
fication of landslide types (HUNGR et al., 2014) were identified 
in the Slani Potok gully situated in the central part of the Vinodol 
Valley, based on the detailed visual interpretation of seven HR 
LiDAR 1 x 1 m topographic derivatives. These are debris slide, 
and debris slidedebris flow. A geomorphological historical land-
slide inventory map of the Slani Potok gully (area of 0.48 km2) 
was prepared, comprising a total of 181 landslide phenomena. 
Landslides cover 69 % (0.33 km2) of the area of the Slani Potok 
gully. The size of the smallest landslide is 65 m2, and of the larg-
est is 10,563 m2. The size of the most abundant debris slide is ap-
proximately 2,500 m2, and the size of the most abundant debris 
slidedebris flow is approximately 2,700 m2. Landslides mainly 
exhibit a successive distribution. They generally initiate along 
the margins of the gully channel walls, and extend to the gully 
channel bottom. Such a specific spatial arrangement of landslides 
identified in the Slani Potok gully confirms that the landslide 
types, geometry, style and distribution of activity are predomi-
nantly determined by the topographic location of the landslides, 
and that those landslides, at the same time, determine the shape 
and morphological evolution of the gully.

The results of this study indicate that the visual interpreta-
tion of HR LiDAR derivatives is an effective method for identi-
fication and mapping of landslides in the Slani Potok gully, de-
spite their specific spatial arrangement and relatively small 
dimensions, and the soil erosion processes influencing the land-
slide topography. However, in such areas of research, where there 
are significant differences in the visibility of landslide topography 
on LiDAR maps, the use of as many LiDAR maps as possible is 
recommended, to correctly recognize and map boundaries of in-
dividual landslide features. This method has also proven to be 
effective for the classification of landslide types according to the 
updated Varnes classification (HUNGR et al., 2014), in combina-
tion with field investigations that are needed for the determina-
tion of landslide-forming material.

The existence of such a large number of landslides identified 
in the Slani Potok gully suggests the need to reexamine certain 
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considerations about the geomorphological processes in the study 
area. Previous research (BENAC et al., 2005; JURAK et al., 
2005; ALJINOVIĆ et al., 2010) suggests that excessive erosion 
predominates in the development of the Slani Potok gully, with 
the landslides formed in the eroded soil mass as the associated 
phenomena. Thereby, the landslides were never investigated in 
detail, given the available conventional research methods involv-
ing only field investigations, which did nor enable the identifica-
tion of individual landslides and the production of an appropriate 
landslide inventory of the Slani Potok gully. Only the recent and 
new technologies for landslide mapping, such as the LiDAR tech-
nology, have enabled the detailed topographic analysis and reco
gnition of such a large number of individual landslides. Conside
ring the main findings of this study, it can be concluded that the 
initiation of a large number of landslides along the gully channel 
margins predominantly affects the morphologic development of 
the Slani Potok gully, and that soil erosion is the secondary pro-
cess, which has a greater affect on the soil mass displaced by 
landslides than the flysch bedrock. Erosion processes are never-
theless significant, as they are considered to be one of the main 
landslide preparatory causal factors in this area.

Finally, it is considered that the presented historical landslide 
inventory map of the Slani Potok gully can significantly contribu te 
to the sustainable land development in the study area, and that it 
can be efficiently used for future landslide susceptibility analysis. 
The information about landslide types and their additional char-
acteristics can also contribute to geomorphological analyses in 
predicting the future development of the Slani Potok gully, as well 
as the general landscape evolution in the central part of the Vi-
nodol Valley.
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