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Earth Surface Processes and Landforms

ABSTRACT: Among the numerous environmental factors affecting plant communities in alpine ecosystems, the influence of geo-
morphic processes and landforms has been minimally investigated. Subjected to persistent climate warming, it is vital to understand
how these factors affect vegetation properties. Here, we studied 72 vegetation plots across three sites located in the Western Swiss
Alps, characterized by high geomorphological variability and plant diversity. For each plot, vascular plant species were inventoried
and ground surface temperature, soil moisture, topographic variables, earth surface processes (ESPs) and landform morphodynamics
were assessed. The relationships between plant communities and environmental variables were analysed using non-metric multi-
dimensional scaling (NMDS) and multivariate regression techniques (generalized linear model, GLM, and generalized additive
model, GAM). Landform morphodynamics, growing degree days (sum of degree days above 5°C) and mean ground surface temper-
ature were the most important explanatory variables of plant community composition. Furthermore, the regression models for spe-
cies cover and species richness were significantly improved by adding a morphodynamics variable. This study provides
complementary support that landform morphodynamics is a key factor, combined with growing degree days, to explain alpine plant
distribution and community composition. © 2019 John Wiley & Sons, Ltd.

KEYWORDS: alpine environment; geomorphology; earth surface processes; vegetation community

Introduction

Understanding the impacts of climate change on earth surface
processes and biota is a key challenge for both geomorpholog-
ical and ecological studies. This is particularly important for
alpine environments, where geomorphological processes drive
landscape evolution and ecosystem dynamics subjected to
climate change (Haeberli and Beniston, 1998; Gobiet et al.,
2014). During the last century, the minimum air temperatures
increased by as much as to 2°C in these systems, whereas the
maximum temperatures exhibited a more modest but measur-
able rise (Beniston, 2005; Acquaotta et al., 2015). This warming
was twice the average temperature change in the Northern
Hemisphere, causing an acceleration of snow and ice melt,
an upshift of the snowline and changes in water resources
availability (Auer et al., 2007; Beniston et al., 2018).

Alpine ecosystems, and especially vegetation, are impacted
by ongoing climate change (Fussel et al., 2017). The upward
shift of plants is observed in many studies in Europe (Dullinger
et al., 2012; Gottfried et al., 2012; Steinbauer et al., 2018).

Furthermore, following glacial retreats, new surfaces are
exposed to atmospheric conditions. Within a few years,
paraglacial adjustments rework the sediments (Ballantyne,
2002) and vegetation begins to colonize the free environments
(Matthews, 1992). Primary plant succession is proven to be
predominantly driven by time since deglaciation, soil grain size
and water content (Burga et al., 2010), but other complex
factors such as snowmelt, topography and disturbance also
control vegetation development (Matthews and Whittaker,
1987; Anderson et al., 2000).

Several studies have demonstrated the importance of geo-
morphic processes on alpine ecosystems. Investigations on
the effects of earth surface processes (ESPs) on alpine vegeta-
tion offer evidence that plant communities are affected by
physical disturbances related to geomorphological processes
(Gentili et al., 2013; le Roux and Luoto, 2014; Virtanen
et al., 2010). The latter can modify microhabitat conditions
and therefore control species richness, composition and dis-
tribution patterns of plant communities (Vonlanthen et al.,
2006a; le Roux et al., 2013). In addition, geomorphic
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processes not only disturb plant communities, but they are
also important dispersal vectors (e.g., Gentili et al., 2010)
and promote the colonization of plant species adapted to
the disturbance (Corenblit et al., 2011).

Several authors have investigated the linkage between vege-
tation and geomorphic dynamics in alpine environments. In the
permafrost-affected areas, and more broadly in the periglacial
domain, vegetation exhibits different patterns between active
rock glaciers (low vascular plant cover) and inactive-relict rock
glaciers (high cover — Burga et al., 2004; Cannone & Gerdol,
2003), even if quality of substrate, surface deformation and
microtopography remain critical factors for plant distribution
(Burga et al., 2004; Colombo et al., 2016). This was also dem-
onstrated for frost-related landforms, such as polygonal soils,
where only particular plant compositions exist (Béguin et al.,
2009). However, in the Alps, permanently frozen ground has
rarely a direct interference with plant growth because of the
thickness of the surficial layer above permafrost which thaws
during summer (called “active layer” — Korner, 2003; van
Tatenhove and Dikau, 1990). The latter has for instance values
around 3 to 5 m depth in the Swiss Alps (PERMOS, 2019). Be-
sides, arctic-alpine communities exhibit strong responses to dif-
ferent ESPs, such as cryoturbation, deflation, fluvial processes,
nivation and solifluction (le Roux and Luoto, 2014), and they
are also influenced by other geomorphological processes such
as rock/debris falls, debris flow, avalanches and running water
(Gentili et al., 2013). Furthermore, in addition to water, nutri-
ents availability and the microclimate, plant colonization also
depends on surface stability (Baroni et al., 2007; Gentili et al.,
2010; Baroni et al., 2013). Such a two-way linkage was con-
firmed by other authors studying the interactions between sub-
alpine alluvial fans and floristic diversity (Lane et al., 2016) and
between sediment reworking on a lateral Little Ice Age (LIA)
moraine and bioengineering species (Eichel et al., 2016; Eichel
etal., 2017).

While the relationships between plant composition and
soil-topo-climatic variables have been vyet highlighted at
high resolution especially on lowland and montane regions
(e.g. Dubuis et al., 2013; Pradervand et al., 2014), more spe-
cific aspects of the plant-geomorphic processes relationships
remained unclear, in particular at high elevations. This would
allow answering questions such as: how do ESPs influence
plant communities? How do geomorphological heterogeneity
and landform morphodynamics affect vegetation distribution?
Among the geomorphic processes, which types control alpine
community composition? Moreover, in the context of climate
change, which mechanisms operate between alpine plant
distribution and landform stabilization (Virtanen et al., 2010;
Alatalo et al., 2016; Eichel et al., 2017)? In the present study,
the term ESP indicates different processes that involve
the ground surface. With landform morphodynamics,
however, we refer to the entire processes that can
occur on a specific landform, including the possible
movement of the landform itself. For geomorphological het-
erogeneity, we refer to the variability of landforms in a
catchment.

The objective of this study is to understand the joint influ-
ence of geomorphology, topography and microclimatology
on alpine vegetation. More specifically, we aim to assess
how landform morphodynamics, ESPs (solifluction, rill ero-
sion, nivation and frost weathering), topography (elevation,
slope, aspect) and other environmental variables such as
ground temperature and soil moisture drive alpine plant
distribution, species richness and community composition.
The study was conducted in three high-elevation sites in
the Western Swiss Alps, characterized by different age
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deposits and high geomorphological variability and biodiver-
sity. Based on the theory and findings reported
previously (and elsewhere, e.g., in Korner, 2003; Ozenda,
1985), we expect microtopography, microclimate, snow
cover, soil moisture and ESPs to be among the most impor-
tant explanatory factors of community composition and spe-
cies richness.

Material and methods

Study area

Our study area is located in the Vaud Alps (Western Swiss Alps).
All three sites are situated in or near the Vallon de Nant
(46°13’44” N, 7°05’59” E), a tight valley surrounded by high
rock walls (max. elevation 3051 ma.s.l.) and oriented SW-
NE, which has been extensively studied in geomorphological
and biological fields (e.g., Lambiel et al., 2009; Vittoz and
Gmdr, 2009; Lane et al., 2016; Thornton et al., 2018).

Due to its location on the northwest side of the Alps and be-
cause most of the climatic perturbations come from the west,
the region receives abundant annual precipitation (1800 mm/
y in Pont de Nant, 1253 ma.s.l.) and winter snow-fall. The
mean annual temperatures are 7°C in Pont de Nant and -3°C
on the summits. This cold and wet climate, associated with
the shadow of the high rock walls, supports the presence of
small glaciers (Les Martinets and Plan Névé glaciers).

Geologically, the region is located on the inverse flank of the
Morcles nappe and it consists primarily of limestone and some
siliceous rocks deposited between the Middle Jurassic and the
Eocene (Badoux, 1991). The geomorphological diversity of
the region is high, with various landforms, such as Holocene
moraines, rock glaciers and talus slopes. According to the
Alpine Permafrost Index Map (Boeckli et al., 2012) and geo-
morphological interpretation (Lambiel et al., 2009; Perret &
Martin, 2015), permafrost is expected to be present above
2400 ma.s.l. in the north-exposed slopes.

Three focus sites situated at elevations ranging between
1950 and 2550 ma.s.l. were selected based on geomorpholog-
ical variability and biodiversity: Les Martinets, Col des Perris
Blancs and Les Outans (Figure 1). The landscape of Les Marti-
nets (Figure 1B and D) is dominated by the Glacier des Marti-
nets (ca. 2200-2680ma.s.l.), with its numerous moraines
dating back to the LIA and to older Holocene or Late Glacial
periods. A large and thick rock glacier is located on the western
part of the catchment, at elevations between 2240 and
2440ma.s.l. This rock glacier consists of two different lobes
corresponding to two different generations. Orthoimage analy-
ses suggest very low activity for the upper lobe, whereas the
lower one seems to be inactive. The geomorphological charac-
teristics (steep front, bulging surface) suggest the presence of
permafrost conditions in the rock glacier despite the relatively
low elevation (Lambiel et al., 2009). It was confirmed by an
electrical resistivity tomography profile (Giaccone, Mariéthoz,
& Lambiel, 2016 — see Supplementary material Figure ST).
Finally, talus slopes crossed by several debris flow channels
and a large area of rock fall/avalanche deposits are present
on the northwest side.

The Col des Perris Blancs site (Figure 1B and E) is located on
the northwest side of the Martinets catchment, at elevations be-
tween 2400 and 2544 ma.s.l. It corresponds to a north-exposed
slope, with outcrops generating frost weathering deposits and
some areas covered by alpine grasslands. The high quantity
of debris derived from outcrops formed a debris slope with
small lobes, which suggests frost creep, and originated a
protalus rampart.
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Figure 1.

_ -

A) Locations of the three selected sites. The red star indicates the location of Pont de Nant (1253 ma.s.l.) B) Topographic map of Les Mar-

tinets and Col des Perris Blancs. C) Topographic map of Les Outans. D) Detailed picture of Les Martinets, seen from the Col des Perris Blancs (August
2016); a: The Glacier des Martinets; b: LIA moraine; c¢: Holocene moraines; d1: rock glacier, upper lobe; d2: rock glacier, lower lobe; e: talus slope. E)
Detailed picture of Col des Perris Blancs, seen from the namesake alpine pass (September 2018); f: debris slope; g: alpine grassland. F) Detailed pic-
ture of Les Outans; h: steep latero-frontal moraines of the debris-covered glacier; i: debris slope (September 2018). SwissMapRaster © swisstopo

(DV084371). [Colour figure can be viewed at wileyonlinelibrary.com]

Les Outans site (Figure 1C and F) is characterized by steep
slopes exposed to the north, with elevations between ca.
1950 and 2300 ma.s.l. The main landforms are LIA moraines
created by the Glacier de Plan Névé, located in the southeast
section (ca. 2400-2680 ma.s.l.), and, in the western part, an un-
named small debris-covered glacier that erected voluminous
moraines (ca. 2100-2300ma.s.l.). The remaining surface is

© 2019 John Wiley & Sons, Ltd.

constituted by an extended debris slope made of gravitative
(talus slope) and torrential deposits.

The vegetation in Vallon de Nant was studied by Dutoit
(1983) and summarized in Vittoz and Gmiir (2009) and Vittoz
et al. (2009). Beech, fir and spruce forests (Abieti-Fagenion ac-
cording to Delarze et al., 2015) dominate the lowest part of the
region (1200-1400 ma.s.l.), replaced locally by pasturelands
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(Cynosurion) grazed by cows in summer. Spruce and larch for-
ests (Vaccinio-Piceion) dominate the subalpine belt (1400-
1900 ma.s.l.), replaced by maple forests (Lunario-Acerion) on
steep, unstable slopes, green alder bushes (Alnenion viridis)
on avalanche paths, pasturelands (Poion alpinae, Nardion) on
the flat, exploited areas and heathlands (Rhododendron-
Vaccinion) when grazing is abandoned. The alpine belt
(1900-2800 ma.s.l.) is a mixture of calcareous alpine grass-
lands (Seslerion, Caricion ferrugineae, Arabidion caeruleae)
and rocky areas (moraines, rock glaciers, cliffs). The subalpine
and alpine belts are severely intersected by long talus slopes
and alluvial/colluvial fans colonized by communities of the
Thlaspion  rotundifolii, Epilobion fleischeri or Petasition
paradoxi according to the dynamics, stone size and humidity.

Vegetation plot surveys

During the summers of 2016 and 2017, vegetation surveys
were conducted in 72 plots of 2 x2 m each, scattered in the
three study sites. The innovative aspect of our study was that
the location of the plots, selected in an ad-hoc stratified way
before fieldwork in order to ensure that samples represented
each geomorphological feature (e.g., LIA and pre-LIA mo-
raines, talus slope, rock glacier, rock fall/avalanche deposit,
debris-covered  glacier, glacial surface accumulation,
periglacial deposit) with all types of vegetation cover, from pio-
neer plants with low percentage cover on debris to stable grass-
lands with high cover. The topographical information and type
of landforms for each plot are reported in Supplementary mate-
rial Table S1, along with species cover and species richness.
Each vascular plant species in the plot was listed (nomenclature
following Lauber et al., 2012) and a cover-abundance value
was assigned to every species (Table 1), in accordance to the
Braun-Blanquet scale (Braun-Blanquet, 1932). The total vascu-
lar plant cover (here species cover) was estimated in the field.
The central point of each plot was registered by GNSS (using

Table 1. Braun-Blanquet scale (Braun-Blanquet, 1932) and its
transformations used in the analyses

Mean cover
Range of species Braun-Blanquet (mod. from  Numerical
cover (%) scale Wildi 2013) dominance
Absent Absent 0 0
1-2 individuals r 0.05 0.1
<5, few individuals + 0.5 0.5
<5 1 3 1
5-25 2 15 2
25-50 3 37.5 3
50-75 4 62.5 4
75-100 5 87.5 5
Table I1.

a Garmin Montana® 610). For each survey, species richness
(number of species per plot) and evenness (biodiversity index
measuring the dominance of one species above the others in
the same survey) were calculated to characterize the biodiver-
sity within the plots.

For each vegetation plot, a morphodynamics index, ranging
from 0 to 9, was defined according to the landform
morphodynamics: 0 corresponds to a plot location on a stable
landform and 9 on a landform affected by high activity. The de-
tails for the attribution of each value are given in Table Il. The
index is composed of three criteria: frequency of disturbances
that affect the deposit (i.e., debris flow, avalanche), movement
of the surface and soil development. For each criterion, a value
ranging from 0 and 4 is assigned based on intensity of phenom-
enon and then summed to obtain the final index for each plot.
This index is adapted from the methodology reported in Randin
et al. (2009). The frequency of disturbances and the surface
movement were evaluated using orthophotos of the study area
from 1980 to 2016, obtained from the Swiss Office of Topogra-
phy (https:/map.geo.admin.ch), and through geomorphologi-
cal interpretation; soil development was evaluated in the field.

To define the type of external disturbance in each site, the
presence of the four selected ESPs - solifluction, rill erosion,
nivation and frost weathering - were reported using a value
from O to 4 to inform on the intensity of the phenomenon
(0: phenomenon absent, 4: phenomenon very intense), follow-
ing the methodology reported in Gentili et al. (2013). If no ESP
evidence was found, the plot was assigned to the “No ESP” cat-
egory. To limit any potential human bias, the same observer
performed all surveys.

Furthermore, in September 2018, after a particularly dry pe-
riod, soil moisture was measured as volumetric water content
(VWC %) with a hand-held reflectometry sensor (FieldScout,
TDR150; Spectrum Technologies). Short rods (3.8cm) were
adopted. For each plot, 5 measurements at 5 points (corners
and centre), for a total of 25 measurements, were averaged
(Kemppinen et al., 2018). However, for most of the plots it
was impossible to measure the soil moisture due to the ex-
tremely low proportion of fine soil material. Therefore, as an al-
ternative, we used the triangle method of Sandholt et al. (2002)
to compute the temperature vegetation dryness index as:

TVDI = (Ts — Tsmin)/[(a + b*NDVI) — Tsmin]

where Ts is the observed surface temperature at a given pixel,
Tsmin is the minimum surface temperature, a and b are param-
eters defining the dry edge modelled as a linear fit to the data
and NDVI is the observed normalized difference vegetation in-
dex. The term a + b*NDVI, also known as Tsmax, is the maxi-
mum surface temperature observation for a given NDVI. To
measure the temperature, iButton temperature data were
employed (see following section). Considering the high soil

Guidelines to assign the morphodynamics index to each plot (based on Randin et al., 2009)

Morphodynamics index

0 1

Return time of
disturbances
> 10 vyears

Absence of
disturbances

Frequency of
disturbances

Surface movement No movement

Soil Developed soil, Developed fine soil
dominated by material with
fine material rock texture

© 2019 John Wiley & Sons, Ltd.

Movement (cm-dm/year)

2 3 4

Return time of Annual Several time in

disturbances disturbances one year
< 10years

Sparse fine soil Rock texture Absence
material and with poor of fine
rock texture fine material material
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moisture variability, Tsmin and Tsmax were, respectively, the
minimum and maximum daily temperatures recorded during
July and August 2017 between all the iButtons and Ts the mean
daily temperatures of the same months. NDVI was calculated at
a resolution of 25 cm, using the infrared and red bands of the
false-color infrared orthophoto mosaic obtained from the Swiss
Office of Topography for the year 2013. Then the value corre-
sponding to the plot center was selected for the calculation.

Finally, topographic variables (elevation, orientation, slope
angle) were computed for each plot location, based on the
SwissAlti3D DEM (resolution grid 2m, Swiss Office of
Topography).

Ground surface temperature monitoring

To investigate the microclimate of the ground surface, snow du-
ration and occurrence of permafrost at each vegetation plot,
continuous monitoring of the ground surface temperature
(GST) was performed using iButton® DS1922L miniature tem-
perature loggers (accuracy +0.5°C, resolution 0.0625°C —
Gubler et al., 2011; Ishikawa, 2003). In total, 72 loggers were
buried at 5 cm depth from 1 of October 2016 to 30 September
2018 with a measurement interval of 3 hours. Because the
iButtons are not entirely impermeable, they were placed inside
small waterproof containers sealed with tape.

To study the ground thermal regime, different temperature in-
dices were calculated based on the two-year data average:

i Mean ground surface temperature (MGST), minimum
(Tmin) and maximum (Tmax) temperatures;

i Basal-ripening date (RD): time when a frozen ground sur-
face is warmed to 0°C by percolating melt-water or by
strong rain-on-snow events (Westermann et al., 2011;
Schmid et al., 2012);

iii Melt-out date (MD): time when the snow cover is
completely melted and thus when the ground can warm
above 0°C (Schmid et al., 2012);

iv Freezing degree day (FDD): sum of degree days below 0°C;

v Growing degree day (GDD): sum of degree days above 5°C
(Scherrer and Korner, 2011);

vi Growing season length (GSL): number of days between MD
and the first day of September with ground temperatures be-
low 3.2°C (Korner and Paulsen, 2004).

In addition, the bottom temperature of the winter snow cover
(BTS) method was employed to define the areas where perma-
frost is possible (Haeberli, 1973; Hoelzle et al., 1993; Ikeda and
Matsuoka, 2002; Lambiel and Pieracci, 2008). The method is
based on the fact that heat exchanges between atmosphere
and ground surface are strongly reduced during late winter be-
low a snow cover thicker than ~ 80 cm, which maintains stable
temperatures (Staub et al., 2015). Therefore, the temperature
measured at the snow/ground interface reflect the ground ther-
mal state and can be used as an indirect indicator of permafrost
conditions (Hoelzle et al., 1999; Ishikawa, 2003). Temperature
below -2°C during late winter are usually considered as an in-
dicator for the possible presence of permafrost (Haeberli, 1973;
Ishikawa, 2003).

Statistical analysis

All statistical analyses and models were conducted using R v.
3.2.3 (R Development Core Team, 2015).

Spearman’s rank correlation coefficient was performed to as-
sess the relationship between species cover, species richness
and evenness variables. A Mantel’s test (Mantel, 1967) was

© 2019 John Wiley & Sons, Ltd.

achieved with the mantel.rtest function of the ade4 package
(v. 1.7-13) to test for spatial autocorrelation in the species cover
and species richness variables across plots. Null hypothesis af-
firmed that matrices were not correlated.

The plant covers determined using the Braun-Blanquet scale
were transformed according to the mean cover of Wildi (2017)
for subsequent analyses (see Table I). The Bray—Curtis dissimi-
larity index (Bray and Curtis, 1957) was calculated between
plots. The resulting dissimilarity matrix was employed as an in-
put for a non-metric multi-dimensional scaling (NMDS) ordina-
tion method, performed with the metaMDS function of the
vegan package (v. 2.4-0) and which visualizes plots according
to their floristic similarities (Oksanen et al., 2007). NMDS al-
lows the ordering relationships among objects in two main axes
to be represented, using rank orders and minimizing the ordina-
tion stress (i.e., disagreement between the 2D configuration
and similarity matrix) with multiple iterations. Two dimensions
were calculated for NMDS. Then, we incorporated the environ-
mental factors (MGST, maximum temperature, minimum
temperature, FDD, GDD, GSL, elevation, aspect, slope,
morphodynamics, TVDI, solifluction, rill erosion, nivation and
frost weathering) into the NMDS analysis with the envfit func-
tion using a permutation approach (999 permutations), to test
the relations between the ordered plant communities and envi-
ronmental factors. The linear fit for each variable along the
NMDS axis was determined and its significance tested. Non-
parametric smoothed surfaces were calculated for each envi-
ronmental factor and reproduced on the ordination plot by
using the ordisurf function to investigate the non-linearity of
the relationships.

Cluster analysis was also performed to classify the plots ac-
cording to their floristic similarity. For this analysis, individual
species cover was transformed following the numerical domi-
nance reported in Table I. The Bray—Curtis dissimilarity index
was used to build the dendrogram using the hclust function
(Ward’s method) of the stats package. Based on fieldwork ob-
servations, five groups were retained to classify the plant com-
munities and the mean temperature and environmental factor
values were specified for each.

The influence of predictor variables on species cover and
species richness was examined using generalized linear models
(GLMs) and generalized additive models (GAMs) as applied in
previous studies (e.g., le Roux and Luoto, 2014). GLMs and
GAMs are generalized regression methods. A GAM is a semi-
parametric equivalent of parametric GLM that uses smoothers
to estimate the relationship between predictor and response
variables (Yee and Mitchell, 1991; Guisan et al., 2002; Frank-
lin, 2010). More specifically, GLMs and GAMs were used to ex-
amine the relationships between response variables (species
cover and species richness) and baseline explanatory variables
(elevation, slope, aspect, MGST, Tmax, Tmin, FDD, GDD, GSL,
TVDI). Then, environmental factors (morphodynamics index
and ESPs) were added to the baseline model to test their addi-
tional effect in an advanced model. The Spearman correlation
coefficient was set tolpl> 0.7 as criterion to limit collinearity
between the explanatory variables (Dormann et al., 2013).
For pairs of variables with correlation above this threshold,
we selected the one with the highest value of correlation in
the NMDS analysis. GLMs were fitted using the stats package.
An ANOVA F-test was applied to analyse the variance. To
model species cover, four types of models were tested to iden-
tify the most appropriate setting. The first trial included linear
terms of explanatory variables and the family argument
“quasipoisson”; the second included quadratic terms of the ex-
planatory variables and the “quasipoisson” family; the third in-
cluded linear terms and the “quasibinomial” family; and the
final trial included quadratic terms and the “quasibinomial”
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family. When the family argument “quasibinomial” was used,
species cover values were transformed to a proportion scale
(0-1). To model species richness, the family argument was de-
fined as “quasipoisson” due to over-dispersion in the data
(Crawley, 2007). GAMs were fitted using the mgcv package
(v. 1.8.22). The family was defined as “quasipoisson” for the
same reason as for GLMs. The initial degree of smoothness
was set to 3 for each variable (Wood, 2017). Once again, we
first developed a baseline model and then added the additional
environmental factors tested in this study.

Results
Plant communities

The location of the plots is illustrated in the next section
(Figure 2). The identified communities belong to the alliances
described in Table Il (Delarze et al., 2015).

In total, 128 species were identified. In plot n° 11 no species
was present. A large portion of plots was unaffected by ESPs (27
plots). Rill erosion affected mainly 21 plots, frost weathering 11,
nivation 7 and solifluction 5, but most of the plots were affected
by more than one ESP. Values of species cover and species rich-
ness were lower in the plots characterized by ESPs, compared
to the category “No ESP”. Instead, values of evenness were
higher. Details are provided in Table IV. Equally, plots charac-
terized by high morphodynamics index presented lower spe-
cies cover and species richness.

Species cover differed strongly between debris plots (0-40 %)
and grassland plots (75-100 %). Species richness increased pro-
gressively but not linearly from debris locations (minimum 0
species in plot n° 11, Les Martinets) to grasslands (maximum
26 species in plot n° 6, Les Martinets). In some cases,
microtopographic factors induced a higher species richness in

Les Outans

0
s

100 200m

Les Martinets

100 200m

Table Ill.  Alliances (Delarze et al., 2015) to which the plots belong
and their characteristics

Alliance name Characteristics

Thlaspion rotundifolii calcareous screes of alpine belt

Drabion hoppeanae  calcschist screes of alpine belt

Petasition paradoxi wet calcareous screes

Androsacion alpinae  siliceous screes of alpine belt

Elynion grasslands on windy ridge

Seslerion dry calcareous grasslands

Caricion firmae rocky calcareous grasslands of alpine belt
Caricion curvulae acidophilous grasslands of alpine belt
Poion alpinae pastures of the subalpine and lower alpine belts
Arabidion caeruleae  calcareous snow beds

Salicion herbaceae acidophilous snow beds

Rhododendro-

Vaccinion subalpine heaths on acidic soil

debris areas (e.g., 20 species in plot n° 16 located on the lower
lobe of the Martinets rock glacier). The mean evenness was low
(< 0.5), indicating a general prevalence of a low number of
species (see Supplementary material Figure S2 for images).

Species cover and species richness were highly correlated
(Spearman’s correlation p = 0.82). Evenness was negatively cor-
related with both species cover (p = -0.78) and species richness
(p = -0.71). The Mantel test revealed no spatial autocorrelation
in the two response variables (species cover and species
richness).

According to the clustering of the 71 plant surveys in five
groups (the empty plot is not considered here — Figure 4), the first
group comprised pre-LIA sites, characterized by late-
successional  species  belonging to  Poion  alpinae,
Rhododendro-Vaccinion, Elynion, Seslerion, Caricion firmae
and Caricion curvulae (according to Delarze et al., 2015). In
the second group, debris plots with Salix sp. (snowbeds of

Col des Perris Blancs 7

Vegetation group FDD (degree days)
o 1 & 0-33

o 2 @ 34-80

A3 81-155

% 4 & 156-260

o 5 & 261-762

¢ No vegetation

Figure 2. Location of vegetation plots, grouped based on cluster analysis. Colors indicate the value of the Freezing degree days index (01.10.2016-
30.09.2018) for Les Outans, Col des Perris Blancs and Les Martinets. Swissimage © swisstopo (DV084371). [Colour figure can be viewed at

wileyonlinelibrary.com]
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Table IV. Number of plots and community characteristics observed in the different ESP categories (absence of ESP, solifluction, rill erosion, nivation
and frost weathering). Mean values and standard deviation are reported. Species cover: percentage of vascular plant cover [%]. Species richness:

number of species per plot. Evenness: biodiversity index measuring the dominance of one species above the others in the same survey

ESPs Number of plots Sp. cover Sp. richness Evenness

No ESP 27 52 +38 15«5 031 +0.13
Solifluction 5 1M1 +4 8+7 0.44 £ 0.19
Rill erosion 21 25 %23 11 x4 0.43 £0.19
Nivation 7 20 £ 20 11 +5 0.45 £ 0.15
Frost weathering 11 31 +24 12 +4 0.48 £ 0.21

Arabidion caeruleae or Salicion herbaceae) and the debris char-
acterized by high water availability (due to percolation or late
melting of snow patches — named hereafter “wet debris”;
Petasidion paradoxi) were grouped. The plots located on the
older debris belonging to pre-LIA periods (Thlaspion rotundifolii
and Drabion hoppeanae, with some species belonging to
Cystopteridion and Potentillion - shady and sunny calcareous
cliffs with vascular vegetation) were found in the third cluster.
In contrast, vegetation on moraines and dynamics debris more
recent than LIA (Thlaspion rotundifolii, Drabion hoppeanae)
constituted the fourth group. Plots in the last group were charac-
terized by species adapted to low temperatures; thus, the plots
belonged to Androsacion alpinae and Thlaspion rotundifolii.
The ecological and environmental characteristics of the five
groups are reported in Table V.

The pre-LIA moraines, as well as the surfaces not covered
by ice during the LIA and those not affected by ESPs, were
colonized by late successional stage species (plots of group
1). In Les Outans, grasslands were only present in the lower
elevation areas (1960-2030 ma.s.l.) or on bedrock outcrops.
The wet calcareous screes as well as the debris-covered gla-
cier were colonized by pioneer species belonging to
Petasition paradoxi, Thlaspion rotundifolii and Drabion
hoppeanae (groups 2, 4 and 5). In the Col des Perris Blancs,
acidophilous  species such as  Ranunculus  glacialis
(Androsacion alpinae) were identified next to basiphilous spe-
cies belonging to Thlaspion rotundifolii (group 5). Pioneer
species were present in the front of the creeping lobes
(Thlaspion rotundifolii, groups 5 and 2), whereas windy
(Elynion) and dry (Seslerion) calcareous grasslands colonized
the highest elevation of the pass (group 1). The highest plant
diversity was found in Les Martinets because this site presents
the highest geomorphological diversity and all types of ESPs.
The vegetation plots there belonged to all five groups.

Ground Surface Temperatures

The temperature distribution within two years of GST moni-
toring (01.10.2016-30.09.2018) is presented in Supplemen-
tary material Figure S3. During the study period, the snow
arrived late in the 2016-2017 winter season and the snow
cover thickness remained below average. Then, early snow
melt coupled with warm air temperatures during early sum-
mer led to high ground surface temperatures during the snow
free period (Meteoswiss, 2018). Instead, winter 2017-2018
had thicker and longer snow cover and mild air tempera-
tures, which maintained GSTs around 0°C in most of the site.
Air temperatures of the 2018 summer in Switzerland were
among the highest ever recorded, overstepping the 1981-
2010 mean (Meteoswiss, 2019). Consequently, the ground
in the study area warmed more than the year before. There-
fore, high variability was observed: the minimum winter tem-
peratures were -13.1°C on 2017 (Col des Perris Blancs, plot
n° 44 on 24 January) and -8.9°C on 2018 (Col des Perris
Blancs, plot n° 44 on 2 March) and maximum summer tem-
peratures were 21.9°C on 2017 (Les Outans, plot n° 52 on
24 June) and 23.3°C on 2018 (Les Martinets, plot n°® 1 on 1
July).

The vegetation plots corresponding to groups 1 and 2 (see
Table V) had the highest MGST (3.6 and 3.1°C, respectively)
and Tmax (4.9 and 4.5°C, respectively) and the longest GSL
(109 and 105 days, respectively). The plots of groups 3 and 4
had the lowest MGST (2.5°C) and Tmax (3.6°C) but the group
3 had also the lowest FDD index (47 degree days), whereas the
plots in group 4 had the lowest GDD (922 degree days) and
GSL (80days). The plots in group 5 had the lowest Tmin (-
0.2°C) and the highest FDD index (233 degree days), even if
MGST and Tmax were in average.

Table V. Environmental characteristics of the five vegetation groups. Mean values and standard deviations are reported. Species richness: number of

species per plot. Evenness: biodiversity index measuring the dominance of one species above the others in the same plot. Elevation: [meters]. Aspect:
North (-1) South (+1) gradient. Slope: [degrees]. MGST: Mean Ground Surface Temperature [°C]. Tmax: mean maximum temperature [°C]. Tmin:
mean minimum temperature [°C]. FDD: Freezing Degree Day [degree day]. GDD: Growing Degree Day [degree day]. GSL: Growing Season

Length [day]

Groups Number of plots Species richness Evenness Elevation Aspect Slope

1 19 17 4 0.25 £ 0.08 2281 £ 185 -0.33 = 0.69 20+ 9

2 14 11 +5 0.50 + 0.20 2269 + 158 -0.52 £ 0.56 21+6

3 16 13+4 0.35 £ 0.11 2315 + 48 -0.39 = 0.71 24 £ 11
4 9 8+3 0.61 £0.19 2355 £ 94 -0.24 = 0.79 21 £12
5 13 9+3 0.40 £ 0.10 2353 + 194 -0.54 £ 0.41 24+ 8
Groups MGST Tmax Tmin FDD GDD GSL

1 3.6+0.5 4.9 £ 0.6 1.1+£0.5 85 + 88 1429 + 144 109 =9
2 3.1+0.7 45+1.0 0.8 +0.7 82 + 153 1151 = 305 105 + 48
3 2.5+0.6 36x1.1 0.7+0.3 47 + 61 965 + 255 84 14
4 2.5+£0.5 3.6 +0.8 0.6 £ 0.5 87 + 94 922 + 182 80 + 14
5 2.6 +0.8 4.1+09 -02+1.6 233 £ 239 1176 £ 217 100 = 14

© 2019 John Wiley & Sons, Ltd.
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The basal-ripening date (RD) was not present for all data log-
gers due to a lack of ground freezing in some cases. As a result,
it was calculated for only 40 plots in 2017 and for 9 in 2018.
The earliest date when the ground temperature reached 0°C
was 1 February 2017 (plot n° 53), whereas the latest date was
31 May 2017 (plot n° 30). In 2018, the RDs were between April
and May. The melt-out date was detected for all data loggers.
The snowmelt started earlier in 2017 than in 2018. In 2017,
the snow disappeared first at the plot n° 44 on 22 May and
lastly at the plot n® 11 on 21 July. In 2018, it disappeared first
at the plot n® 18 on 30 June and lastly at the plot n® 27 on 2 Au-
gust. Examples of two typical curves of temperature evolution
are reported in Supplementary material Figure S4.

The FDD index points out the coldest areas: these were lo-
cated on the debris-covered glacier in Les Outans (plots n° 47
and 52), at the Col des Perris Blancs, especially on the protalus
rampart (plots n°® 43, 44, 62, 63), and in the upper part of the
Martinets rock glacier and in the lateral morainic deposit (plots
n° 19, 20 and 30 — Figure 2). On the same locations, daily tem-
peratures below -2°C were recorded on late winter, before the
RD. During 2016-2017 winter, temperatures below -3°C were
recorded at the plots n° 19, 43, 44, 47, 62, 63, 64 and 69; dur-
ing 2017-2018 winter, at the plots n° 43, 44 and 62. These data
indicate a possible presence of permafrost.

Vegetation—environment relationships

The NMDS offers a graphical visualization of the vegetation
plots distributed according to plant composition. Their disposi-
tion reflects the previous clustering in five groups, although the
elements in group 2 are scattered. The ordination stress was
0.22 (Figure 3). Among the environmental factors added with
the envfit function to test for the correlation with plant commu-
nities, morphodynamics was the most explicative variable
with the highest value of linear fit (R* = 57%), followed by
GDD (R? = 50%), MGST and Tmax (R? = 32%), rill erosion
and FDD (R? = 23%), GSL (R* = 20%), Tmin (R* = 19%) and so-
lifluction (R*> = 17%), all with p-value < 0.001 (linear

Table VI.  Correlations between NMDS axes and explained variables.
NMDS1 and NMDS2 are the axis scores about the 2D ordination
space. R” = linear fit of correlation. Signif.: indicate the p-value. *** <
0.001; ** < 0.01; * < 0.05; . < 0.1; ns = not significant. GSL =
Growing Season Length; GDD = Growing Degree Day; FDD
Freezing Degree Day; TVDI = Temperature Vegetation Dryness Index;
MGST = Mean Ground Surface Temperature; Tmax and Tmin =
maximum and minimum temperature

NMDS1 NMDS2 R’ Signif.

Morphodynamics 0.83 0.56 0.57 ok
GDD -0.73 0.68 0.50 rkx
MGST -0.89 0.46 0.32 Hook
Tmax -0.59 0.81 0.32 Hok
Rill_erosion 0.35 0.94 0.23 ok
FDD -0.17 -0.99 0.23 Hoxk
GSL -0.88 0.48 0.20 Hok
Tmin -0.50 -0.87 0.19 ok
Solifluction 0.31 0.95 0.17 ok
Frost_weathering 0.28 0.96 0.12 *

TVDI -0.94 0.34 0.10 *

Nivation 0.09 -1.00 0.10 *

Slope 0.48 0.88 0.09 .

Elevation 0.55 -0.84 0.04 ns
Aspect -0.33 -0.94 0.04 ns

correlation). Frost weathering, TVDI and nivation influenced
less the vegetation composition (R*> < 12%; p-value < 0.05)
and slope had the lowest influence (R*> = 9%; p-value < 0.1).
Elevation and aspect were not significantly correlated. More
details are reported in Table VI. The linear and smoothed sur-
face fits indicate clear gradients in surface activity correspond-
ing to community structure (Figure 4).

Based on the results of the Spearman correlation, MGST,
Tmin and Tmax were all correlated and GDD was correlated
with MGST, Tmax and GSL (values >10.71; see Supplementary
material Figure S5). Then, to calculate the GLMs and GAMs,
only GDD plus the other variables were added.

The significant baseline variables used to model species
cover with the GLM were FDD, GDD and elevation, whereas

NMDS + groups
: . 43
= Groups 1 ¢
* Groups 2 a4 57
4 Groups 3 . .
= Groups 4
o 7 | * Groups S

02 04
1
=

NMDS2

04 02 00
1 I

06
I

Figure 3.

NMDS1

NMDS biplot of the vegetation plots, based on the Bray—Curtis dissimilarity matrix, with fitted vectors of all environmental factors. The plot

data are regrouped in 5 groups. Ordination stress = 0.22. GSL = Growing Season Length; GDD = Growing Degree Day; FDD = Freezing Degree Day;
MGST = Mean Annual Ground Surface Temperature; TVDI = Temperature Vegetation Dryness Index. [Colour figure can be viewed at

wileyonlinelibrary.com]
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GDD and elevation were used with the GAM because their in-
clusion in the models was significant (p-value < 0.1). To model
species richness, the baseline variables of the GLM and GAM
were FDD, GDD and slope (p-value < 0.05).

The best GLM prediction of species cover was achieved using
quadratic terms and family argument “quasipoisson”. The ex-
plained deviance was 45.7% for the baseline model and 71.9%
for the advanced model. In the other case, it was lower (41-
45.7% and 64.1-67.1%). The details of all trials with quadratic
terms and the family argument “quasibinomial” are presented
in Supplementary material Figure S6. The predictions of species
cover and species richness were significantly improved by the
addition of the morphodynamics variable (p-value < 0.001).
For species cover, the explained deviance improved from
43.3% to 70.8% using the GAM. For species richness, the ex-
plained deviance in the GLM changed from 31.2% to 52.6%,
and in the GAM from 32.7% to 55.4%. According to the GLM re-
sults, species richness increased as GDD (p-value < 0.05)

© 2019 John Wiley & Sons, Ltd.

increased and decreased as morphodynamics (p-value <
0.001), FDD (p value < 0.05) and slope increased (p value <
0.1). As long as the models are linear, no figures are shown. From
the GAM results, the species cover increased as GDD (p-value <
0.007) and elevation (but p-value not significant) increased (Fig-
ure 5a and b), whereas it decreased significantly (p-value <
0.001) with an increase in morphodynamics (Figure 5c). Species
richness increased as GDD increased (p-value not significant —
Figure 5d) and decreased as FDD (p-value < 0.01), slope (not sig-
nificant) and morphodynamics (p-value < 0.001) increased (Fig-
ure 5e and f).

Discussion

In the present study, we investigated the influence of environ-
mental variables, especially geomorphic processes, on the
composition of plant communities in the Western Swiss Alps.

Earth Surf. Process. Landforms, (2019)
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The innovative aspect of this research is that we have worked
on sites characterized by a high degree of heterogeneity regard-
ing ages, landforms and plant communities, using a large data-
set including vegetation and temperature. Indeed, to enhance
plant species distribution model, not only improving the resolu-
tion of topographic data is important but also conducting thor-
ough field measurements (Pradervand et al., 2014), as in our
case. We expected microtopography, microclimate, soil mois-
ture, snow cover and ESPs to be the most important environ-
mental factors for plant communities. However, the initial
expectations were only partly confirmed. Our results
highlighted that landform morphodynamics (which acts on
microtopography), growing degree days and mean ground sur-
face temperature were the most explicative environmental var-
iables for community composition and species richness.
Indeed, different geomorphological characteristics support dif-
ferent plant communities, depending on age, soil development,
frequency of disturbances and landforms dynamics, confirming
previous studies (e.g., Gentili et al., 2013; le Roux and Luoto,
2014). However, the ESPs and the temperature vegetation dry-
ness index (TVDI) exhibited low statistical significance in our
analysis, even if the TVDI is likely directly correlated to vegeta-
tion properties because it includes the NDVI.

© 2019 John Wiley & Sons, Ltd.

Considerable heterogeneity not affected by spatial autocorre-
lation was observed among the plant communities in all three
focus sites. Indeed, due to the heterogeneity of landforms, char-
acterized by different ages and stability, we found a high diver-
sity of plant communities from pioneer, typical of young
moraine deposits, to stable communities, typical of alpine
grasslands. As expected, species cover and species richness
were positively correlated with each other and negatively cor-
related with evenness (Stirling and Wilsey, 2001). Furthermore,
their values were lower in the plots characterized by ESPs. The
composition of the different plant communities is constrained
by the respective adaptations of the species to environmental
conditions. In Les Outans, superficial processes (rill erosion,
debris flow, rock falls) affecting wet calcareous screes and sub-
sidence due to ice melt on the debris-covered glacier resulted
in the survival of only pioneer species. Indeed, the superficial
processes maintain pioneer vegetation groups (Moreau et al.,
2008). In the Col des Perris Blancs, pioneer species were pres-
ent on poorly developed soils and solifluction areas. In con-
trast, windy and dry alpine grasslands were identified in areas
not modified by the LIA glacier, which were characterized by
well-developed organic soil. Les Martinets site showed the
highest plant community diversity. Indeed, the complex history

Earth Surf. Process. Landforms, (2019)
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of this catchment (Perret and Martin, 2015) results in the estab-
lishment of a large variety of successional stages, from pioneer
species in the recently deglaciated areas (observed in the plots
belonging to Thlaspion rotundifolii and Drabion hoppeanae) to
late successional grasslands in the stable surfaces of the Holo-
cene period (Elynion, Seslerion, Caricion ferrugineae and
Caricion curvulae).

Monitoring of ground surface temperatures was helpful in
documenting the microclimatology of the study area and eval-
uating the possible presence of permafrost. During the monitor-
ing period (October 2016 — September 2018), the thin
snowpack at the beginning of winter 2016/2017 induced a
low insulation and, consequently, a strong overcooling of the
winter GST, which was the lowest recorded in the Swiss Alps
over the last ten years (PERMQOS, 2019). In contrast, winter
2017/2018 was characterized by a thicker and longer snow
cover that, together with warmer air temperatures, maintained
GST higher than in 2017. The FDD analysis and the negative
daily temperatures highlighted where the coolest sites were lo-
cated in the study areas. According to the BTS method
(Haeberli, 1973; Hoelzle et al., 1993; lkeda and Matsuoka,
2002; Ishikawa, 2003), permafrost is present around the Col
des Perris Blancs area and in the upper part of the rock
glacier in Les Martinets above 2400 ma.s.l. because winter
temperatures below thick snow were lower than -2°C (and lo-
cally -3°C). This was also confirmed by an electrical resistivity
tomography profile (Giaccone et al., 2016). Negative BTS were
also reported for Les Outans debris-covered glacier, due to the
presence of glacier ice close to the surface. The warmer tem-
peratures measured on the lower part of the Martinets rock gla-
cier does not exclude permafrost conditions. They can indeed
be explained by a thick active layer that prevents the detection
of cold ground conditions by the BTS method. Eventually, the
outlining of these cold sectors fit well with the Alpine Perma-
frost Index Map (Boeckli et al., 2012) and with previous geo-
morphological analyses (Lambiel et al., 2009; Perret and
Martin, 2015). However, temperature was less correlated to
the NMDS axes than GDD and, due to the high correlation be-
tween these variables (~0.8 with Tmin and MGST), only GDD
was finally used in vegetation models.

While the rock glacier in Les Martinets suggests the presence
of permafrost in the upper part, landform dynamics and related
topography were more important to explain the distribution of
vegetation types (e.g., Gobbi et al., 2014; Colombo et al.,
2016). Besides, the active layer thickness prevents any influ-
ence of permafrost on plant life (van Tatenhove and Dikau,
1990; Korner, 2003). In Les Martinets, the lower part of the rock
glacier had vegetation patches of late-successional stages
(grassland), whereas the upper part was colonized exclusively
by pioneer species. In most cases, grass species were found in
Salix retusa and S. serpillifolia mats. This was because dwarf
Salix species, due to their creeping growth and abundant root
development, promote debris stabilization, the accumulation
of fine sediments, biomass and humus thus facilitating the col-
onization of other species (Reisigl and Keller, 1987). These ele-
ments, together with morphological indices, suggest that the
lower part of the rock glacier is older than the upper part. Fur-
thermore, no evident signs of movements were visible in the
frontal part of the lower lobe, in contrast to the upper part
where the front is less stable. Thus, the vegetation allows us
to discern between active and inactive rock glaciers, as also
shown by Cannone and Gerdol (2003) and Burga et al. (2004).

Microtopography controls soil moisture patterns and nutrient
availability (Kemppinen et al., 2018), playing a major role in
the development of vegetation types and plant community suc-
cession (Stewart et al., 2014; Riihimaki et al., 2017), and gener-
ates habitats with heterogeneous snow distribution (Hulber
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et al., 2010; Aalto et al., 2018), which also influences plant
communities. For example, places where the snow disappears
later in summer, as in the Col des Perris Blancs and Les Marti-
nets sites, were mainly colonized by snowbed species (e.g.
Arabis caerulea, Salix herbacea). Based on correlations be-
tween vegetation plots and environmental variables, the grow-
ing degree days and the growing season length appeared to be
between the most explicative variables, confirming how snow
persistence influences vegetation communities (Braun, 1913;
Niittynen and Luoto, 2018).

NMDS analysis was decisive in identifying the influence of
environmental parameters on alpine plant communities, even
if the ordination stress was high (Clarke, 1993), which could
cause misinterpretation. Nevertheless, a relatively low number
of dimensions was needed to obtain the best fit (Hair et al.,
2014). Including the landform morphodynamics variable in
the NMDS was crucial to explaining plant communities, as this
variable exhibited the highest value of linear fit (R* = 57 %).
Furthermore, it significantly improved the species cover and
species richness predictions with both the GLMs and GAMs.
It was, indeed, the only significant variable (p-value < 0.001)
among those added to the baseline GLM and GAM that aug-
mented the explained deviance in both models. We demon-
strated that higher landform morphodynamics cause a
decrease in species cover and species richness. Examples are
the plots n° 11, 12, 43 and 44, the first two of which were lo-
cated at the front of the higher lobe of the rock glacier in Les
Martinets, and the latter two were located in the protalus ram-
part in the Col des Perris Blancs. These plots are characterized
by a maximum morphodynamics index and low level of spe-
cies cover (0-10 %) and species richness (max 8 species).

However, contrary to our initial expectations, solifluction, rill
erosion and nivation were not significant in the species cover
and species richness models, although ESPs were shown to be
influential on plant communities in previous studies (Malanson
etal., 2012; le Roux et al., 2013). The reason for this difference
may result from an insufficient sample size to fit the GLMs and
GAMs, as evidences of ESPs were only found in a limited num-
ber of plots. The plots most affected by rill erosion, solifluction
and frost weathering are included in groups 2 and 5. In these
groups, the species belong to Petasidion paradoxi, Thlaspion
rotundifolii and Drabion hoppeanae, all being markers of cal-
careous screes (Delarze et al., 2015), with high rates of geomor-
phic processes. The plots characterized by nivation were found
in groups 2 and 3 (composed of species belonging to Arabidion
caeruleae, Salicion herbaceae, Thlaspion rotundifolii and
Drabion hoppeanae) and were located in small areas, where
the local topography supports longer snow persistence and,
consequently, the growth of snowbed species (Bjork & Molau,
2007). The plots not affected by ESPs were composed of late
successional species and pioneer species.

The choice to include the morphodynamics index in our
analysis was fundamental even if it has some limitations. In-
deed, the relationships between species composition and land-
form morphodynamics derive from the effect of landform
changes (e.g. Cannone & Gerdol, 2003; Gentili et al., 2013;
le Roux and Luoto, 2014) and direct disturbance impact on
species, but also from other factors which were not integrated
in our index. Within the morphodynamics index, we took into
consideration the soil texture and development (fine material
or rock texture) but not pH, nutrients, quantitative soil organic
matter and other soil properties, which are also known to be es-
sential for plant species development, for example ions con-
centration, water content and soil respiration (Buri et al.,
2017; Cianfrani et al., 2018; Gobat et al., 2010; Grand et al.,
2016; Matteodo et al., 2018). Furthermore, soil properties are
particularly difficult to include in the models due to their high
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spatial variability, which depends on bedrock, climate and to-
pographical factors, but also on the activity of microorganisms
(e.g. Yashiro et al., 2018). A further complication is that they are
tightly associated to vegetation, and vice versa (Lavelle et al.,
1995; Guisan et al., 1998).

Our results confirmed also the importance of the thermal indi-
ces for plant species. Climatic factors are in fact between the
most important factors shaping plant distributions and especially
the temperature is a key parameter influencing plant life cycles.
Under ongoing climate warming, several studies have pointed
out that phenology is accelerated and growth enhanced (Hollis-
teretal., 2005; Chen etal., 2015) but freezing and heat stress still
played decisive roles for alpine plants life (Korner, 2003).

Conclusion

In this study, we investigated three alpine sites in the Western
Swiss Alps (1950-2550 m a.s.l.) that exhibited high geomorpho-
logical variability and habitat diversity. We demonstrated that
landform morphodynamics, growing degree days and mean
ground surface temperature are the most explicative environ-
mental variables of plant communities in such heterogeneous
environments. Specifically, the morphodynamics index proved
fundamental as it provided important information concerning
landform stability, frequency of disturbances, age of deposits
and soil development. Moreover, vegetation shows to be criti-
cally relevant to identify the different degrees of activity in the
rock glacier.

The morphodynamics index significantly improved the
models of species cover and species richness. The earth surface
processes (rill erosion, solifluction, frost weathering and
nivation) are also known to influence vegetation types (Virta-
nen et al., 2010; le Roux and Luoto, 2014) but were less signif-
icant in our study. However, in the plots characterized by earth
surface processes (ESPs), vascular plant cover and species rich-
ness had lower values compared to the “No ESP” category, in-
dicating that an increase in geomorphological disturbance
causes a reduction in the number of species and their cover
percentage. Furthermore, high species richness values were
generally associated with low morphodynamics index. There-
fore, our results do not support the intermediate disturbance hy-
pothesis (Connell, 1978), which asserts that maximum species
richness should be reached at intermediate intensities of distur-
bance. Nevertheless, in alpine environments, this hypothesis
should not be evaluated as the only explanation because other
important abiotic factors, such as temperature, length of grow-
ing season and soil pH, are more actively involved (Vonlanthen
etal., 2006b). Part of these factors induce probably too stressful
conditions to allow competitive species to dominate the com-
munities and to exclude stress tolerant species, as observed in
lowlands with forests.

The results of this study contribute to a better understanding
of the environmental factors influencing the type and distribu-
tion of alpine plant communities. Subjected to persistent atmo-
spheric warming, changes in ground surface temperatures,
snow cover and correlated earth surface processes may directly
modify plant communities and soil properties. Future research
should investigate the effects of soil texture, nutrient and pH,
as done by Dubuis et al. (2013), and couple these results with
geomorphological assessment in high alpine sites, as those pre-
sented here. Additionally, it would be important to work with
longer ground surface temperature series, to obtain a more
complete overview of the factors affecting vegetation in alpine
ecosystems, and to take in consideration a biogeomorphic ap-
proach, because plant communities and geomorphic distur-
bance regime could be co-dependent as demonstrated by

© 2019 John Wiley & Sons, Ltd.

some authors (e.g., Corenblit and Steiger, 2009; Eichel et al.,
2016 and 2017; Lane et al., 2016).
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Supporting Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure ST1. Longitudinal electrical resistivity tomography (ERT)
profile realized the 16 August 2016 on Les Martinets rock gla-
cier. The x-axis represents the longitudinal distance in meters
from the profile starting point and the y-axis the elevation
(ma.s.l.). The ERT profile was carried out with 48 electrodes
and an inter-electrode spacing of 5m from the upper lobe
(UL) to the half part of the lower lobe (LL). The apparent
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resistivity were measured with the Syscal Pro Switch 96 (Iris In-
struments). Salt-water saturated sponges were used to improve
the contact between the electrodes and the ground because
the surface was characterized by plurimetric blocks. Collected
data were analyzed with the Prosys Il software, in which the
surface topography measured with dGPS was inserted. The in-
version was carried out with the RES2DINV software. We
choose least-square inversion and robust parameters, providing
a good visualization of high resistivity contrasts (for further de-
tails in the methodology see Marescot, 2006; Hauck and
Kneisel, 2008; Bosson et al., 2015). A high resistivity body
(30 kQm on average with maximum of 300-500 kQm) is pres-
ent in the upper part of the UL up to a depth of 30 m. This
can be interpreted as a permafrost layer. In the lower part of
the UL, no permafrost is detected, considering low resistivity
values (< 5 kQm). In the LL, small patches of very high resistiv-
ities (300-500 kQm) are interpreted as permafrost lenses. How-
ever, care have to be taken in the interpretation because of the
relatively high error value (12.4%). Bosson J, Deline P, Bodin X,
Schoeneich P, Baron L, Gardent M, Lambiel C. 2015. The influ-
ence of ground ice distribution on geomorphic dynamics since
the Little Ice Age in proglacial areas of two cirque glacier sys-
tems. Earth Surface Processes and Landforms 40 : 666-680.
DOI: 10.1002/esp.3666. Hauck C, Kneisel C. 2008. Applied
geophysics in periglacial environments. Cambridge University
Press: Cambridge. Marescot L. 2006. Introduction a I'imagerie
électrique du sous-sol. Bulletins des séances de la Société
vaudoise des sciences naturelles 90: 23-40.

Table S1. List of plots with topographic information (elevation
[meters], aspect [North (-1) South (+1) gradient] and slope [de-
grees]), landforms type, species cover (percentage of vascular
plant cover - %), and species richness (number of species per
plot).

Figure S2. Left. Frequency of species cover [%]. Center. Fre-
quency of species richness [n°]. Right. Frequency of evenness.
Figure S3. Temperature distributions (period from 1 October
2016 to 30 September 2018) of iButtons, grouped according
to plant composition. The box-plot delimit the 1°* and the 3™
quantiles and the median (bold segment). The dotted line indi-
cates the extremes and the small circle the outliers.

Figure S4. Examples of temperature evolution during one year.
RD = basal-ripening data; MD = melt-out date. iButton n° 2 is
located at 2300 ma.s.l. in Les Martinets, in a debris area com-
posed by ancient rock fall deposit and avalanche deposit. It
does not have RD because of lack of ground freezing during
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the winter. iButton n° 63 is situated in the upper part of the
creeping talus slope in Col des Perris Blancs site, at 2426 m of
elevation. In this case, both RD and MD were detected.
Figure S5. Correlation matrix between explanatory variables
based on Spearman’s rank correlation coefficient. Spearman
correlation coefficient was set tolpl> 0.7 as criterion to limit
collinearity between the variables. MGST = Mean Annual
Ground Surface Temperature; Tmin = minimum temperature;
Tmax = maximum temperature; FDD = Freezing Degree Day;
GDD = Growing Degree Day; GSL = Growing season length;
TVDI = Temperature Vegetation Dryness Index.

Figure S6a. Baseline GLM of species cover, with normal ex-
planatory variables, family argument “Quasipoisson”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6b. Baseline GLM of species cover, with quadratic ex-
planatory variables, family argument “Quasipoisson”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6c. Avanced GLM of species cover, with normal ex-
planatory variables, family argument “Quasipoisson”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6d. Avanced GLM of species cover, with quadratic ex-
planatory variables, family argument “Quasipoisson”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6e. Baseline GLM of species cover, with normal ex-
planatory variables, family argument “Quasibinomial”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6f. Baseline GLM of species cover, with quadratic ex-
planatory variables, family argument “Quasibinomial”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6g. Advanced GLM of species cover, with normal ex-
planatory variables, family argument “Quasibinomial”. Resid-
uals vs Fitted, Normal Q-Q, Scale-Location and Residuals vs
Leverage plots are shown.

Figure S6h. Advanced GLM of species cover, with quadratic
explanatory variables, family argument “Quasibinomial”. Re-
siduals vs Fitted, Normal Q-Q, Scale-Location and Residuals
vs Leverage plots are shown.
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