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Abstract

The impacts of climate change on alpine summit floras have been widely investigated. However, only few studies included
alpine grasslands and generally concluded that snowbeds, with a long snow cover duration and a short growing season, and
windy ridges, with a short snow cover duration and strong winter frosts, are the most sensitive alpine grasslands. However,
these habitats were mostly investigated in different regions, where local factors (e.g. nitrogen deposition, grazing) can co-vary
with climate changes, potentially obscuring differences between habitats. Here, we focused on the Zermatt region (Swiss
Alps) to investigate the impacts of climate change on snowbeds and windy ridges. Forty-three exhaustive historical plant
inventories on windy ridges (acidophilic or basophilic) and 31 inventories in snowbeds (typical or wet) were repeated in
quasi-permanent plots after approximately 23 years. Historical and recent records were compared with the Simpson index,
Bray—Curtis dissimilarity, a PCA, ecological indicator values and the frequency and cover changes of species. There was
a general increase in a-diversity and a decrease in B-diversity (homogenisation). Most of the new species in the plots were
generalists from surrounding grasslands. The plant composition tended to be more thermophilous on acidophilic windy ridges
and in typical snowbeds. The flora of acidophilic windy ridges became more similar to that of basophilic windy ridges and
more eutrophic. We interpreted this as possibly arising from fertilisation by the aeolian dust deposition coming from the
expanding glacial moraine in the valley. In snowbeds, the species indicated increasingly drier conditions, especially in wet
snowbeds. Warming climate induces lower snowfall and earlier snowmelt, leading to a shorter snow cover duration. Hence,
wet snowbeds are certainly among the most threatened plant communities by climate change in the Alps.
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between very close sites at the same elevation because of
microtopography or aspect (Friedel 1961). It is well known
that plant distribution in high mountains follows this snow
pattern, as a long snow cover period reduces the growth
season down to the limits of plant survival and, conversely,
the short snow cover period on ridges exposes plants to deep
frost in winter (Korner 2003). As the snow cover duration
tends to decrease at all elevations with climate change (Klein
et al. 2016), one can expect that plant communities in both
extreme conditions, i.e. very long and very short snow cover
periods, are particularly sensitive to climate change.

A few recent studies have indeed concluded that species
composition in snowbeds, with a long snow cover duration,
and on windy ridges, with a short snow cover duration,
have already changed under climate change. Matteodo et al.
(2016) concluded that these two vegetation types are among
the most sensitive ones to climate change, with clear changes
in the last 25-40 years, whereas calcareous and siliceous
grasslands occupying intermediate conditions relative to
snow cover did not change. Similarly, Gritsch et al. (2016)
in Austria and Carbognani et al. (2014) in Italy observed
that snowbeds are particularly sensitive to climate change,
with a general colonisation of species from surrounding
grasslands. These authors concluded that the shorter snow
cover period, due to a decrease in snowfall and an earlier
melt under warmer spring temperatures (Serquet et al. 2013;
Klein et al. 2016), was the best explanation for the observed
changes. Apart from the study of Matteodo et al. (2016),
changes on windy ridges have been addressed only outside
of the Alps, mainly at higher latitudes, and the conclusions
of these studies are mixed. Elumeeva et al. (2013) noted
only small changes in the Caucasus, while Virtanen et al.
(2003) and Vitasse et al. (2017) recorded an increase of
dwarf shrubs in Scandinavia, although the opposite was
observed by Ross et al. (2012) in Scotland, where grami-
noids are replacing dwarf shrubs. All authors agreed on a
general decline of lichens, an important component of windy
ridges, but explained this pattern differently, attributing it
to reindeer grazing (Virtanen et al. 2003; Maliniemi et al.
2018), nitrogen deposition (Armitage et al. 2014), competi-
tion with vascular plants, especially dwarf shrubs (Vitasse
et al. 2017), or trampling and climate change (Ross et al.
2012). These different explanations show the importance
of other local factors (e.g. grazing and nitrogen deposition)
and how they can influence the impact of climate change
on vegetation (Vittoz et al. 2009b; Maliniemi et al. 2018).

Until now, only a few studies have addressed the impact
of climate change on these two habitats in a single region:
Matteodo et al. (2016) in the Alps, but with a restricted data-
set, and Maliniemi et al. (2018) in Scandinavia. Moreover,
the regions considered by these two past studies were still
broad enough to allow local conditions to vary considerably.
Only arestricted area, sharing similar land use and exposure
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to pollution, is likely to provide a good understanding of
vegetation responses to climate change. The aim of this
study was to assess climate change impact on snowbeds and
windy ridges over more than 20 years with a large dataset in
the same valley. For this, we repeated 23-year-old phytoso-
ciological relevés in 34 snowbeds and on 43 windy ridges,
all situated in the Zermatt Valley in the Swiss Alps. Based
on previous studies, we hypothesised a general increase of
thermophilous species and grasses in both habitats and flora
indicating drier conditions in snowbeds.

Materials and methods
Study site

The study was performed in the central Alps of Switzerland,
in the Zermatt valley (Fig. 1). This site is characterised by a
large variety of geological materials, such as gneiss, granite,
calcschists, marble and ophiolite (Kidsermann et al. 2003).
The lower slopes are mostly covered by glacial moraines
or colluvial and aeolian deposits. This diversity induces
a large range of soil pH. Due to the 29 peaks exceeding
4000 m a.s.l. around the valley, it is one of the most conti-
nental and dry places in the Alps given its elevation (Richard
1991). The mean annual temperature is 4.4 °C in Zermatt
(1638 m; between — 4.2 °C in January and 13.4 °C in July)
and has been increasing by 0.25 °C per decade for the last
30 years (Fig. 2a). The annual sum of precipitation amounts
to 639 mm, including 274 cm of fresh snow per year. In
winter, snow covers the ground for an average of 142 days
in Zermatt, disappearing between mid-March and the begin-
ning of May, with a mean advance of 3 days per decade
(Fig. 2b; http://www.meteoswiss.ch).

Vegetation data

Hundreds of exhaustive floristic inventories (relevés) were
conducted by several botanists around Zermatt between
1970 and 1995 and were classified into community types by
Steiner (2002). Historical relevés of windy ridges (n=186)
and snowbeds (n=65) were extracted from this dataset. To
obtain a broad perspective on the dynamics of these vegeta-
tion types, we selected historical plots covering contrasting
soil pH for windy ridges (acidophilic and basophilic) and
soil humidity for snowbeds (typical and wet). Windy ridges
are generally classified in the phytosociological alliance
Oxytropo-Elynion (Prunier et al. 2017); they correspond to
locations where strong winds regularly sweep out the snow
in winter, exposing species to deep frosts during most of
the winter (Korner 2003). Two plant community types were
retained: the Elyno-Caricetum rosae on basic substrate and
the Elynetum myosuroidis on acidic substrate (Prunier et al.
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Fig. 1 The distribution of the
74 relevés in the Zermatt Valley.
The grey rectangle in the inset
shows the location of Zermatt
in Switzerland (map source:
©swisstopo)
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Fig.2 a Summer (June—-August) mean temperatures between 1960
and 2017 and b last day (counted from the 1st of January) with snow
in Zermatt (1636 m a.s.l.; data http://www.meteoswiss.ch). Both

2017). Conversely, the snowbeds are characterised by a very
long snow cover duration, reducing the growing season to
less than 3 months. The typical snowbeds are in hollows, on
north-facing slopes or on the leeward side of ridges. They
belong to the alliance Salicion herbaceae, in which three
plant community types were retained: Salicetum herbaceae
(middle conditions), Caricetum foetidae (depressions with
short waterlogging) and Polytrichetum sexangularis (very
long snow cover duration). The wet snowbeds are continu-
ously irrigated by meltwater from a firn, small river, or lake
throughout the short growth season. The two retained plant
community types were Salici herbaceae—Caricetum lache-
nalii (in Salicion herbaceae), on soil rich in organic matter,
and Junco triglumis—Caricetum bicoloris (in Caricion atro-
fusco-saxatilis), in pioneer conditions (Prunier et al. 2017).
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trends are significant (p <0.001 for summer temperature, p=0.002
for the last day with snow cover)

The main species of the respective plant community types
are listed in the Appendix (Table S1).

Only plots with precise location information were
retained, generally a point on a topographic map (1:25,000),
mostly completed by field notes (describing exposure, slope,
surface) and, in a few cases, by a photograph. For windy
ridges, plots with a historical inventory of lichens were also
preferentially selected. In the field, once the plot was approx-
imately located, the surface with a species composition most
similar to the historical relevé was selected for a conserva-
tive approach. When no surface corresponded correctly to
the historical data (vegetation or site description), the site
was discarded. For snowbeds, as historical relevés were often
small (1-4 m?), when different surfaces were possible in the
same site, two or three new plots with similar conditions to
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the historical relevé were selected and inventoried. There-
after, all new inventories were compared to the historical
one with the Bray—Curtis dissimilarity, and the most similar
one was retained for further analyses. Hence, the data can
be considered as quasi-permanent plots (Kapfer et al. 2017).
In total, 43 plots from windy ridges (21-36 years old, mean
23 years) and 31 plots from snowbeds (21-45 years old,
mean 23 years) were re-inventoried throughout the Zermatt
valley, from July to August 2016. They were located between
2410 and 2943 m a.s.l. for windy ridges and between 2455
and 2920 m a.s.l. for snowbeds (see Appendix, Table S2,
for details).

All vascular plants were recorded (nomenclature accord-
ing to Lauber et al. 2012) and complemented with terricol-
ous lichen species on windy ridges (nomenclature according
to Clerc and Truong 2012). We adopted the same method
as for the historical dataset, with a visual cover estimation
according to Braun-Blanquet’s scale (1964). The inventoried
area was identical to the historical relevé, the new plot was
marked with aluminium plates in the soil, and the precise
coordinates of the four corners were recorded (= 1 m GPS
Trimble GeoXH) for future inventories.

Data analyses

Data preparation and analyses were similar to Matteodo
et al. (2016), with a conversion of the Braun-Blanquet scale
to the median of the cover range (r — 0.05,+— 0.5, 1 — 3,
2—15,3—>375,4—62.5,5 — 87.5) to compare species
cover between relevés, and a conversion to an ordinal scale
(r—0.1,+—0.5,1— 1,2 — 2, ...) for the other analyses.
Clustering using the Hellinger distance and the Ward aggre-
gation algorithm was used to separate the datasets (windy
ridges or snowbeds) into subunits. The Simpson index was
used to investigate changes in a-diversity through time, and
the difference between historical and recent medians was
tested with a pairwise Wilcoxon—Mann—Whitney test. A pos-
sible homogenisation was addressed by calculating, within
each vegetation type, the mean Bray—Curtis dissimilarity
between each historical inventory and all other historical
inventories, and between each recent inventory and all other
recent inventories. The difference between medians of his-
torical and recent dissimilarities was tested with a pairwise
Wilcoxon—Mann—Whitney test.

The differences in species frequency and cover between
historical and recent relevés were tested by permutation tests
following Kapfer et al. (2011), as detailed in Matteodo et al.
(2016), with each randomisation being limited within one
vegetation type. All the species were included in the fre-
quency change analyses, but only the species present in at
least 25% of the historical and recent surveys were consid-
ered for the cover change analyses.
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We used the mean Landolt ecological indicator values
(Landolt et al. 2010), calculated and weighted by species
cover for each plot, to investigate potential associations
between ecological factors and the observed vegetation
changes. Significant changes in mean indicator values by
vegetation type and period were checked using pairwise Wil-
coxon—Mann—Whitney tests for temperature (7), light (L),
continentality (K), soil humidity (F), soil pH (R), nutrient
content (N) and humus content (H).

Vegetation shifts between historical and recent invento-
ries were assessed by principal component analysis (PCA,
R vegan library), separately for windy ridges and snowbeds
and based on the species cover, which had been submitted
to Hellinger transformation (Borcard et al. 2011). For each
vegetation type, the shift between historical and new relevés
along the two first axes was tested with a MANOVA, applied
to the differences of axis scores against the intercept (Vittoz
et al. 2009b).

All data processing and analyses were performed using
the R statistical software (version 3.4.3, R Core Team 2017).

Results

All pairs of historical and recent relevés were maintained in
the same group following cluster analysis, very close to each
other in the dendrogram, except one plot, which shifted from
wet to typical snowbeds (Appendix, Fig. S1).

Diversity

Our data showed extremely strong differences in the fre-
quency and composition of lichens between historical and
recent data on windy ridges. Added to the fact that many
occurrences in the historical data set were identified only at
the genus level, we had to conclude that the historical data
were most likely not complete enough for a valid compari-
son. Hence, lichens were not included in the analyses.

The a-diversity of vascular plants increased in 36 of 43
plots for windy ridges and in 27 of 31 plots in snowbeds
from historical to recent inventories. The mean Simpson
index increased significantly in snowbeds (+ 4.1+2.8 for
typical snowbeds, p <0.001; + 4.0 + 3.7 for wet snowbeds,
p<0.001) and on windy ridges (+ 3.5 +4.0 for acido-
philic ridges, p=0.001; + 2.2 +4.7 for basophilic ridges,
p=0.004; Fig. 3). At the same time, f-diversity (Bray—Cur-
tis dissimilarity) decreased for 38 plots on windy ridges
and for 18 plots in snowbeds. The mean index decreased
significantly in acidophilic (— 0.067 +0.035, p <0.001) and
basophilic windy ridges (— 0.020 +0.037, p=0.007) and in
typical snowbeds (— 0.049 +0.065, p=0.005; Fig. 4), but
was stable in wet snowbeds.
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Fig.4 Bray—Curtis dissimilarity indices, calculated for each inven-
tory with all the other inventories of the same period and habitat,
among historical (white boxes) and recent (grey boxes) inventories of

Changes in species composition and cover

The first two axes of the PCA based on windy ridge inven-
tories explained 13% of the total variance (PC1: 6.8%, PC2:
6.2%). Recent and historical relevés were almost always
situated closely together, corresponding to a weak change
in composition and cover (Fig. 5a). Nevertheless, the aci-
dophilic windy ridges showed a significant mean temporal
shift (p=0.016 with a MANOVA) in the direction of baso-
philic windy ridges. These latter ones showed no signifi-
cant change in species composition and cover. A significant
shift was also detected for wet snowbeds towards typical
snowbeds (p =0.023; Fig. 5b) according to the PCA, whose
first two axes explained 17.0% of the total variance (PC1:
11.8%, PC2: 5.2%). The typical snowbeds did not show any
significant shift.

snowbeds

vascular plant species on windy ridges and in snowbeds. Symbols are
the same as in Fig. 3

Species frequency and cover changes

In both habitats, there were a greater number of species
whose frequencies increased between inventories than spe-
cies with a decreased frequency (Tables S3—S6), and only
increasing frequencies were statistically significant. On
acidophilic windy ridges (Table S3), only the relative fre-
quency of Euphrasia minima increased significantly (+ 47%,
p=0.002). As an annual species, its populations can fluctu-
ate widely from year to year. On basophilic windy ridges
(Table S4), the frequencies of a typical graminoid for this
habitat (Agrostis alpina; + 29%, p=0.023) and of two gen-
eralists (Euphrasia minima; + 38%; Campanula scheuchz-
eri, + 29%) increased significantly (p =0.004 and p =0.009,
respectively). In both habitats, several species from windy
ridges (e.g. Phyteuma hemisphaericum, Veronica aphylla,
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Fig.5 Principal component analyses based on the composition
and cover of vascular plant species (a) on windy ridges and (b) in
snowbeds. Couples of historical (empty symbols) and recent (full

Salix serpillifolia) and other grasslands (e.g. Poa alpina,
Leontodon helveticus, Erigeron uniflorus, Festuca violacea
aggr.) increased in frequency, but not significantly. Sesleria
caerulea was the only species with a significant increase in
cover (+ 6.7%, p=0.030) on basophilic windy ridges. Con-
versely, Carex ericetorum decreased in frequency (— 21%),
although only marginally significantly (p =0.099).

In typical snowbeds (Table S5), Festuca halleri aggr. and
L. helveticus, species from acidophilic alpine grasslands,
increased in frequency (both + 40%, p=0.027 and p=0.020,
respectively). Sagina saginoides, a typical snowbed species,
similarly increased (p =0.003). Some snowbed species (e.g.
Veronica alpina, Gnaphalium supinum), grasslands species
(e.g. F. violacea aggr., Agrostis schraderiana) and Cir-
sium spinosissimum increased in frequency, although not
significantly. Other snowbed species (Carex foetida, Salix
herbacea, Alchemilla pentaphyllea) decreased in cover, but
never significantly. On wet snowbeds (Table S6), only V.
alpina and L. helveticus increased in frequency (both + 38%,
p=0.020 and p =0.022), while increases of other grassland
species were not significant in terms of frequency (e.g. C.
scheuchzeri, Carex sempervirens, Pedicularis kerneri) or
cover (e.g. Carex capillaris, Festuca rubra aggr.). Two typi-
cal species of this plant community decreased, but not sig-
nificantly: Carex lachenalii decreased in frequency (— 19%)
and Carex bicolor in cover (— 11%).

Ecological indicator values

Acidophilic windy ridges and typical snowbeds showed a
significant increase in their mean ecological indicator values
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symbols) surveys are connected with arrows. The thick arrows rep-
resent a significant shift of the plant community centroids, i.e. for (a)
acidophilic windy ridges and (b) wet snowbeds

for temperature (7 p=0.014 for acidophilic windy ridges,
p <0.001 for typical snowbeds; Fig. 6) between historical
and recent surveys. Windy ridges and snowbeds also differed
in terms of other ecological indicator values. The vegetation
of windy ridges indicated a shift towards more eutrophic
soils (V; p<0.001 for acidophilic, p=0.015 for basophilic
windy ridges; Fig. 6). The values for soil pH of the two
community types were coherent with their respective posi-
tion along this ecological gradient, but acidophilic windy
ridges showed a significant increase (p =0.008), represent-
ing a shift towards basophilic windy ridges. The snowbeds
showed no significant changes for these indicator values, but
the mean continentality values (K) increased between the
two inventories in the typical snowbeds (p =0.026; Fig. 7).
Simultaneously, the species composition of the snowbeds
indicated a trend towards drier conditions (p =0.002 for wet,
p=0.041 for typical snowbeds). The wet snowbeds now
contain a vegetation indicating humidity conditions close
to those of the typical snowbeds 23 years ago. No significant
difference was observed for the other ecological indicator
values (light, humus content) between historical and cur-
rent surveys.

Discussion

We observed an increase in biodiversity and biotic homog-
enisation in snowbeds and on windy ridges, although these
changes were not in the same direction. While both com-
munities shifted towards a more thermophilous species
composition, as frequently observed in mountains under
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climate change, the flora of windy ridges indicated more
fertile conditions, whereas the snowbeds shifted towards a
flora containing less hygrophilous species, preferring more
continental conditions.

The a-biodiversity increase (Simpson index) and the
homogenisation (decrease of B-diversity) confirmed, with a
considerably larger data set, the findings of Matteodo et al.
(2016). Both trends have also been observed by various
authors in alpine plant communities (e.g. Britton et al. 2009;

inventories of vascular plant species in typical (dark grey) and wet
(light grey) snowbeds. Symbols are the same as in Fig. 3

Carbognani et al. 2014) under climate change. Globally, the
climatic changes recorded in the last decades have improved
the conditions for plants in the alpine belt, with warmer
summer temperatures and longer growing seasons (Rebetez
and Reinhard 2008; Klein et al. 2016; CH2018 2018; Klein
et al. 2018). Generalist species or species from neighbouring
alpine grasslands could colonise windy ridges and typical
snowbeds. These new species are adapted to less extreme
conditions in terms of winter temperature and growing
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season length and, consequently, have mostly higher eco-
logical values for temperature (7) than the species previously
growing in these plots. This could explain the observed sig-
nificant thermophilisation (Gottfried et al. 2012) in two of
the four communities that we considered. A similar trend
has previously been observed in alpine grasslands (Vittoz
et al. 2008; Matteodo et al. 2016) and by numerous authors
on alpine summits (e.g. Pauli et al. 2012; Matteodo et al.
2013; Steinbauer et al. 2018) and corresponds to the mono-
tonic relation between species richness and daily maximum
temperature (Vonlanthen et al. 2006b). These newcomers
increase the a-diversity, but the more stress-tolerant spe-
cies (adapted to cope with winter frost on windy ridges and
short growing seasons in snowbeds) apparently have not yet
been competitively displaced by the newly arriving species
(extinction debt; Dullinger et al. 2012). At the same time,
some missing specialists (e.g. A. alpina, P. hemisphaeri-
cum on windy ridges; S. saginoides, V. alpina in snowbeds)
colonized the plots, causing the decrease in B-diversity, as
the communities contain more and more the same species
(Matteodo et al. 2016).

Windy ridges

Windy ridges were characterised by a change of flora indi-
cating more eutrophic conditions in both community types,
and with less acidic conditions on the acidophilic windy
ridges. The increase of N values can be explained by differ-
ent factors. (1) It has often been demonstrated that nitrogen
deposition induces eutrophication in grasslands (e.g. Ste-
vens et al. 2010; Roth et al. 2015). But the deposition values
are low (around 5 kg ha™! year™') in the study area (CFHA
2005; http://www.bafu.admin.ch) and tended to decrease
over the last years, although a cumulative effect cannot be
excluded (OFEV 2018). Moreover, eutrophication due to
nitrogen deposition is often associated with acidification
(Stevens et al. 2010), whereas we observed the opposite in
Zermatt. (2) Generalist grassland species tended to increase
in cover (S. caerulea) or in frequency (C. scheuchzeri, P.
alpina, F. violacea aggr., Potentilla aurea, Anthoxanthum
alpinum). These increases were rarely significant, but these
species have higher N values than average and, all together,
influence the mean, probably without responding to a real
eutrophication. For example, Poa alpina has an N value
of 4 and was previously observed as an efficient colonizer
of alpine summits, even in rocky conditions (Vittoz et al.
2009a; Matteodo et al. 2013). Moreover, species from lower
elevations have, on average, higher N values than alpine spe-
cies (Odland 2009; Giisewell et al. 2012). (3) Following the
significant glacier retreat in the Zermatt region (Rastner
et al. 2016), there is a potentially important aeolian dust
deposition in the valley (Gisladottir et al. 2005). This loess
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can be quite nutrient rich (Kiifmann 2003) and might cause
soils to evolve towards less oligotrophic conditions.

Aeolian dust deposition is probably an important cause of
the observed eutrophication, as it can be related to the simul-
taneous shift of acidophilic windy ridges towards basophilic
ones. Indeed, acidophilic windy ridges were characterised
by a recent species composition corresponding to less acid
soil conditions. This dynamic of windy ridge vegetation has
never been highlighted before and could be specific to the
study area. The increasing area of glacial moraines and the
corresponding increase in aeolian dust in the valley could
potentially explain these changes. The geology of the Zer-
matt region is highly diverse, with numerous basic rocks
(calcareous schists, ultramafic rocks, marble, etc.) among
acidic rocks (Service géologique national 2005). This rock
variability is also reflected in the moraines from which the
aeolian dust originates. The deposition of aeolian dust,
potentially rich in basic cations, on the topsoil of the Zer-
matt region could be favourable for the establishment of
basophilic species. Such dust deposition has been measured
in the Central Austrian Alps, where they amounted on aver-
age to~100 g m™> a~! (Gruber 1980 in Korner 2003) and
were considered as an important buffer of the natural acid-
ity of alpine soils (Kiifmann 2003). Indeed, dense clumps
of graminoids (e.g. Elyna myosuroidis, Carex sp.), often
important in ridge communities, are highly efficient traps
for aeolian dust (Steiner 2002; Kiifmann 2003).

Snowbeds

We found that plants originating from neighbouring alpine
grasslands had colonized snowbeds (L. helveticus, F. halleri
aggr., C. scheuchzeri), while some of the typical snowbed
species tended to decrease in cover over time (C. lachenalii,
C. bicolor, Luzula alpinopilosa). As already observed in
previous studies (Carbognani et al. 2014; Sandvik and
Odland 2014; Matteodo et al. 2016; Maliniemi et al. 2018),
snowbeds have become more similar to alpine grasslands
than they were 23 years ago, with the flora indicating drier
and more continental conditions than in the past.

The snow cover period, which is the most important envi-
ronmental filter for snowbeds (Vonlanthen et al. 2006a), has
become shorter (Klein et al. 2016) because of lower snow-
fall (Serquet et al. 2013) and higher spring temperatures.
This shorter snow cover duration has several consequences
for snowbed vegetation: (1) the growing season is longer,
opening the snowbeds to species that require longer peri-
ods for growth and reproduction, such as generalists or the
typical species of surrounding communities (Braun-Blan-
quet 1964; Vonlanthen et al. 2006a). One can expect that
the colonisation of these species is facilitated by the close
proximity of alpine grasslands and snowbeds, which are
often distributed as a mosaic in the landscape, depending
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on the microtopography. (2) Water availability decreases
in quantity, and water is available over a shorter period in
summer. This particularly affects wet snowbeds, which are
mostly irrigated by the meltwater further upslope. A similar
trend towards drier conditions was recorded with a smaller
dataset by Matteodo et al. (2016), and these new conditions
are probably the cause of the cover decrease of some typi-
cal species of wet snowbeds (C. bicolor, C. lachenalii). (3)
Snow also occurs as a protection against cold nights. With
a shorter snow cover period, plants have less protection and
have to cope with larger temperature shifts. This corresponds
to the increase of the indicator value for continentality, indi-
cating more contrasted temperatures between nights and
days. However, according to Klein et al. (2018), the risk of
frost after snowmelt has not increased in the last decades.

Conclusions

Snowbeds and windy ridges in the Zermatt region are both
influenced by climate change. Although situated in the same
valley, often close to each other, the mechanisms driving
their plant community changes are different. While increas-
ing temperature seems to be the main driver on windy
ridges, the snow cover duration is probably decisive for the
dynamics of snowbed communities.

On windy ridges, warmer temperatures probably induce
an earlier growth in spring (Vitasse et al. 2017), allowing
colonisation by grassland species, which were previously
rare because of their high sensitivity to frost compared with
specialist species of windy ridges. Moreover, the deposition
of nutrients by aeolian dust might also improve the growing
conditions for vascular plants. On the other hand, we do
not have data indicating that snow cover has decreased on
windy ridges, and up to now there is no visible impact of the
shorter snow cover duration on plant species composition.
But, in this habitat, snow cover is by definition irregular
and the typical species are adapted to deep frosts in winter.
Hence, the vegetation of windy ridges seems to have been
mainly influenced by temperature increases, either directly
or indirectly by dust deposition following the growing areas
of glacial moraines.

In snowbeds, the shorter snow cover duration is probably
the main driver of vegetation change, by extending the grow-
ing season and so enabling taller species from surrounding
grasslands to colonise snowbeds or to increase their cover.
This might also be caused by reduced water availability in
the middle of summer, which might be compounded by
projected reductions in summer precipitation in the Alps
(CH2018 2018). Although not rich in species, snowbeds
shelter many species that are restricted to this habitat, most
of them needing humic soils to grow. Therefore, the loss of
snowbeds at lower elevations might not be compensated by

areas made newly available by warmer conditions or glacier
retreat.

This study was restricted to one valley, with particular
climatic and geologic conditions. Similar comparisons in
other alpine areas would be helpful to obtain a broader view
of the present changes in high mountain vegetation under
climate change, and the respective influences of other local
factors, such as nitrogen deposition and grazing, on veg-
etation dynamics. Indeed, a good understanding of varia-
tion at fine scales and confounding factors are important to
improve the predictive models of climate change impacts
on mountain vegetation. It would be particularly interesting
to address the question of aeolian dust deposition, contrast-
ing areas that are poor or rich in recent glacial moraines.
Quantification of these depositions is also necessary, since
these data are rare in the Alps, although aeolian deposition
may play a major role in the soil formation of high alpine
areas now available for plant colonisation. Finally, data on
climate change impacts on lichens in the Alps are still lack-
ing, with all available studies in Europe until now coming
from Scandinavia.
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