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1. Introduction
The physical parameters and spatio-temporal changes 
of snow cover are considered crucial for the structure 
and functioning of mountain ecosystems [1-4]. 
Variations in some parameters of snow cover in alpine 
areas result in large differences in micro-climatic and 
edaphic conditions influencing the phenology [5,6] 
and physiology of plants [7-10] and may also lead to 
consequent shifts in community composition [3,11-13].

Soil conditions and decompositional processes 
in relation to snow parameters as controlling factors 
have long been of interest to ecologists in mountain 
environments [11,14,15]. Surprisingly, only a limited 
number of papers have focused on the effects of 
anthropogenic impact on snow cover and decomposition 

in mountain environments [16-18]. The straightforward 
evidence of the influence of artificially altered snow 
conditions on mountain ecosystems comes from 
studies on ski slopes because ski slope operations 
unequivocally change snow characteristics [19-21].

The regular maintenance (grooming) of ski slopes 
causes compaction of the snow layer, making it denser 
and thinner as the most apparent impact. A natural thick 
snow layer is a heat insulator and protects soil and 
vegetation from the effects of frost during winter. Within 
a ski slope, snow properties are substantially different. 
A denser and thinner snow layer make cooling on the 
ski slope more pronounced and delays thaw during 
spring [22,23]. Such changes are apparently more or 
less reflected by many components of the ecosystem, 
including vegetation and decomposers.
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Abstract:  Snow cover and its spatio-temporal changes play a crucial role in the ecological functioning of mountains. Some human activities 
affecting snow properties may cause shifts in the biotic components of ecosystems, including decomposition. However, these 
activities remain poorly understood in subalpine environments. We explored the effect of human-modified snow conditions on 
cellulose decomposition in three vegetation types. Snow density, soil temperature, and the decomposition of cellulose were studied in 
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the ski slope) stands. Increased snow density caused the deterioration of snow insulation and decreased the soil temperature inside 
the ski slope only slightly in comparison with that outside the ski slope in all vegetation types studied. The decomposition was 
apparently lower in Athyrium vegetation relative to the other vegetation types and strongly (Athyrium vegetation) to weakly lower 
(other vegetation types) in groomed than in ungroomed stands. Wintertime, including the melting period, was decisive for overall 
decomposition. Our results suggest that differences in decomposition are influenced by ski slope operations and vegetation type. 
Alterations in snow conditions appeared to be subtle and long-term but with important consequences for conservation management.
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Snow parameters affect decomposition in subalpine vegetation

Snow cover directly and indirectly controls litter 
decomposition [4,24]; hence, it could be supposed that 
changes connected with the operation of a ski slope 
influence microbial soil processes.

Plant growth forms (dwarf-shrubs, forbs, and 
graminoids) often differ in their litter decomposition rate 
because of specific proportions of organic and inorganic 
substances in their litter [25,26]. Thus significant 
misrepresentations can arise in data concerning 
decomposition rates when different communities 
are compared [27]. Hence a model substrate is 
recommended in decomposition studies [28,29].

In this paper, we studied the impact of a ski slope 
on snow density, soil temperature and decomposition 
of standardised substrate (cellulose) over a range 
of plant vegetation types differing in growth forms of 
their dominants (dwarf-shrubs, ferns, graminoids) in 
the subalpine belt of the Hrubý Jeseník Mts. (Central 
Europe) over one year. The following questions were 
addressed: (i) Are modified snow conditions due to 
ski slope operations mirrored by changes in the soil 
temperature and consequently by decompositional 
processes? (ii) Does the cellulose decomposition vary 
among vegetation types differing in dominant growth 
forms?

2. Experimental procedures
The experimental procedures are based on mesh-bags 
with cellulose placed on research plots both inside 
and outside ski slope in three vegetation types. Mesh 

bags were established before the snow season, and 
the experiment ran until the end of the following year 
growing season. Simultaneously, soil temperature and 
snow parameters were recorded.

2.1 Study site and vegetation types
The study site is located in the Hrubý Jeseník Mts. in 
the northern part of the Czech Republic (Figure 1). 
It is the second highest mountain ridge within the 
Hercynian Mountains in Central Europe [3]. The research 
site is the ski slope (henceforth “inside the ski slope”) 
and its natural surrounding (“outside the ski slope”) on 
the NE facing leeward hillside of Mt. Petrovy kameny 
(1448 m a.s.l., 50°04’ N, 17°14’ E) in the subalpine belt 
[30,31], above the timberline, which lies at an altitude of 
approximately 1310 m a.s.l. [32]. The ski slope examined 
has been used for skiing since the first half of the 20th 
century, and snow grooming has been applied since the 
1980s. Artificial snowing is not carried out at the locality, 
and snow accumulation is supported only by 1-m high 
snow fences adjacent to the ski slope. Since pasturing 
was ceased here in the 1940s, no important mechanical 
disturbances have been carried out – particularly 
because the locality lies within a nature reserve [33]. 
The ski slope is maintained without machine grading, 
and any management is applied during summer. Hence, 
it is regarded as a “nature-friendly managed” slope [34]. 
The lowest point is approximately 1330 m a.s.l, and the 
highest point is approximately 1410 m a.s.l.

Geologic and climatic conditions have been 
described in detail in a previous study [33]. In summary, 
the 40-year average annual temperature in the top 

Figure 1. Location of the study site within the Czech Republic.
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part of the study site is 1.1°C, and days with frost and 
snowfall can occur here even in the warmest months. 
Snow cover usually persists here from November to late 
May [35].

The ski slope intersects three vegetation types over the 
elevation gradient of Mt. Petrovy kameny. In the leeward, 
moist and concave places in the vicinity of the timberline 
(1330–1340 m a.s.l.), stands of subalpine tall-fern 
vegetation (“Athyrium type”) with Athyrium distentifolium 
occur (alliance Dryopterido filicis-maris-Athyrion 
distentifolii; the nomenclature of plant species follows 
Kubát et al. [36], and the nomenclature of the vegetation 
types was modified according to Chytrý [37]). Sites with 
the Athyrium type are characterised by an accumulation of 
snow in the winter, which provides protection against frost. 
The snow cover melts here several weeks later than in the 
surroundings, and the vegetation season is therefore short 
in these places [33]. The stands are dominated by Athyrium 
distentifolium, but Adenostyles alliariae, Rumex arifolius, 
Silene dioica, Stellaria nemorum and Oxalis acetosella 
occur here as well [38]. Subalpine tall-fern vegetation is 
replaced by subalpine tall grasslands (“Calamagrostis 
type”) with Calamagrostis villosa in the upward direction 
(alliance Calamagrostion villosae, 1360–1370 m a.s.l.). 
These species-poor stands occur in leeward places, 
on deeper soils rich in nutrients. The dominant species 
is always Calamagrostis villosa, whereas accompanying 
species are Silene vulgaris, Luzula luzuloides subsp. 
rubella, Luzula sylvatica, Trientalis europaea, etc. [39]. 
With increasing altitude (1390–1410 m a.s.l.), species-
poor Vaccinium myrtillus vegetation (“Vaccinium type”) 
becomes prevalent (alliance Loiseleurio procumbentis-
Vaccinion). The community inhabits convex parts of 
the relief, predominantly on stony sites. Along with the 
dominant species, Vaccinium myrtillus, Calamagrostis 
villosa, Avenella flexuosa and Bistorta major also occur 
[40].

2.2  Measurement of snow density and soil 
temperature

During the winter season, samples of snow were 
taken in each of the vegetation types on three dates  
(29th January, 26th February and 1st April 2005) to 
determine the snow density in the snow profile.  
The snow sampling on the ski slope during skiing 
season is laborious and dangerous; thus, the snow 
density sampling lacks replications. Using a snow drill 
with a known volume, one sample of the complete snow 
profile was taken in each vegetation type both inside 
and outside the ski slope for each of the dates, resulting 
in a total of 18 samples. The weight was determined for 
each of the snow samples immediately after sampling, 
and the snow density was calculated as follows:

v

p

o
m

S  ,

where S = snow density [g.cm-3], mp = weight of 
sample [g], and ov = volume of sample [cm3].

The soil temperature was measured with eighteen 
data-loggers (Minikin 2T; EMS Brno; Czech Republic) 
which took continual measurements at a depth of 3 cm 
below the surface. The loggers were placed near the 
three randomly selected plots used for the decomposition 
analyses within each combination of vegetation type × 
ski slope, resulting in 18 data-loggers in total.

2.3 Decomposition measurements
Decomposition was measured using decomposition 
of cellulose in mesh bags [41,42]. Pieces of standard 
filtration paper (80 g.m-2) 9 × 6 cm in size were used 
so that the final weight of each sample was approximately 
4 g. The prepared cellulose samples were dried at 80°C, 
according to the ISP methodology [43], and weighed 
(accuracy of 0.001 g). Then, they were put into nylon 
mesh bags (mesh size 1 mm).

Ten experimental plots inside the ski slope and ten 
plots outside the ski slope were randomly selected 
within each of the three studied vegetation types  
(i.e., 10 plots × 2 ski slope treatments × 3 vegetation 
types = 60 plots). The distance between adjacent 
plots was at least 10 m. The buffer zone between 
inside and outside plots ranged from 20 to 50 m on 
both sides of the ski slope in the respective vegetation 
types. The plots were precisely localised by means 
of GPS and marked with codes. No significant 
differences in site conditions (elevation, slope aspect 
and inclination) between plots inside and outside of 
the ski slope were found within any vegetation type 
(all P > 0.15, data not shown). A set of four bags with 
a cellulose sample was placed in each of the plots in 
the autumn (i.e., at the beginning of the winter season, 
1st November 2004; t0). The bags were not weighed 
again before placing them in the field because they 
were kept and transported dry and contained pieces of 
cellulose paper that did not crumble. Each bag was put 
directly into the upper litter layer so that it had the best 
possible contact with the surface and was not influenced 
by direct solar radiation. Possible shifting was prevented 
by fixing the bag to the bottom. In the following season 
(2005), one randomly selected bag from each plot was 
gradually removed in 6-week intervals. The first bag 
was sampled after the snow had melted in all areas  
(11th June; t1); the second one in the first half of the 
growing season (28th July; t2); the third one at the peak 
of the growing season (5th September; t3), and the fourth 
one at the end of the growing season (10th October; t4). 
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The sampled bags were transported immediately to 
the laboratory. Residues of non-decomposed cellulose 
were taken out of the bags and dried again in a drier at 
80°C, and the dried samples were weighed.

The mass loss was calculated as the percentage 
of the original weight of each bag. We calculated 
the decomposition rate constant, k, assuming 
a single exponential decay model: Wt = W0e-kt, where 
Wt = cellulose mass weighed at the time t, and W0 = initial 
mass. Decomposition rate constants were determined 
from the slope of regressions of the ln-transformed 
proportion of initial mass against time [44].

The cellulose decomposition rate was expressed 
as the Litter Decomposition Rate (LDR) according to 
Wiegert and Evans [45]:

 

0

0

tt
WWLDR





lnln  [mg.g-1.d-1], 

 where W0 = initial mass weighed at the time t0, 
W= mass weighed at the time t.

2.4 Data analyses
The effect of the ski slope (with two variants: inside – 
samples within the ski slope; outside – samples outside 
the ski slope), vegetation type (three types: Athyrium, 
Calamagrostis, and Vaccinium) and time (3 sampling 
dates) on snow density was tested by three-way ANOVA 
without replication [46]. The statistical significance of 
the course of the temperature in the topsoil during the 
observation period (expressed as daily temperature 
means) was tested by a repeated measures ANOVA 
with each data-logger as a subject, vegetation type 
and ski slope as between-subject factors and sampling 
day as a within-subject factor. First, an overall test over 
the whole time interval was performed. Then, separate 
tests over four time periods, corresponding to the 
periods of the decomposition study, were conducted. 
Geisser-Greenhouse corrected probability levels on 
the within-subject F tests were used.

Statistical significance of the weight loss of the 
cellulose during the experiment was tested by general 
linear models with sampling time, vegetation type and 
ski slope as fixed factors and with sampling plot nested 
within vegetation type and ski slope. The proportion of 
initial mass remaining at the final harvest, mean daily 
soil temperature and the LDR within each period was 
analysed by a two-way ANOVA with vegetation type and 
ski slope as fixed crossed factors. The percentage data 
were arcsine transformed before the analysis to improve 
normality and homoscedascity. Post hoc comparisons 
were conducted by means of the Bonferroni test [46]. 
All the statistical analyses were conducted using NCSS 
2001 software (NCSS LLC.).

3. Results
3.1 Snow density
In general, snow density changed with time (F = 177.6, 
P < 0.001) and was systematically higher inside the ski 
slope than outside it (F = 16.7, P = 0.015; Figure 2). 
Despite a significant influence of vegetation type  
(F = 30.8, P = 0.004), snow density differed between 
vegetation types only at the second sampling date, with 
values in the Athyrium type being significantly lower 
than in the other types (vegetation type × sampling 
date interaction, F = 26.8, P = 0.004). Other two-way 
interactions were non-significant (all P > 0.24). Separate 
analyses for individual vegetation types showed that 
within the Vaccinium and Calamagrostis types, snow 
density on the first sampling date was significantly lower 
compared to the later sampling dates (P = 0.04 and 0.03, 
respectively). In the Athyrium vegetation, snow density 
on the first two dates was significantly lower than on the 
third sampling date (P = 0.02).

3.2 Soil temperature
The temperature in the topsoil differed significantly 
between the vegetation types (F = 44.8, P = 0.022) 
and inside and outside of the ski slope (F = 102.5,  
P = 0.010; Figure 3). While the interaction ski slope × 
time was significant (F = 4.9, P < 0.001), the interaction 
vegetation type × time was not (F = 1.04, P = 0.301). 
The three-way interaction was significant, however  
(F = 1.1, P = 0.046), and we therefore explored the 
temperature course separately during the four periods 
(Table 1).

Figure 2. Snow density (g.cm-3) in the studied vegetation types 
(Athyrium, Calamagrostis, Vaccinium) under two 
treatments (I – inside the ski slope; O – outside the ski 
slope) on three winter sampling dates.
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During the first period (1st November – 11th June), 
changes in soil temperature were complex (vegetation 
type, P = 0.39; ski slope, time and all interactions, all  
P < 0.001). During winter and early spring, soil 
temperatures were systematically lower inside the 
ski slope than outside it in all vegetation types, and 
temperatures in all plots varied slightly. While soil 
temperatures outside the ski slope did not fall below 
zero for most of the winter, those inside the ski slope 
were below zero for more than half of the winter 
(Figure 3). Apparent changes in the temperature 
between vegetation types and inside and outside of 
the ski slope appeared at snow-melting time, i.e., early 
May, and continued until early June. In all the vegetation 
types, temperature increased more slowly inside the 
ski slope than outside it. The temperature increased 
in plots outside the ski slope most strongly in the 
Vaccinium vegetation, followed by the Calamagrostis 
and the Athyrium vegetation, but a reversed pattern 
was observed inside the ski slope plots (Athyrium → 
Calamagrostis → Vaccinium) (Figure 3).

During summer (12th June – 28th July), only the effect 
of vegetation type on soil temperature was significant  
(P = 0.014). The temperature in the Vaccinium type was 
significantly lower than the temperatures in the other 
vegetation types. In late summer and early autumn 
(third and fourth period), no significant effects on soil 
temperature were found (all P > 0.068; Table 1).

3.3 Cellulose decomposition
The course of cellulose decomposition (in % of initial 
mass) inside and outside the ski slope in the three 
vegetation types is shown in Figure 4. Cellulose 
decomposition was affected by the vegetation type but 
not the ski slope. However, the significant interactions 
ski slope × time and vegetation type × time suggested 
different courses of mass loss outside and inside the 
ski slope and in Athyrium type compared with other 
vegetation types (Table 2). A higher decomposition 
rate constant, k, was found in both Calamagrostis and 

Vaccinium types in contrast to Athyrium type. Within 
each vegetation type, k was lower inside the ski slope 
than outside it (Table 3). 

There was significantly more decayed material at 
the final harvest (t4) in Vaccinium and Calamagrostis 
types than in Athyrium type (F = 5.00, P = 0.008), and 
there was more decayed material outside the ski slope 
than inside it (ski slope: F = 3.97, P = 0.049, vegetation 
type × ski slope: F = 0.88, P = 0.418). Differences in 
the remaining mass (%) inside and outside the ski slope 
were highly pronounced in Athyrium type relative to the 
other vegetation types, where only minute differences 

Period
Athyrium type Calamagrostis type Vaccinium type

Inside Outside Inside Outside Inside Outside 

1 Nov 04 – 11 Jun 05 0.82±0.18ab 1.23±0.20a 0.69±0.18b 1.32±0.18a 0.62±0.16b 1.21±0.18a

12 Jun – 28 Jul 05 10.86±0.22a 11.47±0.25a 11.65±0.25a 10.91±0.22a 10.28±0.21b 10.10±0.24b

29 Jul – 5 Sep 05 10.39±0.31a 10.21±0.33a 10.81±0.35a 10.40±0.30a 10.01±0.32a 9.94±0.34a

6 Sep – 10 Oct 05 7.74±0.40a 7.51±0.38a 7.86±0.44a 7.67±0.38a 7.50±0.40a 7.41±0.41a

Table 1.  Soil temperature (daily mean±SE; in °C) at 3 cm depth inside and outside the ski slope in three vegetation types. The differences in means 
within the respective period were tested with the Bonferroni multiple comparison test at alpha = 0.05 after showing a significant result in 
the ANOVA. The different letters row-wise indicate significant differences determined by the tests.

Vegetation type Ski slope k (day-1) SE R2

Vaccinium Outside 0.0072 0.0006 0.88

Inside 0.0070 0.0007 0.82

Athyrium Outside 0.0052 0.0006 0.69

Inside 0.0040 0.0003 0.72

Calamagrostis Outside 0.0079 0.0008 0.85

Inside 0.0073 0.0008 0.78

Table 3.  The decomposition rate constant (k; in day-1) of the cellulose 
bags in the studied vegetation types inside and outside 
the ski slope, as estimated by a negative exponential 
regression model.

Source term DF F P

Ski slope 1 1.32 0.255

Vegetation type 2 4.51 0.015

Ski slope × Vegetation type 2 0.64 0.531

Time 4 264.14 <0.001

Ski slope × Time 4 3.29 0.048

Vegetation type × Time 8 2.58 0.011

Ski slope × Vegetation type × Time 8 1.25 0.273

Table 2.  General linear model for the effects of time, ski slope, 
vegetation type and their interactions on mass loss (in % 
of original weight) of the cellulose bags.
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Figure 3.  Mean daily temperature at a depth of 3 cm below the surface in the studied vegetation types (Athyrium, Calamagrostis, Vaccinium) under 
two treatments (Inside – inside of the ski slope; Outside – outside of the ski slope) during 2005.
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in remaining mass were observed inside and outside 
the ski slope. The highest mass loss was found in the 
Vaccinium-type plots outside the ski slope, where almost 
95.5% of the cellulose had decomposed. The lowest 
mass loss was found in the Athyrium type inside the ski 
slope where, on average, 75.3% of the cellulose had 
decomposed at the end of the experiment (Figure 4).

The Litter Decomposition Rates (LDR) were similar 
inside and outside the ski slope during the first two 
periods, but then, LDR became slower inside the ski 
slope compared to the outside plots, where it either 
stagnated or increased during the last two periods. 
The course of decomposition was, however, variable 
among plots, which is mirrored by the higher variation of 
decomposition rate estimates. Therefore, no significant 
effect of ski slope on LDR was observed (P > 0.09).

Within the Calamagrostis type, LDR did not vary 
during the whole experiment (P = 0.39). In the last 
period, however, the decomposition rate tended to 
decrease (but had a high SE). Within Athyrium and 
Vaccinium types, LDR values were significantly lower 
in the first period than in the last period (Table 4). 

A comparison of LDR between cells 
(all combinations ski slope × vegetation type) within 
each period showed significant differences within the 
first and the third periods, but no differences in LDR 
were found within the second and last periods. Within 
the first and the third periods, the decomposition rates 
were higher in the Calamagrostis type than in the 
Athyrium type, but the differences were caused by an 
apparently low LDR in the Athyrium vegetation inside 
the ski slope. Any other significant differences in LDR 
between cells were not found in the second and last 
periods (Table 4).

Figure 4. Decomposition of cellulose under the vegetation canopy 
in three vegetation types (Athyrium, Calamagrostis, 
Vaccinium) under two treatments (Inside – inside the ski 
slope; Outside – outside the ski slope), expressed as 
the remaining percentage of its original weight (mean + 
SE). The positions of the mean values have been slightly 
horizontally shifted to prevent symbol overlaying.

Vegetation type  Ski slope
Period

1 Nov – 11 Jun 12 Jun – 28 Jul 29 Jul – 5 Sep 6 Sep – 10 Oct

Athyrium Outside 6.62±1.42ab 12.13±5.30a 15.19±6.53ab 29.58±9.57a

Inside 4.57±1.02a 20.26±10.70a 4.40±8.47a 16.49±10.60a

Mean 6.16±1.21A 20.05±7.11AB 10.09±4.81AB 29.43±9.26B

Calamagrostis Outside 14.02±2.59b 10.66±7.55a 13.49±6.48ab 6.23±5.77a

Inside 13.95±2.90b 12.72±11.20a 24.61±12.10b 1.28±21.20a

Mean 13.99±1.89A 11.69±7.11A 18.89±5.72A 2.97±9.06A

Vaccinium Outside 7.61±17.53ab 29.63±4.39a 13.50±8.85ab 42.02±19.42a

Inside 11.89±2.00ab 14.82±12.88a 6.08±9.31ab 21.21±6.26a

  Mean 9.75±1.38A 22.23±6.83AB  9.79±5.49AB 31.81±7.92B

Table 4.  Estimated mean cellulose decomposition rate LDR (mg.g-1.day-1) in three vegetation types inside and outside the ski slope in four periods 
(mean ± SE). The differences in LDR between cells within the respective period (small letters column-wise) and between the periods 
within each vegetation type (block letters row-wise) were tested with the Bonferroni multiple comparison test at alpha = 0.05 after showing 
a significant result in the ANOVA. The different letters indicate significant differences determined by the tests.
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4. Discussion
4.1 Snow properties and soil temperature
We showed that the snow layer had a higher snow density 
inside than outside the ski slope in all vegetation types 
examined, which is a direct result of snow compacting 
on ski slope [22]. With growing snow density, the 
insulation capacity of the snow cover decreases [47]. 
In some cases, winter temperatures under a continuous 
snow cover on prepared ski slopes may drop by 1°C 
on average [48] or even more [49] in comparison with 
natural plots. We also observed lower temperatures 
inside the ski slope than outside it in all vegetation types 
studied during winter, but the temperature differences 
reached just 0.4–0.6°C on average. We suggest that the 
lower insulation capacity of the snow cover, as a result 
of snow compaction on the ski slope studied, is partly 
balanced by the increased thickness of the snow cover 
on the ski slope due to the interception of snow by snow 
fences, as was recorded for the ski slope studied by 
Banaš et al. [33]. Therefore, the soil surface of the plots 
both outside and inside the ski slope did not deeply 
freeze through the winter season; however, freezing 
temperatures slightly below zero were more frequently 
observed inside than outside the ski slope, which is in 
accordance with other authors [22,23].

While increased thickness of the snow layer [33] 
reduces the impact of the ski slope on winter and early 
spring soil temperature, it may be crucial during late 
spring when the snow melts. Ski slope preparation 
caused a longer snow cover period inside the ski slope 
than outside it [33]. As a result, we recorded a slower 
temperature increase inside than outside the ski slope 
during the snow-melting period. Similar findings were 
obtained both on European [20,23] and American ski 
slopes [50]. Later in the season (summer), the soil 
temperatures inside and outside the ski slope were 
similar, and only minute differences were observed 
between vegetation types. This result suggests that 
snow conditions have a decisive effect on the course 
of the soil temperature during winter and that despite 
altitudinal differences between studied vegetation types 
the course of the soil temperature was similar during the 
snow-free summer period in studied vegetation types.

4.2 Decomposition: effect of the ski slope
Despite high local environmental heterogeneity, we 
consider ecological changes connected with ski 
slope operations as the main cause of lower cellulose 
decomposition detected inside the ski slope compared 
with the natural environment outside it. Ski slopes 
have long been found to have an important impact on 
biota because of profound changes in physical and 

chemical parameters of the environment [17,21,23,49]. 
The inferences based on changes in the abiotic 
parameters that we observed are not straightforward, 
however. The temperature differences between inside 
and outside the ski slope during winter were not directly 
mirrored by systematic differences in decomposition 
rates between inside and outside stands. The impact 
of the ski slope on decomposition processes seems to 
be small and most likely rather complex and cumulative 
in time, as shown by the significant influence of the ski 
slope on the decomposition in the final sampling.

We suggest that the long-lasting snow cover on 
ski slope simulates a snow-bed environment; hence, 
changes in nutrient cycling, the water regime and 
leaching due to ski slope operations most likely play 
an important role in the study site. The soil under long-
lasting snow cover exhibits developmental deterioration 
connected with poor water-holding capacity [3]. Changes 
in the hydrological parameters as a consequence of ski 
slope operations were mentioned by Rixen et al. [20,48]. 
A denser and thicker snow layer inside a ski slope can 
be considered a source of more water relative to the 
natural surroundings. Hence, more intensive mineral-
nutrient leaching from litter and superficial runoff is 
expected during melting time [16]. This implies an 
increasing shortage of available nutrients for microbes 
during snow melt. The decompositional processes are 
positively correlated with mineralisation and nutrient 
availability [52–54], so decomposition in the litter layer 
is decelerated inside a ski slope after intensive leaching.

Snow also carries nutrients from the atmosphere 
to the soil [55,56]. While alpine ecosystems are 
characterised by nutrient-poor soils [57], the seasonal 
release of meltwater and nutrients, especially nitrogen, 
along with drastic soil temperature changes may 
influence the nutrient rates of underlying soils and 
soil processes [16]. However, the effect of nitrogen 
cumulated by snow cover on soil nitrogen cycling 
and decomposition is still ambiguous [11,16]. Future 
research, including microbial assessment, nutrient 
cycling tracing, and quantification of runoff and leaching, 
is necessary to clarify these processes during and after 
the melting period. 

4.3  Decomposition: differences between 
vegetation types

Our results showed differences in cellulose decomposition 
between vegetation types. The slowest decomposition 
was found in the Athyrium type, while decomposition 
in the Calamagrostis and Vaccinium types proceeded 
more rapidly. Of course, we cannot confirm the profound 
feedback of litter quality on decomposition [26,58,59,60] 
because our results are based on the decomposition 
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of cellulose, not on the litter of particular functional 
types. Nevertheless, plant functional type can affect 
decomposition indirectly (e.g., through the chemical 
quality of plant tissues, plant nutrient strategies and the 
associated impact on the abundance and composition 
of soil microbial communities) [26,61-64]. McHaffie 
[65] found that Athyrium distentifolium produces large 
amounts of slow decaying litter that releases toxic 
compounds, affecting decomposers. The influence of 
unspecified chemical substances is most likely mirrored 
by the slower cellulose decomposition in the Athyrium 
vegetation. In contrast, subalpine Calamagrostis 
villosa grasslands are considered to be a community 
with a more rapid decomposition [66,67]. Similarly, 
Vaccinium myrtillus typically has higher concentrations 
of foliar nitrogen [68] and rapid litter decomposition, 
as was found by Johansson [69] in Central and South 
Sweden. The differences in cellulose decomposition 
between vegetation types are thus especially influenced 
by biochemical and nutrient distinctions, which are 
intrinsic features of dominant growth forms and bring 
challenging questions for future research.

4.4 Temporal changes in decomposition
We found that decomposition rates were slower during 
the winter than after snowmelt in two of the three studied 
vegetation types. However, more than 50% of the 
cellulose had decomposed in all the studied vegetation 
types during winter. Previous studies also demonstrated 
significant litter mass loss during winter, particularly in 
late winter and early spring [29,60,70,71]. However, 
a comparison with these studies should be taken with 
caution because they were performed in different 
communities (e.g., arctic or alpine tundra) and were 
based on different protocols (e.g., with litter of different 
compositions and without pure cellulose as a substrate). 
Plant litter decomposition is driven not only by climate 
but also by litter quality and decomposer abundance 
[60]. Nevertheless, O’Lear and Seastedt [71] considered 
that while snow cover protects litter against deep frost 
in winter, later melting of snow prevents it from gaining 
heat, which would otherwise stimulate decomposition 
processes. Saccone et al. [60] recognised that 
temporal and physical characteristics of the snowpack  
(i.e., snow depth and thermal resistance) are decisive 
for decomposition in subalpine meadows. Hence, the 
winter period (under snow) is characterised by even 
and stable conditions for a steady decomposition rate 
until spring (melting time), which should be considered 
crucial for the following periods of decomposition. After 
melting time and during the summer, the decomposition 
rate was generally faster than in the winter period, but 
it tended to be lower inside the ski slope during the 

last two periods. Following some studies [26,71,72], 
moisture and temperature are generally driving factors 
of decompositional processes and cellulolysis [63]. 
However, summertime soil temperatures did not differ 
within the study site. This result is in congruence with 
Baptist et al. [11] and Wahren et al. [54], who stated that 
summertime soil conditions were similar in early and late 
snowmelt locations. Therefore, cellulose decomposition 
differences recorded in the summer depend on the 
cumulative effects from the winter and the beginning of 
the growing season.

4.5 Conclusions
We investigated the effects that a ski slope exerts 
on snow density, soil temperature and cellulose 
decomposition in three subalpine vegetation types.  
Our results showed that decomposition was affected by 
complex interactions between man-generated changes 
in snow cover, soil temperature and vegetation type, 
with a dominant effect of vegetation type and a mild to 
weak effect of ski slope operation.

We suggest that the different decomposition of 
cellulose observed between the studied vegetation 
types were associated mainly with specific biochemical 
and ecological characteristics of the litter of the 
respective plant dominants and their associated soil 
microbial communities. Differences in cellulolytic activity 
in the superficial litter layer inside and outside of the ski 
slope were partly caused by different snow conditions 
on the ski slope and in the natural surroundings, 
particularly during melting time. The consequences of 
these differences may persist beyond the winter period. 
Our research also suggests that identical management 
(snow grooming) can cause differences in the magnitude 
of decompositional responses between vegetation 
types that differ in their dominant functional plant types. 
Unfortunately, our experiment suffers from confounding 
effects of vegetation type and altitude (i.e., the studied 
vegetation types occurred at different altitudes). 
However, the altitudinal differentiation between the 
studied vegetation types was relatively small (ca 60-80 
m).

Future research, including mineral tracing, 
microbial community evaluation, and the evaluation 
of runoff and leaching rates, can help clarify the 
influence of ski slope operations on snow conditions 
and decomposition. From the results presented 
here, however, it is clear that even nature-friendly 
management (snow grooming) that is practised on 
the studied ski slope can have cumulative effects on 
decomposition, can influence other biotic and abiotic 
components of subalpine ecosystems [33,34], and 
might have broad conservation consequences.
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