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Abstract

Ski piste construction and maintenance are recognised as significant drivers of vegeta-
tion change in mountain ecosystems. The Caucasus has a rapidly developing ski tourism
and at the same time is an important hotspot of global biodiversity; the impact of this
form of land use on vegetation has not yet been studied in the area. We examined plant
community structure, species composition and cover, functional-group biomass, and
temporal dynamics along an elevation gradient (1,884-2,685 m a.s.l.) spanning mon-
tane to alpine zones at the Didveli ski piste within the Bakuriani ski resort (Lesser Cau-
casus, Georgia). We compared 36 ski piste plots (18 standard-track and 18 eroded) with
25 adjacent undisturbed control plots using ordination (PCA and CCA), cluster analysis,
Indicator Species Analysis, and linear mixed-effects models. We analysed the occur-
rence of 103 species with a frequency = 5 in these plots. PCA clearly separated control
plots from disturbed plots along the axis associated with soil depth, species richness,
and aboveground biomass. CCA confirmed that species distributions closely followed
this human-impact gradient. Cluster analysis identified floristically distinct groups that
broadly corresponded to control, track, and eroded conditions. Indicator Species Analy-
sis revealed that undisturbed plots supported typical alpine meadow species (Gentiana
septemfida, Bromus variegatus, Veratrum lobelianum), while eroded plots were associ-
ated with disturbance-tolerant taxa (Draba hispida, Arctium lappa) and track plots with
the compaction-tolerant grass Calamagrostis pseudophragmites. Mean aboveground
biomass on control plots (2,526 kg ha™") was 2.1-3.0 times higher than on track (1,175
kg ha") and eroded plots (833 kg ha™"). Graminoids and forbs declined sharply under
disturbance, whereas legume biomass was resilient across all land-use types, likely ow-
ing to nitrogen-fixation capacity. Temporal monitoring (2020-2023) showed stable or
increasing biomass on control plots but limited and short-lived recovery on piste plots.
These findings demonstrate that ski piste development substantially reduces biodiver-
sity and productivity in the Caucasus Mountain grasslands and underlines the need for
targeted restoration and sustainable management strategies.
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Introduction

Ski tourism is one of the major economic activities in mountainous regions
worldwide; its ecological footprint on high-altitude vegetation is considerable
and extends well beyond the period of snow cover (Rixen and Rolando 2013;
Wipf et al. 2005). Piste construction involves grading and compaction of soils,
removal of natural vegetation, and mechanical disturbance that can persist
for decades; subsequent seasonal grooming further disrupts plant communi-
ty structure (Hudek et al. 2020). The resulting changes include reduced plant
cover, altered species composition, loss of soil organic matter, and shifts in
plant functional-group dominance, all of which have long-term consequences
for ecosystem functioning in fragile alpine and subalpine habitats (Keller et al.
2004; Meijer zu Schlochtern et al. 2014; Wipf et al. 2005).

The bulk of published research on skiing impacts has been conducted in
the Alps (Italy, Switzerland, Austria, France) and, to a lesser extent, in other
European mountains such as the Carpathians, Pyrenees, Apennines, Scan-
dinavian ranges, and in North American mountains (Klacanova et al. 2024).
This geographic concentration is striking given that world-class ski resorts
exist on every continent other than Antarctica, including Africa and Australia
(Petterson 2005). The Caucasus, a mountainous region of globally recognised
botanical importance and a setting of rapidly expanding ski tourism, has been
entirely overlooked.

The Caucasus is among the 36 recognised biodiversity hotspots in the
world (Habel et al. 2019). Its montane, subalpine, and alpine habitats con-
tribute disproportionately to overall diversity through high species richness
and endemism (Korner 2003; Solomon et al. 2014), and are characteristically
sensitive to environmental change (Rixen and Rolando 2013; Wipf et al. 2005).
Plant diversity in these systems underpins food security, water supply, me-
dicinal resources, and traditional livelihoods, as well as providing soil stabil-
isation, wildlife habitat, and the aesthetic values that attract tourists (Kérner
2003; EEA 2010; Gy6ri 2020).

Tourism is central to Georgia's economy. In 2025, the country received
over 5.5 million international visitors, nearly twice its resident population
(Georgian National Tourism Administration 2026). Mountain and ski resorts
recorded a 340% increase in visitor numbers between 2010 and 2017 (Moun-
tain Resorts of Georgia 2017), and the National Tourism Strategic Plan ex-
plicitly provides for the expansion of ski piste infrastructure (National Tour-
ism Agency of Georgia 2015). Bakuriani, situated in the Lesser Caucasus, is
among the most visited ski resorts in Georgia (Ski Resorts and Snow Reports
2026) and hosted the freestyle ski and snowboarding world championships
in 2023, events that further intensify impacts on piste vegetation. The Bakuri-
ani ski resort is located within the Borjomi Municipality, adjacent to the Bor-
jomi-Kharagauli National Park, which represents one of the most extensively
protected regions in the Caucasus. Furthermore, it is recognised as one of
the most thoroughly documented floristic localities in Georgia (Javakhish-
vili 1956; Nakhutsrishvili et al. 2009; Theissen et al. 2022). Nevertheless, no
study has previously assessed the condition of vegetation on its ski pistes,
nor on any piste in the South Caucasus.
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The aim of the present study was to assess the impact of ski piste construc-
tion and maintenance on vegetation at the Didveli piste complex (Bakuriani dis-
trict, the Lesser Caucasus). Three specific questions were addressed: (i) How
do ski pistes affect plant species composition, functional traits, and diversity
compared to adjacent undisturbed habitats? (ii) How does the distribution of
aboveground biomass among plant functional-groups differ between ski pistes
and adjacent natural habitats? (iii) How do different piste conditions (standard
track, eroded track, and undisturbed control) influence the spatiotemporal dy-
namics of plant functional-group biomass? To answer these questions, we an-
alysed plant community structure along an elevation gradient from montane
through subalpine to alpine zones using multivariate ordination, cluster analy-
sis, indicator species analysis, and temporal monitoring of biomass.

Materials and methods

Study area

The research was conducted at the Bakuriani ski resort, located 183 km west of
Thilisi (41.75°N, 43.53°E) on the slopes of the Lesser Caucasus, Georgia. The
ski runs of the Didveli piste complex extend from 1,884 to 2,685 m a.s.l. across
montane, subalpine, and alpine vegetation zones (Fig. 1).

Alpine skiing has been practised on this mountain since 1932; prior to
that, the terrain was used as summer pasture. The grazing season lasts three
months in the summer, with shepherds typically transferring their livestock to
the mountainous regions from late May until September (REC Caucasus 2019).

The principal environmental pressures on soil and vegetation at present are
grazing (cattle and sheep) (Fig. 2 A,B), summer trekking, and winter ski tour-
ism, including artificial snow production and snow-grooming machinery that
compacts the snowpack and shortens the vegetation period. Reconstruction
works on the ski slopes, including the construction of water reservoirs (Suppl.
material 1: fig. S1), constitute additional sources of environmental pressure.

The climate is cool-temperate, with a mean annual temperature of 5.2°C
and mean annual precipitation of 1,182 mm; monthly temperatures range from
-6.5°C (January) to 16.8°C (August), and precipitation is concentrated from
April to August (650 mm), with May being the wettest month (166 mm) (Fick
and Hijmans 2017).

The topography reflects Paleogenic folded structures. Brown forest soils
dominate the montane and subalpine belts; under semi-natural pastures these
degrade into meadow soils. At and above the tree line soils are diverse, includ-
ing mountain meadow, mountain meadow peat, mountain meadow soddy, and
mountain meadow soddy-peat (Nakhutsrishvili et al. 2006).

The vegetation zones include mixed conifer-broadleaved forests, broadly
corresponding to four EUNIS (FloraVeg.EU, version 2025-10-03) habitat types:
T35 — temperate continental Pinus sylvestris forest; T31 — temperate moun-
tain Picea forest; T17 — Fagus forest on non-acid soils; and T1C — temperate
and boreal mountain Betula and Populus tremula forest on mineral soils. These
forests are characterised by Pinus sylvestris var. hamata Steven, Fagus orien-
talis Lipsky, Picea orientalis (L.) Peterm., and Betula pubescens var. litwinowii
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Figure 1. Location of the Didveli ski pistes at Bakuriani, Georgia.
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(Doluch.) Ashburner & McAll. Shrublands of Rhododendron caucasicum Pall.
and Vaccinium spp. align with EUNIS S22 - alpine and subalpine ericoid heath.
Subalpine and alpine pastures are analogous to EUNIS R4 - alpine and subal-
pine grasslands, with subalpine vegetation characterised by Aconitum orien-
tale Mill., Cephalaria gigantea (Ledeb.) Bobrov, Betonica macrantha K.Koch, Lo-
melosia caucasica (M.Bieb.) Greuter & Burdet, and Festuca varia Haenke, and
alpine vegetation typified by Festuca ovina L., Ranunculus breyninus Crantz,
Alchemilla erythropoda Juz., and Sibbaldia parviflora Willd. (Nakhutsrishvili et
al. 2006; Chytry et al. 2024).

Vegetation and soil sampling

Field sampling was carried out on the Didveli ski piste, which remained acces-
sible by cable car throughout the summer. Phytosociological plots were estab-
lished within the ski run and paired with control plots in adjacent, undisturbed
pasture (within 50—100 m of the piste boundary). Slope angles ranged from 10°
to 45° between 1,887 and 2,664 m a.s.l. Sampling was performed during the
active growing season following the methods of Braun-Blanquet (1964) and
van der Maarel (2007), using the modified Braun-Blanquet scale (r, +, 1, 2m, 2a,
2b, 3, 4, 5) to estimate species cover.

The study area was divided into three altitudinal sections: (1) the highest
section (Panorama piste), corresponding to the alpine zone; (2) intermediate
slopes (Deka and Slalom pistes), corresponding to the subalpine zone; and (3)
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Figure 3. Three categories of sampled plots: (A) control, (B) track and (C) eroded plots (Photo credit: G. Tedroadze).

lower slopes (comprising Didveli 1, 2, 3, and Nodo), corresponding to upper
mountainous zone (Suppl. material 1: fig. S2.). A further difference of the lower
sites to the two other zones, was that all of them received artificial snow. Two
parallel transects were established: one within the piste, and one immediately
adjacent but outside it. Where pistes were crossed by maintenance roads, evi-
dent erosion led to the creation of a third, eroded category.

The main vegetation types within the sampled area were broadly classified ac-
cording to the revised EUNIS Habitat Classification (version 2025-10-03; Chytry
et al. 2024), based on observed vegetation characteristics and floristic composi-
tion. Alpine and subalpine grasslands broadly correspond to EUNIS R4, whereas
eroded and drainage-influenced areas were treated as open and disturbed vege-
tation types rather than assigned to a specific EUNIS habitat category.
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In total, 62 plots were sampled: 26 control plots, 18 track plots (piste without
additional disturbance), and 18 eroded plots (piste with additional disturbance
from maintenance vehicles) (Fig. 3A-C). One control plot at 2,599 m a.s.l. was
identified as a compositionally distinct outlier during preliminary exploratory
analyses. This plot was strongly dominated by Rhododendron caucasicum, with
only two additional species occurring at very low cover, and it was therefore
excluded from subsequent analyses, leaving 61 plots in all.

Soil conditions were characterised by two variables: bare soil surface (%,
assessed visually) and soil depth (cm, measured with a 40 cm auger). Plant
species were identified using the multi-volume Key to Plants of Georgia and
'Flora of Georgia’ (Ketskhoveli et al. 1964, 1969; Ketskhoveli et al. 1971-2011).
Specimens of uncertain identity were collected, dried, and deposited at the her-
barium of the Botanical Institute of Ilia State University (TBI) for later identifi-
cation. Nomenclature follows the Flora of Georgia checklist (Davlianidze et al.
2018) harmonised with international databases (GBIF 2026).

Aboveground biomass

Aboveground biomass (AGB) was harvested during the summers of 2020,
2021, and 2023, at the end of July when biomass reaches its seasonal peak.
Within each 25 m? phytosociological plot, a 0.1 m2 frame was placed at four
random positions and all above ground plant material clipped at ground level,
yielding a total harvested area of 0.4m? per plot (Suppl. material 1: fig. S3).
Biomass per square metre was calculated by multiplying the harvested mass
by 2.5.

Harvested material was sorted into three functional groups: graminoids
(Poaceae, Cyperaceae and Juncaceae), legumes (Fabaceae), and forbs (all
remaining families). Material was sun-dried in sealed bags for one month at
25-38°C and weighed on a precision balance. A moisture-correction procedure
was applied following Scurlock et al. (2002): a subsample from each collection
was oven-dried at 70°C to constant mass, and the ratio of oven-dry to sun-dry
mass was used as a correction factor to express all biomass values on an ov-
en-dry basis (Perez-Harguindeguy et al. 2016).

Statistical analyses

Relationships among environmental variables (elevation, slope angle, bare soil
surface, soil depth) and aggregate vegetation characteristics (species rich-
ness, AGB) were first explored with Principal Component Analysis (PCA) in 'be-
tween-group' mode, using Pearson's correlation coefficient and grouping plots
as Control, Track, or Eroded. The resulting PCA components served as com-
posite independent variables in a subsequent Canonical Correspondence Anal-
ysis (CCA) based on Bray—Curtis dissimilarity. PCA and CCA were performed
in PAST 5 (Hammer et al. 2001). Significance of CCA axes was assessed by
999-permutation test.

Species distributions were further examined with hierarchical cluster analy-
sis. Pairwise Jaccard distances were computed from a presence—absence ma-
trix and plots clustered using Ward's minimum-variance linkage, implemented
in PC-ORD 5.0 (McCune and Mefford 2006). The dendrogram was divided into
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four clusters. The relationship between cluster membership and plot catego-
ries (Control, Track, and Eroded) was tested with a Pearson chi-square test and
a Monte Carlo p-value based on 2,000 replicates (x>=21.1, p=0.0005). Clusters
were interpreted based on species composition and ecological traits.

Indicator Species Analysis (ISA) was performed with the R package indic-
species (De Caceres t al. 2010; R Core Team 2025) (multipart function, IndVval.g
association measure, 999 permutations) to identify species characteristic of
each plot category. Of the 211 species recorded, 156 were retained for ISA after
removing singletons and invariant taxa. Species with IndVal=0.6 and p<0.05
were considered strong indicators; species with IndVal=0.4 and p<0.05 are re-
ported as moderate indicators. These thresholds were established based on
prior applications of Indicator Species Analysis (Danielsen et al. 2025; Lasram
et al. 2015; Wu and Pinzon 2022) and served as pragmatic criteria rather than
as a universal standard.

The impact of skiing on functional-group biomass was assessed with a
further PCA (PAST 5). Year-to-year variation in functional-group biomass was
tested with linear mixed-effects models (R package nime; Pinheiro and Bates
2022), with year and land-use type as fixed effects and plot as a random effect.

Results

Environmental conditions and aggregate vegetation characteristics

Sampling yielded three plot subsets: Control (plots adjacent to but outside
pistes), Track (piste plots without additional disturbance beyond skiing) and
Eroded (piste plots additionally disturbed by maintenance vehicles). In total,
211 species were recorded; 103 species occurring in at least five plots were
retained for multivariate analyses (Suppl. material 2: table S1).

The between-group PCA produced two components with eigenvalues >1
(Fig. 4). PC1 (eigenvalue 4.01) explained 66.91% of variation and was strongly
associated with Bare Soil Surface (negatively) and Soil Depth, Species Rich-
ness, and AGB (positively); it therefore represents a gradient of human impact
intensity. PC2 (eigenvalue 1.99) explained the remaining 33.09% and was dom-
inated by Elevation and Slope Angle, representing natural environmental varia-
tion (Table 1).

Track and Eroded plot centroids were closely associated with Bare Soil Sur-
face, while the Control centroid was strongly associated with Soil Depth, Spe-
cies Richness, and AGB. Although Track and Eroded plots overlapped consid-
erably, both were clearly separated from Control plots, especially along PC1.

Consistent with this pattern, Control plots had substantially higher vege-
tation cover (mean 85%; maximum height 68 cm) and greater aboveground
biomass than piste plots (Track and Eroded combined: mean cover 45%; maxi-
mum height 44 cm; minimum cover occasionally as low as 15%).

Species distributions on environmental and impact gradients

The CCA using PCA components as composite environmental variables was
highly significant for both axes (p < 0.001, 999 permutations; Fig. 5; Suppl.
material 1: fig. S4). CCA Axis 1 (68.62% of variation) separated Control plots
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Figure 4. PCA biplot of environmental variables (Elevation, Slope, Bare Soil Surface, Soil Depth) and aggregate vegetation
characteristics (species richness, aboveground biomass). Plots are grouped as Control, Track, and Eroded (centroids in
red). Ellipses show 95% confidence intervals. PC1 and PC2 explained 66.91% and 33.09% of the total variance, respectively.

Axis 2

-1.5-
Axis 1
Figure 5. CCA triplot showing composite environmental variables (PC1, PC2 from PCA) and species distribution across
plots grouped as Control, Track, and Eroded (centroids in red). Ordination based on Bray—Curtis dissimilarity. Ellipses show
95% confidence intervals. CCA Axis 1 and Axis 2 explained 68.62% and 31.38% of the constrained variation, respectively.

from Track and Eroded plots, with the Control centroid associated with PC1
(impact-intensity proxy). CCA Axis 2 (31.38%) reflected natural environmental
variation (PC2). The overall pattern of species distribution thus mirrored that
of the environmental PCA: a dominant axis of human impact separating un-

disturbed from disturbed plots, and a secondary axis of elevational and topo-
graphic variation.
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Table 1. Correlation matrix of environmental and vegetation variables. Only statistically significant values are shown
(p < 0.05). Elevation (m a.s.l.); Slope Angle (°); Bare Soil Surface (%); Soil Depth (cm); Species Richness; Aboveground
Biomass (AGB).

Variables Elevation Slope angle Bare soil Soil depth Species richness AGB
Elevation
Slope angle 0.72
Bare soil
Soil depth -0.33
Species richness -0.51 0.55
AGB -0.29 -0.40 0.46 0.63
PC1 -0.74 0.76 0.83 0.72
PC2 0.88 0.86 -0.31 -0.50

Cluster analysis

Cluster analysis identified four floristically distinct groups (Suppl. material 1:
fig. S5). Chaining was low (2.02%), and cluster membership was significantly
associated with plot category (Control, Track, and Eroded; x? = 21.10, simulated
p = 0.0005), indicating that the identified floristic groups were strongly related
to the disturbance categories.

Cluster 1 mainly included Control plots (13 of 18 plots, 72%), representing
undisturbed habitats. Cluster 2 contained predominantly Eroded (11 plots) and
Track (10 plots) plots, reflecting moderate-to-high disturbance without a clear
separation of erosion from track effects. Cluster 3 was compositionally het-
erogeneous (9 Control, 4 Eroded, 4 Track plots), corresponding to transitional
communities at higher elevations where harsh abiotic conditions exert a strong
compositional filter. Cluster 4 was small and predominantly Control-associated
(3 Control, 1 Eroded, 1 Track). Together, the clusters confirmed that disturbance
is a primary determinant of compositional differentiation, with a secondary
contribution from natural environmental variation at high elevations.

Indicator Species Analysis

ISA was performed on the three plot categories (Control, Track, Eroded), com-
bining Track and Eroded given their strong ordination overlap. The analysis
identified clear floristic differences between undisturbed and disturbed plots
(Table 2).

Control plots were characterised by Gentiana septemfida (IndVal 0.683), Bro-
mus variegatus (0.670), Veratrum lobelianum (0.636), Bistorta carnea (0.628),
and Silene saxatilis (0.585). Eroded plots were associated with Draba hispida
(IndVal 0.451) and Arctium lappa (0.427), whereas Track plots were character-
ised by Calamagrostis pseudophragmites (IndVal 0.430). Two species — Rhi-
nanthus major var. apterus (IndVal 0.722) and Anthoxanthum odoratum (0.690)
— were identified as indicators shared between Control and Track plots.

Spatial and temporal dynamics of plant functional-group biomass

The PCA of functional-group biomasses identified two components (eigenval-
ues 3.7 and 1.3, explaining 74.1% and 25.9% of variation, respectively; Fig. 6;
Table 3). PC1 was positively associated with Soil Depth and the biomasses of
all three functional groups (especially Graminoids), indicating that deeper soils
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Table 2. Top indicator species per plot category based on IndVal (= 0.4) and p < 0.05. Species names are in italics.

Plot category Species IndVal p-value
Control Gentiana septemfida 0.683 0.007
Control Bromus variegatus 0.670 0.003
Control Veratrum lobelianum 0.636 0.007
Control Bistorta carnea 0.628 0.002
Control Silene saxatilis 0.585 0.003
Eroded Draba hispida 0.451 0.027
Eroded Arctium lappa 0.427 0.045
Track Calamagrostis pseudophragmites 0.430 0.037
Control + Track Rhinanthus major var. apterus 0.722 0.004
Control + Track Anthoxanthum odoratum 0.690 0.002

support overall higher productivity. PC2 was determined by the factor Eleva-
tion, with Legume biomass correlating negatively with Elevation, indicating that
legumes grow better at lower altitudes regardless of disturbance. Graminoids
and forbs were particularly sensitive to reductions in Soil Depth associated
with disturbance.

Overall, graminoid biomass on Control plots was 2.5 times higher than on
Track plots and 3.5 times higher than on Eroded plots. Forb biomass on Control
plots was three times higher than on Track and four times higher than on Erod-
ed plots. Mean AGB was highest on Control plots (2,526 kg ha™"), intermediate
on Track plots (1,175 kg ha™"), and lowest on Eroded plots (833 kg ha™).

Forb and graminoid biomasses differed significantly among land-use types
(p < 0.001) and were consistently lower on both Track and Eroded pistes than
on Control plots (all pairwise p < 0.05; Fig. 7). In Control plots, forb biomass
increased significantly between 2020 and 2021 (p = 0.0019), likely reflecting
natural inter-annual variation. Eroded plots showed no significant temporal
changes (p > 0.3), indicating persistent environmental stress and limited re-
covery capacity. Track plots exhibited a modest increase in graminoid biomass
between 2020 and 2021 (p = 0.044) that did not persist into 2023.

Legume biomass showed a different pattern: it did not differ significantly
among land-use types (p = 0.515) but increased strongly over time across all
categories (p < 0.001), suggesting high resilience to disturbance and possibly
benefiting from nitrogen-poor soils where competition is reduced.

Discussion

Ski piste impacts on plant communities

Our results demonstrate that disturbance due to construction (Fig. 2. C-D)
and use of ski pistes substantially alters plant community structure in the
Caucasus Mountain vegetation. Control plots maintained higher species
richness and aboveground biomass, representing traditional semi-natural
meadow communities typical of the region's long history of pastoral land
use. Eroded plots had the lowest species richness and biomass, reflecting
the compounded effects of soil loss, microhabitat disruption, and reduced
capacity for species establishment. Track plots showed intermediate values,
with both mechanical disturbance from skiing and colonisation by opportu-
nistic taxa.
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Figure 6. PCA biplot of graminoid, forb, and legume aboveground biomass in relation to elevation and soil depth across
Control, Track, and Eroded plots. PC1 and PC2 explained 74.1% and 25.9% of the total variance, respectively.

Table 3. Correlation matrix of Elevation (m a.s.l.), Soil Depth (cm), and the aboveground biomasses of graminoids, le-
gumes, and forbs. Only significant values are shown (p < 0.05).

Variables Elevation Soil depth Graminoids Legumes
Elevation
Soil depth
Graminoids -0.48 0.43
Legumes -0.57 0.39
Forbs 0.50 0.53
PC1 -0.34 0.73 0.82 0.57
PC 2 0.94 0.26 -0.32 -0.74

The clear separation of Control from piste plots in ordination space, com-
bined with substantial overlap between Track and Eroded plots, mirrors pat-
terns described in European ski areas (Wipf et al. 2005; Kla¢anova et al. 2024).
The overlap between Control and Track plots at high elevations is consistent
with the dominance of disturbance-tolerant alpine tussock species across both
disturbed and undisturbed sites at extreme elevations, as documented else-
where in the Alps and Carpathians (Kérner 2003; Klacanova et al. 2024). The
overall reduction in vegetation cover from a mean of 85% on Control plots to
45% on piste plots — and the halving of maximum herbaceous layer height
confirm that mechanical and chemical impacts of piste construction and main-
tenance exceed the natural resilience capacity of these grassland communities
(Roux-Fouillet et al. 2011).

Apparently there is an interaction between elevation and impact following
use as ski pistes. At higher altitudes, control and track plots exhibit greater
similarity compared with lower altitudes (Fig. 4). This phenomenon may be at-
tributed to the extensive use of artificial snowmaking at lower elevations, which
consequently reduces the growing season. The outcome is a decline in species
diversity and biomass.
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Figure 7. Year-to-year dynamics
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Biomass on Control plots was 2.1 — 3.0 times higher than on disturbed plots,
a ratio broadly consistent with findings from alpine ski areas in the Alps and
Pyrenees (Meijer zu Schlochtern et al. 2014; Barrantes et al. 2013). The strong
correlation of biomass with soil depth underlines the central role of soil integri-
ty in sustaining mountain grassland productivity (Pintaldi et al. 2017).

Indicator species and ecological interpretation

The indicator species clearly distinguished undisturbed from disturbed vege-
tation. Control plots were dominated by characteristic alpine meadow species
— Gentiana septemfida, Bromus variegatus, Bistorta carnea, Silene saxatilis, and
Veratrum lobelianum — whose presence reflects intact soil conditions and ab-
sence of heavy mechanical disturbance. The abundance of Veratrum lobelia-
num, a species favoured by long-term overgrazing in the Caucasus (Callaway
et al. 2000; Tedoradze 2022), is also consistent with the centuries-long pastoral
history of the area.

Eroded plots were characterised by Draba hispida and Arctium lappa, both
tolerant of, or associated with, disturbed and eroded substrates (Guna 2019).
Track plots were most strongly associated with Calamagrostis pseudophrag-
mites, which thrives in compacted soils and along drainage channels that form
on flat sections of piste (Skokanova et al. 2015). The occurrence of Rhinanthus
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major var. apterus and Anthoxanthum odoratum as shared indicators of Control
and Track plots suggests that moderate piste disturbance does not eliminate
all meadow-adapted species; both are broad-habitat species of traditionally
managed mountain grasslands. Rhinanthus major var. apterus is a summer an-
nual species and is therefore less affected by mechanical stress during winter,
while additional vegetation gaps created by disturbance may facilitate its seed
germination (Lawniczak et al. 2011; Akhalkatsi and Tarkhnishvili 2012; Tedo-
radze et al. 2020).

Cluster analysis revealed a continuum of compositional change rather than
a sharp boundary between disturbance states. The partial merging of Control
and Track clusters at high elevations, where severe abiotic conditions override
land-use effects, is characteristic of alpine ecosystems globally (Sundqvist et
al. 2013). These mosaics reflect the gradual nature of ecological responses
to skiing disturbance and the difficulty of establishing unambiguous reference
conditions in landscapes shaped by thousands of years of pastoral manage-
ment (Kikvidze 2020).

Plant functional types and biomass dynamics

The differential responses of functional groups to disturbance provide insight
into underlying mechanisms. The sharp decline of graminoid and forb biomass
on disturbed plots reflects their sensitivity to soil compaction, nutrient loss,
erosion, and disruption of belowground biomass by grooming machinery. Al-
pine forbs are characteristically slow-growing with limited regenerative capac-
ity (Myerburg et al. 2011), and although graminoids are generally considered
more tolerant of disturbance (Cole and Monz 2002), the degree of impact on
ski pistes — particularly on eroded sections — clearly exceeds the resilience
threshold of these communities.

The resilience of legumes is a notable finding. Legume biomass was statis-
tically indistinguishable among land-use types and increased across all cat-
egories over the three-year monitoring period, consistent with their ability to
fix atmospheric nitrogen and their competitive advantage in nutrient-poor soils
(Vitousek et al. 2002; Olsen et al. 2013). Nitrogen limitation is a prominent fea-
ture of high-altitude soils (Barberis et al. 2023), and legumes are frequently
among the first colonisers of degraded or disturbed alpine substrates. The ele-
vated legume biomass on piste plots could also partly reflect deliberate sowing
of legumes during piste restoration, as is practiced in some European ski areas.
In contrast to our findings, Barrantes et al. (2013) reported reduced legume
cover on Pyrenean ski pistes, which they attributed to very intense mechanical
disturbance exceeding the tolerance even of this resilient functional group. The
limiting factors for legumes may include the levels of phosphorus in the soil, as
indicated by Ren et al. (2017). Furthermore, these factors — mechanical distur-
bance and the soil nutrient content — are interdependent.

Temporal dynamics further highlighted the limited recovery capacity of dis-
turbed piste vegetation. The significant increase in forb biomass on Control
plots between 2020 (62.4 mm) and 2021 (85.1 mm) most likely reflects natural
inter-annual variability (Fig. 7). The absence of any significant change on Eroded
plots over the study period indicates ongoing environmental stress. The short-
lived graminoid increase on Track plots in 2021 suggests that brief episodes of
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partial recovery can occur but are insufficient for sustained restoration, consis-
tent with the multi-year recovery trajectories documented in experimental ski
piste restoration studies in the Alps (Wipf et al. 2005; Roux-Fouillet et al. 2011).

Grazing, which takes place on and adjacent to the ski pistes throughout sum-
mer, likely interacts synergistically with skiing impacts: piste vegetation already
weakened by soil compaction and erosion is particularly vulnerable to herbivory
and trampling by livestock (Mayer et al. 2009). This combination of pressures
may further delay recovery and promote the dominance of disturbance-tolerant
and grazing-resistant species.

This study has several limitations and methodological challenges that
should be considered when interpreting the results. First, although control plots
were situated 50—100 m from the piste boundary, a distance similar to or great-
er than that used in previous studies of ski-piste vegetation (Wipf et al. 2005;
Roux-Fouillet et al. 2011), potential indirect effects extending beyond the piste
boundary cannot be completely excluded. Moreover, the spatial extent of such
effects may vary depending on local topography and habitat type. For example,
disturbance effects may propagate differently across open grasslands than in
areas where ski runs cross or border forest belts, where vegetation structure,
slope configuration, and hydrological connectivity may influence the extent of
impact. Future studies should therefore incorporate multiple control distances
and spatial scales while accounting for topographic and habitat differences to
better characterise the spatial extent of ski-piste impacts.

The temporal scope of the study represents a further limitation. Although
vegetation cover and species composition were documented during all mon-
itoring years, including 2022, biomass was not measured in that year. In ad-
dition, the relatively short monitoring period limits our ability to distinguish
persistent vegetation recovery trends from interannual climatic variability and
other ecological fluctuations. Consequently, the temporal patterns observed
in this study should be interpreted as short-term responses rather than con-
clusive evidence of long-term recovery trajectories. Longer-term monitoring,
ideally incorporating repeated assessments of vegetation composition, cover,
and biomass, would provide a stronger basis for evaluating the persistence and
stability of vegetation recovery under ski piste management.

Conclusions

This study provides the first assessment of ski piste impacts on vegetation
in the Caucasus, filling a geographic gap in the literature on mountain tour-
ism ecology. Our results demonstrate that a clear gradient of impact intensity
exists from undisturbed adjacent pastures through standard piste tracks to
heavily eroded piste sections. Ski piste construction and maintenance signifi-
cantly reduced species diversity, aboveground biomass, vegetation cover, and
structural complexity in montane, subalpine, and alpine vegetation, with the
strongest effects on eroded piste sections. Plant functional groups respond-
ed differentially to disturbance: graminoids and forbs declined sharply, while
legumes showed resilience across all conditions, likely owing to their nitro-
gen-fixation capacity. Grazing, occurring on and near the ski slopes throughout
the summer, likely interacts synergistically with the impacts of skiing. Under
the existing land-use conditions, temporal monitoring suggests relatively slow
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and limited vegetation recovery on disturbed piste plots during the period ex-
amined, although longer-term monitoring is needed to determine whether these
patterns persist over time.

The semi-natural grasslands of the Caucasus represent a unique cultural and
ecological heritage: they have been shaped by thousands of years of pastoral
management (Kikvidze 2020), support exceptional plant diversity (Wiesmair et
al. 2017), and form a distinctive element of the Caucasian mountain landscape
(Elizbarashvili et al. 2021). The ongoing expansion of ski tourism in Georgia
therefore requires careful ecological assessment and adaptive management.
We recommend that future piste development minimise soil disturbance, pri-
oritise ecological restoration of eroded sections using locally sourced seed
mixtures and incorporate long-term vegetation monitoring as a standard com-
ponent of ski resort management. Furthermore, it is imperative to continue
with and broaden research endeavours across diverse ski slopes and resorts
within Georgia to evaluate spatial and ecosystem-level variations in ecological
impacts. This includes identifying vulnerable habitats and formulating manage-
ment strategies tailored to local conditions. Such scholarly efforts will enhance
comprehension of degradation processes and facilitate the development of ef-
fective restoration interventions. These measures are essential for reconciling
the economic importance of ski tourism with the conservation of the Caucasus
mountain biodiversity.
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