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Abstract

The rapid expansion of ski tourism and climate change-induced snow shortages have led
to intensified ski run maintenance, including extensive earthworks, artificial snowmaking,
and regular snow grooming. While these activities are known to cause significant land
degradation, quantitative geomorphological studies, specifically on the effects of snow
grooming, are limited. This study addresses this knowledge gap by quantitatively assessing
the impact of snow grooming on erosion processes and hillslope morphology by comparing
them with natural landforms. We achieved this by determining the spatial distribution,
morphometry, and long-term persistence of studied landforms. The study area consisted
of a unique ski resort at Kasprowy Wierch, which does not use artificial snowmaking or
extensive earthworks. We combined detailed field mapping with the analysis of multi-
temporal Digital Elevation Models (DEMs) and orthophotos from 2012, 2019, 2020, and
2023. Our methodology also included the calculation of volumetric changes using the
DEM of Difference (DoD) analysis. We distinguished two groups of eroded areas, natural
landforms (e.g., shallow landslides, debris flow tracks, nivation niches) and snow groomer-
induced forms, which were concentrated on ski runs. Natural landforms were elongated
and deeper, with higher edges, clustered along debris flow tracks, and occurred on steeper
slopes (mean 26.8°). They were more persistent and extensive, with a total area ranging
from 3891 m? in 2012 to 3452 m? in 2023. In contrast, groomer-eroded landforms, located on
gentler slopes (mean 23.4°), were smaller, more angular, less persistent, and concentrated
on narrower, intensively used ski run sections. Their total area decreased from 2122.71 m?2
to 1762.25 m? over the same period, despite an increase in their count. The volumetric
analysis revealed distinct dynamics: over the long term (2012-2023), natural forms showed
a total deposition of +8.196 m3, while groomer-eroded forms experienced total erosion of
—2.070 m®. During an extreme rainfall event in 2020, natural landforms experienced vast
erosion of —163.651 m3, nearly five times greater than the —33.765 m® observed on snow
groomer-eroded landforms, demonstrating their greater susceptibility to high-magnitude
events. Importantly, a comparison with other studies reveals that the scale of erosion from
snow grooming is relatively small compared to the severe impacts of artificial snowmaking.
Our findings are relevant for managing protected areas, such as Tatra National Park, where
the focus should be on mitigating anthropogenic impacts to preserve natural processes,
which in turn implies that the development of new ski infrastructure should be prohibited.

Keywords: snow grooming; human impact; hillslope processes; DEM of difference (DoD);
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1. Introduction

Ski tourism has grown rapidly in recent decades. This growth has led to a significant in-
crease in ski resorts worldwide [1-5]. The snow shortages, driven by climate change, create
functional problems for many ski resorts in Central and Western Europe [4-6]. Due to these
disruptions, ski resorts invest heavily in advanced infrastructure and maintenance methods.
This includes construction of high-capacity cable cars, extensive drainage systems, hills-
lope shaping, artificial snowmaking, and regular snow grooming [2,4,7]). These activities
significantly impact the natural environment and often cause land degradation [8-13].

The first significant change is the reshaping of hillslopes to optimal gradients for
skiers. Earthworks can significantly change the hillslope processes and morphology [14-18].
Skiing and the use of snow groomers causes soil compaction and degradation of vegetation
cover [10,12-15,17,19-21].

The lack of vegetation cover and compacted soil accelerate natural geomorphological
processes and lead to intensified soil erosion on hillslopes. Snow groomers also compact
snow, delaying snowmelt by up to four weeks [11]. Artificial snowmaking extends the
duration of snow cover by 30% to 200% versus natural rates [22] and greatly increases
the water volume on the hillslope [23], promoting higher erosion intensity [7,18,24]. The
construction of drainage systems mitigates the intensity of erosion on ski run surfaces,
but it also increases erosion and deposition processes on the surrounding hillslopes and
channel network [16-18,23-25].

Many studies were conducted in alpine environments using orthophotos to determine
the extent of erosion landforms on alpine hillslopes [26-28]. These studies were conducted
primarily in the Alps. They focused on identifying erosion landforms in alpine meadows,
which are often grazed by livestock. This was conducted mainly through object-based
image analysis of aerial orthophotos, with the identification of forms by field mapping. The
following forms were identified: shallow landslides, livestock trails, sheet erosion land-
forms, snow abrasion scars, and anthropogenic landforms associated with cattle breeding.
Some of these studies and related ones [26,29] also used LiDAR data and Digital Elevation
Models (DEMs) to calculate the volume of the landforms. The use of DEMs and DEM of
Difference (DoD) analysis is common in geomorphology to calculate changes in volume or
ground level as a result of erosion and accumulation processes [30-32].

Studies on geomorphic changes caused by ski infrastructure frequently use LiDAR
(Light Detection and Ranging) data, applying both airborne laser scanning (ALS) [16,18,23,24].
The quantitative analysis of these landform changes is particularly effective through the
application of the DEM of Difference (DoD) method to repeated ALS surveys [30-32]. This
technique is also widely used in the analysis of channel-bed morphology and sediment
transport [30,31,33], mass movements [34-36] or coastal monitoring [37-40]. The wide range
of possibilities of using LIDAR monitoring in geomorphology and other earth sciences was
presented by Okyay et al. [32].

However, when analysing changes in the volume and extent of eroded landforms, it is
also crucial to distinguish between the geomorphic processes that occur on the different
hillslope landforms. Parts of hillslopes with silt and gravel sediments are primarily driven
by shallow landslides and debris flow tracks, as well as processes related to snow and ice
like nivation, solifluction, and snow abrasion. In areas with fine sediments and a lack of
vegetation cover, water, aeolian, and snow erosion are particularly active. In contrast, on
vegetated slopes, which are less susceptible to erosion, the dominant processes are shallow
landslides and solifluction [28,41-43]. Although snow avalanches are also a significant
geomorphic agent in alpine environments [44,45], previous research indicates that they do
not shape the hillslope morphology in the area of Kasprowy Wierch [41]. This is the result
of decreasing snowfall and snow avalanches in the Tatra Mountains [46,47]. In contrast
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to fine-sediment hillslopes, stone runs and scree areas are dominated by rockfalls and
weathering processes [48-50].

Despite quoted research on the impacts of ski infrastructure, quantitative geomorpho-
logical studies focusing on the effects of snow grooming on the morphology of alpine slopes
are limited. We decided to fill this gap and conduct research in a unique location in terms of
ski run maintenance. The ski resort around Kasprowy Wierch is the only one in the entire
Tatra Mountains and the entire Polish Carpathians where artificial snowmaking is not used
and the hillslopes are not reshaped by earthworks. This presents a unique opportunity to
analyse only the impact of snow groomers and natural processes. In addition, the hillslopes
in the area are mostly covered by alpine meadows, but grazing has been prohibited here
since 1954.

In our research we use field mapping, analysis of aerial RGB orthophotos, and
DEM of Difference (DoD) analysis to demonstrate the changes on hillslopes connected to
SNOW groomers.

The aim of this study is to quantitatively assess the impact of snow grooming on the
erosion processes and morphology of alpine hillslopes by comparison with natural land-
forms. To achieve this, we define the following detailed aims: (i) to determine the spatial
distribution, count, and morphometry of natural and snow groomer-eroded landforms
across four analysed years (2012, 2019, 2020, 2023); (ii) to assess the persistence of identified
landforms over time and to analyse their morphometric and spatial characteristics to under-
stand the factors influencing their long-term presence; and (iii) to calculate the volumetric
changes in natural and snow groomer-eroded landforms during specific analysis periods
(2019-2020 and 2012-2023).

2. Materials and Methods
2.1. Study Area

The study area is located in Poland, in the Western Tatra Mountains, protected by
Tatra National Park (Polish: Tatrzasiski Park Narodowy, TPN). The research was conducted
in the area surrounding Kasprowy Wierch (1987 m a.s.1.) and consists of the upper parts of
two valleys and glacial cirques, the Gasienicowa Valley with the Gasienicowy Cirque and
the Goryczkowa Valley with the Goryczkowy Cirque, which are areas made available by
Tatra National Park for skiing (Figure 1).

This area covers 68 ha and includes ski runs, a cable car from Zakopane, and two
chairlifts (the Goryczkowa ski lift and the Gasienicowa ski lift) of the PKL Kasprowy Wierch
ski station (Polish: Polskie Koleje Linowe, Polish Cable Transport). The ski run link in the
southern part of the area extends along the Polish-Slovakian border, which is the boundary
between TPN and TANAP (Slovak: Tatransky ndrodny park). In our analyses, we also took
into account an area outside the ski run, where we identified damages caused by snow
groomers (Figure 1).

Skiing in this area has existed since the 1930s, with a significant increase in popularity
following the construction of chairlifts in the 1960s. It is the only ski resort in Poland where
the ski runs have not been reshaped by earthworks and where artificial snow is not used [7].
The only method to maintain ski runs is snow grooming. During periods of low snowfall,
snow is moved from the edges of the ski runs to the most used parts, where it is then
regularly groomed. There is no break for snow grooming during the lift’s operating hours.
Snow groomers can operate in the entire area made available as a ski run (purple and blue
border in Figure 1), but we also noted their traces in the area outside the ski run marked
in orange in Figure 1. The surroundings of Kasprowy Wierch are one of the most popular
tourist spots in Tatra National Park. In addition to ski runs, there is an extensive network
of hiking trails [51].
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Figure 1. Location of the study area: (a) a regional overview and (b) an orthophoto (2021) of the
surroundings of the PKL Kasprowy Wierch ski station. 1—Goryczkowa Valley; 2—Gasienicowa Valley.

The study area is formed of Carboniferous granites and granodiorites of the
Goryczkowa crystalline core [52]. Glacial and periglacial processes transformed the study
area during the Pleistocene glaciation. The area is located between 1987 and 1312 m a.s.L,,
and the denivelation reaches 675 m. Studied slopes have an average gradient of 22.6°. They
are covered with scree and stone runs, but mostly with thick silt and gravel sediments
with active solifluction, nivation, and wind erosion processes. Debris flow channels occur
within glacial cirques [41,53,54]. On the slopes, Folic Leptosols, Leptic Podzols, and Haplic
Podzols developed [55].

The meteorological station is located at the peak of Kasprowy Wierch, where the aver-
age annual air temperature is —2 °C. Average annual precipitation exceeds 2000 mm [56].
The most common type of precipitation during the year is snow [57]. The number of days
with snow cover is 220 days, and the maximum snow cover thickness is 355 cm [56]. The
average annual precipitation on Kasprowy Wierch in the study period of 20122023 was
1756.2 mm. The yearly minimum total was recorded in 2012 and amounted to 1362.7 mm.
The maximum was recorded in 2020 and amounted to 2192.8 mm. Also in 2020, the max-
imum daily precipitation for the study period was recorded on 22 June, amounting to
126 mm. This rainfall occurred during a week-long precipitation period, with a total of
264.6 mm, based on our calculations using data from the Institute of Meteorology and
Water Management of the National Research Institute. Full precipitation data with daily
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precipitation for the entire study period of 2012-2023 are presented in the Supplementary
Materials (Figure S1). The study area is drained by small streams that are sourced in the
central parts of cirques.

Most of the area is located above the alpine tree line and covered by alpine grasslands
and subalpine Pinus mugo shrubs (Figure 1). Pinus mugo shrubs were degraded and
decreased by centuries-old sheep grazing (abandoned since 1954, after the establishment of
Tatra National Park) and nowadays by skiers [53].

2.2. Methods and Data Sources

In order to analyse the areas eroded by snow groomers on the hillslopes around
Kasprowy Wierch, we conducted field mapping and analysed aerial RGB orthophotos and
Digital Elevation Models (DEMs) obtained from point clouds acquired from TPN and the
Head Office of Geodesy and Cartography in Poland (GUGIK, Polish: Gldwny Urzqd Geodezji
I Kartografii) (Tables 1 and 2). All spatial analyses were performed using ArcGIS Pro 3.1
(ESRI). Point clouds from every year (2012, 2019, 2020, and 2023) were classified by the
data provider according to the American Society for Photogrammetry and Remote Sensing
(ASPRS) standard [58]. Point cloud parameters are presented in Table 1. We used these
point clouds to generate DEMs. Each DEM was generated from class 2 (ground) points
and with a 1 x 1 m horizontal resolution. DEMs were used for slope calculations and to
generate DEMs of Difference (DoD).

Table 1. Sources and resolution parameters of used orthophotos.

Vertical Coordinate

Orthophoto Source Acquisition Date Vertical Error (m)
System
2012 Tatra National Park 2012-08-19 0.2 PL-KRONS86-NH
. 2019-09-27
2019 Tatra National Park ! 0.12 PL-KRONS86-NH
2019-10-01
2020-08-21
2020 Tatra National Park ¢ 0.2 PL-KRONS86-NH
2020-08-22
Head Office of Geodesy and
2023 ) y 2023-09-06 0.05 PL-EVRF2007-NH
Cartography in Poland
Table 2. Sources and parameters of used DEMs.
. . . Vertical Resolution . .
DEM Source Acquisition Date Scanner Pofnt DenSIt%/ Horlantal from Receiver Vertical Coordinate
(Points per m?) Resolution (m) PP System
Specification (m)
ALS point cloud from
the Head Office of
2012 Geodesy and 2012-08-19 Riegl LMS-Q680 9 1 0.07 to 0.15 PL-KRONS86-NH
Cartography in
Poland
ALS point cloud from 2019-10-14, .
2019 Tatra National Park 2019-10-15 Riegl VQ-780IL 27 1 0.04 PL-KRONS86-NH
ALS point cloud from 2020-07-30, .
2020 Tatra National Park 2020-08-01 Riegl VQ-78011 27 1 0.04 PL-KRONS86-NH
ALS point cloud from
the Head Office of
2023 Geodesy and 2023-09-06 Riegl VQ-1560I1 S 12 1 0.1 PL-EVRF2007-NH
Cartography in
Poland

During field mapping in the autumn of 2023, we identified eroded areas without
vegetation on the hillslopes of Kasprowy Wierch. These were classified as snow groomer-
eroded areas, with their locations, characterised by visible groomer tracks, recorded using
a GPS receiver (Mobile Mapper 50, Spectra Geospatial, Westminster, CO, USA). During
field mapping in the autumn of 2023, we identified areas of bare ground on the hillslopes
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of Kasprowy Wierch. We classified these as snow groomer-eroded areas based on visible
groomer tracks and recorded their locations with a GPS receiver (Mobile Mapper 50, Spectra
Geospatial). Using a detailed aerial RGB orthophoto from a few days after fieldwork, we
manually vectorised the extent of these landforms and measured their area and shape in
ArcGIS Pro 3.1 (ESRI, Redlands, CA, USA). Because of our field experience in this area,
we were also able to identify and vectorise groomer-eroded areas from the other years
(2012, 2019, and 2020) on the available RGB orthophotos. Orthophotos were generated
from aerial photogrammetry campaigns. This manual vectorisation was crucial because it
helped us prevent the misidentification of bare ground with similar-looking features like
stone runs, which are shaped by different processes such as rockfalls [41]. We also used
the same methods to vectorise and analyse natural landforms with bare ground in fine
sediments, such as shallow landslides, snow abrasion scars, and debris flow tracks. The
details of the orthophotos we used are in Table 2.

We also determined changes in the area eroded by snow groomers and natural land-
forms and their persistence throughout the years. For every vectorised eroded area, we
calculated the area, mean slope, max slope, and circularity. In Statistica 13 (StatSoft, Tulsa,
OK, USA), we conducted independent samples ¢-tests, using the first test to determine if
there were statistically significant differences between snow groomer-eroded areas and
natural landforms in the mean slope and circularity, and the second f-test to determine
if there were statistically significant differences between calculated parameters of snow
groomer-eroded areas, which were persistent and non-persistent throughout the analysed
years. For this analysis, the polygons in our dataset were considered to be independent
samples. The non-persistent group included all snow groomer-eroded forms identified
across the four analysed years (2012, 2019, 2020, and 2023) that did not maintain continuous
presence, while the persistent group included all forms that were present across all four
analysed years.

In the next step, we analysed the changes in landforms, creating DoD. This is a
map algebra analysis based on assessing the difference between two DEMs. It allows
us to estimate the topographic change and erosion/deposition volume changes over a
studied period [30,33]. We performed DoD analysis based on two periods: 20122023 and
2019-2020. The first period (2012-2023) indicates changes occurring over a longer period
of time based on less accurate DEMs from GUGIK (Table 2) and may show overlapping
periods of erosion and deposition. The second period (2019-2020) was analysed using
higher-resolution DEMs from TPN (Table 2). It shows the changes that occurred during
the year with the highest precipitation in the period of 2012-2023. We calculated DoDs
using the raster calculator in ArcGIS Pro software, following the method proposed by
Wheaton et al. [30]. To avoid elevation errors in DEMs, we calculated the minimum level of
detection (minLoD). The minLoD establishes a threshold to differentiate real topographic
changes from those resulting from elevation errors within individual DEMs [31,59]. To
determine minLoD, we calculated root mean square error (RMSE), mean error (ME), and
standard deviation of error (SDE), according to Hohle [60]. Error analyses were calculated
for reference points obtained from four areas located in the upper and lower parts of
the Gasnienicowy and Goryczkowy cirques. They were straight, stable hillslopes with
low morphological activity and covered with alpine grasslands. We chose reference areas
based on available maps, DEMs, fieldwork, and earlier works in the research area [53,54].
We calculated one reference point per 1 x 1 m pixel for every DEM. In total, there were
5181 points. The mean slope of reference areas was 19.86°, with a standard deviation
(SD) of 7.02, with the mean slope of the analysis area being 22.10°, with a SD of 7.70.
More information about localisation and slopes of reference areas is in the Supplementary
Materials (Figure S2, Table S1). Acknowledging the principle of error propagation, our
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methodology for determining the minLoD threshold directly follows the approach of
Wheaton et al. [30]. The RMSE value used to calculate this threshold was derived from
the elevation difference between the 2012 and 2023 DEMs, and between the 2019 and 2020
DEMs, respectively, in stable reference areas, making it an inherently cumulative error
that accounts for the uncertainties of both models. After comparing values of these error
calculations (Table 3), we selected RMSE as the most conservative minLoD value, adopting
a 95% confidence interval to ensure the most precise results. This yielded minLoD values of
0.309 m for the 2012-2023 period and 0.092 m for the 2019-2020 period. The high minLoD
for the 20122023 period is partly an effect of changes in the vertical coordinate system
between 2012 and 2023 (Table 2). Due to the horizontal resolution of the DEMs, we assumed
the RMSE at a 95% interval of vertical error as the volume error. Additionally, areas with
the highest potential error, specifically stone runs and Pinus mugo shrubs, were excluded
from the analysis. After excluding these areas, the analysed area covers 50.68 ha. In our
volumetric change analyses for each landform, we calculated three distinct volumetric
values: total volume change, total erosion, and total deposition. The total volume change
represents the overall volumetric difference within a landform, summing both erosion
(negative values) and deposition (positive values). Total erosion refers exclusively to the
total volume of material that was lost within the landform boundaries. Similarly, total
deposition refers exclusively to the total volume of material that was gained within the
landform boundaries. Normalised volume means the average volume of material changed
from 1 square metre. To accurately calculate the volume of each landform, we first applied
the minLoD threshold by setting all raster cells with a calculated elevation difference below
the minLoD value to “no data,” thereby excluding them from our subsequent volumetric
calculations. We then employed a precise proportional allocation method to account for
mixed pixels at the boundaries of our vectorized forms. We converted the DoD raster cells
into square vector polygons. We then calculated the final volume for each landform by
summing the DoD value of each pixel, weighted by the fractional area of that pixel that
fell within the landform’s boundary. This method avoids the common issue of over- or
underestimating volume by treating pixels on the boundary as a single, uniform value.

Table 3. DEM of Difference (DoD) error analyses.

DoD ME (m)  SDE (m) RMSE (m) RMSE at 95%
Confidence (m)
2012-2023 —0.058 0.146 0.157 0.309
2019-2020 0.009 0.046 0.047 0.092
3. Results

3.1. Spatial Distribution and Morphometry of Landforms

We identified eroded areas without vegetation on the hillslopes of Kasprowy Wierch.
These were classified into two groups: natural landforms and snow groomer-eroded areas.
Many natural landforms discussed in this study are described in the Polish literature as
‘nisze erozyjne’ (erosional niches), which develop as a result of cryogenic and nivation
processes in winter, as well as sheet wash and linear erosion in summer [54]. We classify
these forms as ‘shallow landslides’ to maintain consistency with geomorphological ter-
minology, particularly within the Alpine context [26-29]. This term is used because their
formation shares similarities with the definition of shallow landslides, which are caused
when a triggering event like heavy precipitation or snow cover movement displaces the
topsoil layer [27]. These areas are also known to be exposed to further erosion and may
take years to re-vegetate [28].



Land 2025, 14, 1870

8 of 25

Natural landforms are mostly results of mass movements such as shallow landslides,
debris flow tracks (Figure 2(C1)), and processes connected to snow and ice (e.g., snow
abrasion, solifluction, nivation, needle ice). They also include burrows dug by marmots
and paths made by bears and deer. Natural landforms generally have an elongated shape
and occur on varied slopes (Figure 2(C1,C2)). They are also deeper and have higher
edges. Natural landforms are mostly clustered around debris flow tracks (Figures 3-7).
Snow groomer-eroded areas are more angular in shape (Figure 2(A1,A2,B1,B2)), and a
significant number of them occur near narrower and most frequented sections of the ski
runs (Figures 3-7).

Figure 2. Examples of landforms identified in the research area and on the orthophoto (2023).
(A1,B1)—snow groomer-eroded area in the field; (A2,B2)—orthophoto images of the same groomer-
eroded landforms. (C1)—natural landform, shallow landslide along debris flow track; (C2)—the
corresponding landform depicted on the orthophoto.

3.1.1. Morphometric Characteristics of Landforms in 2012

Analysis of orthophoto from 2012 enabled the identification of 270 landforms covering
a total area of 6104.02 m? in the study area (Figure 3). This constituted 1.21% of the analysed
ski run area of 50.68 ha (506,800 m?). We recognised 80 natural landforms and 190 snow
groomer-eroded areas (Table 4). Their areas are 3981.31 m? and 2122.71 m?, respectively.
The 80 natural landforms constituted 65.2% of the total degraded area, with the largest
individual feature measuring 399.40 m? and a mean area of 49.77 m? (Table 4). These
landforms, which include shallow landslides, snow abrasion scars, or debris flow tracks,
showed a mean circularity of 0.49 (standard deviation, SD = 0.20). The average slope angle
for natural landforms was 27.10°, with a maximum reaching 36.44° (Table 4).

Regarding the snow groomer-eroded areas, the 190 identified features comprised 34.8%
of the total degraded area (Figure 3). The largest snow groomer-eroded area measured
147.51 m?, and the mean area was 11.17 m? (Table 4). These areas showed a mean circularity
of 0.62 (SD = 0.17). This indicates higher circularity compared to natural landforms,
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suggesting that features eroded by snow groomers develop a more rounded shape. The

average slope for snow groomer-eroded areas is gentler, at 22.90°, though the maximum

slope was the highest in the entire analysis and reached 42.88° (Table 4).

Table 4. Morphometric characteristics of identified landforms in analysed years.

Year Landform Count Total Area Mean Area Max. Area Mean SD Mean Max.
Type (m?) (m?) (m?) Circularity  Circularity Slope (°) Slope (°)

2012 Natural 80 3981.31 49.77 399.40 0.49 0.20 27.10 36.44
Snow Groomer- 190 2122.71 11.17 14751 0.62 0.17 22.90 42.88

Eroded
2019 Natural 81 3551.62 43.85 371.40 0.49 0.20 27.08 36.70
Snow Groomer- 195 1617.69 8.30 131.21 0.63 0.18 23.84 41.15

Eroded
2000 Natural 89 3780.89 42.64 390.65 0.46 0.20 26.03 36.59
Snow Groomer- 216 1833.53 8.49 139.26 0.61 0.18 23.68 41.15

Eroded
2023 Natural 78 3452.10 4426 371.88 0.44 0.19 26.80 36.98
Snow Groomer- 248 1762.25 7.11 109.40 0.59 0.19 23.01 42.88

Eroded

ski run in TPN
[ ski run link in TANAP

ski run

N [ Jift building

natural landforms
——— ski lift
contour: 5 m interval

:l area affected by groomers oustide

snow groomer-eroded areas

A Kasprowy Wierch 1987 m a.s.|

Figure 3. Spatial distribution of identified landforms in 2012.

3.1.2. Morphometric Characteristics of Landforms in 2019

An analysis of the orthophotos taken in 2019 resulted in the identification of

276 landforms—81 natural and 195 snow groomer-eroded areas (Figure 4).

The total

area of these identified landforms was 5169.31 m?, constituting 1.02% of the analysed ski
runs. Their areas are 3551.62 m? and 1617.69 m?, respectively (Table 4). The 81 natural land-
forms comprised 68.7% of the total degraded area this year, with a mean area of 43.85 m?

and the largest individual feature measuring 371.40 m?. The mean circularity remained the

same, at 0.49 (SD = 0.20). The average slope angle for these natural areas was 27.08°, with a

maximum of 36.70° (Table 4), very similar to the previous year’s observations.

As for the snow groomer-eroded areas in 2019, the 195 identified features comprised
31.3% of the total degraded area (Figure 4). Their mean area reached 8.30 m?. The
largest individual landform measured 131.21 m? (Table 4). Their mean circularity was

0.63 (SD = 0.18), maintaining the pattern of higher circularity compared to natural areas.

The snow groomer-eroded areas were found on slopes with an average gradient of 23.84°,

reaching a maximum of 41.15° (Table 4).
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Figure 4. Spatial distribution of identified landforms in 2019.

3.1.3. Morphometric Characteristics of Landforms in 2020

Within the study area, an analysis of 2020 orthophotos led to the identification of
305 landforms, totalling 5614.42 m2. This constituted 1.11% of the analysed ski run area of
50.68 ha. We recognised 89 natural areas and 216 snow groomer-eroded areas (Figure 5).
Their areas were 3780.89 m? and 1833.53 m?, respectively (Table 4).
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Figure 5. Spatial distribution of identified landforms in 2020.

The 89 natural landforms comprised 67.3% of the total degraded area, with a mean
circularity of 0.46 (SD = 0.20) (Table 4). The largest landform had 390.65 m? and a mean of
42.64 m?. The mean slope of natural landforms reached 26.03°, with a maximum of 36.59°
(Table 4). This year was characterised by the highest number of natural landforms and the
lowest mean slope of natural landforms in the entire period under analysis.

The snow groomer-eroded areas in 2020, numbering 216 features, had a total area of
1833.53 m?, with a mean area of 8.49 m? and the largest area being 139.26 m? (Figure 5).
Their mean circularity was 0.61 (SD = 0.18). These areas were located on slopes averaging
23.68°, with a maximum of 41.15°(Table 4).
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3.1.4. Morphometric Characteristics of Landforms in 2023

For the year 2023, a total of 326 landforms were identified, covering a combined
area of 5214.35 m? in the study area. This constituted 1.03% of the analysed ski run
area. We recognised 78 natural features (3452.10 m?) and 248 snow groomer-eroded
areas (1762.25 m?) (Figure 6). The mean area of natural landforms was 44.26 m?, and the
largest landform measured 371.88 m? (Table 4). The mean circularity in this group was
0.44 (SD = 0.19), which is slightly lower than in previous years, highlighting the elongated
shapes resulting from snow abrasion and mass movements. The slope averaged 26.80°,
with a maximum reaching 36.98°.

As for the snow groomer-eroded areas in 2023, the 248 identified features collectively
covered an area of 1762.25 m?, with the largest feature being 109.40 m?. Their mean area
was 7.11 m? and mean circularity was 0.59 (SD = 0.19), continuing to reflect their distinct,
more rounded morphology shaped by grooming activities, but with a slight decrease

compared to previous years. These areas were located on slopes with an average gradient
of 23.01°, reaching a maximum of 42.88°, the highest in the entire analysis (Table 4).

ski run in TPN
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| natural landforms

——— ski lift
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Figure 6. Spatial distribution of identified landforms in 2023.

3.2. Persistent Landforms Throughout the Study Period
3.2.1. Morphometric Differences in Persistent Landforms

The analysis of landform persistence throughout the entire observation period (2012,
2019, 2020, and 2023) revealed a significant number of stable features. Specifically,
68 natural landforms and 118 snow groomer-eroded areas were consistently present across
all analysed years (Figure 7). These persistent forms constituted varying proportions of the
total annual counts: for natural landforms, they represented approximately 85.0% (2012),
84.0% (2019), 76.4% (2020), and 87.2% (2023); and for snow groomer-eroded areas, the
percentages were about 62.1% (2012), 60.5% (2019), 54.6% (2020), and 47.6% (2023).

Natural landforms were larger (with a mean area of 46.90 m? and maximum of
355.96 m?) and situated on steeper hillslopes (mean 27.89°) than persistent snow groomer-
eroded areas (mean area 6.92 m2, maximum area of 70.60 m?, and mean slope 22.96°)
(Table 5). Snow groomer-eroded areas were characterised by a circular shape (mean
circularity 0.59) compared to the natural landforms (mean circularity 0.45) (Table 5).
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Figure 7. Spatial distribution of persistent landforms throughout the study period.

Table 5. Morphometric characteristics of persistent landforms throughout the study period.

Landform Tvpe Count Total Area Mean Area Max. Area Mean Mean Slope
yp (m?) (m2) (m?) Circularity ©)
Natural 68 3189.53 46.91 355.96 0.45 27.89
Snow 118 816.15 6.92 70.60 0.59 22.96

Groomer-Eroded

3.2.2. Statistical Differences in Persistent Landforms Characteristics

The independent samples t-test showed that there are statistically significant differ-
ences in circularity and mean slope between snow groomer-eroded areas and natural
landforms that persisted throughout the entire study period (2012, 2019, 2020, and 2023).

In the circularity, there was a highly statistically significant difference (p < 0.000001).
Snow groomer-eroded areas proved to be much more circular on average (mean 0.61)
compared to natural landforms (mean 0.46) (Table 6). This highlights that features eroded
by snow groomers have markedly more rounded shapes.

Table 6. Results of an independent -test comparing the morphometric characteristics of persistent
natural and snow groomer-eroded landforms.

Variable Group of Landforms Mean Std. Dev. t-Statistic df p-Value
Natural 27.89 5.19
Slope () Snow Groomer-Eroded 22.96 7.14 —4949 183 <0.000001
) ] Natural 0.46 0.20
Circularity Snow Groomer-Eroded 0.61 0.18 5641 184 <0.000001

The difference in mean slope is also a highly statistically significant difference
(p <0.000001) (Table 6). Natural landforms were consistently persistent on steeper hillslopes,
averaging 27.89°, while snow groomer-eroded areas can develop on gentler hillslopes, with
an average of 22.96° (Table 6).
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3.2.3. Statistical Differences in Morphometry of Persistent and Non-Persistent Snow
Groomer-Eroded Landforms

The t-test results showed no statistically significant differences in either circularity
or mean slope between persistent and non-persistent snow groomer-eroded landforms.
The non-persistent group included all snow groomer-eroded forms identified across the
four analysed years (2012, 2019, 2020, and 2023) that did not maintain continuous presence.
Regarding circularity, the difference between the groups was not statistically significant
(p = 0.158) (Table 7). Similarly, for mean slope, no statistically significant difference was
found (p = 0.790) (Table 7).

Table 7. Results of an independent t-test comparing the morphometric characteristics of persistent
and non-persistent snow groomer-eroded landforms.

Group of

Variable Landforms Mean Std. Dew. t-Statistic df p-Value
. Non-Persistent 23.17 7.29

Slope () Persistent 22.96 7.14 0-266 500 <0.790249
) ) Non-Persistent 0.62 0.19

Circularity Persistent 0.59 0.15 1413 200 <0.158551

It indicates that the persistence of snow groomer-eroded landforms is not significantly
linked to their mean circularity or the average slope on which they are located.

3.3. Volumetric Changes and Erosion/Deposition Processes

The analysis of volumetric changes provided us with information on the material
displacement within both natural and snow groomer-eroded landforms across two analysed
periods. The first period (2012-2023) indicates changes occurring over a longer period. The
second period (2019-2020) showed the changes that happened during the year with the
highest precipitation event in the period of 2012-2023.

Considering the first, longer 20122023 period, natural landforms exhibited a total
volume change of +8.196 + 0.309 m?, signifying deposition. This included a total erosion of
—0.828 4 0.309 m® and a total deposition of +9.024 4 0.309 m?, detailed data are presented
in Table 8. In nine years, one natural landform eroded, while twenty showed a deposition
process. An additional 57 landforms registered no volumetric change (Table 8).

Snow groomer-eroded areas, however, showed a total volume change of
—2.070 £ 0.309 m?, indicating erosion. This comprised a total erosion of —6.363 & 0.309 m*
and a total deposition of +4.292 + 0.309 m® (Table 8). In this longer timeframe, 11 eroding
snow groomer landforms were identified compared to 19 deposition ones. Furthermore,
218 landforms registered no volumetric change (Table 8).

For the 2019-2020 period, natural landforms showed a total volume change of —163.651
+ 0.092 m® from 3654.6 m? (Table 8). This indicated a very significant erosion in only one
year. These landforms had a total erosion of —163.676 & 0.092 m? and a minor total depo-
sition of only +0.025 + 0.092 m®. During this period, 67 eroding natural landforms were
identified, compared to only two deposition ones. Additionally, 20 landforms registered no
volumetric change (Table 8).
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Table 8. Volumetric changes in natural and snow groomer-eroded landforms based on DoD analysis across two observation periods (2012-2023 and 2019-2020).

Normalised Volume (m3/m?)

Count Total Area (m?) Volume (m®)
Period Landform Type Erodin Deposition  Unchanged ~ -2ndforms Changed Erodin, Deposition Total Net Total Total
Landforms 8 P 8 at the End 8 8 P . o Total Erosion Deposition
Landforms  Landforms  Landforms of Period Landforms  Landforms  Landforms Change Erosion Deposition
+8.196 + —0.828 + +9.024 +
2012-2023 Natural 78 1 20 57 3452.10 2140.84 52.2433 2088.60 0.309 0.309 0.309 +0.004 —0.016 +0.004
Snow Groomer- —2.070 £ —6.363 + +4.292 +
Eroded 248 11 19 218 1762.25 415.83 72.22 341.59 0.309 0.309 0.309 —0.005 —0.088 +0.013
—163.651 = —163.676 £ +0.025 +
2019-2020 Natural 89 67 2 20 3780.89 3654.57 3647.57 6.99 0.092 0.092 0.092 —0.045 —0.045 +0.004
Snow Groomer- —33.765 + —33.884 £ +0.119 +
Eroded 216 112 4 100 1833.53 1347.85 1300.98 46.87 0.092 0.092 0.092 —0.025 —0.026 +0.003
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Similarly, snow groomer-eroded areas demonstrated a total volume change of
—33.765 + 0.092 m>. Mostly, this comprised a total erosion of —33.884 4- 0.092 m3; however,
total deposition amounted to +0.119 & 0.092 m3, which was higher in magnitude than that
observed in natural landforms for this period (Table 8). In total, one hundred twelve snow
groomer-eroded landforms experienced erosion, while four showed deposition of material.
One hundred of these landforms remained volumetrically stable (Table 8).

Most of the changes in natural landforms during both periods were related to shallow
landslides and debris flow tracks in the upper part of the Gasienicowa Valley. During
the 20192020 period, intensive erosion reached up to —0.8 + 0.092 m3 per square metre
(almost 18 times more than the normalised volume of erosion—0.045 m, Table 8), with a
single landform experiencing a volume 0.2 + 0.092 m3 (Figure 8). In the longer period
(2012-2023), minor deposition occurred on the edges of debris flow tracks, reaching up to
+0.43 4 0.309 m°.

Volumetric changes for snow groomer-eroded landforms indicated erosion in both
periods. Moderate erosion was observed in the vicinity of debris flow tracks (Figure 8),
while very intensive erosion was concentrated in the lower parts of the ski runs.

During the 20192020 period, the highest values occurred near the lower chairlift
stations, reaching up to —0.72 + 0.092 m> per square metre. The maximum volume of
erosion from a single landform was —2.71 + 0.092 m® in the Goryczkowa Valley (Figure 9).

In the longer period (2012-2023), the maximum volume of erosion was —2.03 4 0.309 m>
from the same landform in the Goryczkowa Valley. This erosion reached up to-0.47 =+ 0.309 m?
per square metre. This specific site was the most eroded area among all the snow groomer-

eroded landforms (Figure 9).

0 15
[Jnatural landforms

[ Snow groomer-
eroded areas

30m

Volume change (m3)
N -0.79 - -0.40
N -0.39 --0.20
-0.19-0.0
N 0.01 - 0.10
N 0.11 - 0.20

Figure 8. The area of natural landforms with the highest erosion volume during the 20192020 period,
the upper part of the Gasienicowa Valley.
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Figure 9. An example of a highly eroded snow groomer landforms from the 2019-2020 period, the
low part of the Goryczkowa Valley.

4. Discussion
4.1. Morphometric Characteristics and Persistence of Natural and Groomer-Eroded Landforms

The results indicate that throughout the study period, natural landforms were found
on a higher mean slope (26.8°) and had a more elongated shape (mean circularity 0.47). The
number of landforms ranged from 89 in 2020 to 78 in 2023, while the total area ranged from
3891 m? in 2012 to 3452 m? in 2023. These changes, at 14.1% and 13.3%, respectively, showed
little variation over time. This is because most of these landforms are shallow landslides
and debris flow tracks, which remain continuously active [54]. Instead, depending on
weather conditions (e.g., summer rainfall and snowmelt), they undergo minor overgrowth
or extension. Most metrics showed a slight decrease from 2012; however, the highest
number of landforms (89), the lowest mean slope, and the smallest mean size of forms
were noted in 2020. This year was characterised by high geomorphological intensity, which
was confirmed by the analysis of volume changes. This can be attributed to the fact that
2020 recorded the highest maximum daily and multi-day rainfall totals throughout the
study period.

A comparison of our findings on the morphometry of Kasprowy Wierch with those
from the Urseren Valley in the Swiss Central Alps (Canton Uri) [27] shows that shallow
landslides in our study area occur on a much lower slope (26.8° vs. 39° in Urseren Valley).
Similarly, much steeper slopes for shallow landslides were found in Tyrol [61]. However, a
relevant exception was an area within the Zillertal Alps, where the occurrence of shallow
landslides on slopes below 25° was linked to more intensive snow erosion [61]. This is
an important finding, as the similar slopes at Kasprowy Wierch may be a result of the
greater influence of snow and water erosion, which Raczkowska [54] identified as dominant
processes, rather than the landslides themselves. Comparing surface changes in the Urseren
Valley, the area of shallow landslides increased by 11.2% between 2000 and 2016 [27]. In
the Kasprowy Wierch area, the area of shallow landslides decreased by 13.3% over a
five-year period.



Land 2025, 14, 1870

17 of 25

In contrast to natural landforms, the count of snow groomer-eroded landforms ex-
hibited a significant increase, rising from 190 in 2012 to 248 in 2023 (a change of 30.5%).
However, their total area decreased by 17% over the same period, from 2122.71 m? to
1762.25 m2. This suggests that while more snow groomer-eroded landforms were created,
they were, on average, much smaller. Indeed, the mean area of snow groomer-eroded
landforms dropped significantly, from 11.17 m? in 2012 to just 7.11 m? in 2023. This trend
is difficult to fully explain, but it may be due to a change in the snow groomer model,
technological improvements, or a shift in driving patterns.

Snow groomer-eroded landforms occur on gentler slopes (mean slope 23.4°) than
natural landforms throughout the entire study period. We presume that this is because
snow groomers avoid working on the steepest slopes. Their spatial arrangement in linear
patterns (Figures 3-6) further suggests that these landforms are located along the most
frequent routes of snow groomers. A similar situation was observed in the Urseren Valley,
where forms affected by livestock management occurred on the gentlest slopes (12° to 22°)
of all types of landforms studied on Alpine meadows [27]. Despite the similar trend, the
mean slope of 23.4° for snow groomer-eroded landforms is higher because snow groomers,
with their chain tracks, can operate on steeper slopes than the tractors and off-road vehicles
used for spreading manure on meadows in the Urseren Valley [27]. Regarding the changes
in area during the study periods (our study: 2012-2023; Urseren Valley: 2000-2016), the
degradation caused by machine traffic is significantly less around Kasprowy Wierch. The
described landforms decreased by 17%, while in the Urseren Valley [27], they increased
more than four times.

The higher circularity of snow groomer-eroded landforms (mean circularity 0.67 vs. 0.47
for natural landforms) is likely due to the shape of the groomer’s plough itself. Since the
plough is rectangular or rounded, it erodes angular landforms and creates shapes that are
more circular than the elongated natural landforms.

The long-term persistence of these landforms also revealed key differences. A signifi-
cant number of landforms were stable throughout the observation period, with 68 natural
landforms and 118 snow groomer-eroded landforms consistently present across all anal-
ysed years. Natural landforms consistently showed high stability, representing between
76.4% and 87.2% of the total count. In contrast, snow groomer-eroded landforms were less
persistent, with their proportion decreasing over time from 62.1% to 47.6%.

A statistical t-test confirmed that persistent natural and snow groomer-eroded land-
forms are distinct in their morphometric characteristics. Natural landforms were signifi-
cantly larger and occurred on steeper hillslopes (mean area 46.91 m? vs. 6.92 m? and mean
slope of 27.89° vs. 22.96°, respectively). However, a key finding emerged when comparing
the t-test results for persistent and non-persistent snow groomer-eroded landforms. The
results showed no statistically significant difference in either circularity or mean slope
between these two groups.

This suggests that a snow groomer-eroded landform’s persistence is not primarily
determined by its shape or the slope on which it is located. Instead, the study indicates
that the long-term presence of these landforms is more closely tied to the grooming activity
itself. This suggests that a snow groomer-eroded landform’s persistence is not primarily
determined by its shape or the slope on which it is located. This is crucial, as the relatively
shallow landforms formed by snow groomers often preserve the organic topsoil horizon.
The areas with a remaning organic layer can regenerate faster than areas where erosion
removed it and exposed the mineral soil [28,62].

Despite the potential for faster regeneration, the landforms’ long-term presence is
undermined by the continuous, annual nature of grooming. This repeated disturbance
prevents natural recovery from fully stabilising the landforms over time, especially along
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the most frequent groomer routes, which can be identified by the constant presence of
these landforms. While snow groomers follow an established driving pattern during
routine maintenance, it is also significantly influenced by dynamic weather conditions.
More intensive grooming operations are required during periods of intensive snowfall,
snowmelt, or when there is a lack of snow cover.

4.2. Volumetric Changes: Contrasting Long-Term Trends with a High-Intensity Event

The volumetric analysis provides valuable insights into the distinct dynamics of
the two landform types by comparing a long-term period with a short, high-intensity
event. Over the long-term period from 2012 to 2023, both natural and snow groomer-
eroded landforms showed a slight volume change, suggesting relative stability. The small
magnitude of net changes can be influenced by the higher measurement error (+0.309 m?),
which could mask some minor changes.

In the period of 2012-2023, snow groomer-eroded areas showed a small net erosion
of —2.070 + 0.309 m® and mean lowering of —0.088 m. This small, long-term erosion is
probably caused by grooming, which occurs repeatedly and often in the same areas.

Natural landforms exhibited a net volume change of +8.196 & 0.309 m?, with depo-
sitional processes outweighing erosion (normalised volume of +0.004 m). This long-term
deposition included high-intensity rainfall years. However, it indicates that natural land-
forms are dynamic systems where erosional events are cyclically balanced by subsequent
deposition. The material displaced by secular processes, such as aeolian erosion and trans-
port, rockfall, or nivation, is often deposited and stabilised by vegetation on the landforms’
edges in this area [54,63-65], contributing to this positive long-term trend.

The analysis of the 2019-2020 period presents a significantly different picture. This
single year, characterised by the highest rainfall event in the study, was dominated by
intensive erosional processes for both landform types. The ALS surveys from 2019 and
2020 had identical parameters, and the DoD analysis yielded a much lower measurement
error (+0.092 m®). Consequently, the volumetric results from this period offer a higher
degree of confidence and provide a stronger basis for our conclusions.

During this time, natural landforms experienced a vast net volume change, showing
erosion of —163.651 + 0.092 m® and mean lowering of —0.045 m. Intensive erosion was also
observed on the snow groomer-eroded landforms, though to a lesser extent, demonstrating
a net erosion of —33.765 + 0.092 m? (normalised volume of —0.025 m).

The significant difference in erosion—with natural landforms eroding almost five times
more than snow groomer-eroded landforms—directly connects these volumetric changes to
their morphometry. This difference in volume of erosion confirms that while both landform
types are susceptible to natural processes, groomed forms are simply less vulnerable.

The differences in morphometry—their location on gentler slopes and their relatively
smaller size and more circular shape—are linked to a reduced potential for severe water
erosion. The longer, naturally shaped landforms on steeper gradients provide good condi-
tions for water to gain erosive velocity, which explains why they erode more. In contrast,
the more circular and smaller snow groomer-eroded areas are situated on gentler slopes,
which limits their susceptibility to intense water erosion.

In the context of landform persistence and the volumetric analysis results, the frequency
of the driving factors leading to landform development is considered. Our analysis showed
intense short-term erosion on both landform types. However, long-term trends revealed
deposition on natural landforms versus erosion on snow groomer-eroded landforms.

While natural processes like rainfall, freeze-thaw cycles, and snowmelt are highly
variable and unpredictable from year to year, snow grooming is a constant annual activity.
Grooming occurs regularly throughout the winter season, although its frequency and
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duration can vary depending on snow cover and other operational factors. This makes
the erosion caused by grooming a predictable, recurring event, in contrast to the sporadic
nature of high-intensity natural drivers. This predictability, along with the fact that it
occurs along the same routes, causes some of the snow groomer-eroded landforms to
persist throughout the study period, despite their lower susceptibility to erosion.

The 2019-2020 period, in addition to high rainfall, was also characterised by special
circumstances related to snow grooming, which may have reduced the erosion of groomed
landforms during this time. The ski season on Kasprowy Wierch, which typically lasts until
the end of April, was prematurely ended on 13 March 2020, due to the COVID-19 pandemic
restrictions. This shortened the snow grooming period by over a month, significantly
reducing the total time of human impact for that year. However, despite this decrease in
snow grooming activity, the natural rainfall event that occurred during this period still
resulted in a massive erosional impact.

4.3. The Morphological Impact of Snow Grooming and Artificial Snowmaking

Previous research has noted that snow groomers contribute to the destruction of
vegetation, soil compaction, and soil stripping [21,66]. Our study quantifies the erosional
impact of snow grooming in a unique location—the Kasprowy Wierch ski resort. This
resort is exceptional because it is the only one in the Polish Carpathians that does not
use artificial snowmaking or earthworks to reshape hillslopes. This provided us with
a unique opportunity to isolate and analyse the impacts of snow groomers and natural
processes alone.

Quantitative studies of erosion on and around ski runs consistently show that the most
significant changes are driven by artificial snowmaking. For instance, research conducted
in Biatka Tatrzanska on a ski run that was 1040 m long and 75 m wide (approximately
7.8 ha) revealed that erosion caused by meltwater from artificial snow led to a lowering
of a ski run escarpment by 0.5 m over six years [18]. The same study also documented
the formation of an alluvial fan composed of material from the ski run, reaching a height
of 0.31 m and a surface area of 360 m?2 [18]. In this study, erosion also occurred on the
ski run, but the area of these changes was not specified. The effects of meltwater from
artificial snow can be even more severe in the valley network surrounding the ski runs. In
a neighbouring catchment in Biatka Tatrzanska [24], erosion in stream channels reached a
maximum lowering of 2.6 m over a 41-m length, with an average lowering of 0.5 m over a
240-m section over six years. The channels transformed by drainage from ski runs had a
total length of 916 m [24].

In contrast, in our study, the erosion caused by snow groomers on the hillslopes
reached a maximum of —0.47 m over 11 years. In terms of area, the total surface occupied
by snow groomer-eroded landforms in our study, located on a skiable area of 68 ha, ranged
from 1762.3 m? to 2122.7 m?, with permanent landforms accounting for 815 m?. This
comparison suggests that while the scale of erosion caused by snow groomers is significant
in an alpine area without snowmaking, it is relatively small—especially in terms of the
affected area—when compared to the far more extensive impacts of artificial snowmaking.

4.4. Limitations of the Method and Future Research Perspectives

While our methodology provides significant quantitative results, we acknowledge
certain limitations that should be considered when interpreting the data. These limitations
are particularly related to elevation error and the manual vectorization of RGB orthophotos.

The method’s error may arise from varying hillslope gradients. Our error estimation,
based on a single RMSE value, is appropriate for landforms with a mean slope of 19.86°.
As a single, universal threshold was used, it may lead to an underestimation of changes
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on lower slopes, where the error is likely smaller, and an overestimation on slopes steeper
than 19.86°, where the error is likely higher. In this study, we aimed to obtain a universal,
average, and representative elevation error value for the entire area from the selected
reference surfaces. Perhaps in future studies, it would be worthwhile to adjust the elevation
error to specific landforms by designating reference surfaces for specific slope intervals.

When manually identifying landforms based on the orthophoto, a limitation of the
method is the recognition of landform boundaries. This error results from the available
resolution and the subjectivity of visual interpretation. We could not use an automatic
classification because the colours and shapes of vegetation and stone runs were too similar
to the erosional landforms we were studying. The future availability of near-infrared (NIR)
orthophotos could enable the use of automatic classification, which would significantly
increase the precision of the results compared to those obtained from RGB orthophotos [67].
Alternative solutions could be very precise RGB orthophotos obtained from a UAV (un-
manned aerial vehicle, drone) with RTK-GNSS, which would ensure the high accuracy of
shapes and boundaries for both manual and automatic vectorization.

The methodology presented in this study could be applied to future research on the
impact of artificial snowmaking on channels and hillslope morphology, a topic of significant
importance in the context of ski infrastructure. Our approach, which calculates error from
sloped surfaces and uses reference surfaces across various parts of a catchment, offers a
way to enhance the precision of calculated results. Compared to our previous studies that
relied on a limited number of individual reference points [18,24], this approach provides a
more robust and reliable basis for analysis.

From a broader perspective, we believe our methodology could also be useful for
analysing other important issues. For example, studying changes in the morphology of
natural forms in alpine meadows from a broader spatial perspective in the Tatra Moun-
tains or other alpine regions could demonstrate an increase in their activity due to cli-
mate change, primarily through increased rainfall or the melting of glaciers in glaciated
mountains [28,46,68,69]. Given the high pressure on the hillslopes in Tatra National Park
from hiking tourism, this methodology could also be useful for monitoring erosion on
hiking trails [51,70]. The use of increasingly available data from UAVs, especially from Li-
DAR UAVs with RTK-GNSS, in monitoring geomorphological changes, would significantly
increase the precision of results, allowing for the estimation of changes with an accuracy of
a few centimetres or even below [71-74].

5. Conclusions

Our study provides the first quantitative assessment of the impact of snow grooming
on erosional processes and alpine hillslope morphology in a unique environment: a ski
resort without artificial snowmaking. Our main conclusions are as follows:

1.  Morphometry and Persistence: Natural landforms are found on steeper slopes and
have a more elongated shape (mean slope 26.8°, circularity 0.47), while snow groomer-
eroded landforms are located on gentler slopes and are more circular (mean slope
23.4°, circularity 0.67). The study found that natural landforms are more persistent; in
contrast, the long-term presence of groomer-eroded landforms is a direct consequence
of ongoing annual grooming, rather than being determined by their shape or slope.

2. Volumetric Dynamics: In the long term (2012-2023), natural landforms exhibited
slight net deposition, while groomer-eroded forms showed gradual and consistent
erosion. The most significant differences were revealed during the extreme rainfall
event of 2020: erosion on natural landforms was nearly five times greater than on
groomer-eroded forms.
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3.  Linking Erosion to Morphometry: The lower susceptibility of groomer-eroded land-
forms to erosion during high-intensity rainfall is related to their morphometric char-
acteristics. Their circular shape and location on gentler slopes are linked to a reduced
potential for severe erosion.

4. Grooming vs. Artificial Snowmaking Impact: While snow grooming causes consistent,
predictable erosion, its scale is relatively small when compared to the erosion caused
by artificial snowmaking. The maximum erosion on slopes in our study was —0.47 m
over 11 years, whereas in resorts with snowmaking, erosion reached —0.5 m in 6 years
on ski slope escarpments and up to —2.6 m in stream channels. This highlights that
the water volume from artificial snow is the dominant erosional factor, which is crucial
for the planning of ski infrastructure, especially within protected areas.

5. Methodological Limitations and Future Research: We acknowledge the methodolog-
ical limitations of our study, particularly concerning the use of a single, universal
elevation error derived from a mean slope, which may lead to the underestimation or
overestimation of changes on landforms with different gradients. We also highlight
the inherent subjectivity of manual landform vectorization. Despite these limita-
tions, our methodology provides a robust and reliable basis for this unique study
and could serve as a foundation for future research. Future studies could employ
more advanced methods, such as utilising spatially distributed error models or inte-
grating high-resolution UAV-based LiDAR data, to achieve even greater precision in
quantifying geomorphological changes.

This study’s findings are particularly relevant for managing protected areas like Tatra
National Park. While our results show that natural processes can cause more intense,
high-magnitude erosion, these phenomena and the resulting landforms are considered fun-
damental components of the natural landscape’s evolution and are thus protected. In sharp
contrast, snow groomers introduce an alien, anthropogenic factor to this alpine hillslope
environment. Despite causing relatively less severe erosion, this damage is constant and
predictable, systematically disrupting natural ecological succession. Therefore, while both
natural and human-induced erosion occur, the primary focus in national parks must be on
monitoring, mitigating, and ultimately eliminating the impact of anthropogenic factors. The
findings of this study thus have direct implications for land managers, policymakers, and
decision-makers, who must prohibit the development of new ski infrastructure—especially
that involving artificial snowmaking—to preserve the natural character and dynamics of
the protected landscape.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1and14091870/s1, Figure S1: Full precipitation data with daily
precipitation for the entire study period of 2012-2023; Figure S2: Localisation of reference areas (1-4)
for error analysis; Table S1: Slope parameters of reference areas for error analysis.
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