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Abstract

The increase of geomorphological research during the last decades in the Gorce Mts. caused the need
for state-of-art review papers. The Gorce Mountains were formed as an isolated massif with Mt Turbacz
(1310 m a.s.l.) as the highest summit. River channels are remodeled by sudden and high-level floods with the
critical impact of log jams. The main processes influencing hillslope relief were landsliding, run-off, and tree
uprooting. The review suggests the following issues await for studies: a long-term landscape evolution, moni-
toring of morphogenetic processes, and origin of landslides with their contribution to denudation rates. Also,
current biomorphodynamics (uprooting process) has not been sufficiently studied.
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Introduction

The Gorce Mts. massif occupies a special
place on the geomorphological map of Poland.
As a vast and isolated complex of hills featur-
ing a horn-like structure, it is an area of excep-
tional geomorphological conditions, a spe-
cific radial river network, and a mountain

climate. Moreover, geological evolution
and geological structure of this part of the
Western Carpathians played a vital role
in the present-day relief of the Gorce Mts.
(e.g,, Burtan et al., 1978; Cieszkowski et al,,
2015; Forma & Zuchiewicz, 2002), includ-
ing primarily deep overthrust (slice-nappe)
structure, the resistance of rocks building
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various parts of the Carpathian flysch, finally
neotectonic movements responsible for the
leading features of the contemporary Gorce
Mts. relief.

The main elements of Gorce Mts. natural
environment were described many times.
Jarosz’s (1935) paper was one of the first
scientific manuscripts characterizing forests
and forest management in this area. How-
ever, in Earth sciences, a long history of geo-
logical and geomorphological studies result-
ed in many research papers. Still, the lack
of a synthesis of the entire massif motivated
us to take steps in this direction. The interest
in the Gorce Mts. relief and processes shap-
ing it started already at the beginning of the
20th century. However, numerous results
of studies carried out in the massif are now
dispersed in various publications. This paper
aims to review the hitherto literature for the
first time and present synthetically the data
describing the relief of the entire Gorce Mts.
mesoregion. The Gorce Mts. relief and geo-
morphological processes responsible for the
development of massif surface forms on vari-
ous space and time scales were described
in the study. Also, recent authors’ studies
on landslide processes, biological weath-
ering, and biotransport were considered.
The prospects of further geomorphological
investigations in the Gorce Mts. range were
discussed, emphasizing the Gorce National
Park.

Location of the study area
and its main physical
and geographical features

Location and geological structure

The Gorce Mts. are a part of a vast system
of the Carpathians range extending from
the southern-western border of Romania
up to the northern-eastern frontiers of Aus-
tria (from the Iron Gates to the Vienna
Woods along nearly 1300 km; Zuchiewicz,
2010). This massif is a mesoregion (513.52)
expanding latitudinally, situated in the cen-
tral part of the Outer Western Carpathians
sub-province, and is a part of the Western

Geographia Polonica 2021, 94, 1, pp. 47-67

Pawet Kroh e tukasz Pawlik

Beskidy macroregion (513.4-5). On the north,
it borders with the Beskid Wyspowy Mts.
On the south with the Orawa-Nowy Targ
Basin (Fig. 1). In the east, it neighbors with the
Beskid Sadecki Mts. (also translated as ‘Sqcz
Beskid’), while in the west with the Orawa-
-Jordandw Foothills (Balon & Jodtowski, 2014,
Solon et al, 2018). In Poland’s geomorpho-
logical division, the Gorce Mts. belong to the
Beskid Sqdecki Mts. region (Klimaszewski
& Starkel, 1972; Gilewska, 1986). The Gorce
National Park was established in the central
part of this mesoregion in 1981 (Fig. 2).

The Gorce Mts. relief reflects a slice-nappe
structure and main tectonic elements of the
Western Carpathians geological structure,
in which individual segments (nappes, slices,
folds, faults) feature different age, lithology,
and course. In the case of rocks building
separate bedrock parts, they differ in the
resistance to external damaging factors
(weathering and erosion) (Kania & Szczech,
2020). Such a Western Carpathians structure
comprises three vast nappes (Magura, Sile-
sian, and Skole) (Ksigzkiewicz, 1971; Oszczyp-
ko, 1995; Zytko et al,, 1989). The Gorce Mts.
massif originated within the biggest of them,
the Magura nappe (Cieszkowski et al., 1985,
2015; Szczech et al, 2016). The Magura
nappe represents a late Oligocene - early
Miocene accretion prism consisting of the fol-
lowing slices: Krynica, Bystrzyca, Racza, and
Siary (Zuchiewicz, 2010). Its thickness is esti-
mated at 2.5-3.5 km (Zuchiewicz, 2010),
and it is built of alternating sandstones,
shales, and marls of the flysch series ranging
in age from the Cretaceous to the Oligocene
(Ksiqzkiewicz, 1971, Oszczypko, 1995; For-
ma & Zuchiewicz, 2001; 2002; Oszczypko &
Oszczypko-Clowes, 2011; Olszak, 2011).

In the south, the Gorce Mts. are separated
from the Orawa-Nowy Targ Basin by a nor-
mal fault featuring a few hundred meters
throw (Zuchiewicz, 2001; Pomianowski, 2003).
The area of Gorce Mts. is still subject to neo-
tectonic movements (Olszak, 2009; Buczek &
Gérnik, 2019). In the east, the Luban range
is separated from the Beskid Sqdecki Mts.
by the Dungjec fault. In the Quaternary,
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Figure 1. The Gorce Mountains in a regional context and the Gorce National Park (GPN) within the

Gorce mesoregion
Source: Authors’” own work based on Solon et al. (2018).
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Figure 2. Orthophotomap based on the Google Maps data set showing land cover of the Gorce Mts.
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the Gorce Mts,, like the whole Carpathians,
were subject to neotectonic movements
in three main phases: 800-472, 130-90,
and 15-0 thousand years ago (Zuchiewicz,
1998), which combined with glacial-intergla-
cial cycles and diversified deposition of the
slope material resulted in the development
of a sequence of terraces, which age can
reach even 190,000 years BP (Zuchiewicz,
1992; Olszak, 2011).

Climate, surface waters,
and plant cover

So far, the Gorce Mts. climate was precisely
identified by Obrebska-Starklowa (1968,
1969a, 1969b) and supplemented by other
researchers (Miczynski, 2015). Within the
present study, three stations were chosen for
analysis. The station in Obidowa (805 m a.s.l.)
is at the highest elevation on the ridge
(data for 1992-2019). The topuszna sta-
tion (570 m a.s.l, data for 1988-2017) is at
the boundary between the Gorce Mts. and
the Orawa-Nowy Targ Basin, at the south-
ern foothill of the Gorce. While the station
in Mszana Dolna (440 m a.s.l, data for
1961-2019) is situated already in the Beskid
Wyspowy Mts. in the area as regarded the
northern foothill of the Gorce massif. There
are two more meteorological stations in the
study area that could not have been used.
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The first one is placed on the Mt Suhora
Astronomical Observatory. It is an automatic
meteorological station installed on the build-
ing’s roof, thus failing to meet the standard
measuring station’s international require-
ments. The second station is near the Turbacz
summit area, but this data is still not available
in open-source databases.

The average annual temperature for the
Mszana Dolna station is 7.4°C, and it is high-
er by 1.3°C(6.1°C) and by 1.5°C(5.9°C) from
the average temperature for the topuszna
and Obidowa stations, respectively (Tab.).
The values of absolute maximal temperature
differ by nearly 3°C between the highest and
the lowest station. A still more significant dif-
ference exists for the absolute minimum tem-
perature, but the Obidowa station, despite
situated higher, features a higher minimum
temperature -28°C. However, this is a station
with southern exposure.

The annual precipitation is 813 mm in the
south part of the mountains (topuszna sta-
tion), 873 mm on the north slopes (Mszana
Dolna), and the highest on the west part
(Obidowa - 881 mm). An average annual
number of days with snow cover chang-
es proportionally to the elevation, from
6.9 days in Mszana Dolna to 8.7 days in Obi-
dowa. The highest annual precipitation sums
were recorded for the topuszna and Obid-
owa stations in the same years: 2001, 2007,

Table. Major climate parameters for the selected meteorological stations in the Gorce Mts.

Paramater Mszana Dolna topuszna Obidowa
Elevation [m a.s.l] 440 570 805
Absolute maximal temperature [°C] 36.0 348 33.2
Absolute minimal temperature [°C] -34.0 -35.0 -28.0
Mean annual temperature [°C] 7.4 6.1 59
Mean annual precipitation [mm] 873 813 881
Mean sum of precipitation in January 46 40 44
Mean sum of precipitation in July 120 135 143
Fighet recorded day precipoton ) (8015705 | (©8071997r) | (180520040
Mean annual number of days with snow cover 81 94 102

Source: https://danepubliczne.imgw.pl/
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and 2010 (Fig. 3). They exceeded 1000 mm.
In Mszana Dolna, high precipitation, close
to 1200 mm per year, was recorded in 1996
and 1970 (missing data for the 1980s and
1990s). In all cases, the highest monthly
precipitation was recorded in June and July,
while the maximal temperature in July and
September (Fig. 4).

The Gorce massif is drained by tributar-
ies of rivers with regional reach: Raba and
Dunajec. The massif features a dense river
network, which originates within the highest
Gorce mountain tops, slopes, and plateaus.
It then develops radially, following concen-
trically spreading main ridges and valleys
(Fig. 5). The density of the Gorce Mts. river
network reaches nearly 5.5 km-km? (Fig. 6).
The majority of rivers feature very deeply
cut valleys. The valleys of Jaszcze and Jamne

Obidowa (805 m a.s.l.)
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rivers were best studied up to now (Obrebska-

-Starklowa, 1969b; Bucata, 2009, 2010, 2012;

Bucata et al,, 2016).

The parts of Gorce Mts. with the highest
elevations and the steepest slopes are most
often aofforested with stands of prevailing fir,
spruce, and beech. However, between 1992
and 1997, the decline of natural regeneration
of Norway spruce was observed (Chwistek,
2001), and since 1997 farther significant loss
(6.5%) of Norway spruce stands was detected
(Wezyk et al,, 2018). A natural upper forest
boundary is missing, and the existing one
results from human activity, including forest
cutting in the area of passes and plateaus
for pasturing purposes (Bucata et al., 2015;
Bucata-Hrabia, 2017, 2018). The lower forest
boundary is situated along the farming-forest
border and can reach even 1000 m a.s.l.

2010

2000 2020

Figure 3. Annual precipitation calculated for selected meteorological stations

Source: Authors” own work based on public data available from the Institute of Meteorology and Water

Management (https://danepubliczne.imgw.pl/).
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Figure 4. Climate diagrams made for selected stations from the Gorce Mts. area. Red line - average
absolute maximum monthly temperature, green line - average monthly temperature, blue line - average
absolute minimum temperature.

Source: Authors” own work base on public data available from the Institute of Meteorology and Water
Management (https://danepubliczne.imgw.pl/).
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Figure 5. The Gorce Mts. and the Gorce National Park (GPN) river network based on the hydrographic
map of Poland in 1:50,000 scale

Source: Authors’ own work based on public data (https://dane.gov.pl/dataset/869,komputerowa-mapa-
podziau-hydrograficznego-polski).
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Figure 6. The Gorce Mts. river network density in m-km?

Source: Authors” own work based on the Geodatabase of Topographic Objects (http://www.gugik.gov.pl/
pzgik/zamow-dane/baza-danych-obiektow-topograficznych-bdot-10k).

General Overview of the Gorce
Mountains relief

The Turbacz peak with an elevation
of 1310 m a.s.| is the highest point of Gorce
Mts. The Gorce Mts. foothills on the south-
ern side (Orawa-Nowy Targ Basin) are at an
elevation of approx. 580 m a.s.l, and on the
northern side, in the area of Mszana Dolna,
approx. 450 m a.s.l. So the massif elevation
differences exceed 850 meters, and the south-
ern slopes feature much bigger differences
in elevation (Fig. 7). The distance between
Turbacz and the northern outskirts of the
region is approx. 16 km, which gives an aver-
age decrease of elevation of 53 m-km”,
while towards the south, it is only 6.5 km,
so in this direction, the parameter is more
than twice higher (112 m-km").

The Gorce Mts. massif has a horn-like
structure. It means ridges spread from the

highest central point in several directions,
along which elevations are evened out, and
ridge tops are domed and reach similar
elevations. The longest ridge, starting from
the main culmination of Mt Turbacz, goes
eastwards to Mt Gorc and then declines
to the north to the Kamienica River valley.
It is almost 18 km long. The shortest ranges,
going towards the south, are slightly longer
than 4 km. Rock crags are frequently
occurring on slopes, adding variety to the
Gorce Mts. relief (Alexandrowicz, 1982).

In the southern-eastern part of the mas-
sif, the Luban Range is separated from the
main horn-like structure. With the main
part of the massif, it borders via the Ochot-
nica River valley, and south of the Knurowska
Pass, via Knurowski Stream. This range goes
in a latitudinal direction, and its main ridge
does not reach high denivelations (like others
in the Gorce Mts.).

Geographia Polonica 2021, 94, 1, pp. 47-67
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Figure 7. Elevation differences calculated in 1 x 1 km square network

Source: Authors” own work based on SRTM digital elevation model (30 m spatial resolution).

The highest parts of the massif are classi-
fied as medium mountains relief type, while
the northern and western Gorce fragments
are considered foothill relief type (Starkel,
1972; lzmaitow et al, 1995). The arrange-
ment of valleys is diverse and interesting.
The highest sections of the main watercours-
es (Ochotnica, Kamienica, Lepietnica, Obido-
wiec) pass latitudinally, the pattern seldom
encountered in the Polish part of the Western
Carpathians, while it is typical of the Beskid
Niski and Bieszczady Mts. Significant chang-
es in the main valleys” course directions are
also not typical of the Beskidy Mts. valleys.
Obidowiec and Lepietnica rivers at the east-
ern Gorce Mts. boundary change direction
from west to south, and the Kamienica river
turns first eastwards, then to the north. In the
central course, it changes direction again
to the south-southeast.

Southern slopes of the Gorce Mts., in par-
ticular, the Luban Range and slopes of the

Geographia Polonica 2021, 94, 1, pp. 47-67

Czarnotéwka - Ksiezy Wierch ridge, feature
short and deep V-shaped valleys opening
directly to the foreground of the mountain.
The northern slopes of the massif valleys
merge into bigger streams, forming the river
network more typical of the Beskidy Mts.

Contemporary morphogenetic
processes

Contemporary morphogenetic  processes
in this part of the Carpathians have been
studied in the 1950s, which is proved by pio-
neering papers of Dylikowa (1956) and Ger-
lach (1960). Tadeusz Gerlach played a unique
role in this research field, initiating the estab-
lishment of experimental areas, within which
he carried out comprehensive monitoring
of surface processes (Gerlach, 1966, 1976).
The latter quoted paper covered the Gorce
Mts. by its reach, namely a Jaszcze River val-
ley fragment. Brzozowski (1996) was among
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the first authors who performed a preliminary
typology of surface processes in a selected
area of the Gorce Mts. This author, when
analyzing surface processes in the topuszna
River valley, separated denudation and accu-
mulation processes. In denudation processes,
he included surface-wash, tree uprooting,
mass movements, and erosion.

Landsliding and related processes

Studies on Gorce landslides were carried out
for a long time, but they were never com-
prehensively analyzed in the entire massif.
The area of Gorce Mts. is covered by a detailed
geological map in the 1: 50,000 scale (SMGP
- Detailed Geological Map of Poland; Scheets
Rabka 1032 - Paul & Rytko, 1984; Mszana
Gérna 1033 - Burtan, 1974; tqcko 1034
- Paul, 1978; Nowy Targ 1049 - Watycha,
1975; Szczawnica-Kroscienko 1050 - Kulka
et al, 1987). The core of the massif was
mapped and included in the Mszana Gérna
1003 sheet (Burtan et al., 1978), on which
landslide areas are marked. Areas consid-
ered subject to landsliding in 1953-74 (period
of field survey) were determined mostly cor-
rectly, but not sufficiently. The actual total
area of landslides in those mountains is much
larger. The most recent survey carried out
by one of the present authors (Kroh, 2018,
unpublished materials) confirmed that land-
slides cover 1285 ha of the Gorce National
Park. In contrast, according to the SMGP (Bur-
tan et al,, 1978), the landslide affected area
is approx. 660 ha. Such a big difference result-
ed from the work methodology, the focus
of mapping teams on geological and not geo-
morphological surveys (specific landforms),
and from strong afforestation of the ground,
making delimitation of large landslides dif-
ficult. Landslides in the area of Gorce Mts.
situated outside of the national park were
mapped under the Landslide Counteracting
System (SOPO) program by the Polish Geo-
logical Institute - National Research Institute
(PIG-PIB). The area of all Gorce municipalities
was mapped in 2009-2012 (Jurewicz et al,
2009, 2012; Konon et al., 2009; Lewandowski
et al, 2010; Olszak & Kaczmarczyk, 2017;

Rubinkiewicz et al,, 2012). A map of land-
slides resulting from precise ground model
analyses based on airborne laser scanning
and field verification (Fig. 8) is the last com-
prehensive study performed within the park
boundaries (Kroh, 2018; unpublished data).
If added to the SOPO data, this information
results in the complete landslide coverage
of the entire Gorce Mts. area (Fig. 9).

Numerous researchers were studying the
Gorce landslides in detail. Zbdjnicka Jama
cave in Jaworzyna Kamienicka was interpret-
ed as a dilatational fissure, being an example
of an initial stage of landslide slope develop-
ment (Margielewski & Urban, 2000, 2003).
Wronska (2006) and Wronska-Watach et al.
(2013) drew attention to the significant role
of landslides in the formation of headwaters.
Based on the studies in Gorce, these authors
introduced a headwater landslide type, not-
ing a specific shaping of its edges and their
different morphodynamic functioning.

Shallow landslide susceptibility has been
researched in Jaszcze and Jamne River val-
leys (Zydrori et al, 2016). Implementation
of soil parameters into two GIS models (SIN-
MAP and Iverson) gave accurate results.
Validation of the models by implementing
the empirical data containing shallow land-
slides mapped after heavy rainfall in 1997
showed quite a good accuracy of the models.
The SINMAP model reached 77% accuracy,
whereas Iverson’s model correctly indicated
69% of landslides. These models have also
been used to analyze slope stability. Results
suggest that landslide susceptibility in the
Jaszcze and Jamne River valley is much
higher than estimated by the SOPO project
mentioned above (Zydron et al., 2018).

Lakes and peat bogs within Gorce land-
slides are a vital source of information on this
land’s natural history. The sequence of depos-
its from Lake lwanowskie (Bucata et al., 2014)
allowed to find evidence of human impact
on the environment in this area. The oldest
deposits were dated for 2.49 ka BP, signs
of first farming cultures were dated for 590-
770 cal AD. Landslides fen deposits have
also been dated in Luban, Gorc, Kudton,

Geographia Polonica 2021, 94, 1, pp. 47-67
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Figure 8. Examples of different raster analysis as a base for relief interpretation. Presented rasters:
hillshade with light angle 45 and 315 degree, slope map, TPl - topographic position index with two
distances of neighborhood, openness negative index. On the hillshade 315° range of landslides are

marked.

and Turbacz massifs. The relation between
climate changes and the development
of landslides during the Holocene was
specified. The oldest fen deposits are 9500
+ 90 BP years old (11,143-10,653 cal BP)
and were found in the Turbacz Range
(Buczek, 2019). The next landslide phase
was confirmed by wood fragments sampled
from the landslide beneath the Géra Gebowa
peak (8850+100 BP, 9739 cal BP) (Kroh

Geographia Polonica 2021, 94, 1, pp. 47-67

et al, 2021). The subsequent phase of the
landslide formation was confirmed by data
from Jaworzyna Kamienicka (8060+100
BP, 8949 cal BP - Kroh et al, 2021) and
Zawadowskie Lake (7947-7685 cal BP,
Buczek, 2019). These phases are linked
with the increase of humidity and climate
cooling in the Western Carpathians reported
by many researchers based on various
proxy data (Starkel, 1997; Alexandrowicz
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Figure 9. Landslides in the Gorce Mts.

Source: Data outside of the national park area are from the Landslide Counteracting System (SOPO), and
within the national park are based on the authors” own work.

& Alexandrowicz,  1999; Margielewski,
2006, 2018; Haczewski & Kukulak, 2004).
The increase of climate humidity was also
noted for about 4.2 ka BF and cooling
between 3.5 and 2.5 ka BP (Kroh et al., 2021).

The mostrecentdatasuggest ~11.1kacal BF,
~9.7 ka cal BP, 8.6-8.0 ka cal BP, ~6.0 ka cal BP
and ~4.5 ka cal BP, 3.3-2.5 ka cal BP and
1.75-1.35 ka cal BP as the periods of intensi-
fied landslide activity in the Gorce Mountains
during the Holocene (Margielewski, 2018;
Buczek, 2019; Kroh et al,, 2021).

Landslide processes strongly impact the
development of small mountain river val-
leys as well. The relation between landslides
and stream channels was analyzed in seven
catchments in the Gorce Mts. (Caputa &
Gorczyca, 2020). The percentage of the area
affected by the landslides was between 5.5-
43% in these catchments, so it differs very
strongly. Influence of the landslides on the

channels in the whole Polish Carpathians
(30 catchments) is defined as seven types:
occlusion, partial occlusion, riparian, cutting
colluvium, obliteration, blockade, buffered
(Caputa & Gorezyca, 2020).

Trees uprooting, biotransport,
and weathering processes

The process of tree uprooting was one of the
most important ones indicated in the Gorce
Mts. by Gerlach (1966); he first studied its
effects in the 1950s within Hala Dtuga (Ger-
lach 1960). Because of a large percentage
of forested areas, the impact of tree uproot-
ing is widely observed, but so far, it was
not comprehensively analyzed within the
entire Gorce Mts. This process significantly
affects biotransport (and thereby mechani-
cal denudation of hillslopes), weathering
processes within the regolith, and soil profile
development. As suggested by the formation

Geographia Polonica 2021, 94, 1, pp. 47-67
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of pitmound microtopography (i.e, mounds
and pits resulting from tree throw and degra-
dation of the fallen tree trunks), this process
can modify the hillslope microrelief for hun-
dreds of years. Such effects were observed and
analyzed on Hala Dtuga, the montane mead-
ow close to Mt Turbacz, and in the Turbacz
Reserve (Pawlik & Kasprzak, 2018; Pawlik &
Samonil, 2018). In these cases, electrical resis-
tivity measurements and soil analyses showed
a significant impact of trees on weathering pro-
cesses, both within root systems of living trees
and places disturbed by tree uprooting (tree
throw pits and mounds formed after uproot-
ing). Increased moisture content within root
systems and tree throw pits is the parameter
indicating a potential intensification of weath-
ering processes. Such effects may be perma-
nent on a scale from 10" to 10? years, affecting
weathering and soil processes (e.g., leaching)
in places occupied by trees and transformed
by their root systems (Pawlik & Kasprzak,
2018). Pittmound microtopography within Hala
Dtuga is a unique example of geomorphic
forms created by a synergistic impact of biotic
and abiotic factors. Trees in this place were
most likely damaged by a strong wind (Ger-
lach, 1960) at the beginning of the 19th cen-
tury, indicated by radiocarbon dating and his-
torical maps analysis (Pawlik et al., 2019). Such
forms should be protected due to their scien-
tific values. Forms studied within Hala Dtuga
is the only documented example of pit-mound
microtopography within @ mountain range
of southern Poland, developed due to forest
disturbance but currently existing within a high
montane meadow. This type of pitmound
microrelief was also studied in the Stotowe
Mts., the Middle Sudety Mts., but there it exists
within a forested hillslope (Pawlik et al., 2013).

Fluvial processes and landforms

The functioning of river channels and valley
bottoms in the Gorce Mts. was also consid-
ered from several viewpoints. In the Kamieni-
ca river valley, the transport of woody debris
and its impact on the geomorphology of the
stream channel was analyzed. More than
1600 tree trunks were localized in the channel
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in the section of the initial eight kilometers
of the stream (Kaczka, 2009). They caused
the formation of log jams and accumulation
of rock material in front of them, offecting
the stream’s fluvial energy. Because the chan-
nel width in the upper section of Kamienica
is much smaller than the height of trees fallen
to it, their transport is limited.

Consequently, woody debris is deposited
in the narrower channel segments (Wyzga
et al, 2012, 2015). The accumulation of bed
material on the upstream side of log jams
forces the channel bed aggradation and
results in a characteristic stepped longi-
tudinal stream profile in Kamienica Valley
(Wyzga et al., 2003). The formation and lon-
gevity of log jams depend primarily on the
flood frequency. In connection with coarse
woody debris, river high water levels result
in significant changes in the intensity of accu-
mulation and erosion processes within the
channel banks and its bottom. Coarse woody
debris deposited on gravel bars makes
them permanent and facilitates vegetation
entering their area (Kaczka, 1999).

During the last decade, also accumulative
effects of beavers activity are observed in the
Gorce National Park area. These animals
build dams that act as natural sedimentation
traps in axes of mountain watercourses. How-
ever, this issue still awaits its scientific study.

The role of floods in shaping streams relief
was analyzed in Jaszcze and Jamne River
valleys (Niemirowski, 1972, 1974; Bucatq,
2010; Bucata et al,, 2016). The most remark-
able transformations of stream channels dur-
ing floods were caused by lateral erosion.
It is a dominating process as compared with
deep erosion. Log jams are an additional ele-
ment increasing the extent of lateral erosion
by forcing changes in the high water flow
direction. Floods also result in the formation
of new gravel bars and upbuilding of the
old ones. Places eroded during floods pre-
vail over the aggraded ones (Bucata, 2010).
During the high water level, the downcutting
and intensive riverbed erosion was recorded
in the upper valley sections, while in the cen-
tral and lower sections, riverbed and lateral
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erosion and aggradation. Also, fluvial materi-
al redeposition plays a significant role (Bucata
et al, 2016). In the recent decades at the
Ochotnica valley, two periods of channel
development was discovered. Between 1976
and 1996, aggradation was the predominant
process, whereas from 1997 to 2011, incision
dominated (Kijowska-Strugata & Bucata-Hra-
bia, 2019).

Krzemien (1984), as the first, was drawing
attention to the domination of deep erosion
in streams on northern slopes of the Gorce
Mts. He noticed such consequences of the
environmental-social transformations of the
Gorce watersheds as channel transformation
to narrower and much deeper, floodplains
became inactive, gravel stream banks and
stream beds became fixed and rock outcrops
appeared in alluvial sections.

Ptaczkowska (2014) statistically analyzed
the relationship between geological bedrock
and morphometric properties of headwater
areas in the Luban Range. She found no signif-
icant differences between the headwater are-
as built of various rock formations or related
to the rock strata strike. The only factor that
impacts the variability of higher headwater
areas is neotectonic activity. The headwater
areas within the bedrock segments elevated
due to the neotectonic activity are much larg-
er and slightly longer than other headwater
areas within the Lubart Range. Recent geo-
morphic activity in forest-covered headwater
catchments was a subject of numerous stud-
ies (Wronska-Watach, 2009, 2014; Morawska
& Wronska-Watach, 2012). Based on the tree-
ring record from the exposed roots of Picea
abies, Wronska-Watach (2009, 2014) found
evidence of the frequency of various erosional
processes induced by rainfall episodes.

Mouth sections of Kamienica and Ochot-
nica streams were characterized according
to terrace levels development and valley
bottom formation (Olszak, 2011). In the val-
ley bottom relief, seven terrace levels were
documented, and the development of ter-
races relief allowed to show their evolution
stages. They were classified as complex-
response terraces. In the interglacial periods,

valleys were eroded and deepened. In turn,
in glacial periods, when periglacial conditions
characterized this areq, intensive solifluction,
physical weathering, and debris flow activity
on slopes caused large amounts of material
supply to the fluvial systems, and its accu-
mulation in river beds (Olszak & Karczewski,
2008; Olszak, 2011). Terraces development
also shows that the massif was uplifted
during the entire Quaternary period.

Bedload transport was analyzed in the
Gorce mountains’ rivers as well. Such analyses
were made in streams: Mtynne (Radecki-Pawlik
etal,, 2019) Porebianka (Plesinski, 2018; Korpak
2007), Mszanka (Korpak, 2007; Korpak et al,,
2008), Jaszcze and Jamne (Bucata & Radecki-
Pawlik, 2011; Radecki-Pawlik et al.,, 2014). These
analyses were performed in natural, trained,
and dammed parts of the stream channel.
Anthropogenic factors have a considerable
influence on streams functioning nowadays.
The most affecting human-origin channel
changes are gravel mining and channel
training. Mountain stream boulders are very
often both legally and illegally mined from
riverbeds, which is disastrous for the fluvial
state of rivers and river ecology (Radecki-Pawlik
et al, 2019). Stream regulations generate
lower delivery of rock material from the
river banks (Bucata & Radecki-Pawlik, 2011).
Mostly because of gravel mining and bank
protection, the amount of bedload available
for fluvial transport has been considerably
reduced. On man-changed parts of the
streams, a significant reduction in the number
and area of alluvial forms was noted (Korpak,
2007). Hydrotechnical regulations led to the
narrowing, shortening, and straightening of the
watercourse channel. As an effect, channel
gradient increased, and such hydrodynamic
parameters as mean velocity and shear stress
were higherthan those in the unregulated parts
(Radecki-Pawlik et al,, 2014; Korpak, 2007).
Reduction of alluvial sections and increase
of erosional ones, and acceleration of channel
downcutting follow these changes. Also, the
elongation of sections where the channel
incised to the bedrock was observed. Such
occurrence was noted on streams: Jaszcze
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(Bucata & Radecki-Pawlik, 2011), Mszanka, and
Porebianka (Korpak, 2007). All researchers
who examined the Gorce mountains’ rivers
conclude that the influence of hydrotechnical
engineering is very strong and has a negative
effect on the streams’ geomorphological and
hydroecological conditions (Korpak et al,
2007; Korpak, 2012; Radecki-Pawlik et al.,
2012; Bucata & Radecki-Pawlik, 2011; Radecki-
-Pawlik et al., 2014; Plesinski, 2018).

Human impact on landforms
and geomorphic processes

Anthropogenic impact on the relief was ana-
lyzed from the viewpoint of roads and tracks
development and functioning. Some aspects
of human impact on fluvial forms and pro-
cesses were shorty reviewed in the previous
section.

Touristic trails and their degradation level
were mapped in 2007-2009 over a distance
of 55 km (Tomczyk & Ewertowski, 2011).
Among the mapped parameters (such as trail
width, incision, number of abandoned sec-
tions, and others), the most crucial variable
indicating degradation of the tourist trails
was an increase of trail width (from 0.3
to 24.5 m, 2.4 m on average) (Tomczyk &
Ewertowski, 2011). The tracks with an uneven
tread surface are the most prone to erosion.
Due to intensive tourist traffic, some trails
are evened, which helps to prevent erosion.
Simultaneously, uneven paths are a subject
of widening due to accelerated deteriora-
tion by tourists who bypass uncomfortable
to pass places and destroy microforms on the
trails. Three main factors influence soil ero-
sion along trails: soil properties (soil bulk
density, texture, etc), the tracks’ morphol-
ogy, and local geomorphological conditions -
especially slope length above eroded places.
The most sensitive parts of tourist trails are
the bottom parts of local slopes (Tomczyk
& Ewertowski, 2013a). Results on soil ero-
sion along tourist trails can be implemented
to minimize tourists” impact on the natural
environment (Tomczyk et al., 2013b, 2017).

Impact of the road network development
on the formation of tourist tracks
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(Watdykowski, 2005), as well as geomorphic
activity along forest and field roads was also
studied (Watdykowski, 2006, Watdykowski
& Krzemien, 2013). These results show
that roads and tracks are among the most
morphodynamically active zones in the Gorce
Mts. and have a significant role in the hillslope
relief formation, soil erosion, and transport.
The protection provided by the Gorce
National Park is supported by the fact that
soil erosion along roads is significantly more
active outside the park boundaries, where
forest management is carried out. Also,
the traffic of cars, quads, and motorcycles
is much heavier there. Watdykowski (2006)
found the impact of hiking is smaller than
other factors. A similar issue, i.e., the
environmental sensitivity to tourist tracks
functioning, was determined using a geo-IT
model (spatial model implemented into GIS
software). In this model, the topography, the
soil type, the plant community, land use, and
land cover were considered (Tomczyk, 2011).
The results showed significant susceptibility
of tourist trails to erosion in the northern part
of the park, where hillslopes are much steeper
than in other regions. High vulnerability
to changes exists in more than 46% of the
park area. The model indicated another 39%
as areas of medium susceptibility to erosion.

Land use and land cover changes are
a critical factor in mountain geomorphology
evolution. This aspect of the Gorce environ-
ment was studied in the Ochotnica valley,
particularly in Jaszcze and Jamne sub-valleys
(e.g., Bucata, 2014, 2015q; Bucata-Hrabig,
2017, 2018). Land-use changes, i.e., increas-
ing forest cover, the proportion of built areas,
etc., caused agricultural landscapes’ transi-
tion to uncultivated areas (Bucata, 2014). This
was followed by changes in soil properties
and plant communities” structure (Bucata
et al, 2015). The most common anthropo-
genic landforms were agricultural terraces
and the road network. Analyses of road den-
sity changes were also performed in Jaszcze
and Jamne valleys (Bucata, 2012, 2015b).
In these catchment areas, it was found that
the amount of roads is so high that they
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constitute a draining network of main slopes,
fulfilling the function of both run-off concen-
tration and drains accelerating the surface
flow. An average road density exceeds twice
the natural streams network. Also, in this
area, it was noticed that the log skidding
causes much faster linear erosion of roads.

Agricultural terraces are anthropogenic
microforms commonly occurring in the
Gorce Mts. area, apart from roads. They exist
on the majority of slopes, which were agricul-
turally used. They result in the local reduc-
tion of slope gradient and constitute a local
erosion basis, stopping ca 40% of the solil
material displaced due to washing (Bucata,
2012, 2017, after Gerlach, 1966). Agricultur-
al terraces and old arable fields” edges are
the places where stone mounds occur. In the
course of traditional farming works, stones
that obstructed the farming were thrown over
the edge of the fields. As a result, mounds
of stones were formed. These mounds are
common in areas where historic traditional
farming has been noted. These features
are often observed but still poorly studied
anthropogenic landforms.

Summary and conclusions

The level of recognition of the activity of geo-
morphic processes in the Gorce Mts. sug-
gests the next steps should be taken towards
research work on the massif’s contemporary
morphodynamics. This also applies to the
long-term evolution of the entire area. Taking
into account the up-to-date results of geo-
morphic studies that have been conducted
so far, the following issues should be covered
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