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In this work we describe the role of landslide processes
in shaping river channels and the development of valley
floors in 3™ and 4" order catchments in the Polish Flysch
Carpathians. The main focus of the study was on the con-
tact zone between the landslide system and the river
channel, where it has been shown that 30.2% of the length
of the river network are affected by landslides. Research
shows that 93% of landslides have some form of contact
with the river system. Research further shows that the most
common contact types in the study are point and area types
according to the Korup classification. The most common
impacts of landslides on the river channel are riparian
and partial occlusion types. Landslides very often cause
complete or partial displacement of the river channel,
which frequently leads to the blockage of flow, which in
turn creates landslide lakes, followed by accumulation zones.
The effect of such events is the transformation of the lon-
gitudinal profile of the river and the intensification of erosive
processes in the contact zone and downstream. Increased
activity of erosive processes can lead to the activation of
landslide processes, including on the opposite slope.

Introduction

Landslide processes in the Flysch Carpathians are a common phe-
nomenon. It is estimated that landslides occupy 30-40% of the Car-
pathians’ area. The development of landslides in the Flysch Carpathians
is facilitated by local flysch geologic structure. Shale and shale-sand-
stone deposits are the most susceptible to the occurrence of landslides
processes. Fracture and dislocation zones of sandstone located on
more vulnerable layers play an important role in landslide activation
(Zietara, 1968; Bober, 1984; Bajgier, 1994; Poprawa and Raczkowski,
2003; Margielewski, 2008).

Crozier (2010) reviewed theories of evolution of terrain, in which
the dominant role is attributed to fluvial processes, often with full
marginalization of the role of landslides. However landslide move-
ments are very effective processes shaping the morphology of terrain.
They are underestimated in the context of wider, temporal and spatial
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scales. In many scientific publications, one can find evidence for the
important role of landslides in shaping relief as well as the rate of
relief change. Crozier (2010) further notes the dominance of land-
slide processes in the circulation of matter on hillslopes and generally
in the evolution of hillslopes.

Flood waters of streams that cause increased lateral erosion also
have an important role, which contributes to the loss of hillslope sta-
bility and the activation of landslide processes. Such an event leads to
the rejuvenation of pre-existing landslides. Landslide material origi-
nating from a hillslope can lead to temporary or permanent blockage
of the flow of the river, which can create landslide lakes. This phe-
nomena are more frequent in smaller valleys which are more narrow
typically. As a result, lateral erosion activity increases, which leads to
the widening and deepening of the valley floor (Margielewski, 2008).
Particularly large changes within the river channel occur during the
formation of landslide dams (Costa and Schuster, 1988; Clague and
Evans, 1994; Schuster 2006; Hermanns et al., 2009; Kuo et al., 2011;
Cebulski 2014, 2016; Wu et al., 2019; Kumar et al., 2019). According
to Costa and Schuster (1988) the most endangered areas are valleys
with a narrow floor due to the small area receiving displaced colluvial
material. The gradient of valley hillslopes also increases the chance of
the formation of landslide dams given the increased rate of landslide
movement, which allows the stream to be blocked before the material
is eroded and removed by the river. According to Schuster (2006) and
Korup et al. (2010), landslide dams have a significant impact on the
morphology of mountain valleys, changing them both up and down
the river from the landslide dam. The effect of this is the formation of
often temporary or permanent lakes, accumulation of sediment in
front of dams, changes in river channel patterns, and secondary activ-
ity of landslides.

Landslides can be classified according to the type of contact
between the river channel and landslides, and the geomorphic conse-
quences of their impact on the river channel. This classification was
provided by Korup (2005) in alpine regions of New Zealand. He dis-
tinguished 5 types of geomorphic coupling interfaces (area, linear,
point, indirect and nil) and 5 types of geomorphic landslide impacts
(buffered, riparian, occlusion, blockage, obliteration).

The aim of our study was to determine the role of landslides in the
evolution of mountain river channels and valley floors in 3 order and
4™ order river catchments (according to Horton-Strahler method;
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Strahler, 1964) in the Polish flysch Carpathians. Special attention was
paid to landslides connecting the valley floor or river channel. A mod-
ified Korup classification (2005) was used to study interactions between
landslides and the river system. We tested its usefulness in the analy-
sis of the role of landslides in the modification of valley floor relief
and fluvial processes in mid-mountains.

Study Area

The study area is located in the northern part of the Western Car-
pathians in Poland (Fig. 1). Thirty river valleys were selected for study
purposes in the Polish Flysch Carpathians and are located in 5 distinct
mountain ranges (successively from the west): Beskid Slaski Mts. (3
catchments), Beskid Zywiecki Mts. (2 catchments), Beskid Wyspowy
Mts. (4 catchments), Gorce Mts. (7 catchments), Beskid Sadecki Mts.
(5 catchments), Beskid Niski Mts. (6 catchments), and Bieszczady
Mits. (3 catchments) (Fig. 1). These areas represent mid-mountains with
elevations ranging from 186 m to 663.3 m. The Gorce Mts., Beskid
Slaski Mts., Beskid Zywiecki Mts. and Beskid Sadecki Mts. are com-
pact mountain groups with straight or convex hillslopes. The Bieszczady
Mts. and Beskid Niski Mts., on the other hand, are banded mountain
ranges with convex-concave hillslopes. The Beskid Wyspowy Mts.
are characterized by the occurrence of isolated island-type mountain
ranges (Izmailow et al., 1995). Some of the studied catchments are
characterized by high forest cover, especially at upper elevations. As a
result, intensive forest management is observed in many places. Build-
ings are found throughout the study area, however, a higher building
density is observed at lower elevations in the studied catchments.

Methods

A LIDAR model was used to analyze the morphometric parame-
ters of 30 catchments (3" order and 4" order) and 344 landslides. Data
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from aerial LIDAR scanning (regular 1x1m grid, *asc files) were
obtained from the Central Office for Geodetic and Cartographic Doc-
umentation in Poland. The average altitude error for interpolated data
does not exceed 0.2 m.

Morphometric analyses were divided into three stages:

1. the first stage consisted of morphometric analysis of landslides:
landslide area, average slope, height differences, length and width and
height of landslide fronts.

2.the second stage consisted of morphometric analysis of the
catchment: total area, area of the valley floor, maximum and minimum
height, height differences, gradient of the catchment, length of the main
river, length of the river network, density of the river network, and
sinuosity of the channel. The length and width of the catchment were
also examined to calculate the elongation index. These indicators inform
about the shape of the studied catchments.

3. the third stage of morphometric analysis was designed to exam-
ine the contact zones of the landslide system and the river channel or
valley floor system. These analyses concerned the length of the contact
zones of these two systems, the width of the valley floor and the river
channel within the contact zones, as well as areas unaffected by land-
slide processes. The sinuosity of the studied river within these zones
was also estimated.

The area affected by landslides was calculated using a formula
expressing the relation of the total area of the landslides in the catch-
ment (Po) to the catchment area without the area of the valley floor
(Pr) (Bober, 1984).

Po
= — 1 0
Op Prx 00%

The next step consisted of the calculation of the percentage share of
the length of the river network and the main river of the catchment
having direct contact with the landslide system.

In order to identify the geologic structure of the catchment and the
rock formations on which landslides have developed, we used detailed
geologic maps produced in the years 1956-2009 by the Polish Geo-

15 A4

Beskid Niski Mts. 13

Bieszczady Mts.

20 0 20 40 60 km
| | | | |

*Studied catchments: 1 Bukowiec, 2 Stakkowski, 3 Jaworzna, 4 Zmiaca, 5 Le$nianka, 6 Malinowski, 7 Twardorzeczka, 8 Straceniec, 9 Nickulina,
10 Olchowaty, 11 Kotodzielny, 12 Walter, 13 Zwadtywka, 14 Kotan, 15 Krokowy, 16 Chyrkowski, 17 Szklarka, 18 Ostrzesz, 19 Wilcze, 20 Podgérski, 21 Sielski,
22 Czarny, 23 Koztecki, 24 Czarna Kros$nica, 25 Lubariski, 26 Mizerzanka, 27 Gteboki, 28 Porebianka, 29 Worwdwka, 30 Za Twarogiem

Figure 1. Location of the study area relative to the mesoregions of the Polish flysch Carpathians (Kondracki 1964).
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logical Institute-National Research Institute (http://baza.pgi.gov.pl).
Scanned georeferenced geologic maps were converted to digital maps
using manual vectorization, then the area of sediments was measured
in the catchment and landslides. This allowed to determine the per-
centage share of all rock layers in the studied catchments and the
share of the rock layers on which landslides are located.

All mapped landslides were classified according to Korup (2005)
based on the geomorphic impact interface and impact on the river
channel and valley floor. The geomorphic coupling interface consisted
of five types.

First is the area type, when the river system is located within a land-
slide landform. The second type is known as linear, the landslide
stretches along the river channel. The third type is called point con-
tact; location of landslide deposits at an approximate right angle rela-
tive to the river. Indirect is the fourth type, but it was not used in the
present study (landslide enters a body of water). The last type of geo-
morphic coupling interface is the type nil — observed contact only with
the valley floor (no contact with the river channel). Geomorphic impact
has seven classes: buffered — no contact between landslide and river
channel (contact with the valley floor), riparian — slight contact between
systems, increase in lateral erosion, cutting colluvium — cutting of land-
slide colluvia through the river (new class) (Fig. 2), occlusion — diversion
of the river around landslide deposits, partial occlusion — partial
diversion of the river around convex landslide deposits (new class)
(Fig. 3), blockage — blockage of water flow, formation of landslide lakes,
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obliteration — complete coverage of the valley floor by landslide depos-
its, breaking river channel continuity. The classification of landslide impact
on the river system was expanded via two new types (described above),
which resulted from observations during field studies.

In the next stage, for all types of contact with and impact on the
course of the river channel, landslides were identified that directly and
significantly influence the course of the river channel by changing its
course and disrupting the continuity of the fluvial system — these were
named aggressive landslides. Such an impact of the landslides was
found over the entire length of the landslide-channel contact, and in other
cases for only parts of it. Landslides found across the upper parts of
the hillslope were excluded from the classification discussed herein.

All morphometric characteristics of catchments, landslides as well
as river valleys and river channels were obtained from the LIDAR
model using QGIS software. It was a manual interpretative task and
the approach to each catchment was individual. Results of landslides
classification were partially verified during field research (in 5 catch-
ments), which confirmed the correctness of the analyzes carried out in
the GIS software.

Selected morphometric features of catchments, valley floors, river
channels, landslides, and contact zones of river valley and landslide
systems were examined via statistical analysis with use of the STA-
TISTICA 13 software. Measures of position such as minimum, maxi-
mum, first and third quartiles and median values were calculated for
key morphometric features. The number of landslides belonging to

[] Landslide area
— River

—— Landslide scarp
[] zone of cutting colluvium

Figure 2. Type of geomorphic impact - cutting colluvium.
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Figure 3. Type of geomorphic impact — partial occlusion.

different types in the Korup (2005) classification was compared for
the studied catchments as well. In addition, the arithmetic mean was
calculated for selected morphometric features for different types of
landslides: 1) aggressive landslides, 2) landslides reaching a valley floor
or river channel, and 3) landslides without contact with valley floor.
As the sample of studied features does not follow a normal distribu-
tion, the statistical significance of the detected differences was tested
with the use of the Mann-Whitney U test and the Kruskal-Wallis H test.
Differences were considered statistically significant if the p-value was
0.05 or lower. Spearman’s rank correlation coefficients were calculated
for selected morphometric features separately for aggressive landslides
and for those not generating such impact on the river channel.

Results

Characteristics of the Studied Catchments

The study area included 30 catchments located in the Polish flysch
Carpathians. Catchment areas ranged from 1.3 km* to 17.6 km®. The
length of their river networks ranged from 5.1 to 30.1 km. The length
of the main river channel ranged from 1.8 to 7.3 km. The highest mea-
sured density of the river network was 4.8 km/km? whereas the lowest
was 1.06 km/km? (Table 1). The highest channel sinuosity was 1.29. The
range of the most frequent river channel sinuosity values extended
from 1.07 to 1.15. The lowest channel sinuosity index value was 1.03
(Table 1). The catchment elongation index is the quotient of the diam-

eter of a circle with an area equal to the catchment area and the length
— it was measured for each of the 30 catchments. These analyses showed
that elongated catchments predominate in the studied sample. The vast
majority of the studied catchments had an elongation index close to
0.69. The highest calculated catchment elongation index value in our
study was 0.93 (Table 1).

Characteristics of Landslides in the Studied Catchments

A total of 344 landslides were mapped in the study area. The aver-
age area of the studied landslide area was 0.31 km?. The largest identi-
fied landslides had an area of 1.85 km?. The share of the study area
affected by landslides was 27.14% in the studied catchments and varied
strongly from one catchment to another. The highest share of a catch-
ment’s area affected by landslides was 77%. However this value is an
outlier. The next highest share of a catchment’s area affected by land-
slides was 49.15%. Research has shown that the smallest share of area
affected by landslides in a single catchment was 5.58% (Fig. 4).

The catchments studied in the Polish flysch Carpathians are domi-
nated by shale and sandstone. The area is located across three differ-
ent geologic units (Magura, Dukla and Silesian units). The Magura
unit rock formations are composed mainly of thick and thin-sided
sandstone with an admixture of conglomerate and shale (Chylak and
Wrezlewicz, 2009). The Dukla unit is characterized by alternating thin
sandstone and shale - hieroglyphic layers as well as the occurrence of
clayey dark gray shale and sandstone thin-sided inoceramus layers
(Jankowski, 2015). The Silesian unit is characterized by the occur-
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Table 1. Catchment and main river morphometric features
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Catchment Landslide  Height

Length of

Length of  Density of Sinuosity in the

Catchment area area difference Gradient main river river network valley  Sinuosity section adjacent Elongation
no. kmd)  (kmd) my  km) (km)  network (km) to the landslide ~ ndex
1 5.72 1.40 571.1 191.9 6.54 11.53 1.30 1.20 1.06 0.55
2 6.05 1.21 582.9 237.0 4.59 14.17 1.51 1.14 1.07 0.69
3 5.70 1.11 592.3 248.2 5.28 10.73 1.88 1.11 1.08 0.49
4 6.85 2.06 608.5 2325 591 11.10 1.62 1.10 1.07 0.48
5 10.53 2.18 585.4 180.4 4.94 30.10 2.86 1.09 1.06 0.78
6 8.76 3.93 663.3 224.1 3.98 14.20 1.62 1.08 1.05 0.83
7 9.33 0.92 560.3 183.4 427 9.87 1.06 1.08 1.11 0.81
8 5.82 1.66 480.9 199.3 4.46 12.76 2.19 1.09 1.06 0.66
9 11.42 1.80 648.4 154.5 6.68 22.69 1.29 1.07 1.04 0.87
10 8.84 3.63 507.6 170.7 5.20 23.32 2.64 1.09 1.05 0.69
11 4.81 2.31 383.6 174.9 5.24 10.07 2.09 1.20 1.06 0.60
12 3.78 0.73 386.2 198.6 3.97 16.88 4.47 1.15 1.03 0.74
13 2.85 0.66 295.7 175.1 322 11.81 4.14 1.13 1.15 0.71
14 1.27 0.38 186.1 165.0 1.90 5.70 4.48 1.12 1.06 0.71
15 6.71 2.11 359.8 138.9 421 28.80 4.29 1.26 1.09 0.80
16 425 1.28 315.1 152.8 2.48 20.20 4.75 1.08 1.07 0.93
17 5.97 1.21 405.4 166.0 4.03 25.96 4.35 1.19 1.08 0.73
18 4.94 1.30 268.5 120.8 4.69 22.82 4.62 1.17 1.07 0.69
19 1.41 1.08 358.6 302.5 2.63 5.05 3.59 1.06 1.08 0.54
20 3.08 1.40 414.0 235.7 3.23 9.20 2.98 1.03 1.04 0.64
21 8.21 1.62 651.1 2272 7.33 25.94 3.16 1.07 1.04 0.50
22 5.83 2.17 540.4 223.8 4.79 18.45 3.16 1.05 1.05 0.64
23 2.75 0.24 561.0 338.3 5.39 11.22 4.08 1.29 1.07 0.45
24 3.23 0.32 539.5 241.8 423 10.07 2.02 1.15 1.03 0.66
25 4.30 0.99 650.5 252.9 5.49 11.35 1.72 1.11 1.09 0.61
26 6.57 0.66 505.5 197.1 477 14.13 2.15 1.08 1.05 0.81
27 1.67 0.26 381.2 295.0 1.88 9.48 3.68 1.11 1.06 0.94
28 1.92 0.11 305.3 220.6 2.36 6.34 3.31 1.17 1.08 0.76
29 2.13 0.43 382.8 262.3 2.87 7.84 2.38 1.09 1.04 0.79
30 2.12 0.90 3873 266.0 2.51 8.73 2.68 1.07 1.05 0.68

rence of thick-layered sandstone with shale and fine and medium layered
sandstone, as well as mudstone and shale (Haczewski et al., 2007).
Sandstone-dominated layers prevail in the majority of the studied
catchments (60.5% of study area). Shale-dominated layers occupy
39.5% of the study area. The share of sandstone and shale varies sub-
stantially in the studied catchments (Fig. 5). Similarly, the landslide
distribution reflects the general lithology of the study area. About 16.1%
of the catchments’ area is occupied by landslides found atop sand-
stone-dominated layers and 9.5% found atop shale-dominated layers

(Fig. 5).
Interaction Between Landslides and the River System

According to the Korup classification (2005) the dominant type of
geomorphic coupling interface between landslides and the river sys-
tem is the point type, which was identified for 213 landslides, repre-
senting 66.6% of all the landslides in the study area and 62% of the
landslides’ area. The area type of landslide-river coupling was observed
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in 70 landslides (30.1% of the landslides’ area). The linear and nil
types of landslide-river coupling are the rarest of the identified types
occupying 3.5% and 3.4% of the studied landslides’ surface area,
respectively). The Korup classification showed that 93.0% of the stud-
ied landslides have contact with the river channel or valley floor, which
means that only 24 landslides have no contact with the river channel
and valley floor of the 30 catchments studied (Table 2-3, Fig. 6).

The Korup geomorphic impact classification (2005) asserts that the
most common impact type is the riparian type of landslide impact
(42.8% of landslides), but the partial occlusion type affects a larger
area than the riparian type. Landslides with the partial occlusion impact
type occupy 38.4% of landslides’ area, whereas landslides with the ripar-
ian type of impact occupy 25.6%. The occlusion type of impact occurred
in 11.9% of landslides (14% of the studied landslides’ area), and the
cutting colluvium type was observed in 5.9% of landslides (7.9% of
landslides’ area). Only 3.1% of the studied landslides belonged to the
obliteration type of landslide impact, whereas the blockage type of
impact was found in only 0.3% of landslides (Table 4-5, Fig. 7).
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Figure 4. Percentage of area affected by landslides in the study
area in the Polish flysch Carpathians.

Catchments

In total, 30.2% of the river network length and 40.8% of the main
river channel length has contact with landslides in the study area. These
values, however, strongly vary from catchment to catchment.

The middle 50% of the width of the studied valley floors ranged
from 13.2 to 38.0 m (average of 28.3 m) in channel reaches without con-
tact with landslides, but ranging from 1.2 to 11.0 m (average of 11.1 m)
in channel reaches affected by landslides (Fig. 8). The exception in this
study is the maximum value of 168.2 m, which was measured in the
lower part of the Lubanski Stream catchment in the Gorce Mts. The
strongest narrowing of the valley floors occurs in places where the river
channel is adjacent to landslides with occlusion (on average 7.5 m).

The width of river channels is also affected by landslides. The mid-
dle 50% of the width of channels ranged from 2.8 to 4.6 m (on aver-
age 4.0 m) in reaches not affected by landslides, and 1.1 to 3.8 m (on
average 2.7 m) in places where landslides have contact with the river
channel (Fig. 9).

A considerable decrease in river channel sinuosity occurs in river
channel reaches affected by landslides. The mean river channel sinu-
osity was calculated to be 1.12 for the analyzed catchments — it equals
only 1.05 for reaches affected by landslides, with a maximum of 1.15,
while for reaches not affected by landslides it is 1.29 (Fig. 10).

Our study pays special attention to aggressive landslides strongly
affecting river channel geometry and functioning. Aggressive landslides
constitute 43% of all landslides in the catchments. These landslides
are larger (2.7 times, on average), longer (1.4 times, on average), and
are characterized by greater height differences (Table 6) than other
landslides. The length of the contact line of landslide colluvium with
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Table 2. Morphometric characteristics of landslides-river channel coupling types
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Geomorphic Area (ha) Length (m) Width (m) Length of contact section (m)
coupling interface  Q1* Q3" Median  QI* Q3 Median QI  Q3®  Median  QI° Q3"  Median
Point 1.9 1438 39 156.7 4362 272.1 1269  330.7 209.6 153.5 435.7 275.1
Area 35 205 8.9 2547  596.7 362.0 147.1  387.7 233.9 194.8 752.3 373.3
Nil 1.4 43 32 1409  275.7 208.5 1072  263.7 162.4 94.0 251.3 132.8
Linear 37 243 132 2604  604.8 518.8 126.5 4583 2404 305.8  1160.8 668.3
No contact 08 3.0 14 1143 2154 171.7 61.5 203.4 97.8 - - -
25% quatrtile.
®75% quartile.

Table 3. Share of landslides and area and total length of the contact section for landslides assigned to selected geomorphic coupling types

Geomorphic coupling interface Number Share of landslides Share of landslide area  Total length of contact section (km)
Point 213 66.6 60.6 77.0
Area 70 21.9 30.1 46.0
Nil 26 8.1 3.4 5.2
Linear 11 34 3.5 8.9
No contact 24 7.0 24 -
(%) landslides having contact with channel 93.0
16
22
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C -
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Figure 6. Number of landslides with a different geomorphic coupling
interface with the river channel in catchments in the study area.

Figure 7. Number of landslides with different geomorphic impact
on river channels in catchments in the study area.

Table 4. Morphometric characteristics of landslides yielding different types of impact on the river channel

o Area (ha) Length (m) Width (m) Length of contact section (m)
Geomorphic impact - - - o - o : ; 5 :
Q1* Q3 Median Q1 Q3 Median Q1* Q3 Median Q1t Q3 Median
Occlusion 1.6 172 4.76 160.1 582.4 304.2 844 4414 147.5 114.0 442.9 186.8
Partial occlusion 34 207 132 185.0 509.1 3323 168.0 299.6 256.1 222.8 621.3 338.0
Riparian 1.9 9.7 33 158.1  369.6 263.9 263.7  299.6 186.0 130.6 4174 231.2
Cutting colluvium 2.7 162 4.03 191.5 6513 410.1 147.5 663.8 183.8 221.5 803.4 373.3
Obliteration 7.0 523 18.8 4103 926.7 650.6 239.3 9234 357.7 374.6 1190.3 561.9
Blockage 763 76.3 76.3 593.6 593.6 593.6 9234 9234 9234 1148.0  1148.0 1148.0
Buffered 14 4.5 2.96 153.8  306.3 2212 110.6  263.7 162.4 89.7 202.0 128.4
25% quatrtile.
*75% quartile.
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Table 5. Percentage of landslides and area and total length of contact section for landslides assigned to selected types of geomorphic impact

Geomorphic impact Number of landslides Share of landslides Share of landslide area ~ Total length of contact section (km)
Occlusion 38 11.9 14.0 15.4
Partial occlusion 95 29.7 384 48.6
Riparian 137 42.8 25.6 43.9
Cutting colluvium 19 5.9 7.9 23.5
Obliteration 10 3.1 6.8 8.1
Blockage 1 0.3 1.8 1.2
Buffered 20 6.3 32 4.4
. J— B Vedi I B Median
£ 160 i 2;/_';:% 1.28 W 25%-75%
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Figure 9. Width of the river channel in the study area in the Polish
flysch Carpathians.

the valley floor and the river channel is greater in the case of these
landslides than for other landslides. Moreover, aggressive landslides
are characterized by a larger number of secondary scarps than other
landslides (on average 1.9 times) and a height of landslide front, on
average 14.3 m (Table 6). These differences are statistically significant
at 0.0001. Moreover, the analyzed parameters are more closely cor-
related in the case of aggressive landslides than in the case of other
types of landslides.

Aggressive landslides impact river channels mainly via partial
occlusion and occlusion.

Wojciechowski et al., 2012). According to national and regional land-
slide databases, cited by Van Den Eeckhaut and Hervas (2012), there
are over 633,000 identified landslides in Europe, of which the majority
are found in Italy. There are more than 10,000 identified landslides
per country in Poland, Slovakia, Austria, the Czech Republic, France,
Norway and the United Kingdom. According to Raczkowski (2007)
in Poland there are about 23,000 landslides. For comparison, only
13% of the Korshrostam area of Iran is affected by landslides (Uro-
meihy and Mahdavifar, 2000), in New Zealand (South Westland and
Fiordland) it is 2.4% (Korup, 2005), whereas in Japan it is 2.9% in
Chuetsu in Niigata Prefecture (Wang et al. 2007). In the study area in
the Polish flysch Carpathians (3" order and 4™ order catchments), the
percentage of area affected by landslides is 27.1%. Landslide cover-
age, however, strongly varies by studied area. The highest percentage
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Table 6. Characteristics of aggressive landslides compared with other types of landslides

Average for Average for “non-aggres-
all studied sive” landslides with con-
landslides tact with the valley bottom > contact with the

(344)  orriver channel (165) \andslides (151)

Landslide parameters

Average for land- Statistical significance of
slides without  differences based on the

Kruskal-Wallis / U

Mann-Whitney test

Average for
aggressive

valley (28)

Landslide area (ha) 12.4 7.6
Landslide height difference (m) 104.5 99.5
Landslide length (m) 362.9 320.4
Lenehofonactson bt andslides
Lenath ofcomtactsonc etvesn andlides 3462
Length of contact zone between landslides 430 318.6
and river channel (m)

Length of contact zone between landslides 404.5 299.0
and valley floor (m)

Number of secondary scarps 1.9 1.6
Height of landslide front 143 N/A

19.3 3.8 H =38.46 p<0.0001
117.3 66.9 H=17.88 p=0.0001
4415 201.6 H=26.13 p<0.0001
571.2 N/A U = 8721.00 p<0.0001
346.2 N/A not applicable
562.1 N/A U =29.30 p<0.0001
529.5 N/A U =8610.00 p<0.0001

2.7 0.6 U = 8663.00 p<0.0001

14.3 N/A not applicable

- aggressive landslide (m)

of a catchment’s area affected by landslides is 77% and the smallest is
18.9%.

The high activity level of landslide processes in the Polish Carpath-
ians is associated with various factors including extreme precipitation
(Raczkowski and Mrozek, 2002; Poprawa and Raczkowski, 2003;
Gorczyca, 2004; Wojciechowki et al. 2012), but also type of relief
(deeply incised valleys, large gradient), regional tectonics (fault zones,
tectonic dislocations) and regional geologic structure (Dlugosz, 2011).
Many authors (Zigtara, 1968; Bober, 1984; Bajgier, 1994; Margielewski,
2008) indicate that geological structure is one factor determining the
distribution of landslides in the flysch Carpathians. In the Polish fly-
sch Carpathians shale and shale-sandstone are particularly suscepti-
ble to landslide processes. Layers with a predominance of sandstone
over shale dominate in the studied area, which is why most landslides
are located within such areas. The location of landslides is not depen-
dent on the occurrence of particular rock layers. The percentage of area
affected by landslides is similar for shale layers and sandstone layers.
However, our study does not allow for unambiguous determination of
the most susceptible layers for landslides processes.

In the studied 3" order and 4" order catchments in the Polish flysch
Carpathians as much as 93.02% of landslides make contact with the
valley floor or river channel. On the other hand, in New Zealand (Korup,
2005), only 27% of landslides reach the valley floor. This result indi-
cates the very high pressure of landslides on the river system in the
Carpathian area. This may be due to a predominance of elongated
catchments with relatively short hillslopes. Landslides in the study
area in the Polish Carpathians affect 30.2% of the river network length
and 40.8% of the length of the main river. In New Zealand, these val-
ues are lower: 6.3% and 27.3%, respectively.

Landslides are an important control of the valley floor and river
channel morphology as well as of the river profile form (Ouimet et al.,
2007). Colluvial masses reaching the valley floor and river channel
lead to a reduction in valley floor width and river channel width. The
magnitude of such changes depends on the type of landslide contact
with the river system. Reducing the width of the valley floor and the
river channel causes a significant decrease in a river’s sinuosity.

Episodes Vol. 44, No. 3

Type of geomorphic impact of landslides and the location of the
landslide-river interface determines the magnitude of the impact of a
landslide on a river channel and valley floor. Landslides yielding the
riparian type of impact intensify fluvial erosion (mainly lateral erosion)
within the contact zone (Korup, 2005), which may relieve the lower
part of the colluvial landslide and lead to further development of the
landslide. Landslides with occlusion or partial occlusion type of impact
have a much larger impact on the development of the valley floor and
the river channel. Landslides with occlusion lead to a sudden narrow-
ing of the valley floor and a diversion of the river channel around the
convex colluvium of the landslide (Korup, 2005).

Similar development scenarios for different types of landslide-river
system coupling were identified in the studied third and fourth order
catchments. These scenarios are shown in the conceptual model below
(Fig. 11). Landslides with point contact with partial occlusion pro-
mote lateral erosion, which leads to undercutting and removal of col-
luvial material, and the river channel returns to its original course if
the colluvia are not very thick. However in places, where the land-
slide colluvia are thick, a river becomes dislocated permanently and
lateral erosion is intensified on the opposite hillslope of the valley
(Fig. 11a). Sometimes river completely returns to its old river chan-
nel, but with reduced sinuosity (b). Landslides with linear type of con-
tact (¢) usually intensify lateral erosion, which causes undercutting of
the landslide toe. Landslides with the cutting colluvium impact type
are characterized by intensified incision, chaotic arrangement of poorly
developed valleys and burial of river channels with a large number of
boulders (d). In contrast, landslides with the obliteration type of impact
are characterized by river channels completely buried with colluvial
material as well as the interruption of the fluvial system and displace-
ment of the river channel below the buried section (e) (Fig. 11).

Korup (2005) showed that in New Zealand landslides most often
make contact only with the floor of the valley, without direct contact
with the riverbed. Moreover, the most common type of landslide con-
tact with the river system is point contact. In most cases riparian and
occlusion type of impact were initiated there. Area and linear types of
contact are less common in New Zealand. In the Polish flysch Car-



236

a. point - partial occlusion, intensive
lateral erosion and incision

b. point - temporary occlusion, the river crosses the
colluvium, intensive lateral erosion and incision

-

c. linear - intensive lateral erosion,
large sediment supply to the river

N

d. area - cutting colluvium

e

e. obliteration - displacement of the stream source below the burial zone of valley

g

v@v

f. stages of relief development at occlusion

Longitudinal profile of the river
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Figure 11. Development models of landslide and river channel coupling in third- and fourth-order catchments.

pathians the most common type is the area type of geomorphic cou-
pling interface and the riparian type of impact.

By far, blockage yields the biggest impact on the transformation of
the valley floor and the river channel. They form landslide lakes where
sediments accumulate. Lateral erosion is intensified within the con-
tact zone also, which can activate landslide processes. Below the con-
tact zone, intense incision occurs, which is the result of increased river
energy by narrowing the river channel in the contact section (Fig. 12).
The effects of such an event are observed below and above the con-
tact zone of the landslide system and the river (Costa and Schuster;
1988; Clague and Evans; 1994; Korup, 2005; Schuster, 2006; Hermanns
et al. 2009; Kuo et al., 2011; Cebulski, 2014, 2016; Kumar et al., 2019;
Wu et al., 2019). Landslide dams most often occur in tectonically
active areas. However, they can also occur in areas with less tectonic
activity. An example of such an area is the Czech Carpathians, where
landslide dam occurrence is connected to the structural-lithological
predisposition of flysch morpho-structures (Panek et al., 2007). Mor-
phometric analyses and field studies in study area have shown only
one case of a landslide creating a permanent dam — and several cases
of landslides stopping river flow for some time. In mountain areas in
Asia and New Zealand, for example, landslide dams occur more fre-
quently, threatening infrastructure and human life. In the investigated
3" order and 4™ order catchments in the Polish flysch Carpathians,
there are no landforms threatening either infrastructure or human life.
This may be due to the smaller catchments’ area, shorter hillslopes

and smaller gradients of landslides in the study area as well as the fact
that the studied Polish catchments are home to relatively few inhabi-
tants.

The occurrence of landslides and river coupling leads to the trans-
formation of the longitudinal profile of the river. The longitudinal pro-
file can be observed to consist of large steps, which indicate increased
accumulation reducing the capacity of the river channel above the
contact section, and increased erosion below (Schuster, 2006; Korup
et al., 2010) (Fig. 12). The largest changes in the longitudinal profile
are observed when two landslides (usually belonging to the point type
of contact), located on opposite hillslopes, slide into the river bed and
overlap. This creates a barrier and a vast accumulation zone above the
two overlapping landslides, blocking the free flow of water and blocking
material transport in the downstream direction.

A connection between a landslide system and a valley and river
channel is commonly encountered in the studied catchments and affects
the development of both systems. Our analyses have shown that the
impact of landslides on fluvial processes is much greater than the impact
of fluvial processes on landslide development. So-called aggressive
landslides have the greatest impact on the development of river chan-
nels, and their parameters differ markedly from the parameters of other
landslides (Table 6). This indicates the greater potential of aggressive
landslides to affect the river system compared to other landslides.
Aggressive landslides displace the river channel over the entire length
of the contact area and in some cases only over parts of the contact
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Figure 12. Longitudinal profile (upper panel) and of the Olchowaty River with marked landslides and their types and the Olchowaty River
catchment with marked landslides (lower panel).

area. Pushing the colluvium into the river can cause its complete or sion. Temporary obstructions to free flow can also cause an accumula-
partial blocking (Fig. 11). This activates both incision and lateral ero- tion of debris and alluvial deposits above this zone (Fig. 11). In some
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landslides, the fluvial system is interrupted and flow is temporarily
blocked, and the river channel is forced to circumnavigate the collu-
vial masses (Fig. 11). The outcome of the above interactions is asym-
metry of the valley floor and river channel (Figs. 11, 12). The valley
floor builds up with colluvial masses from the side of the landslide
hillslope, and the river channel becomes displaced in the direction of
the opposite hillslope.

Conclusion

Landslide processes strongly impact the development of small
mountain river valleys. The hillslopes of catchments are strongly affected
by landslides. The percentage of the catchment area affected by land-
slides varies broadly from 5.5% to 77%. The majority of landslides
(93%) make contact with the valley floor or river channel. River chan-
nels in third-order and fourth-order catchments are largely shaped by
landslide processes (from 21.4% to 39% of the length of the river net-
work is affected by landslides). Landslides affect the development of
valley floors and river channels in a similar manner. Sections of the
valley floor and river channel, which are affected by landslide processes,
are narrower, and the sinuosity of these river sections is smaller.

Our study has shown that the most common type of interface between
a landslide and the river channel is the point type, and the next most
common type is the area type. The most common types of geomor-
phic impact of landslides on the river channel are the riparian type
(42.8%) and the partial occlusion type (29.7%). Landslides classified
as the partial occlusion type of impact on the river channel strongly
alter the course of the river channel. Large landslides can block the
flow of the river, dividing it into two systems: an accumulative system
above the landslide and an erosive system below. Flow blocking most
often occurs in the upper part of the catchment.

The Korup classification system (2005) along with some modifica-
tions appears to be a useful tool for the analysis of the role of landslides in
changes in valley floor relief and in fluvial processes in both mid-
mountains. Landslides reach the valley floor and river channel more
frequently in third and fourth order catchments in the Polish flysch
Carpathians when compared to the alpine regions of New Zealand.
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