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Abstract: The article deals the issue of near-channel landslide activity in two regions 
(Rożnowskie Foothills and Beskid Niski Mountains) in the Polish Outer Carpathians. The main 
objective of the research was to determine the volume of material removed from the studied 
landslides in the period from their occurrence to 2012 and to compare these results with the vol-
ume of material removed from landslides during the period of detailed research in 2014–2017.  
The ALS data was used to prepared to the DoDs analysis DoD analysis with theoretical landslide 
surfaces and to determine the volume of material removed from the occurrence of landslides 
to 2012. Detailed TLS surveys (10 measurement series) were carried out from April 2014 to 
November 2017, resulting in nine Digital Elevation Models (DEMs) of Difference (DoDs), illus-
trating quantitative and spatial changes within the investigated landslides. It was found that 
near-channel landslides, under the influence of ongoing fluvial erosion, exhibit continuous ac-
tivity with varying intensity, depending on the hydrometeorological conditions. During flood 
events, the movements within the entire landslide area were activated. Conversely, in periods 
between floods, there was a constant removal of material from the toe of the landslides. During 
flood events, the material carried away by streams accounted for 60% to 90% of the volume 
of material removed throughout the research period. The volume of material removed from  
the landslide in 4 years of survey ranges from 14 to 107% of the material removed from  
the landslide since its occurrence to 2012.

Keywords: landslide, fluvial erosion, landslide-channel coupling, terrestrial laser scanning,  
LiDAR data, Polish flysch Carpathians

INTRODUCTION

Landslides have a significant impact on shaping the surface of slopes (Bober 
1984; Starkel 1996; Rączkowski 2007) and, in many cases, valley (Korup 
2004; Lévy et al. 2012). The coupling between hillslopes and river channels 
is a fundamental aspect of geomorphic system functioning (Crozier 1986; 
Harvey 2002; Wistuba et al. 2015). The relief of the Polish Outer Carpathi-
ans is strongly formed by landsliding processes. Over an area of 19,600 km², 
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more than 70,000 landslides and 6,500 landslide-prone areas have been in-
ventoried, which in many parts of them make up 30 to 40% of the surface 
area of slopes (Marciniec et al., 2019). This area is particularly predisposed 
to the formation of new and rejuvenation of old landslides due to its geolog-
ical structure. Alternately lying down layers of sandstones and marl shales 
form the so-called “flysch,” which predisposes this area to the occurrence of 
numerous landslides (Rączkowski, Mrozek 2002; Margielewski 2006).  
Tectonic elements such as discontinuity surfaces, thrust types, faults, and frac-
tures also have a significant influence on landslide formation (Bober 1984).  
A significant portion of Carpathian landslides have contact with the river 
channel, including near-channel landslides.

High precipitation affects landslides by saturating the colluvium with wa-
ter, altering the physico-chemical properties of the soil, and leading to signif-
icant slope loading (Gil , Długosz 2006). In the case of landslides in direct 
contact with a channel, the activation of the landslide is not only influenced 
by the amount of precipitation but also by the water level in the stream, which 
erodes the slope both vertically and laterally (Dauksza, Kotarba 1973; 
Lévy et al. 2012; Kukulak, Augustowski 2016). The combination of these 
two factors (infiltration of rainwater into the colluvium and fluvial erosion) 
makes near-channel landslides more susceptible to activation than landslides 
without direct contact with the river channel (Costa, Schuster 1988; Korup 
2004; Lévy et al. 2012; Yenes et al. 2015; Fuller et al. 2016). The rainfall 
thresholds that trigger activation of near-channel landslides may also be lower 
than for landslides without contact with the channel (Ziętara 1968; Gil  1997).

To determine the speed, type of movement and volume of colluvial material 
removed by streams, it is necessary to monitoring the surfaces of selected 
landslide areas using geodetic methods, particularly LiDAR (Light Detection 
and Ranging) technology. Geodetic measurements, which can be conducted 
on the ground, from the air, or via satellite, are also essential in landslide re-
search, particularly for measuring the rates of colluvial movement (Refice 
et al. 2000; Travelletti , Malet 2012). The increasingly popular LiDAR tech-
nology, including terrestrial laser scanning (TLS), enables the creation of 
high-resolution Digital Elevation Models (DEMs), which are used to study 
geomorphic processes, including landslides (Abellán et al. 2009; Oppikofer  
et al., 2009; Travelletti , Malet 2012). An analysis of the obtained DEMs 
(Digital Elevation Models) using GIS (Geographic Information System) soft-
ware allows for accurate determination of landslide boundaries, finding their 
morphometric parameters, and describing the land cover. Generating hill-
shade and slope maps enables the analysis of the surface of landslides and 
the identification of colluvial packets, characterized by different degrees of 
activity within these landslides (Oppikofer et al. 2009; Travelletti , Malet 
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2012; Fidelus-Orzechowska et al. 2018). On the basis of two or more 
DEMs created based on measurements carried out at intervals, it is possible to 
perform an analysis called DEM of Difference (DoD). This analysis allows for 
the determination of quantitative and spatial changes within the studied area 
(Betts et al. 2003; Oppikofer et al. 2009; Jaboyedoff et al. 2012; Jones,  
Preston 2012; Travelletti , Malet 2012; McColl et al. 2017; Rączkow-
ska et al. 2018; Tyszkowski, Cebulski 2019; Hendrickx et al. 2020; 
Rączkowska, Cebulski 2022).

Limitations of DoD analysis result from the fact that the LiDAR data comes 
from measurements made several or a dozen or so years ago (measurements 
for the Polish Carpathians were made in 2012–2013), but the analysed forms 
(landslides in this case) had usually been created earlier. Therefore, the anal-
ysed DEM shows the actual state of pre-existing landslides while the DEM for 
the period before landslide formation is missing. Such DEM can be artificially 
created in GIS software, based on the current LiDAR data, although it should 
be borne in mind that it will not represent the actual DEM from the time be-
fore landside formation, but only a theoretical surface of the slope. A compar-
ison of two DEMs (current terrain’s surface and theoretical terrain’s surface 
from the period before landslide formation) enables quantitative and spatial 
determination of changes resulting from landslide creation (Cebulski 2018).

The main goal of the research was variation in dynamic of landslides func-
tioning in contact with river channels. This goal was achieved based on par-
tial objectives, including: (i) determining the quantitative and spatial changes 
within the landslide surfaces from their formation until 2012; (ii) compare 
the volume of material removed by streams since the landslides occurred 
until 2012 with the volume of material removed by streams in the period  
2014–2017; (iii) forecasting the activity of the studied landslides.

STUDY AREA

For detailed studies were selected five near-channel landslides located in  
the Polish Outer Carpathians. The research covered the Beskidy Mts. and Car-
pathians Foothills (Fig. 1), due to the diversity of geological structure and ter-
rain relief as the main factors influencing the course of landslide processes. 
Three landslides are located within the Rożnowskie Foothills (Boczkówka, 
Żabno, Leszczyny) (Fig. 2), where the terrain has the character of low moun-
tains (Fig. 1). The other two landslides (Bodaki, Sękówka) (Fig. 2) are located in 
the Beskid Niski Mts., where the terrain has the character of middle mountains.

The Polish Outer Carpathians are a sequence of tectonic units (nappes) that 
are thrust one over another, comprising folded series of sandstone, shale, and 
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Fig. 1. Location of study area

marl (Oszczypko et al. 2008). The Foothills part of Carpathians is formed 
of the Skole series are Upper Cretaceous. Inoceramian beds developed in  
the form of sandstone and shale, siliceous marl, and bioturbated marl (fucoid 
marl) as well as thick-bedded sandstone and conglomerate interbedded with 
shale the Leszczyny sandstone member (Marciniec et al. 2014).

These layers are less resistant to erosion, which also results in smaller ter-
rain elevations. The Beskid part of the Carpathians is composed of thick Magu-
ra layers consisting of sandstones, shales, and Upper Cretaceous-Paleocene 
fucoid marls, as well as Paleocene-Eocene red and green shales (Kopciowski 
et al. 2014). These layers are more resistant to erosion than the Skole series 
rocks that make up the foothills of the Carpathians.

The following criteria were employed while selecting landslides for anal-
ysis: (i) the landslide should remain in direct contact with the stream chan-
nel – a riverside landslide; (ii) there should be presence of fresh elements of 
inner-landslide relief, confirming its activity in recent years; (iii) only scarce 
vegetation growing on the landslide surface, so that it would be possible to 
use laser scanning techniques to monitor the surface; (iv) similar surface 
area; (v) location in close proximity to a meteorological station

DATA AND METHODS

TERRESTRIAL AND AIRBORNE LASER SCANNING (TLS AND ALS DATA)

TLS measurements were performed using a long-range impulse scanner (Riegl 
VZ-4000) with a spatial data acquisition speed of about 222,000 points ⋅ s -1. 
The precision of the scanner was 10 mm, and its accuracy was 15 mm.  
We used a Global Navigation Satellite System (GNSS) receiver (TRIMBLE R4) 
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Fig. 2. Geomorphological sketches of selected landslides and photographs of landslide toes; 
1 – active scarp, 2 – inactive scarp, 3 – active longitudinal and transverse fissures, 4 – inactive 
longitudinal and transverse fissures, 5 – active colluvial ridges, 6 – inactive colluvial ridges,  

7 – toe of the landslide, 8 – intermittent stream; contour lines are marked every 0.5 m

using Real Time Kinematic (RTK) corrections from the ASG-EUPOS system for 
identifying geospatial locations. The data from the GNSS receiver were aver-
aged, and then the scanner location was assessed (accuracy better than 1 cm).  
Point clouds derived from TLS were then processed using RiSCAN PRO soft-
ware including the Multi-Station Adjustment (MSA) module, which can gen-
erate planes from point clouds and then aligns them based on similarity and 
spatial distribution (Fig. 3). The resulting poly-data objects were used by  
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the RIEGL Multi-Station Adjustment Tool for automatic fine alignment using 
a best-fit iterative least-squares iteration. Data prepared in this manner for  
a particular survey were exported to Las.1.2. format and then analyzed us-
ing ArcGiS 10.2.2 (Fig. 3). The point clouds were converted into high-reso-
lution terrain models (0.05 m grid), followed by differential DoD analysis, 
which then allowed to determine both spatial and quantitative changes across  
the landslide surface.

Fig. 3. Process of creation of a theoretical surface of a slope, before landslide formation

The 2012 ALSwas obtained from the National Protection Against Extreme 
Hazards (ISOK) project. The 2012 ALS 2012 was carried out using a RIEGL 
LMS-Q680i scanner with a density of 4 to 6 points ⋅ m-2 and pulse repetition 
frequencies of 300 kHz. The accuracy of the ALS model for 2012 ranged from 
7 cm for woodland-free slopes to 15 cm for woodland slopes.

Quantitative and spatial changes within the chosen landslides were identi-
fied based on an analysis of appropriate DEMs of Difference (DoD). Ten meas-
urements of the surface of each of the five studied landslides were performed 
using terrestrial laser scanning (TLS) in April 2014, June 2014, September 
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2014, November 2014, April 2015, November 2015, April 2016, November 
2016, April 2017, and November 2017. The choice of April and November was 
the result of two key considerations: (1) absence of a well-developed plant 
cover that helped produce a more accurate DEM, (2) desire to examine land-
slide movements after the winter and summer seasons.

CREATING DoD MODEL WITH THEORETICAL SURFACE AREA

LiDAR data was transformed into a vector layer with a side length of 0.5 m 
in the ArcGis 10.2 software (Fig. 3). Next, a slope map and hillshade were 
created using the raster data. Thanks to this, it was possible to determine  
the spatial extent of the analyzed landslide. The next step was to generate  
the triangulated irregular networks (TINs) between points located on the bound-
ary of landslides, which roughly corresponded to the theoretical surface existing 
in those places before landslide formation. Subsequently, the TINs were trans-
formed into a raster with a resolution of 0.5 m. As there were two raster layers:  
(1) the current surface of the landslide and (2) the theoretical terrain’s surface 
before landslide formation, the difference between these layers was calculated.

In order to determine spatial and quantitative changes caused by landslide 
formation, two high resolution DEMs were used. The first DEM was generated 
using the available LiDAR data (measurement on 19.08.2012) and it showed 
the current relief of the slopes. The extent of landslides and their basic  
parameters were determined based on this model. The surface from the peri-
od prior to landslide formation was generated artificially. To this end, triangu-
lation between points located on the surface of the slope was conducted near 
the boundary with the landslide. The surface generated in this way was em-
ployed in the DoD analysis and compared to the actual DEM of the slope and 
the landslide (Fig. 3). In the case of landslides formed on linear – linear, linear 
– convex, linear – concave slopes, the total balance should have been equal 
to 0 or close to this value (Fig. 4). The cubic volume of the material removed 
from the landslide niche should have been in balance with the volume of the 
created landslide tongue, assuming that the material had not been removed 
beyond the landslide by erosion caused by river.

QUANTITATIVE AND SPATIAL CHANGES IN SELECTED LANDSLIDES

Using TLS instrument, spatial quantitative changes within 5 investigated 
landslides were determined during the period from April 2014 to November 
2017. The obtained data allowed for identifying areas within the landslides 
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where the largest changes occurred. Additionally, a loss of colluvium within 
the landslides resulting from erosion and transport by flowing streams was 
recorded. These results (for the period of 2014–2017) were compared with 
the volume of material removed by the stream since the landslides formation 
until 2012 (DoD models with theoretical surface).

BOCZKÓWKA LANDSLIDE

The Boczkówka landslide became active in the summer of 2010 within a small 
denudation hollow (Fig. 2). The analysis of DoD between the landslide surface 
in 2012 and the theoretical surface showed that a total volume of 9,234 m3 
of material was removed from the Boczkówka landslide area by fluvial ero-
sion (Table 1). Most likely, a significant portion of the removed material was 
composed of colluvium that slid into the stream channel in June 2010 (Fig. 5).  
The average lowering of the Boczkówka landslide surface was 1.08 m (Table 1),  
and the maximum difference between the 2012 terrain surface model and  
the theoretical model was 6.8 m (Fig. 5, Table 1). 

Quantitative and spatial changes in the studied area were noted using TLS 
during the period April 2014 – November 2017. A total of 3,118 m³ of collu-
vial material was removed from the landslide as a result of fluvial erosion in  
the study period (Fig. 6, Table 1), which had caused the surface of the land-
slide to lower by 0.37 m, on average (Fig. 6). Spatial changes were observed 
within the entire body of the landslide. The greatest changes occurred in  
the lower part of the foot of the landslide (Cebulski 2022).

The stream flowing through the colluvium of the Boczkówka landslide 
eroded a total of 3,118 m3 of material during the four years of measurements 

Fig. 4. Differential model of an example landslide. A – differential model (DoD) of the landslide, 
B – profile through the differential model, x – theoretical slope surface, y – actual slope surface
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Volume  
of removed 

colluvia from 
landslide  
to 2012

Average 
lowering of 

the landslide 
surface  
to 2012 

Volume  
of material  

removed 
during  

the research 
period  

April 2014 
 –November 

2017

Average 
lowering of 

the landslide 
surface during 

the research 
period  

April 2014 
–November 

2017

Percentage  
of the volume 

of material 
removed 
in 4 years  
compared  

to the period 
since the land-
slide creation 

to 2012
(m3) (m) (m3) (m) (%)

Boczkówka 9,234 1.08 3,118 0.37 34
Żabno 2,164 1.14 302 0.16 14
Leszczyny 2,810 1.17 645 0.27 23
Bodaki 2,916 0.85 3,117 0.91 107
Sękówka 9,186 1.05 1,741 .20 19

Fig. 5. DoD models of selected Rożnowskie Foothills landslides, between 2012 and the theoret-
ical surface

Table  1 . 
Comparison of the volume of colluvium removed by fluvial processes since the development of 

landslides up to 2012, with that during the 4-year period of detailed measurements 
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Fig. 6. Spatial and quantitative changes within Rożnowskie Foothills landslide surface during 
the research period (2014–2017). I – the extent parts of the landslides; II – quantitative chang-
es: vertical bars – the volume of colluvium removed by the stream from the landslides, blue 
arrow – accumulation, red arrow – erosion, S – main scarp area, B – landslide body, J – landslide 

foot, F – landslide toe

I

II
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(2014–2017). This value represents approximately 30% of the volume calcu-
lated based on the analysis of the DoD with the theoretical surface (Table 1).

ŻABNO LANDSLIDE

The Żabno landslide has been triggered in the summer of 2010 within a line-
ar-linear slope. The DoD analysis between the terrain surface and the theoret-
ical surface showed that a total volume of 2,164 m3 of material was removed 
from the Żabno landslide area by fluvial erosion. Most likely, a significant por-
tion of the removed material was composed of colluvium that slid into the 
stream channel in June 2010. The maximum lowering of the Żabno landslide 
surface was 4.7 m, while the maximum gain was 2.3 m (Fig. 5). 

The DoD analysis conducted for the Żabno landslide indicated that in the 
entire study period fluvial processes helped to remove a total of 302.7 m3 of 
colluvial material (Table 1), which caused a lowering of the landslide’s sur-
face by an average of 0.16 m. The amount of material removed by the stream 
and magnitude of the average lowering of the ground surface within the Żab-
no landslide were the smallest out of the five studied landslides (Cebulski 
2022).

The activation of the Żabno landslide in 2010 resulted in the removal of 
2164 m3, while the material removed over a 4-year period accounted for only 
14% of the material removed in the period from the created landslide to 2012 
(Table 1).

LESZCZYNY LANDSLIDE

The Leszczyny Landslide became active in the summer of 2010 within  
a small denudation hollow. The foot of the landslide moved into the channel of 
Leszczyński Stream, in effect blocking the flow of water and creating a small, 
landslide-dammed lake, which remained in existence 30 days. The DoD anal-
ysis between terrain models and theoretical surface showed that the area of 
Leszczyny landslide experienced the removal of material with a total volume 
of 2,810 m3 due to fluvial erosion. The greatest surface lowering was observed 
within the landslide body, amounting to 3.9 m. The largest increase in height 
was observed within the landslide toe, amounting to 4.2 m (Fig. 5).

The Leszczyny landslide was also examined. A colluvium volume of  
644.8 m³ was removed from the landslide by fluvial erosion (Fig. 6, Table 1) act-
ing throughout the study period (April 2014–November 2017). Changes were 
recorded across the whole surface of the landslide in the first measurement 
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period (April – June 2014). In this time period, a colluvium volume of 375.6 m3  
(Fig. 6) was removed from the landslide, which constituted 59% of the amount 
of colluvium removed throughout the study period (Cebulski 2022).

The stream flowing through the colluvium of the Leszczyny landslide 
eroded a total of 645 m3 of material during the four years of measurements  
(2014–2017). This value represents approximately 23% of the volume calcu-
lated based on the analysis of the DoD with the theoretical surface (Table 1).

BODAKI LANDSLIDE

The DoD analysis for the Bodaki landslide was performed separately for  
the entire form and for the part activated in autumn 2012, which was later mon-
itored from 2014 to 2017 using the terrestrial laser scanning (Fig. 2). Analy-
sis DoD between terrain models and theoretical surface showed that material 
with a total volume of 2,916 m3 was removed from landslide by fluvial erosion 
of the Bartnianka stream, and the landslide surface decreased by an average 
of 0.85 m (Fig. 7, Table 1). The surface of the landslide tongue is on average  
2.5 m above the previous land surface, and the maximum 2.9 m (Fig. 7).

The DoD analysis conducted for the Bodaki landslide indicated that in the 
entire study period fluvial processes helped to remove a total of 3,117 m3 of 
colluvial material (Cebulski 2022). More than 61% of that volume was re-
moved from the landslide in the first measurement period (April–June 2014), 
and 20% in April–November 2016. In the remaining measurement periods, 
including periods without high-water events (35 months total), removed ma-
terial constituted only 19% (Fig. 8, Table 1) (Cebulski 2022).

Fig. 7. DoD models of selected Beskid Niski Mts. landslides, between 2012 and the theoretical 
surface
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From formation the Bodaki landslide, to 2012 material with a volume  
of 9,698 m3 was removed by fluvial erosion. In 4-years period (2014–2017) 
of detailed measurements, the volume of removed colluvia amounted to  
3,117 m3 (Table 1). The volume of colluvia removed by the stream in  
2014–2017, compared to the value achieved before 2012, was 31% (Table 1).

Fig. 8. Spatial and quantitative changes within Beskid Niski Mts. landslides surface during the 
research period (2014–2017). I – the extent parts of the landslides; II – quantitative changes: 
vertical bars – the volume of colluvium removed by the stream from the landslides, blue arrow 
– accumulation, red arrow – erosion, S – main scarp area, B – landslide body, J – landslide foot, 

F – landslide toe

I

II
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SĘKÓWKA LANDSLIDE

Analysis DoD between terrain models and theoretical surface showed that 
material with a total volume of 9,186 m3 was removed from landslide by flu-
vial erosion of the Sękówka stream, and the landslide surface decreased by 
an average of 1.05 m (Fig. 7, Table 1). The maximum lowering of the Sękówka 
landslide surface was 4.8 m, while the maximum gain was 2.5 m (Fig. 7).

The Sękówka landslide was measured 10 times – just like the Bodaki land-
slide. A colluvium volume of 1,741 m³ was removed from the landslide by 
fluvial erosion (Fig. 6, Table 1) acting throughout the study period (April 2014 
– November 2017). Significant changes were found in the toe of the landslide 
– as the volume of material removed from it was more than 400 m3 (Cebul-
ski 2022). In the period, June–September 2014, a volume of 776.2 m3 of col-
luvium was removed from the Sękówka landslide, which constituted 45% of  
the material removed in the studied period (Fig. 8). Throughout the measure-
ment period, the Sękówka landslide, unlike the Bodaki landslide, developed 
starting at the bottom only, which proves that fluvial erosion was more im-
portant than precipitation in the activation of this landslide (Cebulski 2022).

The stream flowing through the colluvium of the Sękówka landslide erod-
ed a total of 1,741 m3 of material during the four years of measurements  
(2014–2017). This value represents approximately 19% of the volume calcu-
lated based on the analysis of the DoD with the theoretical surface (Table 1).

DISCUSSION

The use of TLS technique allowed to generate DEMs showing the surface of 
landslides at a very high resolution. A DoD analysis was performed based on 
data for select time periods, and for the entire study period of 2014 to 2017 
and for period form created landslides to 2012. The obtained results allowed 
to identify areas of the studied landslide that had undergone the greatest 
changes. Many papers have already been written on the use of multi-tempo-
ral TLS data to create DoDs for landslides (Ventura et al. 2011; Jaboyedoff 
et al. 2012; Stumvoll et al. 2021), debris flow (Rączkowska et al. 2018; 
Rączkowska, Cebulski 2022), and glacier activity (Hancock et al., 2018). 
This method is used to identify the most transformed areas with a very high 
accuracy (Ventura et al. 2011; Cucchiaro et al. 2019; Strzelecki et al. 
2022), and quantitatively determine the magnitude of changes across terrain 
surfaces in intervals between measurements (Fidelus-Orzechowska et al. 
2018; Rączkowska et al. 2018; Tyszkowski, Cebulski 2019; Stumvoll  
et al. 2021).
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Creating detailed (DoDs) models to determine quantitative and spatial 
changes in the terrain surface caused by landslide processes is possible based 
on detailed DEMs created before and after the landslide activation (Stum-
voll  et al. 2021; Lévy et al. 2012). Detailed measurements using TLS on 
five Carpathian landslides during the period from 2014 to 2017 allowed for 
a very high level of accuracy in identifying spatial and quantitative changes 
during individual measurement periods. These changes were dependent on 
hydrometeorological conditions (sum of rainfall and stream water levels) 
(Cebulski 2022). The amount of colluvial material removed by fluvial pro-
cesses in individual periods ranged from 1.6 m3 to 1,904 m3. The largest vol-
umes of colluvial material were removed during high-water level events in 
May 2014 and October 2016 (Fig 6, 8). Significant spatial and quantitative 
changes were also observed during the periods right after high-water level 
events, especially in the period June–November 2014. Increased activity of 
the studied landslides, despite of low precipitation, can be explained by sec-
ondary movements (Rączkowski, Mrozek 2002; Soldati et al. 2018). In 
the periods when high-water levels occurred in the Carpathians, and entire 
area landslides became active, colluvial material removed by fluvial processes 
constituted 60% to 91% of the volume of material carried away in the entire 
study period. Fluvial processes continued to constantly remove material from 
landslides in periods between high-water events. Although this period lasted 
three times longer than the period with high-water levels, the material vol-
ume removed from the landslides constituted between 9% and 40% of collu-
vium removed in the four-year study period (Cebulski 2022). This showed 
that high-water level events play a dominant role in the removal of material 
from landslides by fluvial erosion. Other papers have already indicated as wa-
ter levels increased, discharge in streams increased, and landslide toe lateral 
erosion intensified (Lévy et al. 2012; Caputa, Gorczyca 2021).

Determining the volume of material removed from a landslide by a river for 
landslides that formed before the first LiDAR measurements (in Polish Car-
pathian 2012) in a given area is achievable but with lower accuracy than when 
there are detailed DEMs from TLS (Cebulski 2018). To reconstruct the shape 
and surface of the slope where a landslide later occurred, it is needed to create 
a theoretical surface (Cebulski 2018; Płaczkowska et al. 2021). Quantita-
tive results of DoD analysis for active landslides not in contact with streams 
oscillate around zero, as the volume of material detached from the area of the 
main scarp or the main body of the landslide is subsequently deposited across 
the foot and toe area (Cebulski 2018). Getting a result other than zero, in 
this situation, may indicate tension or compression of the material within  
the lower part of the landslide. A result different than zero may be due to 
an inaccuracy in the method – and more precisely due to DEM resolution 
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(Stumvoll et al. 2021). This inaccuracy decreases as the accuracy of DEMs 
increases. In the case of landslides remaining in contact with stream chan-
nels, which are the landforms out of which the material is eroded by streams,  
the value will always be less than zero, as the volume of the material removed 
by fluvial erosion is added to the fill and cut balance within the landslide.

Of the five selected Carphatian landslides, only in the case of the Żabno 
landslide it was found that it occurred within a linear-linear slope, which 
allowed for a very accurate calculation of the volume of material removed 
by the eroding stream between 2010 (date of landslide created) and 2012 
(date of ALS-LiDAR measurements). This value amounted to 2,164 m3, and 
the largest volume of removed material likely occurred immediately after the 
landslide formation and in the subsequent months. In other cases, the studied 
areas where landslides occurred or were activated did not have a linear-lin-
ear shape, which may have influenced the underestimation or overestima-
tion of the volume of material removed by the river between the landslide 
occurrences and 2012. Although the applied method has certain limitations, 
the obtained results are still significantly more accurate than previous esti-
mates for individual Carpathian landslides (Dauksza, Kotarba 1973; Gil , 
Kotarba 1977). Therefore, it is justified to use this method, being aware that  
the results may be subject to a slight error. The effectiveness of using this 
method has been confirmed by research on channel heads in the Bieszczady 
Mountains (Płaczkowska et al. 2021).

Comparison of the volume of material removed by streams in a 4-year pe-
riod of detailed studies (2014–2017) and the volume of material removed 
since the formation of landslides until 2012 has been presented in Figure 9.  
Of the five studied landslides, only the Bodaki landslide during the period 
2014–2017 had more material removed than during the period from its for-
mation until 2012. In the other studied landslides, the amount of material re-
moved by rivers from the landslide in the first period was significantly greater 
than in the second period. This distribution of removed material in different 
periods is influenced by the substantial delivery of material to the riverbed 
during the initial development of the landslide, i.e., during its formation and 
a few days thereafter. After such an event, the landslide stabilizes relatively. 
During the period 2014–2017, the frontal parts of the landslides were reacti-
vated through fluvial erosion, and only in two instances (May 2014 and Octo-
ber 2016) did a larger portion of the landslides become active. Measurements 
and observations of the studied landslides allow us to determine three types 
of quantities removed by river erosion (Cebulski 2022). The first, during  
the formation of the landslide, involves significant transformations and mate-
rial transport down the slope into the riverbed. This material is heavily satu-
rated with water, making it plastic, and high water flow in the stream results 
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in the rapid removal of debris from the landslide front. The highest inten-
sity of this process occurs during the formation of the landslide and within  
a few hours to a dozen hours after its occurrence. After the landslide stabiliz-
es, further removal of debris from the landslide occurs through fluvial erosion, 
as shown by the results of DoD measurements for selected landslides during 
the period 2014–2017. During periods without heavy rainfall and rising wa-
ter levels in streams, material erosion from the landslide front is continuous. 
However, during flood events, a large amount of material is removed.

CONCLUSION

The use of LiDAR data, including TLS and ALS data with great effectiveness,  
allowed the DoD analysis to be carried out, resulting in a better understand-
ing of the functioning of landslides near the channel. An important result of 
the use of these methods was the precise determination of the volume of ma-
terial removed by streams from landslides from their formation until 2012 
(the date of the ALS measurements in Polish Carpathian). The information ob-
tained in this way may be useful in interpreting the activity of selected land-
slides in the past. Another important result was the precise determination of 
the spatial and quantitative changes in the surface of the studied landslides 

Fig. 9. Comparison of material removed from landslides by rivers in two study periods
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from 2014 to 2017. It was found that during periods without floods, material 
is removed from the toe of the landslide, and during floods, movements of 
colluvia are activated within the entire surface of the landslides. Combining 
the results of the DoDs analysis for the theoretical surface with the results of 
the DoDs analysis for the semi-annual comparison periods allowed a better 
understanding of the functioning of the near-channel landslides.
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