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isotopic composition
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Lohengrin A. Cavieresb,c and Stefan Zerbea

aFaculty of Science and Technology, Free University of Bozen-Bolzano, Bolzano, Italy; bFacultad de Ciencias
Naturales y Oceanográficas, Universidad de Concepción, Concepción, Chile; cInstituto de Ecología y
Biodiversidad (IEB), Santiago, Chile

ABSTRACT
A scarce natural snow cover forces an increasing use of artificial
snow on ski slopes and returns a small amount of snowmelt water
available to plants outside the pistes at the beginning of the
growing season. We tested if the use of artificial snow on the ski
slopes and the decreased natural snow cover outside the ski
slopes lead to changes in the leaf ecophysiology of dominant
species in a ski area located in Northern Italy. Using carbon
(13C/12C) and oxygen (18O/16O) stable isotope ratios in plant
leaves, we estimated the intrinsic water use efficiency (iWUE) and
we speculated about changes in photosynthesis and stomatal
conductance. Furthermore, carbon and nitrogen concentration,
pigments and dry matter content, and the specific area of leaves
were measured. We found a higher iWUE of the plants on the ski
slopes than outside, probably because the plants on the ski piste
are exposed to a condition close to waterlogging that can lead
them to regulate their stomata differently than the plants outside
the pistes. This behaviour was observed particularly in Ranunculus
acris and in Tussilago farfara, for these species the water surplus
on the piste may have affected the plants’ gas exchanges.
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1. Introduction

Since the late 1980s, a reduction in the amount and time span of natural snow during
winter, clearly related to climate warming in the mountain and alpine environments,
was observed [1]. Since then, ski slopes are increasingly covered with artificial snow [2].
The shortage of the snow cover forces ski resort operators to intensively use artificial
snow, whose physical and chemical properties may differ from the natural snow, and
this could affect vegetation [3–5]. The existing studies agree that artificial snow application
to alpine and subalpine vegetation affects plant phenology and vegetation composition
[3–5]. In comparison to the area outside the ski slopes, the large input of artificial snow
on the ski slope may result both in a delayed melt-out of the snow cover and in a big
amount of snowmelt water on the ski slope at the beginning of the growing season.
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The snow melting time plays an important role in regulating plant phenology [4,6] as a
later snowmelt on the piste shortens the growing season [7]. This effect is not compen-
sated by the general temperature increase due to global climate change, since the struc-
ture of the artificial snow differs from the natural one, also from a physical point of view [3].
The artificial snow, due to its compaction, has increased density [8] and needs more time
to melt, compared to the natural snow layer, even if temperatures are on average higher
than in the previous years.

Therefore, compared to the plants outside the ski slope, the plants on the pistes are
exposed later to warmer temperatures; they can profit later of the light and of the nutrient
mineralization in the soil and the photosynthetic activity begins later. Furthermore, the soil
moisture on the ski slope may be altered by the snowmelt water, which is more abundant
on the ski slope due to the surplus of the artificial snow [9].

Melted snow is an important resource of water at the beginning of the growing season,
and variation in its availability can clearly affect the development and growth of veg-
etation. The analysis of stable isotopes provides a powerful tool to detect this influence.
In fact, δ13C in leaf biomass is negatively correlated with the intrinsic water use
efficiency (iWUE) of the plant, which is defined, at the leaf level, as the ratio between
the maximum assimilation rate (Amax) and the stomatal conductance (gs) [10]. However,
the use of δ13C alone as an indicator of the plant’s iWUE is limited because it is not possible
to discern whether a modification is due to a change in gs or in Amax. The Scheidegger’s
model [11], by integrating the 18O content, which is positively correlated with iWUE, pro-
vides a possible explanation regarding the specific physiological mechanism that causes
the change of iWUE. It is well known that the first response of plants to decreased
water availability is a reduction of the stomatal aperture, namely the gs lowers with dry
air and/or with low soil water content [12]. In addition to the water availability, gs is also
regulated by the light intensity and consequently by the photosynthetic rate, with a
linear correlation between the maximum stomatal diffusive conductance (gmax) and
Amax. The snowmelt water regulates the soil water content at the beginning of the
growing season; therefore, its absence may also reduce the stomatal conductance [13].
In fact, Welker et al. [13] found higher δ13C in the stems of Cassiope tetragona plants
with decreased snow cover.

Water availability deeply affects the plant functional traits, since they are related to
the plants’ use of resources [14,15] and they respond to environmental changes [16].
The specific leaf area (SLA) and the leaf dry matter content (LDMC) can vary depending
on local conditions [17]. For example, SLA was found to be high in herbaceous plants
grown in disturbed environment and to have a positive relationship with precipitation
[18,19]. Rosbakh et al. [20] found that SLA was negatively affected by drought in
plants at high altitudes, and by advanced snowmelt in all functional plant types.
Rosbakh´s study [20] also showed that leaf N and C concentrations were found to be
higher in plants exposed to delayed snowmelt compared to the controls, whereas the
C content responded negatively to drought. In addition, the total chlorophyll content,
which has a positive relationship with photosynthetic rate, decreases with low water
availability [21].

Although indications for a non-exclusive carbon gain from photosynthesis are coming
up for an increasing number of green plant species, as for example mycorrhizal or hemi-
pararasitic behaviours [22,23], to our knowledge these strategies were not found for our
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studied species (Ranunculus acris, Alchemilla glabra, Tussilago farfara, Heracleum sphondy-
lium, Potentilla erecta); therefore, we assumed that their only source of plant carbon was
photosynthesis.

Our study was realized after the winter 2016–2017, a year when no natural precipi-
tation occurred before February 2017. In fact, in the first quarter of 2017, precipitation
was a third of that recorded in the same period during the previous decade [24], a situ-
ation comparable to the future scenarios predicted by the updated global warming
models [25]. This particular winter allowed comparing the effects of the ski slope man-
agement on the summer leaf-level ecophysiology of plants grown under artificial snow
on the ski slopes in comparison to plants grown under absent or scarce natural snow on
the fields outside the pistes. In this study, we used δ18O and δ13C in the leaves of plants
growing on and outside the ski slopes to test if the different snow types affected the use
of water, estimated as iWUE, of the plants. We hypothesized that (1) the exceptional
winter drought that took place in the winter 2016–2017, together with the consequent
absence of snowmelt water available outside the pistes at the beginning of the growing
season, could have led to an increased iWUE in the plants outside the pistes. This is
most probably due to a reduction of gs, which reflects the scarcity of snowmelt water
inputs. The plants on the pistes, instead, could profit of the water availability of the
melting artificial snow. For this reason, we expected (2) leaf δ18O and δ13C to be
lower on the pistes than on the controls outside. In addition, we were interested in
testing whether other leaf parameters could support the data from stable isotopes,
namely leaves C and N concentration, pigments content and plant performance
measured as LDMC and SLA. In detail, we expected (3) the N and C to be lower on
the control plots than on the piste plots, and (4) the chlorophyll leaf content and SLA
to be lower on the control plots and LDMC to be higher due to the low water
availability.

2. Materials and methods

2.1. Study area, soil temperature, slope and plant sampling

This study was performed during the summer 2017. The experimental design consists of
a pairwise design of 14 experimental plots of 16 m2 distributed on 10 ski slopes of the
Ski Center Latemar, South Tyrol, Italy (Table 1). For each plot on the piste, an off-piste
plot as reference was established, at 20–60 m distance, with the same elevation, aspect
and slope. On the longest piste (Oberholz), an altitudinal gradient of 5 paired plots was
set up (Table 1). The total amount of precipitations registered in January, February and
March 2017 was 38.5 mm, whereas that recorded in the same months of the previous
decade (2006–2016) was 91.7 mm [24]. Artificial snow was produced for all the ski
slopes starting from 1 November 2016, and all the slopes were prepared by snow
grooming machines. The ski season opened on 26 November 2016, and closed on 17
April 2017. The pistes were monitored visually with the help of webcams to identify
the beginning of the snow-free season. They were considered snow-free as soon as
all snow had disappeared from 80 % of the ski slope surface [26]. The snowmelt on
the piste plots occurred later than the respective control plots by 17 days on average
[8]. The slope of the pistes was recorded using a clinometer (PIEPS 30 ° Plus XT). At
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each site, in July 2017 (05–10), leaves from three individuals of the most abundant non-
grasses species for paired plots were collected: Alchemilla glabra Neygenfind (AG),
Ranunculus acris (Jord.) Syme (RA), Tussilago farfara L. (TF), Heracleum sphondylium
L. (HS) and Potentilla erecta (L.) Räuschel (PE), which covered on average the 10.9 %,
10.1 %, 15.5 %, 22.1 % and 7.9 % of the paired plots where present, respectively.
Samples were stored in paper bags, transported to the lab and oven dried at 60 °C
for 72 h.

2.2. Leaf C, N and stable isotope analysis

The dried leaves were ground to a fine powder with a Mixer Mill MM 400 (Retsch) and ana-
lysed for C and N concentrations and δ13C with an elemental analyser (Flash 2000, Thermo
Scientific), and δ18O with a high-temperature conversion elemental analyser (Thermo
Scientific) both coupled with a continuous flow isotope mass spectrometer (Delta V,
Thermo Scientific). The isotope contents were expressed in permille (‰) δ notation (δ
= [(R sample/ R standard) – 1]), where R is the ratio between the heavy and the light
isotope, relative to VPDB and VSMOW international standards for δ13C and δ18O, respect-
ively [27,28].

2.3. Intrinsic water use efficiency (iWUE)

iWUE was calculated following Farquhaŕs equations [28]:

iWUE = [Ca − (Ca(d
13Ca − d13Cp − a)/(b− a))]

1.6
,

where δ13Ca and δ13Cp are the isotopic signatures of the air and plant, respectively; a is the
fractionation of 13CO2 during diffusion through air (4.4‰), b is the fractionation occurring
during carboxylation (27‰) by the Rubisco enzyme [28]. Ca, the atmospheric CO2

Table 1. Study sites on the pistes of the Ski Center Latemar, Italy, beginning of the snow free season for
ski slopes (P) and control (C) plots. Each plot on the piste has a reference plot outside the piste.

Site Piste Latitude Longitude
Elevation (m a.s.l.) Aspect

Beginning of the snow-
free season

P C

1 Oberholz 46 °22´55N 11 °31´40E 1580 N 25-May-17 05-May-17
2 Oberholz 46 °22´66N 11 °31´95E 1714 NNW 25-May-17 05-May-17
3 Oberholz 46 °22´48N 11 °31´96E 1881 NNW 25-May-17 06-May-17
4 Oberholz 46 °22´39N 11 °33´18E 2020 W 30-May-17 09-May-17
5 Oberholz 46 °23´64N 11 °23´19E 2135 WNW 30-May-17 09-May-17
6 Laner 46 °21´89N 11 °32´38E 1915 W 26-May-17 06-May-17
7 Reiter 46 °21´18N 11 °32´12E 2032 N 27-May-17 08-May-17
8 Todesca 46 °20´95N 11 °32´56E 1946 WSW 27-May-17 06-May-17
9 Pala di Santa 46 °20´59N 11 °32´28E 1928 SSE 30-May-17 07-May-17
10 Residenza 46 °20´99N 11 °33´09 1940 SW 07-May-17 04-May-17
11 5 Nazioni 46 °20´74N 11 °33´52E 2126 S 15-May-17 09-May-17
12 Tresca 46 °29´60N 11 °19´84E 1860 NNW 20-May-17 06-May-17
13 Agnello 46 °20´25N 11 °32´87E 2038 ENE 30-May-17 08-May-17
14 Naturale Agnello 46 °20´39N 11 °32´78E 1873 NNW 25-May-17 07-May-17

Note: Table taken from Casagrande Bacchiocchi et al. [8].

ISOTOPES IN ENVIRONMENTAL AND HEALTH STUDIES 39



concentration, was retrieved from the NOAA/ESRL database [29], whereas δ13Ca from the
Scripps CO2 Program database [30].

2.4. Specific leaf area and leaf dry matter content

Only species collected at the piste Oberholz were analysed for SLA and LDMC. In this case,
3 leaves from 5 individuals per species, included the same individuals collected for the
isotope analysis were placed in moist paper and transported to the lab in plastic bags.
On the same day, in the lab, leaves were rehydrated according to Pérez-Harguindeguy
et al. [10] and weighed to obtain their water-saturated fresh mass (FW) and they were
scanned using a flatbed scanner (CanoScan Lide, Canon, Cernusco sul Naviglio, Italy).
The leaf area (LA) was later measured with the image analysis software Image J (Version
1.50i, NIH, USA, http://rsbweb.nih.gov/ij/). After the scan, each leaf was put in the oven
at 70 °C for 72 h and the dry mass (DW) was determined gravimetrically [18]. The SLA
was calculated as

SLA = LA(mm2)
DW(mg)

,

while the LDMC as

LDMC = DW(mg)
FW(g)

2.5. Chlorophyll and carotenoid content

Only species collected at the piste Oberholz were analysed for the pigment content. Chlor-
ophyll a and b and carotenoids were extracted from leaves collected from the same indi-
viduals analysed for the isotope content following Moran and Porath [31]. Fresh plant
material was homogenized with 1 ml of N, N-dimethylformamide and left in the dark at
4 °C for 48 h. Total chlorophyll content was determined with a spectrophotometer
(Varian Cary 100 UV-Vis) to measure the absorbance values of the extracts at 664 nm
(the absorption peak of chlorophyll a), 647 nm (peak of chlorophyll b) and 480 nm
(peak of carotenoids), respectively. All analyses were done in triplicate and all results
were calculated on a fresh weight basis (mg g–1 FW) using the extinction coefficients pro-
posed by Porra et al. [32] and by Wellburn [33].

2.6. Statistical analysis

The effect of the ski slope on the physiological parameters of the plants on the plots was
assessed with a paired t-test, comparing each plot on the ski slope with its control plot
outside the ski slope. For the variables that showed a non-normal distribution according
to the Shapiro–Wilk test or with a low sample size, the non-parametric Wilcoxon rank-
sum test was used. The correlation between soil temperature, slope, elevation and the
iWUE were tested by calculating the Pearson correlation coefficient. All statistical analysis
were carried out with the software SPSS version 25 (SPSS, Inc. 1999) or with R software
version 3.4.0 (R Core Team, 2017).
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3. Results

Leaf N and C concentrations did not differ between the piste plots and the control plots in
any of the sites (data not shown). The overall average of N concentration was 2.69 ± 0.15 %
on the pistes and 2.71 ± 0.28 % on the control plots, while the overall C concentration was
43.38 ± 0.87 % on the pistes and 42.57 ± 1.04 % on the control plots. No significant corre-
lation neither between N, C concentrations and the snowmelt dates and the number of
days covered by the snow was found, nor for the isotope content. The plant leaves on
the piste plots were significantly more enriched in 13C than those on the control plots
at sites 1, 2, 11, 12, 13, 14 (Table 2), while they were more depleted at sites 3 and 10
(Table 2). The leaf 18O was significantly more enriched on the piste plots than on the
control plots at site 1, while it was more depleted at site 3 (Table 2). The Wilcoxon
signed-rank test showed that the iWUE was significantly higher on the pistes than on
the control plots when all plots were considered together (Z = –2.085, p = 0.037), with
RA and TF being the drivers of this difference (Table 3, Figure 1).

Figure 2 shows the leaf contents of δ13C and δ18O in the five species, irrespective to the
site where they were collected. δ13C increased on the piste plots in RA and TF (both

Table 2. Leaf δ13C and δ18O values measured on the dominant species (Tussilago farfara, TF; Alchemilla
glabra, AG; Ranunculus acris, RA; Heracleum sphondylium, HS; Potentilla erecta, PE) for the piste (P) and
the control (C) plots. Mean values ± SD, plots 1–5 n = 5, plots 6–14 n = 3.

Plot Species

δ13C (‰) δ18O (‰)

P C P C

1 TF −26.42 ± 0.51* −28.16 ± 0.63 31.16 ± 0.86** 27.94 ± 0.80
2 AG −24.18 ± 0.42*** −26.24 ± 0.42 31.18 ± 0.49 31.81 ± 1.49
3 AG −26.68 ± 0.63** −24.07 ± 0.21 28.58 ± 0.65* 29.82 ± 0.53
4 RA −25.34 ± 0.42 −25.72 ± 0.5 31.01 ± 1.25 31.57 ± 0.78
5 RA −24.01 ± 0.62 −23.59 ± 0.41 30.72 ± 0.41 31.40 ± 1.25
6 HS −23.59 ± 0.06 −24.35 ± 0.29 32.09 ± 1.17 32.2 ± 2.17
7 PE −26.08 ± 0.71 −24.86 ± 0.27 29.6 ± 0.73 31.49 ± 0.13
8 AG −25.66 ± 0.75 −25.91 ± 0.20 28.64 ± 0.48 31.2 ± 2.16
9 AG −25.14 ± 0.45 −26.95 ± 0.91 28.88 ± 0.51 29.6 ± 1.62
10 RA −24.52 ± 0.25** −23.64 ± 0.29 29.75 ± 1.28 30.55 ± 0.88
11 RA −24.55 ± 0.11* −26.05 ± 0.51 30.84 ± 0.78 32.22 ± 1.77
12 RA −23.95 ± 0.10* −24.48 ± 0.28 30.76 ± 0.51 29.57 ± 0.23
13 RA −22.99 ± 0.36* −24.26 ± 0.18 31.03 ± 0.75 28.59 ± 1.17
14 RA −24.95 ± 0.31* −25.78 ± 0.05 29.34 ± 0.48 31.41 ± 0.77

Note: Stars indicate significant differences according to paired t-test and related-samples Wilkoxon signed rank test
between between P and C for each species (***p < 0.001, **p < 0.01, *p < 0.05).

Table 3. Paired sample test and related-samples Wilkoxon signed rank test table for δ13C-inferred iWUE
calculated for the five dominant species in all the plots: Alchemilla glabra, AG, n = 16; Heracleum
sphondylium, HS, n = 3; Ranunculus acris, RA, n = 25; Potentilla erecta, PE, n = 3, Tussilago farfara, TF,
n = 5; on the piste (P) and on the control (C) plots.

Paired samples test Wilkoxon signed rank test

Species

Mean

t df Sig. Species

Median

z Sig.P C P C

AG 113.99 111.55 0.40 15 0.70 HS 134.28 126.06 −1.60 0.11
RA 125.63 121.30 2.19 24 0.04 PE 108.39 119.19 −1.60 0.11
TF 102.71 83.12 4.34 4 0.01
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significant), whereas δ18O increased in TF and decreased in AG. In HS and PE individuals,
no significant changes in the isotope ratios between piste plots and control plots were
recorded. No significant correlation was found between iWUE with elevation, piste incli-
nation and the daily average soil temperature. Although a positive correlation between
elevation and iWUE on the control plots (r2= 0.58, p = 0.03), this significance was lost
when the analysis was repeated differentiating between the species.

On the piste Oberholz, the SLA of AG and TF was significantly lower at the plots on the
piste than on the control plots (Figure 3). Lower values of LDMC on the piste than the
control plots were measured for TF (Table 4). Significant differences in the pigments
content were found in AG and RA (Figure 4), whereas the ratio chlorophyll a/chlorophyll
b was unaffected (data not shown). The chlorophyll b was lower on the piste plots than on
the control plots in AG plants. In RA, instead, the chlorophyll a and the total chlorophyll
were higher on the piste plots than on the control plots. The concentration of carotenoids
was lower on the control plots than on the piste plots only in RA (Figure 4).

4. Discussion

We hypothesized that a reduced snowmelt water availability outside the ski slopes could
have led to a decreased soil water availability and consequently to an increased iWUE of
plants growing on the control plots compared to the plants on the piste plots. Our results
showed the opposite, as both δ13C (Table 2) and the iWUE (Figure 1) were higher on the
plants on the piste plots than on the plants on the control plots. This difference was par-
ticularly evident in TF and in RA (Table 3). The possible interaction with other environ-
mental factors, such as soil temperature, slope and elevation were unlikely according to
the Pearson’s correlation analysis, except for the positive relation between iWUE and

Figure 1. δ13C-inferred iWUE calculated for the five dominant species in all the plots: Alchemilla glabra
(AG), n = 16; Heracleum sphondylium (HS), n = 3; Ranunculus acris (RA), n = 25; Potentilla erecta (PE), n =
3, Tussilago farfara (TF), n = 5; on the piste (P) and on the control (C) plots. Error bars represent 95 %
confidence interval (CI). Stars indicate significant differences between P and C for each species accord-
ing to paired t-test (p < 0.05).
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elevation in the plants on the control plots in agreement with previous studies where a
decrease of the carbon isotope discrimination with altitude is reported [34]. Among the
possible other drivers, also plant phenology was indirectly taken into account: changes
in the pigments content, in particular in the chlorophyll concentration, relate tightly
with the phenological stage of the plant [35]. In fact, the total chlorophyll content
decreases in the season, due to the action of the chlorophyllase that degrade chlorophyll
a. This behaviour was not observed in any of the studied species (Figure 4) and this
suggests no or very little differences in the phenological stage of the examined plants.

Higher values of δ13C are commonly expected with low soil water availability [13], as we
hypothesized for outside the pistes. A possible explanation of our contrasting result is that
the artificial snow input and the late snowmelt increase the water input in the soil on

Figure 2. Relationship between leaf carbon isotopic composition (δ13C) and leaf oxygen isotopic com-
position (δ18O) for the five dominant species in all plots (Tussilago farfara (TF), n = 5; Alchemilla glabra
(AG), n = 16; Ranunculus acris (RA), n = 25; Heracleum sphondylium (HS), n = 3; Potentilla erecta (PE), n =
3) on the piste (black dots) and on the control (white dots) plots. The p-values of the statistical analysis
with the applied tests (paired t-test for AG, RA, TF and related-samples Wilkoxon signed rank test for HS,
PE) are shown (in bold for δ13C, in italic for δ18O) with n.s indicating p values higher than 0.05. Error bars
represent ± 1 standard deviation. The vertical and horizontal bars on top of each panel indicate the
95 % confidence interval (CI).
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pistes, which in turn considerably increases the soil moisture as reported by de Jong et al.
[9]. We speculate that a considerable artificial snow addition, as it occurred in the winter
2016–2017 on the studied pistes to reach the ‘perfect skiing day’ [36], could have led to
waterlogging conditions and could have compensated the low water holding capacity
typical of compacted ski slopes where the soil pore space is reduced by the machine com-
pression [37]. De Jong [38] reports a 30 % higher discharge of artificial snowmelt water
compared to the natural one, and due to this extra input of snow, which is also responsible
of the late snowmelt, plants can suffer of temporary anoxia, which affects several func-
tional and development events, both at root and at shoot levels [39]. The condition of
anoxia may increase the acidity of the root cell cytosol, and this can lead non-adapted
plants to decrease their root hydraulic conductance. As a result, the gs in the shoots
decreases in response to root’s signals, whose dynamics are still not clear [40]. If the gs
of the plants on the piste is reduced while the Amax remains constant, the water use
efficiency may increase despite the large availability of water, which would normally
stimulate water-spending strategies.

The contextual analysis of the δ18O also did not confirm the first hypothesis of a lower
stomatal conductance in the plants on the control plots. In fact, the comparison of the
changes of δ13C and δ18O reported in Figure 2 with the Scheidegger’s model [11]
revealed that, compared to the individuals growing on the control plots, TF experienced
a reduction of gs while Amax remained constant. On the contrary, based on the Scheid-
deger’s model, RA increased the Amax on the piste, whereas the gs remained relatively
stable, indicating that for this species the supposed waterlogging condition does not

Figure 3. Specific leaf area (SLA) measured in the three dominant species of the piste Oberholz,
Alchemilla glabra (AG), n = 10; Ranunculus acris (RA), n = 10; Tussilago farfara (TF), n = 5, on the piste
(P) and on the control (C) plots. Error bars represent ± 95 % confidence interval (CI). Stars indicate sig-
nificant differences between P and C for each species according to paired t-test (***p < 0.001, **p <
0.01).
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Table 4. Leaf parameters measured on the dominant species (Tussilago farfara, TF; Alchemilla glabra, AG; Ranunculus acris, RA) for the piste (P) and the control (C)
plots on the piste Oberholz: leaf dry-matter content (LDMC), specific leaf area (SLA), chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (Chl a + b),
carotenoids (Car).

Pl. Sp.

LDMC (mg/g) SLA (mm2/mg) Chla (mg/g) Chlb (mg/g) Chl a + b (mg/g) Car (mg/g)

P C P C P C P C P C P C

1 TF 129.59 ± 35.33* 178.22 ± 24.18 73.20 ± 4.51* 200.81 ± 16.61 0.84 ± 0.14 0.80 ± 0.06 0.26 ± 0.05 0.23 ± 0.02 1.09 ± 0.19 1.03 ± 0.08 0.19 ± 0.03 0.18 ± 0.01
2 AG 234.72 ± 72.55 278.33 ± 22.66 72.94 ± 8.73* 91.39 ± 14.43 1.77 ± 0.20 2.20 ± 0.40 0.50 ± 0.07 0.63 ± 0.13 2.27 ± 0.27 2.82 ± 0.54 0.47 ± 0.03 0.52 ± 0.09
3 AG 219.22 ± 38.76 268.86 ± 63.28 87.50 ± 7.10 105.79 ± 14.20 2.65 ± 1.40 3.42 ± 2.09 0.05 ± 0.05 0.14 ± 0.16 2.70 ± 1.44 3.56 ± 2.22 0.70 ± 0.33 0.85 ± 0.56
4 RA 190.52 ± 7.16 160.32 ± 18.78 70.45 ± 10.18 113.80 ± 34.87 2.29 ± 0.59 1.99 ± 0.26 0.64 ± 0.13 0.59 ± 0.08 2.94 ± 0.72 2.58 ± 0.33 0.60 ± 0.12* 0.48 ± 0.05
5 RA 172.29 ± 13.14 180.06 ± 23.73 126.71 ± 16.77* 72.62 ± 7.24 2.15 ± 0.20 1.74 ± 0.28 0.62 ± 0.06 0.53 ± 0.12 2.77 ± 0.26 2.27 ± 0.39 0.52 ± 0.04 0.42 ± 0.07

Note: Mean values ± SD, n = 5. Stars indicate significant differences according to paired t-test between P and C for each species (**p < 0.01, *p < 0.05).
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affect the stomatal conductance. According to Scheidegger [11], this result may suggest
that, in this species, stomata are resistant to environmental changes. The results
obtained from AG point out to an increase in both Amax and gs in plants grown on the
piste. In this case, the lower δ18O content of AG on the piste compared to the control
plants could mean a high air relative humidity, which often points out the soil moisture
conditions [Stull 1950, in [11]]. We can assume that this is also our case, since we
observed both in person and with webcams the snow cover duration and the persist-
ence of the snow layer in the spring (Table 1) and we know from literature that the
water released from the snowpack may affect the summer moisture of the soil [41].
According to Liao et al. [42], the response of plants to waterlogging conditions can
also be linked to other mechanisms different from the stomatal regulation, as the
δ18O results suggest. For example, RA presence is reported to be tied to the soil moisture
more than to other soil properties [43], in fact the species was found abundant on soils
flooded by river water [43]. This species has a high plasticity [43], which is also confirmed
by its high total chlorophyll content on the ski slopes. For these reasons, its stomatal

Figure 4. Photosynthetic pigments content (Chla = chlorophyll a; Chlb = chlorophyll b; Chl a + b = total
chlorophyll; Car = carotenoids) measured in the three dominant species of the piste Oberholz, Alchem-
illa glabra (AG), n = 10; Ranunculus acris (RA), n = 10; Tussilago farfara (TF), n = 5, on the piste (P) and on
the control (C) plots. Error bars represent ± 95 % confidence interval (CI). Stars indicate significant
differences between P and C for each species according to paired t-test (**p < 0.01, *p < 0.05).
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conductance may not be affected by the surplus of water typical of this disturbed
environment and other mechanisms may be involved. On the other hand, TF is a
common pioneer species, abundant in disturbed environment, also in rafting sites
[44], where it can spread thanks to its clonal propagation [45]. Despite its adaptive
potential, its response on the piste suggests that its Amax remains unchanged,
whereas its gs was significantly reduced. RA and TF have clearly a different reaction to
changes in the soil moisture.

AG plants behave differently as neither the surplus of the snowmelt water on the pistes,
nor the snow scarcity outside affected their CO2 exchange rates in this study. The response
may be species-specific, but, by focusing on the response in the single plots (Table 2), we
noticed that three out of the four plots where AG was the most abundant species were
also steeper compared to the others. The plot 2 was the only one flat between the AG-
dominant plots, and there, in fact, δ13C was higher on the piste than on the control
plots. In the plots 3, 8 and 9, instead, the snowmelt water could flow down, reducing
the ‘flooding effect’ and, in fact, δ13C was the same or lower on the piste than on the
control plots. The slope of the piste is probably one of the important variables that deter-
mines the influence of the snowmelt water on the soil moisture [46].

Our results differ from those of Pattison and Welker [47], who found 13C enriched values
in a decreased-snow zone compared to an ambient- and drift-snow zone and explained
the result with the lower gs due to colder temperatures in the decreased-snow zone.
They suggested that a reduced snow cover could lower the carbon assimilation capacity
in the Arctic ecosystems. The difference with our results relies in the fact that on the ski
slope the added snow mass is compacted, delaying the melting time up to 3 weeks
(Table 1) and this may reduce its insulation capacity [7]. In our case, the carbon assimilation
on the ski slopes may be reduced because the soil was, on average during the ski season,
colder than on the control plots, but also because of the water surplus [42]. The signifi-
cantly lower SLA on the piste of TF and AG could confirm the lower carbon assimilation
on the piste and the reduced time to develop due to the shorter growing season, and
it is not due to the low water availability outside the piste as we expected. Furthermore,
it may also reflect their growth on a highly disturbed environment, as the low LDMC in
TF individuals may indicate [10].

The pattern of enriched 13C on the piste without significant changes in δ18O in RA
would suggest an increased Amax on plants growing on the piste, and the higher total
chlorophyll content of these plants would confirm this hypothesis, as we expected consid-
ering the higher water availability. A second possible explanation is that the low light
levels to which plants were exposed under the long-lasting snow cover are induced to
a shade-tolerant behaviour, leading to increases in their total chlorophyll levels, to
better profit of the small amount of light available [48]. In fact, underneath a dense and
long-lasting snow cover, light availability is severely reduced [6].

Although significant differences were detected in the carotenoids content in RA (0.55 ±
0.09 mg g–1 on the pistes vs 0.45 ± 0.06 mg g–1 on the control plots) and in the chlorophyll
b content in AG (0.27 ± 0.24 mg g–1 on the pistes vs 0.38 ± 0.29 mg g–1 on the control
plots), they are not biologically significant when compared with data from the literature
[49]. This suggests that neither the long-lasting snow cover and the surplus of water on
the ski slopes, nor the snow scarcity on the control plots affect the carotenoids content,
whereas the total chlorophyll content changes only in RA.
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5. Conclusion

Due to climate change, the water use in mountain and alpine environments has been
increasing in winter to produce artificial snow. The effects of this shift in the availability
and use of water resources are still relatively unknown.

This study suggests that the response of alpine plants to the decrease of natural snow
cover during winter and to the consequent increase in the use of artificial snow on ski
slopes may be related to the water availability during snow melting. However, contrary
to our expectations, the water surplus on the piste affected the plants’ gas exchanges
more than the snow scarcity outside the piste, although this effect was species-specific.
Future research should focus on the effects of this previously unreported situation, that
is, the waterlogging on ski slopes due to the high amounts of water released by the artifi-
cial snowmelt in spring, on the ecophysiology of plants, also taking into accounts the
differences between the plant species and their developmental stage.
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