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Abstract This paper presents examples of interpretation
challenges in unambiguous landslide detection arising
from the visual interpretation of 0.3 m LiDAR DTM in the
City of Buzet (20 km?), Croatia. The study area is within
the Istrian Flysch, for which the large-scale
geomorphological landslide inventory mapping was
performed for the first time. First, we present distinctive
concave forms detected along the hillslopes and discuss
whether they represent landslides or not. Furthermore, we
present examples of the geomorphological convergence
between the landslides and erosional features formed
along gully channel walls. Finally, we show examples of
Badlands topography on LiDAR DTM derivatives and
point to the similarity of these phenomena with landslide
features.
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Introduction

Landslide inventory maps document the extent of
landslides in a territory, providing information about the
spatial distribution, types, pattern, recurrence and
statistics of landslides (Guzzetti et al. 2012). Inventory
maps are commonly prepared by the visual interpretation
of LiDAR (Light Detection and Ranging) Digital Terrain
Model (DTM) morphometric derivatives (Scaioni et al.
2014), especially in area covered by dense forests (e.g.,
Ardizzone et al. 2007; Van den Eeckhaut et al. 2007; Razak
et al. 20mu), by detecting the geomorphic expression of
landslide features (Soeters and van Westen 1996). Given
that landslide inventories are essential input data for
subsequent analyses in landslide research, e.g., landscape
evolution (Guzzetti et al. 2008; Bibentyo et al. 2024) or
susceptibility modelling (van Westen et al. 2006), the
quality of the landslide map, controlled by its accuracy and
certainty of the presented information, is a critical issue.
Accuracy of a landslide inventory depends on geographical
and thematic correctness of the information shown on the
map, as well as on its completeness, i.e. the proportion of
mapped landslides compared to the ground truth
(Guzzetti et al. 2012). While geographic accuracy depends
on the type and resolution of the interpreted imagery,
completeness of the landslide map may strongly vary due
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to the interpreter’s skills and experience at detection and
classification of slope failures.

Distinguishing landslides from other specific

geomorphic expressions becomes challenging task even
for highly experienced interpreters when mapping is
carried out in geologically complex settings, especially if
an area is affected by multiple geomorphological
processes. In that case, errors in landslide detection may
arise either from geomorphologic convergence between
landslides and other geological processes (Hart et al. 2012)
and certain surface deposits (Antonini et al. 2002), or if the
landslide topography has been dismantled (Jagodnik et al.
2020). In terrains characterized by mechanically weak
lithology, e.g., siliciclastic rocks, weathering processes and
high erodibility of bedrock favor the superimposition of
the signature of various denudational forms (Ciccacci et al.
2008).
Most of the landslide research based on the visual
interpretation of LiDAR DTM commonly present
examples of the typical landslide topography identified on
DTM derivatives (e.g. Petschko et al. 2015; Gérum 2019).
On the other hand, there is a lack of studies focusing on
the interpretation difficulties in landslide mapping on
LiDAR DTM derivatives. In this paper we present and
discuss the challenges in landslide detection and mapping
specific for the flysch environment, based on the
experience of the visual interpretation of 0.3 m LiDAR
DTM in the City of Buzet (Bernat Gazibara et al. 2023;
Jagodnik et al. 2023). The study area is terrain in Istrian
Flysch, composed of a rhythmical alternation of
hemipelagic marls and turbidities (Marin¢ic¢ et al. 1996).
Although landslides frequently occur in the Istrian Flysch
(Arbanas et al. 2014), no systematic landslide inventory
mapping has been carried out so far. The research was
conducted within the frame of scientific research project
“Methodology development for landslide susceptibility
assessment for land-use planning based on LiDAR
technology” (LandSlidePlan, HRZZ IP-2019-04-9900).

Study area

The study area (20 km?) is in the northern Istria, in Croatia.
It is the part of the City of Buzet, between the Mirna River
Valley in the north and the Butoniga water reservoir in the
south (Fig. 1). The terrain predominantly consists of
Middle Eocene clastic sedimentary rocks (Fig. 1a), also
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known as Istrian Flysch, super-positioned on the
Palaeogene Globigerina marls, and foraminiferal limestone
(Pleni¢ar et al. 1969). Flysch deposits can be
stratigraphically divided into the lower and upper units
(Marincié et al. 1996; Bergant et al. 2003). The lower flysch
unit is composed of a rhythmical alternation of marls and
carbonates (i.e. breccias, conglomerates and bioclastic
arenites), while in the upper flysch unit thin layers of
carbonate-siliciclastic turbidity sediments are deposited.
According to Petrinjak et al. (2021), carbonate megabeds
composed of lithoclasts from the underlying limestone can
be found in different stratigraphic positions within the
flysch succession. The estimated total thickness of Istrian
Flysch is 350 m.

(a) Q.

Chronostratigraphic units
[ | Allwvium (Q,)
[ Marl and sandstone (E,)

] Marl and sandstone with
carbonate megabeds (’E.)

[] Globigerina marl (‘E,)
[ Foraminiferal limestone (Pc,E)

Pc,E

(b)

Mirna River Valley

Butoniga

Figure 1 Study area in the City of Buzet: (a) simplified geologic
map (after Plenicar et al. 1969); and (b) relief map.

The relief is hilly and moderately dissected (Fig. 1b).
Predominant slope angles range from 13° to 32°. Prevailing
elevations range from 100 to 300 m a.s.l.. Approximately
55% of the area is covered by forests, while ~40% is an
agricultural area (Sindi¢ et al. 2022). The climate is
temperate with hot summers, the coldest months
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averaging 0°C, and no dry season. Mean annual
precipitation is 1,200-1,300 mm (Zaninovi¢ et al. 2008).

Due to low durability of flysch bedrock (Gulam et al.
2018) and intensive weathering processes (Vivoda Prodan
et al. 2017), slopes are typically covered by Quaternary
superficial deposits (Dugonji¢ Jovancevi¢ and Arbanas
2012). There is an interplay between mass movements and
linear erosion, resulting in numerous active landslides
(Arbanas et al. 2014), gullies (Jagodnik et al. 2023), and
Badlands (Gulam et al. 2014; Bostjanci¢ et al. 2023). So far,
more than 1,000 landslides have been identified in the
study area (Jagodnik et al. 2023), and the landslide
inventory mapping is still in progress. Landslides mostly
occur in gullies and low-order valleys, as well as on
terraced hillslopes and slope segments with concentrated
surface runoff, e.g. near roads. They are predominantly
small to medium-sized debris slides and earth slides,
caused by rainfall and/or human activity (Arbanas et al
2007). Sliding mostly occur along the contacts between
superficial deposits and bedrock, or within the weathered
flysch (Dugonji¢ Jovancevi¢ and Arbanas 2012). Deep
seated landslides were also identified; with certain
phenomena being large, very old and relict (Jagodnik et al.
2023).

Landslide inventory map

LiDAR datasets

The LiDAR data used in this study were acquired in the
framework of the LandSlidePlan scientific project.
Airborne laser scanning was performed in March 2020, at
an average altitude of 700 m a.s.l., with an average point
density of 16,09 pt./m? thus resulting in average point
spacing of 0.18 cm. The classified Point Cloud ground bare-
earth points were interpolated using kriging interpolation
method, and the DTM was generated at a spatial
resolution of 0.3 m.

Visual interpretation of LiDAR DTM derivatives

For the landslide detection and mapping, the following
morphometric datasets were derived from the DTM: (i)
hillshade maps, using the sun azimuth angles 315° and 45°,
and the sun elevation angles of 45° (ii) slope map; (iii) and
contour line maps, created with 1-m; 2-m; and 5-m contour
intervals. Additional topographic information was
available from two official state maps: (i) the digital
orthophoto (DOF) from year 2020, at a resolution of 0.5 m;
and (ii) the Croatian Base Map (CBM) at a scale of 1:5,000.



In general, landslide detection relies on the
identification of a set of photographic/radiometric and
morphologic evidence that characterizes an anomaly
within the lateral continuity of the other landscape
features (e.g., the morphological trace of bedding, scarps;
Santangelo et al., 2022). Landslide identification on LiDAR
DTM data relies on a reduced set of evidence, as no
radiometric information is available, which increases the
level of uncertainty. On the other hand, the use of DTM
derivatives may help enforcing the set of evidence to
detect and map landslides. Figure 2 shows an example of
evidence collected on a slope where the lateral continuity
of extended linear features is suddenly interrupted by an
area characterized by a concave-convex topographic
profile, a coarser texture, and a larger scale roughness
compared to the surrounding area. All these elements
converge towards the identification of a landslide with
little uncertainty. In cases where such set of evidence is
poorer, uncertainty is higher. It must be stated here that
collecting such elements is not only a matter of the images
portraying the landslide features, but also a matter of the

VISUAL APPEARANCE OF TOPOGRAPHY ON LiDAR DTM
DERIVATIVES

Proceedings of the 6™ Regional Symposium on Landslides, Belgrade, 2024

capability and experience of the interpreter to spot them
and relate them to produce a sort of multivariate expert
model in their mind.

In this phase of landslide inventory mapping, two
levels of confidence of interpretation were distinguished:
high, and low. Thereby, the high level of confidence
implies that the landslide morphological signature is
obvious on DTM derivatives (Fig.3). On the other hand,
the low level of confidence implies either: (i) that the
landslide topography is poorly expressed on DTM
derivatives; (ii) or that part of a landslide is not visible; or
(iii) that the topography of the observed phenomenon is
clearly expressed on DTM derivatives, but there is a doubt
depending on the interpreter’s experience.

In the study area, most of the challenges in the
identification and mapping of landslides are related to
distinguishing landslides from other similar geomorphic
expression observable on LiDAR DTM derivatives.
Characteristic examples are presented and discussed in the
following section.

MAIN LANDSLIDE EVIDENCE

Landslide scarp:

Concave topography delimited by a scarp that has an
arcuate shape downslope. Strong evidence of the
interruption of the |ateral continuity of linear elements

outside the boundary. Presence of a possible secondary
scarp that has no continuity outside.

Landslide deposit:

Mainly convex and hummocky topography. Coarser texture
and larger scale roughness than outside. Presence of linear
elements (possible secondary scarps) not continuing outside.

Landslide toe:

The deposit slightly covering the road.

Internal linear elements: Not present outside.
External elements not present inside:

Interruption of the lateral continuity of geological and
geomorphological elements.

I Road

Figure 9 Example of the collection of main landslide evidence converging towards the identification of a landslide with
high level of confidence. The hillshade map is overlapped by the semi-transparent (30% transparency) slope map.

Figure3 Example

ih level of confidence in interp-retati;)n. Landslide bou

0 i Om \f

ndaries are not

presented for easier recognition of the landslide topography on LiDAR DTM derivatives. In all examples, the hillshade map
is overlapped by the semi-transparent (30% transparency) slope map.
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Challenges in landslide detection on LiDAR DTM:
characteristic examples

Concave forms along hillslopes: landslides or not?

Figure 4a presents distinctive hillslope topography in the
study area, characterized by linear features of agricultural
terraces and bedding of competent flysch lithology. Most
of the terraced landscape is now abandoned and covered
by dense forests, thus there are favourable conditions for
the land degradation (Tarolli et al. 2019). Here, numerous
concave forms resembling landslide crowns and flanks are
expressed on DTM derivatives. However, the anthropic
elements are usually regular and rectilinear, whereas the
bedding in this area appears continuous and does not
show local variations both in attitude and in thickness.
Landslides cause local interruption of anthropic elements
and local variations in the continuity of bedding traces. In
detail, the observed feature is considered a landslide
(continuous red line in Fig. 4b) if the disturbance of linear
hillslope element is evident, together with the evidence of
distinctive toe topography. Other morphologies similar to
landslide crowns and flanks are uncertain to be landslides
(presented by red dashed line in Fig. 4b), especially if
associated with persistent bedding (pointed by black
arrows in Fig. 4b). Moreover, landslide accumulation
zones in such cases were usually not detected. Such
phenomena could be considered to represent evidences of
erosional fluting formed at slope segments with
concentrated runoff along the structural discontinuities.
Morphological features similar to landslide crowns
(presented by blue dashed line in Fig. 4b) were also
detected around gullies, which often form on the hillslopes
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near roads. Although they can easily be misinterpreted as
landslides, they actually represent features of the gully
head. In the study area, there are numerous similar
morphological expressions observed, especially around
the soft gully margins (Brooks et al. 2019) of more complex
and older gully systems.

Concave scarps in gullies

Figure 5 presents examples of landslide identification
within gullies. More than 300 gullies of different types and
evolution states are identified in the study area,
comprising more than a half of the total number of
identified landslides (Jagodnik et al. 2023). The most
challenging identification of landslides was precisely
within gully landforms, since there are distinctive
morphologies that share little apparent difference
between each other on LiDAR DTM derivatives but have
been formed by different geomorphological processes.

Many landslides in gullies are interpreted with high
level of confidence if their features are preserved and
clearly expressed on DTM derivatives (Fig. 5a). The
landslide mapping was also facilitated by the fact that the
landslide crown usually coincides with the gully edge,
while the landslide toe reaches the gully thalweg (Jagodnik
et al. 2020). However, many gullies in the study area have
a specific appearance on DTM derivatives (Fig. 5b) with
numerous ridges and concavities that appear like zones of
landslide crowns and depletion (pointed by blue arrows in
Fig. 5d). The DOF analysis (Fig. 5¢) indicated that such
gullies have characteristics of the B-type calanchi
landforms (Rodolfi and Frascati 1979). Landslides within
them were delineated only in the cases when all features
were detected on DTM derivatives (Fig. 5d), but the level
of interpretation confidence is often low

\_\-?

Legend

l:l Landslide

Transport direction
of landslide

Morphology similar to landslide
crown and flanks, but uncertain
to represent landslide features

Morphology of gully head similar
to landslide crown and flanks

Slope angles (°)

Bedding of

» N 019 [7120-31,9
flysch bedrock ! ’
4 Bl 249 32549
——] Contours, I 5-11,9 W 55-90
e=1m [12-19,9

Figure 4 Example of the distinctive topography of flysch hillslopes in the study area, with landslides and concave forms resembling
landslide features: (a) without, and (b) with interpretation. The hillshade map is overlapped by the semi-transparent (30%) slope map.
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Arrows indicating
Landslide Morphology typical Moarphology similar  Sands '
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Figure 5 Identification and mapping of landslides with

in gullies: (a) examples of landsli;:les ider;tiﬁed with high level of confidence; (b)

example of distinctive topography of gully landforms having characteristics of the B-type calanchi (Rodolfi and Frascati 1979) on the
hillshade map; and (c) on the digital ortophoto (DOF); (d) examples of geomorphological convergence between the morphologies
typical for landslide crowns and erosional concave scars, with identified landslides; and (e) the pattern of contour lines reflecting the

dominant formative process of a concave phenomenon.

On the opposite, where only the concave scars are
expressed but not the landslide deposit, care must be
taken not to misinterpret them as landslides. Still, there is
a doubt as to whether some of these phenomena are traces
of debris flows formed along gully walls, with toes being
removed by the active gully erosion. For a more reliable
distinguishing of the dominant process forming similar
phenomena, more detailed analysis of the pattern of
contour lines reflecting the shape of a concave scarp
should be performed (Fig. 5e).

Badland or landslide phenomenon?

Figure 6 presents examples of the valley topography
associated to badlands and landslide occurrences in the
study area, as well as the example when a badland
phenomenon was initially misinterpreted as a landslide.
Clearly observable landslides, identified with high
confidence, are pointed by red arrows in Fig. 6d.

During the preliminary visual analysis of the hillshade map
(Fig. 6a), topographic contour lines on CBM (Fig. 6b), and
DOF (Fig. 6¢), the phenomenon marked by number 1 was
first identified as a landslide with a small
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LEGEND

Phenomena

1 Badland

2 Badland formed on landslide
3 Landslide

_ Boundary of landslide
crown and flanks

Arrows indicating
—» Recent landslide

—» Competent flysch
member
(sandstone/
megabed?)

£ Sl | s ]

Figure 6 Eample of the topography associated to Badland

s an .landsiides: (a

) appernce of the observed phenomena marked by

numbers 1, 2, and 3 on the hillshade map; (b) appearance of the phenomenon marked by number 1 on the Croatian Base Map (CBM)
1:5,000; and (c) on the DOF; appearance of the observed phenomena marked by numbers 1, 2, and 3 on the slope map, with points to

recent landslides and bedding of flysch bedrock.

badland formed within the depletion zone. The landslide
was primarily assumed by the arcuate shape and steep
slope angles distributed along the head segment visible on
the slope map (Fig. 5d), as well as the sharp flanks, and the
accumulated material that pushed the watercourse at the
foot slope. However, a more detailed analysis of other
topographic features, especially the linear features of
bedding persistence of competent flysch members
(pointed by black arrows in Fig. s5d), identified the
phenomenon as the A/B-type of badland (Rodolfi and
Frascati 1979), having a typical horse-shoe appearance
with sharp edges still present, and the valley bottom filled
by earth-flow deposits covered by vegetation. Several small
recent landslides are identified along the surface of the
badland phenomenon 1.

Similar badland topography was also observed in the
case of the phenomenon marked with number 2, which
was formed along the body of an older landslide. A deep-
seated landslide, acting as the host phenomenon of the
badland formation, is indicated by the topography specific
for landslide crown, main scarp, and head visible on the
slope map (dashed red line in Fig. 5d). The topography of
adjacent deep-seated landslide identified in the presented
environment is marked by number 3 in the figure.
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Conclusions

Based on the experience in the visual interpretation
of 0.3 m LiDAR DTM of the study area in the City of Buzet
in Istria (Croatia), and the presented examples, we
conclude that the difficulties in landslide detection in
flysch environment mostly arise from their similarity to
erosional forms. The most challenging was to distinguish
the topography of particular landslide features, i.e. crowns
and flanks from numerous concave scars formed by linear
erosion along gully channel walls. Yet, many landslides
within certain gullies have been identified with high level
of confidence, in the cases when all landslide features
could have been detected on LiDAR DTM derivatives. In
order to more reliably distinguish the landslides from
morphologically similar erosional forms, a detail analysis
of the pattern of contours reflecting the shape of a concave
form is recommended. In general, using a wide and
rigorous set of evidence, and a reproducible procedure to
detect landslides is essential, as it limits both omission and
commission  errors,  positively  impacting  the
completeness, i.e., statistical representativeness of the
final inventory and, hence, its quality.
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