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Abstract: Although the topic of trampling of alpine vegetation has been addressed by many authors
in recent years, there are still many unanswered questions. Areas unsuitable for enormous numbers
of tourists are particularly problematic. Such an area is the limestone Belianske Tatras, closed to
tourists since 1978, with the exception of a trail that has been accessible in one direction since 1993
and in both directions since 2008 as an educational trail. Since there is renewed discussion about
making the Belianske Tatras accessible to tourists, we sought answers to the hypotheses: (1.) whether
regenerated communities are more resistant to trampling than the native ones, (2.) whether all
individual species in different communities react to trampling in the same way, and (3.) whether
some species can become extinct after being trampled. We conducted the research in the form of
experimental research in three communities —in 2008 in the native ones and in 2022 in the regenerated
ones, with a modification of the methodology from the study by Cole and Bayfield (1993).
Regenerated communities respond as more resistant, but at the expense of the extinction of some
species in the form of a delayed response. Individual species respond differently in different
communities.

Keywords: experimental human trampling; native associations; regenerated associations; NNP
Belianske Tatras; Tatra National Park; Tatra Biosphere Reserve

1. Introduction

Alpine areas in protected areas have recently faced not only climate change but also an
enormous number of tourists. Therefore, understanding the impacts of human trampling on the
alpine environment is essential for the use and management of recreational areas [1]. The impact of
human trampling is extensive and can easily lead to the degradation of natural systems [2]. Several
studies have shown that recreational trampling can have a range of effects on vegetation and soil in
alpine ecosystems [3-5]. Soil compaction leads to an increase in soil bulk density and a decrease in
soil porosity, changing the water and temperature regime and altering the soil nutrient composition
[6,7]. These effects on vegetation and soil may increase the surface runoff, which in turn contributes
to soil erosion [8,9].

While we can study the impacts of trampling on abiotic components based on soil properties,
geological setting, and terrain characteristics, plants are living organisms and their responses to
trampling are much more complicated. There are no studies that can generalize how individual
species, life forms, and the same communities in different parts of the world respond to trampling.

However, the topic of changes in vegetation cover dominates the first studies on the ecological
consequences of tourism [10,11]. The most intuitive result is that trampling reduces the cover, height,
and species density of ground vegetation [12,13]. Pressure on vegetation from also the number of
flowers, and thus seed production of plants [14]. These changes lead to reduced viability, less
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successful reproduction, and consequently to the death of some less-resistant plant species, especially
in the rough environments [15,16].

Vegetation destruction has a serious consequence. It can adversely impact natural habitats,
leading to the loss of vegetation and eventually ground degradation [17,18]. For example, tundra
vegetation in the Colorado Rocky Mountains, which has been damaged for only a few seasons, will
take hundreds of years to recover, or may never recover at all [19]. What is more, the impact of tourists
contributes to increased trampling and tearing, as well as the displacement of the vegetation and soil
cover in the immediate vicinity of the footpaths, and leads to erosion [20-23].

Most researchers therefore use experimental vegetation trampling methods that investigate the
relationship between tourism intensity (trampling) and vegetation response [24,25]. Many
experimental trampling methodologies are based on the standard protocol of Cole and Bayfield [26],
although authors often adapt them for local research needs. Initially, most such studies were
conducted as part of an investigation of the relationship between tourism and vegetation in
mountains [24], later, numerous studies analyzed vegetation trampling due to recreation in various
areas [27,28]. Only a few studies focused on high-altitude environments [4,29,30].

This study focuses on changes in vegetation cover caused by trampling in three communities, in
2008 as native and in 2022 as regenerated. The research was conducted in a very rare location, namely
in the NNP BelianskeTatras, which has been closed since 1978 due to damage by mass tourism. The
communities are located around a trail that was granted an exemption to reopen to tourists, was
opened as a one-direction trail in 1993 and as a two-directions educational trail. The research was
conducted with the consent of the Ministry of the Environment of the Slovak Republic, the State
Protection of the Slovak Republic and the Tatra National Park Administration. The research was
conducted in the Juncetum trifidi community Szafer et al. 1923 em. Krajina 1933, which is not among
the endangered phytocenoses, contains endemic taxa and as a pioneer community has an important
protective soil. Another community studied was the Junco trifidi-Callunetum vulgaris (Krajina 1933)
Hadac¢ ex Sibik et al. 2007, with a small-scale and rare occurrence in the Western Carpathians. The
Seslerietum tatrae community Domin 1929 kor. Kliment et al. 2005 is located in a narrow altitude range
of 1900 — 2000 m, with long-lasting high snow cover. Our research was based on the methodology of
Cole and Bayfield [26], but we had to adapt it for the needs of investigating small-scale alpine
communities in topographically diverse environments [31], because several endangered or rare
alpine communities inhabit such areas.

In the research, we addressed three hypotheses: (1.) whether regenerated communities are more
resistant to trampling than the native ones, (2.) whether all individual species in different
communities react to trampling in the same way, and (3.) whether some species can become extinct
after being trampled. Regenerated communities respond as more resistant, but at the expense of the
extinction of some species in the form of a delayed response. Individual species respond differently
in different communities. We recommend monitoring vegetation recovery in the monitoring areas
and verifying in the future whether there will be further delayed responses of vegetation to trampling
and the extinction of other species.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Tatra National Park (established in 1949), which is also the
Tatra Biosphere Reserve (since 1993), specifically in the Belianske Tatras National Nature Reserve
(established in 1991) (Figure 1). Experimental human trampling was carried out in the communities:
Juncetum trifidi Szafer et al. 1923 em. Krajina 1933 (49 13.751 N; 20 13.179 E), Junco trifidi-Callunetum
vulgaris (Krajina 1933) Hada¢ ex Sibik et al. 2007 (49 13.591 N; 20 13.313 E) and Seslerietum tatrae
Domin 1929 cor. Climent et al. 2005 (49 23.467 N; 20 21.780 E).
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Figure 1. Study area.

The Juncetum trifidi community Szafer et al. 1923 em. Krajina 1933 is not among the endangered
phytocenoses, although it contains endemic taxa (Campanula tatrae, Leucanthemopsis tatrae,
Soldanella carpatica). The Junco trifidi-Callunetum vulgaris (Krajina 1933) Hada¢ ex Sibik et al. 2007
community, with a small-scale and rare occurrence in the Western Carpathians, is rare, not yet
threatened. The community Seslerietum tatrae Domin 1929 cor. Climent et al. 2005 is located in a
narrow altitude range of 1,900 — 2,000 m ASL, with long-lasting high snow cover. The selection of
plant associations for experimental research was carried out based on discussions with employees of
the Tatra National Park Administration, as this is a destructive form of research.

The Kopskeé saddleback with the Juncetum trifidi association. The substrate consists of limestone,
dolomite and slate, the soils are ranger cambisols and dystric cambisols. The experimental block was
established on a NW site with a slope of 22°, at an altitude of 1,754 m ASL. The tourist trail passing
near the experimental blocks has a low carrying capacity [32].

The Predné Kopské saddleback with the Junco trifidi-Callunetum wvulgaris association. The
substrate consists of limestone, dolomite and slate, with rank-cambisols and dystric cambisols. The
experimental block was established on a NE site with a slope of 4°, at an altitude of 1,778 m ASL. The
tourist trail passing near the experimental blocks has a middle carrying capacity [32].

The Vys$né Kopské with the Seslerietum tatrae community. The substrate consists of limestone,
dolomite and slate, the soil is carbonate lithosoil. The community is spread on carbonate lithosoils.
The experimental block was established on a SW site with a slope of 39°, at an altitude of 1,924 m
ASL. The tourist trail passing near the experimental blocks has a middle carrying capacity [32].
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2.2. Experimental Block Design

Although following the standard procedure of Cole and Bayfield [26], we adapted the
experimental block design for small-scale alpine plant communities and varied topographic relief
[31]. One experimental block was established in each plant community. The experimental block
consisted of three trampling areas (0.5 m wide and 0.5 m long) separated by 0.5 m wide impact zones
[31]. Each plot was divided into 25 subplots, and each subplot was 0.1 m wide and 0.1 m long (Figure
2). The subplots should be selected using a botanical grid (on the right side of the picture).

1 2 3 4 5
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2|112| 22| 32| 42| 52
0 150 450 13| 23| 33 43|53

50 cm
w

4|14 |24 34 44| 54
50 cm 50 cm ' ' [
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Figure 2. Experimental block design. The numbers 11, 21, 31, etc. represent the relevé numbers.

One plot was a control plot and received no pedestrian pressure, while other plots experienced
progressive trampling intensities. The trampling treatment should depend on the average traffic on
the road in sunny and adverse weather. Each pass represents one footprint [26]. In the study area, we
implemented a 150-passage and 450-passage traversal, i.e., a crossing area with 75 and 225
pedestrians on the same day [31]. The trampling direction should simulate a road, so trampling
should occur in two directions. The trampling process was conducted in June, July, August and
September in 2008 and 2022 [31].

The parameters measured in each subplot are as follows:

e Cover (%) of vascular plant species (E1 layer), mosses and lichens (EO layer). Only green
photosynthetic material should be included in the cover estimates (visual estimates of the
highest cover perpendicular to each subplot; and visual estimates of the cover of each species).
Lichens and mosses should be determined by a lichenologist and bryologist.

e  Bare ground cover (%) (bare ground can be either mineral or soil (visual estimates of the top
cover of bare ground perpendicular to each subplot; and visual estimates of the ground cover of
the surface).

e  Litter cover (%) (including litter from recently trampled plants (visual estimates of the top litter
cover perpendicular to each subplot; and visual estimates of litter cover per subplot).

To characterize the vulnerability of different vegetation types, we use the formula for calculating
relative cover - RC [26]. RC was calculated as follows:

_ surviving cover on trampled plots

RC
initial cover on trampled plots

X cf x 100

Where cf is the correction factor:

initial cover on control plots
surviving cover on control plots

In the absence of any change in coverage caused by a trampling, the RC will be 100%. Therefore,
we evaluated resistance in the range: 0.00-20.00%, very low; 20.01-40.00%, low; 40.01-60.00%,
medium; 60.01-80.00%, high; and 80.01-100.00%, very high.
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To describe changes in relative coverage over time, we used linear regression models. The time
variable represents the number of days since the first day of the first month (June) of each sampling
session. Due to the nonlinear nature of some of the relationships, second-order polynomial regression
models were used. The adjusted coefficient of determination (R2) was used to determine which
model best and most simply described the collected data (i.e., linear or polynomial). All analyses
were performed in R [33].

3. Results
3.1. Hypothesis 1: Regenerated Plant Communities Are More Resistant to Trampling Than Native Ones

When all three communities are considered, the resilience of the regenerated alpine communities
to trampling was 6.47% higher than the resilience of the native, undisturbed ones. In the regenerated
communities, we noted the absence of some moss, lichen and hemicryptophyte species before the
repeated trampling experiment in 2022. These became extinct years after the trampling in 2008. This
means that even though regenerated communities may appear more resistant to repeated trampling
after years, this is due to the absence of some moss, lichen or vascular plant species.

The Juncetum trifidi and Junco trifidi-Callunetum vulgaris communities, which contain the most
hemicryptophytes and less than a quarter of chamaephytes, resisted trampling by 75 tourists as more
resistant in the regenerated state. However, the Seslerietum tatrae community, which is dominated by
hemicryptophytes but chamaephytes make up a quarter of the community, was more resistant to
trampling by 75 tourists in the native state (Figure 3). However, the communities reacted differently
to trampling by 225 tourists. The regenerated Juncetum trifidi community reacted worst, with a weaker
resistance. The Seslerietum tatrae community, with the occurrence of woody and herbaceous
chamaephytes, was surprising, with an unexpectedly increased resistance. The regenerated Junco
trifidi-Callunetum vulgaris community also resisted trampling as more resistant.

Characteristic Plant association 75 tourists 225 tourists
highher plants 42%. mosses 41%. lichens 39% Juncetum trifidi 2008 27.54% 35.88%
hemicryptophytes 88%. woody chamaephytes 12% Juncetum trifidi 2022 50.12% A 33.27% +
highher plants 66%, mosses 13%, lichens 31%  Junco trifidi-Callunetum vulgaris 2008 53.92% 35.13%
hemicryptophytes 86%. woody chamaephytes 14% Junco #ifidi-Callunetum vulgaris 2022 54.70% T 39.14% T
highher plants 86%. mosses 23% Seslerietum tatrae 2008 54.25% 25.17%

hemi cryptophytes 67%, woody and herbaceous

Chnmaeiniies 359 rophiles A neophyies 1% Seslerietum tatrae 2022 48 45% N2 61.74% ¥

average RC 0.00 - 20.00%
average RC 20.01 - 40.00%
average RC 40.01 - 60.00%

-average RC 60.01 - 80.00%
average RC 80.01 - 100.00%

Figure 3. Average RC values of individual communities in the native and regenerated state.

75 tourists in the Juncetum trifidi: If tourists walked through the native, undisturbed community,
the community would respond with middle resistance in July and low resistance in August and
September (Figure 4, Supplementary Materials File S1). The regenerated community was more
resistant to trampling. The difference between the native and regenerated states is: an increase of 1
resistance level in July, almost 2 resistance levels in August and 1 resistance level in September
(Figure 4, Supplementary Materials File S1). The EO layer was significantly more resistant in the
regenerated state, the resistance increased by 2 resistance levels in all months (Figure 5,
Supplementary Materials File 52). The lichen Thammnolia vermicularis is absent in the regenerated
community. However, even the E1 layer appears to be much more resistant in the regenerated state.
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The resistance to trampling increased by 2 resistance levels in all months (Figure 5, Supplementary
Materials File S2). The species Bistorta officinalis, Campanula tatrae and Hieracium alpinum were absent
in the regenerated state.
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Figure 4. Relative cover of the communities Juncetum trifidi (Kopské saddleback), Junco trifidi-Callunetum vulgaris
(Predné Kopské saddleback) and Seslerietum tatrae (Vysné Kopské saddleback) in 2008 and 2022.
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Figure 5. Relative cover of the E1 and EO layers of the communities Juncetum trifidi (Kopske saddleback), Junco
trifidi-Callunetum vulgaris (Predne Kopske saddleback) and Seslerietum tatrae (Vysne Kopske saddleback) in 2008
and 2022.

225 tourists in the Juncetum trifidi: The community response is approximately the same in the
native and regenerated states (Figure 4, Supplementary Materials File S1). The EQ layer appears to be
more resistant and the E1 layer less resistant in the regenerated state. Both layers show different
changes in individual months (Figure 5, Supplementary Materials File S2). The EO layer responded
in the regenerated state by almost 1 resistance level more resistant in July, by more than 0.5 resistance
level in August, and its resistance was slightly higher in September (Figure 5, Supplementary
Materials File S2). The lichens Alectoria ochroleuca and Thamnolia vermicularis were absent in the
regenerated community. The E1 layer appears to be less resistant in the regenerated state. The
resistance of the layer decreased by 0.5 resistance level in July, it increased slightly in August, but it
decreased again by 0.25 resistance level in September (Figure 5, Supplementary Materials File S2).
The species Bistorta officinalis, Campanula tatrae and Hieracium alpinum were absent in the regenerated
state.

75 tourists in the Junco trifidi-Callunetum vulgaris: The native community responded with high
resistance in July and middle resistance in August and September (Figure 4, Supplementary Materials
File S1). The regenerated community was roughly as resistant to trampling as the native. The
difference between the native and regenerated state is: an increase of 0.5 resistance level in July,
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almost the same in August and a 0.25 resistance level lower in September (Figure 4, Supplementary
Materials File Figure S1). The resistance of the EQ layer decreased by 1 resistance level in July, and by
0.5 resistance level in August and in September (Figure 5, Supplementary Materials File S2). The
lichen Alectoria ochroleuca and mosses Pleurozium schreberi and Polytrichastrum alpinum were absent in
the regenerated community. However, the E1 layer appears to be more resistant in the regenerated
state. The resistance to trampling increased by 0.5 resistance level in July, by almost 2 resistance levels
in August and by more than 0.5 resistance level in September (Figure 5, Supplementary Materials File
S2). The species Bistorta officinalis, Campanula alpina, C. tatrae, Hieracium alpinum, Juncus trifidus and
Pulsatilla alpina subsp. alba were absent in the regenerated state.

225 tourists in the Junco trifidi-Callunetum vulgaris: The native community responded with middle
resistance in July and low resistance in August and September (Figure 4, Supplementary Materials
File S1). Although vegetation resistance levels remained the same in the regenerated state in each
month, RC values in July and August were higher within the range of resistance levels. The resistance
of the EQ layer decreased by 1 resistance level in July, by 0.5 resistance level in August and by 1
resistance level in September (Figure 5, Supplementary Materials File S2). The lichens Thamnolia
vermicularis and mosses Pleurozium schreberi and Polytrichastrum alpinum were absent in the
regenerated state. However, the E1 layer appears to be more resistant in the regenerated state.
Resistance to trampling increased by more than 1 resistance level in July, by almost 0.5 resistance
level in August and only slightly in September (Figure 5, Supplementary Materials File S2). The
species Bistorta officinalis, Campanula alpina, C. tatrae, Hieracium alpinum, Juncus trifidus and Pulsatilla
alpina subsp. alba were absent in the regenerated state.

75 tourists in the Seslerietum tatrae: In the native community, the community resistance to
trampling was middle in all months (Figure 4, Supplementary Materials File S1). The regenerated
state was roughly as resistant to trampling as the native one, only slightly less resistant in August
and September. The resistance of the EO layer increased by 1.5 resistance levels in July and August
and by less than 1 resistance level in September (Figure 5, Supplementary Materials File S2).
However, the E1 layer appeared to be slightly less resistant in the regenerated state. The resistance to
trampling decreased by 0.5 resistance level in all months (Figure 5, Supplementary Materials File 52).
The species Thymus pulcherrimus was absent in the regenerated state.

225 tourists in the Seslerietum tatrae: In the native community, the resistance to trampling was
middle in July, low in August and very low in September (Figure 4, Supplementary Materials File
S1). The regenerated state was significantly more resistant to trampling than the native one, by 2
resistance levels in each month. The resistance of the E0 layer increased by 2.5 resistance levels in July
and August and by 1 resistance level in September (Figure 5, Supplementary Materials File S2). The
El layer also appeared to be more resistant in the regenerated state. The resistance to trampling
increased by 2 resistance levels in all months (Figure 5, Supplementary Materials File 52). The species
Thymus pulcherrimus was absent in the regenerated state.

3.2. Hypothesis 2: Do Individual Species Found in Different Communities Defend Themselves with the Same
Resistance to Trampling?

Each species creates a certain life form, i.e. its buds are located in different positions on the plant
at different heights from the ground. We therefore assumed that these species resist trampling with
at least approximately the same resistance in different communities. However, this hypothesis was
not confirmed. This means that it depends on the composition of the community, i.e. the combination
of different life forms and the coverage of individual life forms. In some cases, however, it also
depends on the intensity of trampling. The initial vegetation of the Juncetum trifidi association before
the trampling in 2008 consisted of higher plants with 42% cover, bryophytes with 41% cover and
lichens with 39% cover. The initial vegetation of the Junco trifidi-Callunetum vulgaris association before
the trampling consisted of higher plants with 66% cover, lichens with 31% cover and bryophytes with
13% cover. The initial vegetation of the Seslerietum tatrae association before the trampling consisted
of higher plants with 86% cover and bryophytes with 23% cover, lichens were missing. While the
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Juncetum trifidi community is dominated by hemicryptophytes (88%) and woody chamaephytes are
less common (12%), the Junco trifidi-Callunetum vulgaris community is composed of 86%
hemicryptophytes and 14% woody chamaephytes. The Seslerietum tatrae community has a wider
range of life forms, but hemicryptophytes dominate (67%), followed by woody and herbaceous
chamaephytes (26%), annual terophytes (4%) and geophytes (3%).

Bistorta officinalis Delarbre — a perennial herb with serpentine coiled rhizome. It forms a
geophyte/hemicryptophyte life form. Its seeds are spread by autochory, epichory (e.g. on animal fur),
endochory (through the digestive tract of animals), or hemerochory (by human contamination). In
the native Juncetum trifidi community, trampled by 75 tourists, this species was less resistant to
trampling than in the Junco trifidi-Callunetum vulgaris community. However, it responded similarly
to trampling by 225 tourists (Figure 6, Supplementary Materials File 53).
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Figure 6. Relative cover (RC) of individual species occurring in different communities.

Campanula alpina Jacq. — an endangered species of Slovakia, forms the hemicryptophyte life form.
It is a biennial to perennial herb. Its seeds are spread by boleochory (wind blast). Its reactions to
trampling are surprising. We recorded the regeneration of this species in September 2008 before
trampling in the Juncetum trifidi community, on an area trampled by 225 tourists (Figure 7). In 2013
and 2014, the species was completely absent during the monitoring of regeneration. In 2022, this
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species occurred in the community again. Based on the botanical grid, we found that these were new
plants. Their resistance was higher precisely on the area trampled by 225 tourists in the regenerated
Junco trifidi-Callunetum vulgaris community. No other species reacted this way. We recorded this
species in the regenerated Junco trifidi-Callunetum vulgaris community. Looking at the surroundings,
it was mainly found on areas trampled in 2008. It reacted more resistant to 75 tourists than to 225
tourists (Figure 6, Supplementary Materials File S3).

Figure 7. Regeneration of Campanula alpina herb (detail top right) and Juncus trifidus grass (detail bottom right)
on a trampled plot (left) by 225 tourists in the Juncetum trifidi community during a trampling experiment,
September 2008 (Source: Piscova et al. [31]).

Campanula tatrae Borbas — a Endemic of the Western Carpathians, a perennial herb whose fruit
is a drooping capsule. It forms a hemicryptophyte life form. Its seeds are spread by boleochory (wind
gusts) and endochory (through the digestive tract of animals). In both native communities Juncetum
trifdi and Junco trifidi-Callunetum vulgaris, it reacted to trampling more resistantly on areas trampled
by 75 tourists than by 225 tourists (Figure 6, Supplementary Materials File S3).

Hieracium alpinum L. — a perennial plant whose seeds spread by trichometeochory (they have
flying devices). It forms the life form hemicryptophyte. This hieracium occurred in the native
Juncetum trifidi and Junco trifidi-Callunetum vulgaris communities, where it reacted as more resistant
to trampling by 75 tourists (Figure 6, Supplementary Materials File S3).

Juncus trifidus L. — a perennial, densely tufted herb with a creeping rhizome. Its seeds are spread
by cystometeorochory (they are very tiny, but swollen). It forms the life form hemicryptophyte. This
grass grew in the native Juncetum trifidi and Junco trifidi-Callunetum vulgaris communities. In both
communities, it responded more resistant to trampling by 75 tourists in July and August, but in
September, it appeared stronger against trampling by 225 tourists (Figure 6). The species Juncus
trifidus is the second species (apart from Campanula alpina) whose regeneration we recorded in the
process of experimental trampling in 2008, specifically before trampling in September (Figure 7).
However, it was absent in the regenerated Junco trifidi-Callunetum vulgaris community. In the
regenerated Juncetum trifidi community, it resisted trampling by 75 tourists more than by 225 tourists
(Figure 6, Supplementary Materials File S3).

Vaccinium vitis-idaea L. — an evergreen and densely branched shrub, the fruit of which is a berry.
This species is a woody chamaephyte and its seeds are spread through the digestive tract of animals.
We recorded the occurrence of the species in both native and regenerated Juncetum trifidi and Junco
trifidi-Callunetum vulgaris communities. In both the native and the regenerated Junco trifidi-Callunetum
vulgaris community, the species responded similarly, but slightly more resistant, to 225 tourists
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(Figure 6, Supplementary Materials File S3). In the regenerated Juncetum trifidi community, the
species was more resistant to trampling by 75 tourists (Figure 6, Supplementary Materials File S3).

Alectoria ochroleuca (Hoffm.) Massal. — a fruticose lichen, we recorded this lichen species in the
native Juncetum trifidi community, on an area trampled by 225 tourists. It was absent in the
regenerated community. However, by 2014 it had been recorded on an area of 20. It became extinct
due to a delayed response to trampling. Its resistance to trampling was already very low in August
and September 2008 (Supplementary Materials File S3). In the Junco trifidi-Callunetum vulgaris
community, this species was present on both trampled areas. It did not survive on the area trampled
by 75 tourists. However, it survived on the area trampled by 225 tourists, and even responded with
higher resistance in July (native association under 75 tourists. (Figure 6, Supplementary Materials
File S3).

Cetraria islandica (L.) Ach. — a fruticose lichen, which responded more resistant to trampling in
the regenerated Juncetum trifidi community than in the native one, in all months and on all plots.
However, it was less resistant to trampling in the regenerated [unco trifidi-Callunetum vulgaris
community than in the native one (Figure 6, Supplementary Materials File S3).

Cladonia rangiferina (L.) F. H. Wigg. — a fruticose, cup lichen lichen. This species was recorded
with the regenerated Juncetum trifidi community and in the native Junco trifidi-Callunetum vulgaris
community (Figure 5). In both cases it was less resistant to trampling by 225 tourists (Figure 6,
Supplementary Materials File S3).

Thamnolia vermicularis (Swartz) Ach. Ex Schaerer — a fruticose lichen. We recorded its presence
in the native Juncetum trifidi and Junco trifidi-Callunetum vulgaris communities. While in the Juncetum
trifidi community it reacted more resistant to trampling by 225 tourists, in the Junco trifidi-Callunetum
vulgaris community it was more resistant to 75 tourists (Figure 6, Supplementary Materials File S3).
After regeneration, we recorded it only in the Junco trifidi-Callunetum vulgaris community, in a plot
trampled by 75 tourists. However, its resistance in July, August and September was only low (Figure
6, Supplementary Materials File S3).

Pleurozium schreberi (Brid.) Mitt. — a moss, a rarely fertile dioecious species. We recorded its
presence in the native Junco trifidi-Callunetum vulgaris community and in the native and regenerated
Seslerietum tatrae community. In the native communities, it reacted more resistantly in the Seslerietum
tatrae community, especially in August and September. After the regeneration of the communities, it
responded to trampling more resistant in the Seslerietum tatrae community (Figure 6, Supplementary
Materials File S3). This species was absent in the regenerated Junco trifidi-Callunetum vulgaris
community.

Polytrichastrum alpinum (Hedw.) G. L. Sm. — a moss, a dioecious species, which bears fruit fairly
often, with spores maturing in summer. We recorded its occurrence in the Juncetum trifidi and Junco
trifidi-Callunetum vulgaris communities (Figure 6, Supplementary Materials File S3). In the native
communities, on a plot trampled by 75 tourists, it appeared to be more resistant in the Junco trifidi-
Callunetum vulgaris community. To trampling by 225 tourists, it restored in both communities
approximately equally. In the regenerated Juncetum trifidi community, the moss reacted to both
numbers of tourists more resistant. This species was absent in the regenerated Junco trifidi-Callunetum
vulgaris community.

3.3. Hypothesis 3: Can Trampling Cause Species Extinction?

Several species of hemicryptophytes, bryophytes, and lichens in the communities became
extinct, as a delayed response to trampling. This hypothesis was confirmed, although we only
considered it in the case of mosses and lichens. The reasons for the extinction of specific species are
not known. We discuss these reasons in the discussion.

In the regenerated Juncetum trifidi community, the lichens Alectoria ochroleuca and Thamnolia
vermicularis and the hemicryptophytes Bistorta officinalis, Campanula tatrae and Hieracium alpinum
were absent. These species were absent in the area trampled by 75 tourists and 225 tourists. A new
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species, the lichen Cladonia rangiferina, was also added to both trampled areas (Figure 8§,
Supplementary Materials File 54).

In the regenerated Junco trifidi-Callunetum vulgaris community, the lichen Cladonia
and the
hemicryptophytes Bistorta officinalis, Campanula tatrae, Hieracium alpinum, Juncus trifidus and

rangiferina, the mosses Pleurozium schreberi and Polytrichastrum alpinum,
Pulsatilla alpina subsp. alba were absent. These species were absent in the plot trampled by 75
tourists, as well as 225 tourists. The lichen Alectoria ochroleuca was absent in the regenerated area
trodden by 75 tourists, and the lichen Thamnolia vermicularis was absent in the area trodden by 225
tourists (Figure 8, Supplementary Materials File 54).

The herbaceous chamaephyte Thymus pulcherrimus was absent in the regenerated Seslerietum

tatrae community (Figure 8, Supplementary Materials File 54).
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Figure 8. RC values in June, July, August and September in 2008 and 2022 of selected species that became extinct

in trampled areas as a delayed response to experimental trampling of vegetation.

4. Discussion

We searched the literature for various claims that would confirm our conclusions. However, it
seems that claims about the effects of trampling cannot be generalized. We realize that certain
patterns of assumptions can be found when researching the effects of trampling on the abiotic
components of the environment. When examining the biotic component, some general claims are
only beginning to emerge.

Pescott and Stewart [25] conducted a systematic review focused on assessing the impact of
human trampling on vegetation. The study argues that vegetation dominated by hemicryptophytes
and geophytes, life forms with greater protection for their permanent buds [34], recovers to a greater
extent than vegetation dominated by other life forms and could therefore potentially be trampled
more intensively, provided that monitoring is carried out to provide early warning of deterioration
or unsustainable use. This statement is probably not generalizable. Probably, it is necessary to
consider the intensity of visitation. In the case of the Juncetum trifidi and Junco trifidi-Callunetum
vulgaris communities, which are dominated by hemicryptophytes and contain less than 15%
chamaephytes, these communities in the regenerated state respond more resistant to 75 tourists.
However, this is not the case when 225 tourists pass through. Although the Junco trifidi-Callunetum
vulgaris community remains more resistant to trampling in the regenerated state, the regenerated
Juncetum trifidi community is less resistant than in the native state. The Junco trifidi-Callunetum vulgaris
community responds to the intensity of trampling by 75 and 225 tourists approximately the same in
both the native and regenerated state. However, when regenerated, it achieves higher resistance. In
contrast to these two communities, the Seslerietum tatrae community, dominated by
hemicryptophytes, but with woody and herbaceous chamaephytes making up a quarter of the
vegetation, reacts differently. While it responds to trampling by 75 tourists as more resistant in its
native state, it responds to trampling by 225 tourists significantly more resistant than. This probably
implies that if the vegetation is dominated by hemicryptophytes and less than a quarter of
chamaephytes, these communities regenerate well with lower numbers of tourists. However,
vegetation dominated by hemicryptophytes but containing at least a quarter of chamaephytes
responds better to higher numbers of tourists. However, this statement needs to be verified with a
larger number of communities. In reality, however, these changes in resistance are related to a
decrease in the resistance of several species and, in particular, the likely extinction of some species of
mosses, lichens, and hemicryptophytes.

Pescott and Stewart [25] also argue that even mild disturbances can have significant impacts on
plant communities. Simple indicators, such as the life form of the dominant community, can then be
useful for quickly assessing a community's vulnerability to recreational pressure. We do not consider
this statement to be general either. When we look closely at the behavior of some hemicryptophytes
in different communities, their reaction is not uniform. For example, these are the hemicryptophytes
Campanula alpina and Juncus trifidus, but also the woody chamaephyte Vaccinium vitis idaea. However,
some species of mosses and lichens in particular behave differently in different communities
(Alectoria ochroleuca, Cestraria islandica, Pleurozium schreberi, Polytrichastrum alpinum and Thamnolia
vermicularis). Therefore, dividing recreation into high- and low-intensity zones with “honey-pots”
located away from vulnerable vegetation, which according to [13] may be a more effective
conservation strategy than encouraging moderately intensive but more widespread recreational use,
is probably not feasible.

Pescott and Stewart [25] tested a positive correlation between recovery time and resilience,
which showed that after dieback, limited recovery may occur if there is a period without further
disturbances. We agree with this statement. However, we also specify that such recovery is probably
not long-term. We see this in species that were absent from the regenerated communities in 2022. The
community as a whole showed RC values close to complete regeneration, but at the expense of the
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extinction of some species, e.g. in the Juncetum trifidi community - hemicryptophytes Bistorta
officinalis, Campanula tatrae and Hieracium alpinum, and lichens Alectoria ochroleuca and Thamnolia
vermicularis.

These authors further argue [25] that the negative correlation of recovery time for the
hemicryptophyte subgroup is the fact that where recovery is not observed in the short term, other
factors, such as changes in soil characteristics, may reduce the potential for full recovery. We agree
with this statement because, for example, the hemicryptophyte Juncus trifidus regenerated during
trampling in the native Juncetum trifidi community and was also present in the regenerated
community. However, although it survived trampling in the native Junco trifidi-Callunetum vulgaris
community, its regeneration was weaker compared to Juncetum trifidi and it eventually became
extinct.

Another claim by these and other authors [25,35] is that hemicryptophytes and geophytes will
be more resistant to the impacts of trampling compared to other life forms. In contrast, chamaephyte-
dominated communities die after trampling, despite their initially high resistance [35,36]. However,
this statement cannot be generalized. As mentioned above, many species of hemicryptophytes react
differently to trampling in different communities. In addition, while e.g. in the Juncetum trifidi
community the hemicryptophytes Campanula aplina, C. tatrae, Hieracium alpinum, and Bistorta
officinalis (hemicryptophyte/geophyte) did not survive trampling, the creeping willows Salix.
kitaibeliata and S. retuculata were recorded in the regenerated community and trampled again.

Older work suggests that herbs and graminoids show little response to short-term trampling,
and their recovery rate is linked to photosynthesis and growth rate, which is higher in graminoids,
herbs and deciduous dwarf shrubs than in evergreens [37,38]. However, under prolonged trampling,
herbs completely disappear [39], suggesting that their tolerance is reduced by their low resistance to
trampling. Based on our observations, we agree with this statement.

Jahns [40] and [41] argue that lichens tolerated trampling quite well and their coverage increased
above their native level, which may be a result of the lichen tissue breaking down into smaller
particles. After drying, lichens break very easily into small pieces and these have the ability to grow.
We cannot generalize this statement either. It does not apply to all lichen species. For example, while
Cetraria islandica tolerates trampling well, species such as Cladonia rangiferina in the Junco trifidi-
Callunetum vulgaris community or Thamnolia vermicularis in the Juncetum trifidi community did not
survive trampling.

According to [39,41,42], bryophytes showed a delayed response to trampling. This is probably
due to their slower growth [43,44] compared to vascular plants. This claim is debatable because, as
mentioned above, many species of both hemicryptophytes and lichens have become extinct as a result
of a delayed response to trampling.

There are many unresolved questions in the field of trampling. For example, the hypothesis that
vegetation vulnerability to trampling may be related to primary productivity [45], which was not
confirmed by Prescott and Stewart [25]. We therefore recommend continuing, especially in long-term
research with repeated experimental trampling. These results of long-term work can be used by
managers of protected areas.

5. Conclusions

There has been much discussion recently about the reopening of hiking trails in the Belianske
Tatry National Nature Reserve. The limestone NPP Belianske Tatras has been closed since 1978, with
the exception of the trail leading through Monkova valley through Siroké saddleback to Kopské
saddleback, due to destruction by mass tourism. Therefore, in this study, we address three basic
hypotheses.

The first hypothesis is that regenerated plant communities are more resistant to trampling than
native ones. This hypothesis was not confirmed. When all three communities are considered, the
resistance of the regenerated alpine communities to trampling was 6.47% higher than the resistance
of the native, undisturbed ones. In the regenerated communities, we noted the absence of some moss,
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lichen and hemicryptophyte species before the repeated trampling experiment in 2022. These became
extinct years after the trampling in 2008. This means that even though regenerated communities may
appear more resistant to repeated trampling after years, this is due to the absence of some moss,
lichen or vascular plant species.

The second hypothesis is that individual species found in different communities defend
themselves with the same resistance to trampling. Each species forms a certain life form, i.e. its buds
are located in different positions on the plant at different heights from the ground. Therefore, we
assumed that these species resist trampling with at least approximately the same resistance in
different communities. However, this hypothesis was not confirmed. This means that it depends on
the composition of the community, i.e. the combination of different life forms and the coverage of
individual life forms. In some cases, however, the intensity of trampling also matters.

The third hypothesis was whether some plant species could become extinct as a result of
trampling of vegetation. Unfortunately, this hypothesis was confirmed. Several species of
hemicryptophytes, bryophytes and lichens in the communities became extinct as a result of a delayed
response to trampling. This hypothesis was confirmed, although we considered it only in the case of
mosses and lichens. The reasons for the extinction of specific species are not known.

The results of the experimental trampling research in the NPP Belianske Tatras, which we had
the opportunity to carry out in both native and regenerated alpine communities, indicate that some
previous statements in other studies cannot be generalized. The research opens up many other
unresolved questions. The research results will be submitted to the Tatra National Park
Administration.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Table S1. Relative cover (%) of regenerated (2022) and native (2008) plant
communities under trampling by 75 and 225 tourists in three study areas: Kopské saddleback (Juncetum trifidi).
Predné Kopské saddleback (Junco trifidi-Callunetum vulgaris) and Vysné Kopské saddleback (Seslerietum tatrae);
Table S2. Relative cover (%) of E0 and E1 layers in regenerated (2022) and native (2008) plant communities
under trampling by 75 and 225 tourists across three study areas: Kopské saddleback (Juncetum trifidi). Predné
Kopské saddleback (Junco trifidi-Callunetum vulgaris) and Vysné Kopské saddleback (Seslerietum tatrae); Table
S3. Relative cover (%) of regenerated (2022) and native (2008) plant communities under trampling by 75 and
225 tourists across three study areas: Kopské saddleback (Juncetum trifidi). Predné Kopské saddleback (Junco
trifidi-Callunetum vulgaris) and Vysné Kopské saddleback (Seslerietum tatrae), for selected species (2nd
hypothesis); Table S4. Relative cover (%) of regenerated (2022) and native (2008) plant communities under
trampling by 75 and 225 tourists across three study areas: Kopské saddleback (Juncetum trifidi), Predné Kopské
saddleback (Junco trifidi-Callunetum vulgaris) and Vysné Kopské saddleback (Seslerietum tatrae), for selected
species (3rd hypothesis).
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