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Introduction

Climate changes and warm-stage refugia for cold-adapted species

The effects of climate changes

Quaternary climate variations as the cyclical alternation of cold- and warm-climatic stages (e.g. glacial
and interglacial periods) highly affected the evolution and distribution of plant and animal species on
Earth. The effects include adaptation, speciation and extinction processes (Merila et al., 2013;
Schilthuizen et al., 2013; Steven et al., 2013; Bellard et al., 2014), migrations toward southern/northern
latitude or lower/higher altitude and atreal expansion/contraction (Birks and Willis, 2008; Rull, 2009;
Stewart et al., 2010; Bellard et al., 2014). A refugium is defined as the geographical region that a species
inhabits during the period of a glacial/interglacial cycle that represents the species minimum areal
extension (Stewart et al, 2010). The refugium condition over a glacial/interglacial cycle occurs
depending on species ecological requirements: the distribution range of species adapted to the relatively
warm climates of lower latitude/altitude tend to reach its minimum during cold-climatic stages (cold-
stage refugia), while that of species adapted to the relatively cold climates of higher latitude/altitude
tend to reach its minimum during warm-climatic stages (warm-stage refugia). Warm-stage refugia are
thus defined as sites able to preserve suitable climate conditions for cold-adapted species (see page 5
for definition) in spite of the climate warming (Birks and Willis, 2008; Rull, 2009; Stewart et al., 2010).
Since 1880 air temperature at global scale rapidly increased of c. 0.85 °C likely due to the increasing
amount of anthropogenic greenhouse gas and is forecast to increase over the 21% century as well
(IPCC, 2014); cold-adapted species are thus the first to be threatened due to the progressive reduction
of their suitable areas (Dullinger et al., 2012; Bellard et al., 2014). To prevent the extinction risk, cold-
adapted species can react in three main ways: 1) adapting to the new environmental conditions; 2)
migrating toward suitable areas following the shift of latitudinal/altitudinal belts; 3) persist in the same
areas secking for warm-stage refugia (Theurillat and Guisan, 2001; Dobrowski, 2011; Keppel et al,,
2012, 2015; Bellard et al., 2014). Since the first two strategies likely need too much time with respect to
the extraordinarily fast anthropogenic climate change (Jump and Pefiuelas, 2005), the third is drawing

more attention in ecological and biogeographical research.

The role of microclimatic heterogeneity

Geomorphic and microclimatic heterogeneity at landscape level is supposed to play an important role
in providing warm-stage refugia for cold-adapted species (Dobrowski, 2011; Scherrer and Korner,
2011; Ashcroft et al., 2012; Keppel et al., 2012, 2015). The microclimatic heterogeneity of many

mountain regions can be enhanced by periglacial and glacial landforms characterized by debris with



underlying ice, like active rock glaciers and debris-covered glaciers (Fickert et al., 2007; Millar et al.,
2010, 2013; Caccianiga et al., 2011; Gobbi et al., 2011; Gentili et al., 2015).

Active rock glaciers are periglacial landforms consisting of coarse debris with interstitial ice or ice core,
characterized by creeping due to ice deformation (Haeberli et al., 1985; Barsch, 1996; Janke et al., 2013).
Active rock glaciers are the most evident expressions of permafrost in mountain landscapes; they show
a certain thermal inertia toward the climate variations due to the insulation effect of the debris fraction
(Clark et al., 1996; Frauenfelder and Kaib, 2000). Debris-covered glaciers are glaciers with the ablation
zone covered by a debris layer. Such landforms are relatively decoupled from air temperature, since a
debris layer thick enough (above c. 1-2 cm) acts as thermal insulator and protects the underlying ice
from ablation (Mattson et al., 1993; Nakawo and Rana, 1999). Debris-covered glaciers differ from
debris-free ones for less negative mass balance, smaller amplitude of frontal fluctuations and tongue
descending to lower altitudes (Kirkbride, 2000; Diolaiuti et al., 2003; Deline, 2005).

Active rock glaciers and debris-covered glaciers count some important difference which in turns affect
their ecological features: 1) active rock glaciers occur at the highest elevation being theoretically
included between the lower limit of permafrost and the equilibrium line of glaciers (Haeberli, 1985),
while debris-covered glaciers can extend their tongues through a wider altitudinal range due to their
peculiar mass balance (Deline, 2005); 2) the surfaces of active rock glaciers are mainly characterized by
large blocks with scarce fine matrix (Barsch, 1996), while the supraglacial debris includes a wider range
of grain size distribution (Diolaiuti et al., 2003); 3) active rock glaciers are characterized by relatively
slow movements (generally < 1 m/y) (Barsch, 1996), while debris-covered glaciers can reach much
more higher flow velocity (up to 16 m/y) (Caccianiga et al., 2011).

Despite such differences, active rock glaciers and debris-covered glaciers are ecologically comparable as
habitat at least for the presence of debris with underlying ice. Both plants and arthropods were
observed on such landforms in spite of the harsh environmental condition, especially pioneer and cold-
adapted species. Debris-covered glaciers and active rock glaciers were thus proposed as potential warm-
stage refugia for cold-adapted species, due to the microclimate features provided by the underlying ice
and the thermal inertia provided by the debris insulation (Fickert et al., 2007; Caccianiga et al., 2011;
Gobbi et al., 2011; Millar et al., 2013).

Studies about geomorphological (e.g. Diolaiuti et al., 2003; Deline, 2005; Humlum, 1998, 2000),
botanical (e.g. Fickert et al., 2007; Caccianiga et al., 2011; Cannone and Gerdol, 2003; Burga et al., 2004)
and zoological features (e.g. Gobbi et al., 2011; Millar et al., 2010, 2013, Azzoni et al., 2015) of active
rock glaciers and debris-covered glaciers were already performed, but the ecological features of such
landforms can be understood only through multidisciplinary approaches. To our knowledge, no studies

integrated climate, soil, plants and arthropods data at the same time.



The ecological variability within active rock glaciers and debris-covered glaciers was already analyzed
especially for plants (e.g. Cannone and Gerold, 2003; Burga et al., 2004; Fickert et al., 2007; Caccianiga
et al., 2011; Rieg et al.,, 2012), but a clear contextualization of such landforms at landscape level is
needed to infer their potentiality as warm-stage refugia. To our knowledge: 1) no studies compared
active rock glaciers and debris-covered glaciers with the surrounding iceless landforms in order to infer
the thermal effect of underlying ice on plant and arthropod communities, and 2) no study analyzed the
arrangement of such landforms with respect to the altitudinal zonation of mountain ecosystems (e.g.
with respect to the climatic treeline), in order to infer their ability to host cold-adapted species in

adverse bioclimatic contexts.

The role of macroclimatic heterogeneity

Besides microclimatic heterogeneity at landscape level, macroclimate heterogeneity at regional scale
should be considered in the framework of the current climate change. Particularly interesting are the
macroclimate contexts able to limit the effects of climate change themselves on high mountain
landscapes and ecosystems, thus preventing the extinction risk for cold-adapted species.

The most evident effects of climate change on high alpine landscapes and ecosystems are glaciers
retreat (Citterio et al., 2007) and primary successions on glacier forelands (terrain ice-free by glacier
retreats) and on recent moraines (terrain deposed by recent temporary glacier advances) (e.g.
Kaufmann, 2001; Caccianiga and Andreis, 2004). In a chronosequence of glacier retreat, pioneer species
are progressively replaced by mid- and late-successional ones, until the ultimate establishment of the
“climax” communities. Among pioneer species, the cold-adapted ones are the first to be threatened by
such process, since (as pioneer) they are forced to follow the glacier retreat to avoid the competition
with mid- and late-successional species, and (as cold-adapted) they are unable to withdraw on other
habitats if not at higher elevation. Such scenario suggests a local extinction of pioneer cold-adapted
species once glaciers will disappear. However, the temporal patterns of both glaciers retreat and
primary successions on glacial landforms can be highly affected by the macroclimate at regional scale.
One of the most remarkable example of macroclimate heterogeneity of any mountain system is the
contrast between the cold-dry continental climates of inner ranges and the cold-wet oceanic climates of
petipheral ones (Kérner 2003; Beniston, 2005). The geographical arrangement of peripheral mountain
ranges toward the atmospheric circulation results in high winter precipitations and long-lasting snow
cover, which in turn allow the long-lasting persistence of glaciers at relatively low altitude (Scotti et al.,
2014) and suggest a slow biological colonization of glacial landforms (Caccianiga and Andreis, 2004).
Glacier forelands and recent moraines of peripheral mountain ranges may thus act as temporary warm-
stage refugia for pioneer cold-adapted species, allowing them to persist along the chronosequences of

glaciers retreat much longer than on those of the inner mountain ranges at the same elevation.



Primary succession on glacial landforms were widely investigated on the inner massifs of the Alps both
for plants (e.g. Burga, 1999; Marcante et al., 2009; Gobbi et al., 2010) and arthropods (e.g. Kaufmann,
2001; Schlegel and Riesen, 2012; Gobbi et al., 2010), while the knowledge about peripheral mountain
range is still scarce (Caccianiga et al., 1993; Caccianiga and Andreis, 2004); a multidisciplinary study is
thus needed to analyze the features of a primary succession in such context and to compare its
temporal pattern with those of the glacial landforms of inner mountain ranges.

The scientific interest of peripheral mountain ranges concerns not only their ecological peculiarities, but
also their biodiversity and its related biogeographical implications. Peripheral mountain ranges of many
mountain systems are currently characterized by the highest number of species and endemism (Pauli et
al., 2003), many of which are cold-adapted. The isolation due to the ice-sheets expansion in cold-
climatic stages (e.g. the Last Glacial Maximum, c. 22000 years BP, Antonioli and Vai, 2004) was
traditionally involved to explain the present biogeographical features of these areas, both for plants (e.g.
Martini et al. 2012; Schonswetter et al. 2005) and arthropods (e.g. Latella et al., 2012; Lohse et al,,
2011). By contrast, the areal contraction of cold-adapted species in warm-climatic stages (e.g. the
Holocene Climate Optimum, c. 8000 years BP, Antonioli and Vai, 2004) was less considered.

Since glacial landforms of peripheral mountain ranges could act as warm-stage refugia, their occurrence
could explain part of the present distribution of cold-adapted species. A biogeographical study which
compare the distributional pattern of cold-adapted species with the putative position of cold- and
warm-stage refugia is thus needed to shade light on the present biogeographical arrangement of

petipheral mountain ranges.

Aims and methods of the PhD project

General aims

Aim of this study was to analyze the ecological features of periglacial and glacial landforms (active rock
glaciers and debris-covered glaciers on inner mountain ranges, glacier forelands and recent moraines on
peripheral mountain ranges) to test whether they have the main requirements to act as potential warm-
stage refugia for cold-adapted species. A multidisciplinary approach was followed, considering both the
abiotic (ground surface temperature and humidity, soil physical and chemical parameters) and biotic
variables (plant and arthropod communities).

Concerning active rock glaciers and debris-covered glaciers on inner mountain ranges, we considered as
key-requirements to act as potential warm-stage refugia: 1) a cold-wet microclimate due to the
underlying ice able to support cold-adapted species and, 2) the ability to cross the altitudinal zonation

of mountain ecosystems, thus to support cold-adapted species in adverse climate contexts.



Concerning glacier forelands and recent moraines on peripheral mountain ranges, we considered as
main key-requirement to act as potential warm-stage refugia a relatively slow colonization pattern, able
to long-lasting support pioneer cold-adapted species in spite of their replacement with mid- and late-

successional ones.

Definition of cold-adapted species

With the term “cold-adapted species” we refer to the species strictly linked to the alpine-nival belt, thus
characterized by a limited range of tolerance in altitudinal distribution.

We defined the main thermal requirement of species on the basis of their normal altitudinal
distribution, as the present study is focused on high mountain ecosystems of the Alps and altitude is the
main factor driving air temperature in mountain regions (Rolland, 2013). Since the climatic treeline
represents the lower bioclimatic threshold of the alpine belt (K6rner, 2003), we assumed its elevation as
the minimum value below which cold-adapted species should be considered below their normal
altitudinal distribution, thus in adverse climate context. Concerning plants, we consider as cold-adapted
all the species with temperature index = 1 (alpine and nival) and temperature range of variation = I
(temperature index variation at most * 1) in Landolt et al. (2010); concerning arthropods, we based on
the available descriptive literature on the altitudinal distribution of each taxa (e.g. Casale et al., 1982;
Pantini and Isaia, 2016).

However, air temperature altitudinal lapse rate can differently affect ground surface temperature below
and above the treeline: while below such threshold the microclimate variability due to topography tends
to be levelled off by the tree canopy, above the treeline the topography becomes the main driver of
microclimates distributional pattern. The alpine-nival belt thus results in a complex mosaic of
microclimates depending on topography rather than air altitudinal temperature lapse rate (Korner,
2003; Scherrer and Korner, 2011). We are aware of that defining cold-adapted species only on the basis
of their altitudinal distribution we inevitably gather alpine-nival species with quite different
microclimate requirements, like those adapted to cold-wet microclimates and long-lasting snow cover
of the hollows, those adapted to cold-dry microclimates and brief-lasting snow cover of the humps and
all the transitions between each other. In our study we take account of such intrinsic environmental
variability referring to the specialized literature on single species ecological requirements (e.g. Casale et

al., 1982; Oberdorfer, 1998; Grabherr and Mucina, 1993; Pantini and Isaia, 2010).

Study areas
The PhD project was carried out in five main study areas of the Italian Alps (Fig. 1).
The ecological studies on active rock glaciers and debris-covered glaciers as habitat and potential warm-

stage refugia were carried out in the inner Alps, where such landforms are currently well expressed.



Active rock glaciers are widespread on the whole Alpine chain, embracing a wide range of geographical
and geological contexts. In order to perform an overview as complete as possible on the ecological
features of such landforms, three areas with contrasting lithology were selected: one on igneous silicate
substrate (Val d’Amola, Adamello-Presanella), one on metamorphic silicate substrate (Val d’Ultimo,
Ortles-Cevedale) and one on sedimentary carbonate substrate (Valle del Braulio, Ortles-Cevedale).
Debris-covered glaciers are few and mainly located in the highest massifs of the western sector of the
Alps; we analyzed Belvedere glacier (Valle Anzasca, Monte Rosa) as one of the largest Alpine debris-
covered glaciers (e.g. Monterin, 1923; Haeberli et al., 2002; Diolaiuti et al., 2003).

The ecological and biogeographical studies on peripheral mountain ranges as a location of warm-stage
refugia were carried out on Orobian Alps (Lombardy), as one of the best known peripheral mountain
ranges of the Alpine chain by the geomorphological (Jadoul et al., 2000; Bini and Tognini, 2001; Bini et
al., 2009; Scotti et al., 2013, 2014), botanical (Pirola and Credaro, 1977; Caccianiga et al., 1993, 2008;
Martini et al., 2012; Bona et al., 2013) and zoological viewpoints (Lohse et al., 2011). Trobio glacier
foreland (Val Seriana) was selected to analyze a chronosequence of glacier retreat in such context, since
its Holocene dynamic is one of the best known of the area (Caccianiga et al., 1993; Bonardi et al., 2012).
Finally, the whole Orobian Alps was considered as a study area in a biogeographical study aimed to
compare the distribution of cold-adapted species with the putative position of cold- and warm-stage
refugia.

Besides these main study areas, data were collected in other areas to create a dataset aimed to perform a
first synthesis at Alpine scale on periglacial and glacial landforms as habitat and warm-stage refugia for
cold-adapted species (Fig. 1). Such areas were selected in order to increase the range of geographical,
geological and climatical variability of the investigated landforms. In particular: the active rock glacier of
Col d’Olen (Valle del Lys, Monte Rosa) was included as active rock glacier on serpentine substrate; the
active rock glacier of Valmorta (Val Seriana, Orobian Alps) was included as example of active rock
glacier located in the extreme climate condition of peripheral mountain ranges; the Coca glacieret was
included, in contraposition to Trobio glacier, as one of the Orobian glaciers less subjected to retreat;
the scree slopes of Pizzo Tre Signori were included as examples of debris-featured landforms in an area

of Orobian Alps not involved in recent periglacial and glacial processes.



ID | Valley Area Landforms
1* | Val d'Amola Amola Debris-covered glacier, glacier foreland, rock glacier, control slope, scree slope
2* | Val d'Ultimo Lago Lungo Rock glacier, control slope, scree slope
3* | Valle del Braulio | Vedrettino Rock glacier, control slope, scree slope
4* | Valle Anzasca Belvedere Debris-covered glacier, control slope, iceless moraine
5% | Val Seriana Trobio Glacier foreland, control slope
5 | Val Seriana Coca Glacier foreland, control slope, scree slope
5 | Val Seriana Valmorta Rock glacier, scree slope
6 | Val Brembana Tre Signori (BG) | Scree slopes
6 | Val Gerola Tre Signori (SO) | Scree slopes
7 | Valle del Lys Col d'Olen Rock glacier, control slope, scree slope
Fig. 1. Study areas (* = main area) with their location (valley) and investigated landforms.
General methods

For each area, different landforms were analyzed and compared. The same integrated methods were
applied to collect multidisciplinary data about climate, soil, plant and arthropod on these landforms (fig.
2): data-loggers were used to analyze ground surface temperature and humidity during a one-year
period; soil samples were taken at the surface for physical (grain size distribution) and chemical analyses
(soil pH, organic matter content and calcium carbonate content); plant species surveys of 25m” were
performed to estimate the percentage of bare soil surface and the cover of each plant species with a
resolution of 5%; arthropod species sampling was performed through pitfall traps (plastic cups buried
up to the edge and filled with approximately 20 ml of wine-vinegar and salt solution) collected and re-
set every 20 days during the snow-free season.

A stratified sampling design based on a number of “sampling points” as pseudo-replicas gathered in a

number of “plots” as replicas was followed, with slight differences depending on the study area.



Regression methods (e.g. Quantile Regression Model and Generalized Linear Model) and Indicator
Species Analysis were used to analyze the differences among sampling units in terms of abiotic and
biotic variables; multivariate methods (e.g. Cluster Analysis, Principal Component Analysis and
Canonical Correspondence Analysis) were used for community’s classification, species ordination and
to analyze the association among abiotic and biotic variables. All the analyses were performed with the

R software (R Core Team 2015).

Fig. 2. Methods for the multidisciplinary data collection: 1) data-logger to record ground surface

temperature and humidity; 2) soil sampling for physical and chemical analyses; 3) vegetation survey area

of 25 m* 4) pitfall trap for arthropod sampling.

Key taxa

Vascular plant species were selected as key taxa because are reliable bioindicators (Landolt et al., 2010)
especially at high altitude, where the harsh abiotic factors (e.g. soil and climate) prevail on biotic ones
(e.g. competition) (Pauli et al., 2003). Moreover, community data are easily collectable (Braun-Blanquet
and Jenny, 1926) and species are well known by the ecological and biogeographical viewpoints
(Aeschimann et al., 2004; Landolt et al., 2010). In strength of such features, vascular plants were
extensively used in ecological studies about the effect of climate change on high latitude/altitude

ecosystems (e.g. Theurillat and Guisan, 2001; Pauli et al., 2003; Thuiller et al., 2005; Dullinger, 2012).



Carabid beetles (Coleoptera: Carabidae) and spiders (Arachnida: Araneae) were selected as arthropod
key taxa. The choice of predatory taxa allows to exclude a direct trophic relationships with vascular
plants (Gobbi et al., 2010; Hodkinson et al., 2002), thus to focus the study on the ecological role of
abiotic factors (e.g. climate and soil). Carabid beetles and spiders are the most abundant predatory taxa
on periglacial and glacial landforms and were extensively used in ecological studies about the effects of
climate change on high latitude/altitude ecosystems (e.g. Gobbi et al., 2006a, 2006b, 2007; Briten et al.,
2012; Pizzolotto et al., 2014). Indeed, such taxa are reliable bioindicators (Groppali, 1998; Brandmayr et

al., 2005, 2013), easily collectable (Brandmayr, 2005) and well known by the ecological and

bl

biogeographical viewpoints (Brandmayr et al., 2003; Thaler, 2003).

Functional traits

Besides the taxonomical approach, which remains the main rationale of the PhD project, we
characterized each plant and arthropod species found on the main study areas by the functional
viewpoint. A functional approach was previously applied to analyze high alpine ecosystems for plants
(e.g. Caccianiga et al.,, 2000), arthropods (e.g. Briten et al., 2012) and even to compare plants and
arthropods at the same time (Gobbi et al., 2010). This approach could be useful in the framework of
our research to compare plants and arthropods of periglacial and glacial landforms at global scale,
overtaking the taxonomical differences due to biogeography.

Plant species were characterized by the functional viewpoint following the CSR strategy scheme
(Grime, 1977; Grime and Pierce, 2012). This theory proposes three main plant functional types as
response to three different ecological conditions and selective forces. 1) C-selected plants (competitors)
are adapted to survive in stable and productive environments by investing resources in vegetative
growth and organ size for resource preemption; 2) S-selected plants (stress tolerators) protect metabolic
performance in resource-poor environments by investing in capacity to retain resources and repair
cellular components in dense and persistent tissues; 3) R-selected plants (ruderal) are adapted to
environments characterized by periodical biomass destruction, investing resources not in the individual
but in propagules from which the population can regenerate in the face of the disturbance.

The main plant functional trait spectra represent variation in organs size and resource economics (a
trade-off between traits conferring internal conservation and resource acquisition). Leaf area (LA),
which play a key role in intercepting light (typical of the C strategy), can be considered as a function of
the organ size spectrum. Leaf dry matter content (LDMC) and specific leaf area (SLA) can be
considered as indicators of the opposite extremes of the resource economics spectrum, representing
internal conservation (typical of the S strategy) and resource acquisition (typical of the R strategy),
respectively. The measurement of the three leaf parameters (LA, LDMC and SLA) can thus be used to

outline the CSR strategy of each plant species (Pierce et al., 2013).
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Plant species for which leaf parameters were not collected in previous studies were characterized by the
functional viewpoint following the CSR theory, measuring leaf parameters on the basis of the standard
sampling and analysis methods (Pierce et al., 2013). The obtained data were merged with a database
which contributed to the elaboration of a global method for calculating plant CSR ecological strategies.
Also arthropod species can be analyzed by the functional viewpoint (e.g. Gobbi et al., 2010; Briten et
al., 2012; Schirmel et al., 2012). Even though a standardized method based on the measurement of
quantitative biological parameters (like leaf parameters for plant species) and a categorization in
functional types based on a scheme of adaptative strategy (like the CSR scheme for plant species) are
not available yet, both carabid beetles and spiders shows adaptation useful to outline the ecological
strategy of each species.

Two main criteria were generally followed to characterize arthropod species by the functional
viewpoint. 1) Dispersal ability can be used as indicator of the ability to face periodical disturbances:
high-dispersal arthropods (e.g. winged carabid beetles and ballooner spiders) have more chance to
escape from disturbances and to recolonize a recently disturbed habitat; by contrast, low-dispersal
arthropods (e.g. wingless carabid beetles and runner spiders), have less chance to persist in such
condition and generally need for more stable ecosystems (Brandmayr, 1991; Bell et al., 2005). 2) Diet
and hunt strategy can be used as indicators of the habitat maturity: the occurrence of some traits (e.g.
carnivorous carabid beetles and ground hunters spiders) rather than others (e.g. omnivorous carabid
beetles and web weavers spiders) is strictly linked to the trophic availability of the habitat and the
complexity of the ecosystem (Hodkinson, 2001, 2002; Gobbi et al., 2010; Braten et al., 2012).

Data about arthropod functional traits were obtained on the basis of the specialized carabid beetles
(Hurka 1996; Brandmayr et al. 2005; Homburg et al. 2014) and spiders literature (Cardoso et al., 2011;
Nentwig et al., 2016). The functional approach to analyze arthropod species was tested on an Alpine

glacier foreland to infer the variation of functional traits along a chronosequence of glacier retreat.

Results organization

The results of the PhD project were reported as a collection of fourteen scientific products: the first
nine are papers representing the main core of the research results, while the other five are contribution
to side-projects coherent with the main theme of the research. The scientific products were organized
in chapters as follows.

Chapter 2. Five papers concerning active rock glaciers and debris-covered glaciers on inner mountain
ranges. Three of these papers (one published, one accepted, one ready for submission) consist of
multidisciplinary studies on the ecology of such landforms as habitat and potential warm-stage refugia
for cold-adapted species (active rock glaciers of Adamello-Presanella and Ortles-Cevedale, debris-

covered glacier of Belvedere). The other two papers (both published) consist of descriptive outlines of
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climate and vegetation features of the investigated areas and landforms (active rock glaciers of Ortles-
Cevedale, debris-covered glacier of Belvedere).

Chapter 3. Two papers concerning peripheral mountain ranges (Orobian Alps) as a location of warm-
stage refugia for cold-adapted species. The first paper (published) consist of a multidisciplinary study of
the primary succession along a glacier foreland in this context (Trobio glacier, Val Seriana); the second
paper (in preparation) consist of a biogeographical study which compare the distribution of cold-
adapted species with respect to the putative position of cold- and warm-stage refugia on Orobian Alps.
Chapter 4. Two papers (one accepted and one submitted) concerning the functional approach to high
alpine plant and arthropod analyses: the one on the CSR theory for plant species (with an application to
active rock glaciers of Ortles-Cevedale and debris-covered glacier of Belvedere), the other on arthropod
functional traits along a glacier foreland (Val d’Amola, Adamello Presanella).

Chapter 5. Preliminary analysis of a dataset including all the study areas investigated in the PhD
project. The dataset aimed to provide a basis also for further synthesis works at Alpine scale on plants
and arthropods of periglacial and glacial landforms.

Chapter 6. Conclusions and perspectives.

Chapter 7. Five contributions (four published and one accepted) to the ecological and biogeographical
knowledge on some endemic, rare or threatened Alpine plant species. Two contributions consist of
assessments for the IUCN Italian Red List about two plant species endemic of Lombardy (Androsace
brevis and Viola comollia); three contributions consist of updates of the regional distribution of rare plant
species (Botrychium multifidum and Saxifraga presolanensis in Lombardy and Galium megalospermum in Val
d’Aosta).

Chapter 8. Summary of the PhD products.

Supervision, collaborations and funding

This PhD research project was carried out under the supervision of the tutors Dr. Marco Caccianiga '
and Dr. Mauro Gobbi * Datalogger programming and soil analyses wete performed under the
supervision of Dr. Chiara Compostella . Vegetation survey were managed independently. Plant species
functional traits analyses were performed under the supervision of Dr. Marco Caccianiga and Dr.
Simon Pierce . Pitfall traps placement, arthropod taxa sorting, carabid beetles identification and
functional traits analyses were performed under the supervision of Dr. Mauro Gobbi. Spider species
identification and functional traits analyses were performed with the collaboration of Dr. Francesco
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Abstract

We report on the key physical features of an active rock glacier that influence the distribution of plants and arthropods. We also perform a comparison
with neighboring scree slope and alpine grassland to test whether the environmental features of the rock glacier drive the presence of specific species
assemblages. Compared with scree slope and grassland, the studied rock glacier provides particular physical features that determine the presence of
unique species. Plant distribution is mainly driven by grain size. Arthropod distribution is linked to grain size, with cold-adapted species found on areas
with coarse-grained deep debris, which also shows a distinctive temperature regime with very low values throughout the year. On the basis of these
findings, we advance the hypothesis that rock glaciers provide specific ecological conditions creating potential refugia for cold-demanding species during
warm climatic periods.
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Introduction

The importance of geomorphological heterogeneity for enhancing rock glacier of the Alps and to compare them with those of neigh-
biodiversity in Alpine ecosystems has often been acknowledged, boring habitats (scree slope and grassland). We also discuss the
as well as its important ecological and biogeographical role in role of active rock glaciers as potential refugia for high alpine
response to climatic fluctuations (Baroni et al., 2007; Caccianiga taxa during warm climatic phases.

etal., 2011; Gobbi et al., 2011; Matthews, 1992). A specific land-
form with its distinctive environmental conditions may promote

the survival of plant and animal taxa when the surrounding habi- Materials and methods
tats become climatically unfavorable and may thus act as a refu- Study area
gium (Stewart et al., 2010). Therefore, environmental heterogeneity The Amola Rock Glacier (Central-Eastern Italian Alps, 46°12'—

within high-altitude landscape could make the difference between

expected survival and extinction of both animal and plant taxa boulders up to some meters in diameter, while fine-grained mate-

(Birks and Wihllis, 2008; E?SI et.al., 2011). ) . rial locally outcrops on the lateral and frontal slopes and on the
Rock glaciers are a periglacial landform characterized by dis- top of the ridges (Seppi et al., 2011, 2012).

tinctive environmental conditions because of the occurrence of
subsurface ice (permafrost). Previous studies outlined the occur-
rence of plant cover on their surface (Burga et al., 2004; Rieg et al., Sampling design and environmental variables
2012); a recent paper reports arthropod assemblages associated
with rock glaciers on Californian mountains (Millar et al., 2014).
To our knowledge, no data on the presence of arthropod assem-
blages on Alpine rock glaciers are presently available. Further-
more, so far no study has tried to address the relationship between 'Museo delle Scienze diTrento, Italy
environmental conditions and plant and arthropod assemblages ?Museo Civico di Storia Naturale di Verona, ltaly
on these landforms. Rock glaciers, with respect to their surround- jﬂ:::::::; j?lg’l;\/si;u?'clafl Milano, traly

ing habitats, offer a unique environment, and we test their suit- a4

ability for the survival of high-altitude plant and arthropod taxa

10°42', Figure 1) is mostly composed of matrix-free, angular

To detect the displacement of the rock glacier, topographic sur-
veys were conducted annually since 2001 with a total station
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® Ground temperature
data logger
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Figure |. (a) Geographic setting and (b) general view of the Amola Rock Glacier (Central-Eastern Italian Alps). The elevation ranges from
2280 to 2500 m a.s.l,and the area is about 9.7 ha.The bedrock consists of biotitic-amphibolic tonalite. (c) Sampling sites, ground temperature
data logger, and surveyed boulders on the rock glacier and in the surrounding area.
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Figure 2. Thermal regime of the monitoring sites located on the rock glacier (PAT6 and HOBO6) and on a nearby scree slope (HOBO4).
The data logger PAT6 was installed on the top of a ridge in fine-grained material, at about 10 cm below the surface to avoid direct solar
radiation. The data logger HOBO |6 was placed between large boulders few meters below the surface and measured the air temperature in the
voids between the boulders.The data logger HOBO4 was installed in fine-grained material about 5 cm below the surface.

(LEICA TCA 2003), measuring a network of 25 large boulders
(Figure 1). The maximum measurement uncertainty can be esti-
mated at +2.5 cm. The velocity of the frontal area of the rock
glacier, where the plant and arthropod sampling points are located,
was interpolated in a GIS by an inverse distance weighted (IDW)
method, obtaining a raster surface. The velocity of the sample
points was then estimated by intersecting them with the raster
surface.

Near-surface ground temperature was continuously mea-
sured at two sites on the rock glacier and on a nearby scree
slope (Figures 1 and 2). Data were collected for 3 years (2009—
2012) with hourly resolution using data loggers Tinytag TGP-
4020 with an external probe (measurement range: —40° to
+125°C; accuracy: £0.35°C) and HOBO HS8 Temp (measure-
ment range: —20°C to + 70°C; accuracy: +0.7°C). The mean
annual ground surface temperature (MAGST) was then
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calculated for each measuring site, and the thermal regime was
analyzed.

For plant and arthropod sampling, two sampling sites were
randomly placed on the rock glacier (sites D and E) and two oth-
ers, as a control, on an undisturbed surface within an alpine grass-
land community (site F) and on a scree slope (site Fb) (Figure 1).
Each sampling site included three randomly placed pitfall traps,
the same utilized in similar habitats (see Gobbi et al., 2011), sur-
rounded by four plots for vegetation sampling; each trap was dis-
tanced at least 10 m to avoid any spatial autocorrelation. The traps
were emptied about every 20 days during the snow-free season
(July—September 2010 and 2011).

Two milieu souterrain superficiel (MSS) traps (Juberthie,
1979) were located at different depths on the rock glacier, one
within fine grain size at 60 cm (MSS_1) and the other between
metric boulders at 6 m of depth (MSS_2). These traps were used
to evaluate the presence of endogean fauna and were located in
July 2011 and emptied in late August 2011.

Plots for the sampling of plant cover consisted of a metal cir-
cle of 40 cm diameter placed at the four opposite sides of the pit-
fall trap. Vascular plants, bryophytes, and ground lichens
occurring within the plot were recorded; the overall vegetation
cover and that of every species were visually estimated with a
resolution of 5%. The mean values from the four plots were cal-
culated to obtain a single value associated with each trap. Col-
lected data in such a small area may not be representative of the
whole plant cover but could be strictly associated with substrate
and arthropod sampling.

A substrate sample of 1-2 kg for particle size distribution anal-
ysis was taken at every sampling site. An amount of 200 g of
substrate was sampled at each pitfall trap for pH (in 1:2.5
soil:water) and organic matter content (Walkley—Black method)
analysis. All the soil samples were taken at the surface.

Statistical analyses

The differences in the analyzed variables between each sampling
site were evaluated by the analysis of variance (ANOVA) and
post hoc Tukey’s HSD test. The relationships between environ-
mental variables and species were outlined through a direct gradi-
ent analysis. According to the gradient length (Podani, 2000), a
redundancy analysis (RDA) (length <2.5 cm) was performed for
plants and a canonical correspondence analysis (CCA) (length
>2.5 cm) for arthropods. A forward selection within the CCA and
RDA was performed to select the significant explanatory predic-
tor variables. Statistical significance (p < 0.01) of each environ-
mental factor was assessed independently by means of an
unrestricted Monte Carlo permutation test (999 permutations).
For multiple simultaneous testing, the Bonferroni correction was
considered. The significance of the total model, after deleting the
non-significant environmental factors, was also tested by Monte
Carlo permutation test (999 permutations).

Plants. Four environmental variables (silt—clay, gravel-sand,
soil pH, and soil organic matter) and 63 species were included
in the analysis. From the analyses, 27 plant species occurring
in only one site were eliminated.

Arthropods. We analyzed spider (Arachnida: Araneae) and
ground beetle (Coleoptera: Carabidae) assemblages as they are
the most abundant ground-dwelling arthropods with well-known
ecology and spatial patterns (Brandmayr et al., 2003; Thaler,
2003) and have been found to clearly react to climate warming in
the Italian Alps (Brambilla and Gobbi, 2014; Gobbi et al., 2006).
Six environmental variables (vegetation cover, vegetation rich-
ness, silt—clay, gravel-sand, soil pH, and soil organic matter) and
20 species were included in the analysis. Six rare (number of
specimens <2) species were omitted from the analysis.

The statistical analyses were performed using IBM SPSS Sta-
tistics v. 20 and CANOCO v. 4.51 for Windows (Ter Braak and
Smilauer, 1998).

Results
Environmental variables

From 2001 to 2011, the rock glacier showed mean velocities
between 0.1 and 20.7 cm/yr and is therefore active. The velocity
of the measuring points located on frontal sector (n = 14) ranged
from 1 to 14 cm/yr, with the displacement direction following the
maximum slope. The estimated velocities of the sampling sites
ranged from more than 2 cm/yr (point D3) to about 10 cm/yr
(points E1 and E2; Table 1).

Soil organic matter content was very low in both rock glacier
sites (mean values: 46.03 + 7.10 and 30.51 + 12.38 g/kg for sites
D and E, respectively) without any significant difference between
them (Tukey’s HSD test p = 0.778). Rock glacier sites, scree con-
trol sites, and grassland control sites were significantly different
from each other (ANOVA test and post hoc Tukey’s HSD test F(3,
10) =52.851; p < 0.001), with grassland showing the highest val-
ues of organic matter (433.74 + 15.03 and 211.22 + 44.86 g/kg for
grassland and scree, respectively). Soil pH did not show any sig-
nificant variation among sites (ANOVA test and post hoc Tukey’s
HSD test F(3, 10) = 1.612; p = 0.262).

On the rock glacier, remarkably cold conditions were observed
at HOBO16 site (Figure 2), where the MAGST was always nega-
tive (—-1.4°C, —2.3°C, and —1.8°C in 2009, 2010, and 2011,
respectively). Winter temperature was affected by wide, short-
term fluctuations, suggesting a continuous air circulation in the
pore space and an air exchange with the atmosphere due to the
low insulating effect of the snow cover. At PAT6 site, the MAGST
above zero was recorded in the same years (1.1°C, 0.7°C, and
1.9°C, respectively). Due to the effective thermal insulation of the
snow layer, the temperature at this site constantly decreased dur-
ing winter, reaching a stable period in late winter/early spring
with values ranging from —5°C to —3°C (Figure 2). A different
thermal behavior characterized the site located outside the rock
glacier (HOBO4). MAGST was always above 3°C, and the tem-
perature during the snow cover period was constantly at 0°C (Fig-
ure 2), suggesting the absence of permafrost (Hoelzle et al.,
1999). The onset of the summer thermal regime (Figure 2) showed
that the snow disappeared earlier on the scree slope than on the
rock glacier.

Plants

In total, 63 plant species were recorded; total plant cover ranged
from 15% (trap E2) to 86% (trap F2). The number of plant species
ranged from 4 (trap E3) to 27 (trap F3) (Table 1). Saxifraga bry-
oides, Oxyria digyna, Poa laxa, Veronica alpina, Adenostyles leu-
cophylla, Cystopteris fragilis, Hedwigia ciliata, and Homalia
besseri were exclusive to the rock glacier surface.

Plant cover was correlated with plant species number
(r =0.928; p < 0.001) and was significantly higher on the
grassland (site F) (ANOVA test and post hoc Tukey’s HSD
test (3, 10) =11.518; p =0.003); plant species number varied
significantly among sites (ANOVA test F(3, 10) = 29.610;
p <0.001) and was significantly higher on site F and lower on
site E.

After forward selection (RDA), one environmental variable
(grain size as gravel-sand) was extracted that significantly corre-
lated with the distribution of the plant species, explaining 54.1%
of the total variance (Figure 3a). The first axis was strongly cor-
related with grain size ( = —0.85 with gravel-sand) and separated
the rock glacier sites (left) from control sites. Grain size was sig-
nificantly correlated with soil organic matter content (» = —0.97
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Table I. Data of sampling sites. Total displacement and mean velocities of the sampling sites on the rock glacier estimated in the period 2001—
201 I; vascular plants (pl), bryophytes (br), lichens (li), carabid beetles (be), and spiders (sp) sampled in each site (values represent the average
plant cover plots and the number of arthropod individuals). ID: acronyms for plant and arthropod names as reported in Figure 3. Nomenclature
follows Pignatti (1982) for vascular plants, Cortini Pedrotti (2001) for bryophytes, and Nimis and Martellos (2008) for lichens.

Rock glacier Scree Grassland
DI D2 D3 El E2 E3 Fbl Fb2 Fb3 Fl F2 F3
Total horizontal displacement (cm) 41.0 53.5 25.8 100.8 103.2 448 - - - - - -
Mean velocity (cm/yr) 4.1 54 2.6 10.1 10.3 45 - - - - - -

ID Species

Car_sem pl  Carex sempervirens 000 0.00 0.00 0.00 0.00 0.00  5.00 0.00 0.00 1375 2125 15.00
Sax_bry pl  Saxifraga bryoides 775 1375 3.75 7.50 7.75 1025  0.00 0.00 0.00 0.00 0.00  0.00
Sal_ser pl  Salix serpyllifolia 0.00 0.00 0.00 0.00 0.00 0.00 27.50 350 000 0.0 125 625
Ely_myo pl  Elyna myosuroides 000 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 875 17.50  10.00
Oxy_dig pl  Oxyria digyna 625 625 1125 3.75 4.00 0.25 0.00 0.00 0.00 0.00 0.00  0.00
Dor_clu pl  Doronicum clusii 2.75 5.00 6.50 4.25 0.00 0.00 2.00 6.67  0.00 0.00 0.00  0.00
Rho_fer pl  Rhododendron ferrugineum 0.00 0.00 0.00 0.00 0.00 0.00 200 1500 0.00 0.00 0.00 625
Leo_hel pl  Leontodon helveticus 0.00 0.00 0.00 0.00 0.00 0.00 5.00 0.00  2.00 5.00 3.75 5.00
Agr_alp pl  Agrostis alpina 0.00 000 0.00 0.00 0.00 0.00 1333 0.00 725 0.00 0.00  0.00
Agr_rup pl  Agrostis rupestris 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 1375 275 375
Hom_alp pl  Homogyne alpina 0.00 0.00 0.00 0.00 0.00 0.00 5.00 3.00 0.00 5.25 5.00 1.50
Ant_alp pl  Anthoxanthum alpinum 0.00 000 0.00 0.00 0.00 0.00 10.00 567 0.00  0.00 250 025
Fes_nig pl  Festuca nigrescens 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 2.50 250 12.50
Vac_gau pl  Vaccinium gaultherioides 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 3.75 2.75 10.00
Pol_viv pl  Polygonum viviparum 0.00 0.00 0.00 0.00 0.00 0.00 6.67 0.00 0.00 3.00 5.00 1.50
Agr_sch pl  Agrostis schraderana 0.00 0.00 0.00 0.00 0.00 0.00  0.00 925 0.00 0.00 5.00 1.50
Poa_alp pl  Poa alpina 0.00 0.00 0.00 0.00 0.00 0.00 5.67 000 6.00 0.00 375  0.00
Pul_alp pl  Pulsatilla alpina 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 2.50 500 625
Luz_lut pl  Luzula lutea 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 10.00 0.00 250  0.00
Jun_tri pl  Juncus trifidus 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00  0.00 5.00 625  0.00
Poa_lax pl  Poa laxa 0.50 125  0.00 1.50 2.00 3.00 0.00 0.00 0.00 0.00 0.00  0.00
Lig_mut pl  Ligusticum mutellina 0.00 0.00 0.00 0.00 0.00 0.00 3.50 0.00 0.00 0.00 275  2.00
Ran_mon pl  Ranunculus montanus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 1.50 5.00 1.25
Pot_aur pl  Potentilla aurea 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 2.50 250 250
Hup_sel pl  Huperzia selago 0.00 0.00 0.00 0.00 0.00 0.00 3.50 3.50 0.00 0.00 0.00 0.00
Sol_pus pl  Soldanella pusilla 000 0.00 0.00 0.00 0.00 0.00  0.00 3.50  0.00 1.50 0.00 1.25
Phy_hem pl  Phyteuma hemisphaericum 0.00 0.00 0.00 0.00 0.00 0.00  0.00 200 200 0.00 025 025
Vio_bif pl  Viola biflora 0.00 0.00 0.00 0.00 0.00 0.00  4.00 0.00 0.00 0.00 0.00  0.00
Emp_her pl  Empetrum hermaphroditum 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 375
Leu_alp pl  Leucanthemopsis alpina 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 200 025 0.00 1.25
Lot_alp pl  Lotus alpinus 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 1.50 1.25
Ave_ver pl  Avenula versicolor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 2.50 0.00
Eup_min pl  Euphrasia minima 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00  0.00 1.25 025 050
Sal_her pl  Salix herbacea 0.00 000 0.00 0.00 0.00 0.00  0.00 0.00 200 0.00 0.00 0.00
Sed_alp pl  Sedum alpestre 0.00 0.00 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.00
Ara_alp pl  Arabis alpina 0.00 0.00 0.00 0.00 0.00 0.00  2.00 0.00 0.00 0.00 0.00 0.00
Gen_pun pl  Gentiana punctata 0.00 000 0.00 0.00 0.00 0.00  2.00 0.00 0.00 0.00 0.00  0.00
Hie_pil pl  Hieracium pilosella 0.00 0.00 0.00 0.00 0.00 0.00  0.00 200 0.00 0.00 0.00  0.00
Thy_sp. pl  Thymus sp. 0.00 0.00 0.00 0.00 0.00 0.00  0.00 000 200 0.0 0.00  0.00
Sib_pro pl  Sibbaldia procumbens 0.00 000 0.00 0.00 0.00 0.00  0.00 000 000 025 125  0.00
Car_cur pl  Carex curvula 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 1.25 0.00  0.00
Gen_ger pl  Gentianella germanica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 1.25 0.00  0.00
Loi_pro pl  Loiseleria procumbens 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 1.25
Sel_sel pl  Selaginella selaginoides 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 1.25 0.00 0.00
Ver_alp pl  Veronica alpina 025 025 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.00 0.00  0.00
Cam_sch pl  Campanula scheuchzeri 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.25 025  0.00
Gen_koc pl  Gentiana kochiana 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.25 0.00 025
Ade_leu pl  Adenostyles leucophylla 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00  0.00
Bar_alp pl  Bartsia alpina 000 000 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.00 0.00 025
Cys_fra pl  Cystopteris fragilis 0.00 0.00 0.00 0.00 0.25 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Nar_str pl  Nardus stricta 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.25 0.00  0.00
Pyr_sp. pl  Pyrola sp. 000 0.00 0.00 0.00 0.00 0.00  0.00 0.00  0.00 0.00 0.00 025
Pri_dao pl  Primula daonensis 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.25
Sax_opp pl  Saxifraga oppositifolia 000 0.00 0.00 0.00 0.25 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Vac_myr pl  Vaccinium myrtillus 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 025  0.00
Pol_alp br  Polytrichastrum alpinum 1.00 7.50 27.50 0.25 1.50 525 0.00 0.00  0.00 1.25 0.00 0.00
Ste_alp li Stereocaulon alpinum 000 0.00 0.00 0.00 0.00 0.00 7.50 0.00 0.00 0.00 0.00 0.00
Dic_sub br  Dicranella subulata 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 6.00 0.00 0.00 0.00
Pol_jun br  Polytrichum juniperinum 0.00 0.00 0.00 0.00 0.00 0.00 3.50 0.00  2.00 0.00 0.00 0.00
Amb_ten br  Amblystegium tenax 0.00 0.00 0.00 0.00 0.00 0.00  5.50 0.00 0.00 0.00 0.00 0.00
Hed_cil br  Hedwigia ciliata 0.00 0.00 250 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Hom_bes br  Homalia besseri 0.00 000 250 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Hep_spp br  Hepaticae spp. 000 0.00 025 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
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Table 1. (Continued)

Rock glacier Scree Grassland

DI D2 D3 El E2 E3 Fbl Fb2 Fb3 Fl F2 F3
Ore_ang be  Oreonebria angustata 5 5 42 17 3 71 [ 4 0 0 0 0
Neb_ger be  Nebria germari 0 2 0 0 6 108 0 0 0 0 0 0
Tre_tri be  Trechus tristiculus 0 | 6 10 2 0 0 0 0 0 0 0
Bem_niv be  Bembidon bipunctatum nivale 0 0 0 0 0 0 0 0 0 14 0 0
Car_ada be  Carabus adamellicola 0 0 0 0 0 0 0 0 0 0 7 6
Ozy_tru sp  Ozyptila trux 0 0 0 0 0 0 0 0 0 0 5 7
Pte_mul be  Pterostichus multipunctatus 0 [ 0 6 0 0 0 2 0 0 0 [
Coe_tir sp  Coelotes pickardi tirolensis 0 0 0 0 0 0 3 2 0 0 0 |
Par_ore sp  Pardosa oreophila 0 0 0 0 0 0 0 0 0 | 5 0
Mug_han sp  Mughiphantes handschini 0 0 0 | 3 0 0 0 0 0 | 0
Ore_mon sp  Oreoneta montigena 0 0 | 3 0 | 0 0 0 0 0 0
Car_dep be  Carabus depressus 0 0 0 0 0 0 0 0 0 0 4 |
Dra_hee sp  Drassodex heeri 0 0 0 0 0 0 2 0 0 0 2 0
Par_nig sp  Pardosa nigra 0 0 0 0 0 0 0 4 0 0 0 0
Par_gie sp  Pardosa giebeli 0 0 0 0 0 0 0 0 0 3 0 0
Sit_lon sp  Sitticus longipes 0 0 0 0 0 0 0 0 0 3 0 0
Not_big be  Notiophilus biguttatus 0 0 3 0 0 0 0 0 0 0 0 0
Cym_vap be  Cymindis vaporariorum 0 0 0 | 0 0 0 0 0 0 | 0
Car_syl be  Carabus sylvestris 0 0 0 0 0 0 0 0 0 2 0 0
Ore_gla sp  Oreonetides glacialis 0 0 0 0 0 2 0 0 0 0 0 0
Pel_rad sp  Pelecopsis radiciola 0 0 0 0 0 0 0 0 0 0 2 0
Ent_med sp  Entelecara media 0 0 0 0 0 | 0 0 0 0 0 0
Mei_rur sp  Meioneta rurestris 0 0 0 0 0 | 0 0 0 0 0 0
Xys_des sp  Xysticus desidiosus 0 0 0 0 0 0 0 0 0 0 | 0
Tri_lae be  Trichotichnus laevicollins 0 0 0 | 0 0 0 0 0 0 0 0
Pri_bip be  Princidium bipunctatum 0 0 0 0 0 0 0 0 0 | 0 0
Cyc_att be  Cychrus attenuatus 0 0 0 0 0 0 0 0 0 0 | 0

Vascular plants cover (sum) 17.50 2650 21.75 17.00 14.25 1350 99.17 5408 3325 7500 10325 96.00

Bryophytes cover (sum) 1.00 7.50 3275 0.25 1.50 525 16.50 0.00 8.00 1.25 0.00 0.00
Arthropod species richness | 4 4 7 4 7 3 4 0 6 10 5
Arthropods abundance 5 9 52 39 14 185 6 12 0 24 29 16

with gravel-sand); therefore, the first axis defines a gradient, with
particle size and organic matter amount increasing from right to
left. The second axis possibly indicated a moisture gradient prob-
ably linked to microtopography, with species of relatively wet
sites (Salix herbacea, Soldanella pusilla) at the negative side of
the axis and species of dryer sites (e.g. Sedum alpestre) at the
positive side.

Arthropods

A total of 394 specimens (391 in the pitfall traps and 3 in the MSS
traps) belonging to 27 species were sampled (Table 1). Of them,
13 species were carabid beetles, while 14 species were spiders.
The most abundant species were Oreonebria angustata (N = 148,
2 specimens in the MSS traps) and Nebria germari (N = 116, 1
specimen in MSS_2); the latter was found only on the rock glacier
together with Trechus tristiculus (N = 19) and Oreoneta monti-
gena (N =15).

Arthropod species richness and the number of individuals
were not correlated to each other (»=0.40; p = 0.22). Both species
richness and abundance did not significantly change between
rock glacier (sites D and E) and controls (sites F and Fb) (ANOVA
test for species richness: F(3, 10) =2.77; p = 0.12; ANOVA test
for individuals: F(3, 10) = 1.03; p = 0.43).

After forward selection (CCA), one environmental variable
(grain size as gravel-sand) was extracted that significantly corre-
lated with the distribution of spiders and ground beetles, explain-
ing 25.9% of the total variance (Figure 3b). The first axis was
correlated strongly with grain size (» = —0.99 with gravel-sand).
It separated the rock glacier sites (left), characterized by coarse
grain size, from the control sites (right). Grain size was signifi-
cantly correlated with soil organic matter amount (= —0.97 with

gravel-sand); therefore, the first axis defines a gradient, with par-
ticle size and organic matter content increasing from right to left.

CCA showed the main gradient evidencing the presence of
specific assemblages from sites with the finest grain size and
highest organic matter (site F) to sites with large grain size and
low organic matter (sites D and E); Fb site showed intermediate
position (Figure 3b). Four carabid beetles (Oreonebria angustata,
Nebria germari, Trechus tristiculus, and Notiophilus biguttatus)
and two spiders (Oreonetides glacialis and Oreoneta montigena)
were linked to the sites on the rock glacier (sites D and E).

Discussion

Our data showed the uniqueness of the rock glacier environment,
characterized by surface movement and thermal regimes indicat-
ing the occurrence of permafrost according to Hoelzle et al.
(1999). Temperature regime differentiates rock glacier from the
surrounding habitats but also emphasizes its heterogeneity as a
function of grain size, with coarse-sized areas showing the ‘nega-
tive thermal anomaly’ that characterizes the blocky deposits (Har-
ris and Pedersen, 1998; Juliussen and Humlum, 2008).

Plant cover was not observed on areas consisting of metric
boulders or coarse gravel. The overall pattern of plant cover was
that of scattered ‘islands’ where plant and moss cover could
locally attain 50% cover. The effects of grain size could probably
be due to both its direct effect and its role in determining the dis-
tinctive temperature regime characterized by very low values
even during the growing season, when harsh winter climate and
disturbance must be balanced by relatively favorable conditions
to allow plant survival (Caccianiga et al., 2006; Kdrner, 1999).

Substrate velocity is not a limiting factor for plant survival; the
maximum value recorded in our sampling sites (10.3 cm/yr) is
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Figure 3. Direct gradient analysis indicating the relationship between the environmental variables and (a) plant and (b) arthropod species
distribution. (a) Plants: four eigenvalues were extracted — first axis: 0.541; second axis: 0.287; third axis: 0.082; fourth axis: 0.032. Significance of
all canonical axes was p = 0.001. (b) Arthropods: four eigenvalues were extracted — first axis: 0.923; second axis: 0.922; third axis: 0.532; fourth

axis: 0.421. Significance of all canonical axes was p = 0.001.

lower than the limiting threshold for plant survival of 30 cm/yr
reported by Burga et al. (2004) and the velocity recorded on
debris-covered glaciers (up to c. 15 m/yr; Caccianiga et al., 2011).
Our velocity values are lower than 1.5 m/yr, threshold below
which grain size becomes the main factor affecting plant cover
according to Rieg et al. (2012).

The overall plant species composition of the rock glacier sur-
face could be considered similar to that of scree slopes and moraines
(Caccianiga and Andreis, 2004), but lacking the local occurrence of
demanding species that are able to colonize favorable microsites on
gravitative deposits. Another feature separating rock glacier com-
munities from those of gravitative scree is the higher frequency of
some bryophytes, particularly Polytrichastrum alpinum, an indica-
tor of long-lasting snow cover (Odland and Munkejord, 2008);
moss abundance has already been indicated by Burga et al. (2004)
as a likely indicator of permafrost occurrence.

Concerning the arthropod assemblages, our results indicate
the presence of exclusive species to each landform (rock glacier,
scree, and grassland). Specifically, the rock glacier hosts large
populations of three carabids: Nebria germari, Oreonebria
angustata, and Trechus tristiculus. These species are typical of
cold and wet high-altitude environments (Ledoux and Roux,

Downloaded from hol.sagepub.com at Univ

2005): Nebria germari and Oreonebria angustata can be found
near glacier fronts, on glacier surface, and on gravitative scree
slopes (Brandmayr and Zetto Brandmayr, 1988; Gereben-Krenn
et al., 2011). Trechus tristiculus is a cold-adapted species with
endogean lifestyle, indicator of deep screes with macroporal
system in rocky material (Lompe, 2004). Although these species
are known in the literature to be able to live on high-altitude
scree slopes, both Nebria germari and Trechus tristiculus could
not be found on the studied scree slope. Only a small population
of Oreonebria angustata occurred in the studied scree slope
compared with that on the rock glacier (5 vs 143 specimens).
These species suggest that the rock glacier offers more suitable
microhabitat conditions than scree slope because of the distinc-
tive grain size and the presence of subsurface ice. Moreover, the
carabids belonging to genus Trechus are able to colonize only
habitats with specific microthermal conditions like caves or
deep screes (Lompe, 2004). The detritus depth of the rock gla-
cier has been confirmed by the catch of Nebria germari and
Oreonebria angustata with the MSS traps, thus suggesting the
presence of an architecturally complex macroporal structure
where ice ensures the occurrence of continuously low tempera-
ture throughout the year.

Studi di Milano on October 30, 2014



1630

25

The Holocene 24(11)

Rock glaciers as potential warm-stage refugia

Concerning the arthropod assemblages, it is possible to define a
rock glacier as a superficial subterranean habitat represented by
fissure network among boulders, human-sized caves included.
Unlike other superficial subterranean habitats like scree slopes,
where temperatures could reach relatively high values in summer
(this paper; see also Ruzic¢ka et al., 2013), rock glaciers are
selected by cold-adapted species, which avoid scree slopes as
they do not offer constantly low temperatures during summer. For
example, the recent extinction of Nebria germari and Trechus sp.
was demonstrated by Pizzolotto et al. (2014) in some scree slopes
of the Dolomites where these species were dominant 30 years
before, indicating that on this landform no refugia were available
for these cold-demanding species.

It is possible to compare the proposed hypothesis of rock gla-
ciers as refugia during interglacial period with a role similar to
that of caves during quaternary climatic fluctuations. Such a role
is less apparent for plant species, as the distinctive temperature
regime of rock glacier surface could act as a limiting factor for
plant survival, however, in a warming scenario, such regime
could provide survival opportunities for cold-requiring species, as
suggested for debris-covered glaciers (Caccianiga et al., 2011).
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Abstract

Rock glaciers are periglacial landforms consisting of coarse debris with interstitial ice or ice core, characterized by creeping due to ice deformation.
These landforms are drawing the attention of plant ecologist as harsh habitats and potential refugia in the global change context. Our aim was to
describe the vegetation outlines of two active rock glaciers of the Ortles-Cevedale Massif (Central Italian Alps) on different substrates (silicate and
carbonate) and compare them with the neighboring stable slopes and scree slopes. Two hypotheses were tested: 1) rock glaciers differ from the sur-
rounding landforms for the presence of cold-adapted plant communities; 2) rock glacier plant communities indicate similar microclimatic conditions
in spite of the contrasting lithology. Data were collected by phytosociological method performing 80 relevés of 25 m2. Plant communities were
compared by a cluster analysis based on the presence/absence species matrix and species relative frequencies for each landform were calculated. The
cluster analysis separated first for all the two sites; afterwards, the landforms were differently discerned each other depending on the site. Despite
the remarkable floristic differences due to the substrate, the vegetation of both rock glaciers suggest a general adjustment to cold-moist microclimate
and long-lasting snow cover, differentiating more or less evidently from the adjacent scree slopes and enhancing the survival of nival entities at the

elevation of alpine grasslands.

Key words: alpine flora, alpine vegetation, climate change, periglacial, permafrost, refugia, scree slope.

Introduction

Rock glaciers are periglacial landforms consisting of
coarse debris with interstitial ice or ice core, characteri-
zed by creeping due to ice deformation (Barsch, 1996;
Janke et al., 2013). These landforms are one of the
most evident expressions of permafrost in mountain
regions. They are theoretically located between the
lower permafrost limit and the equilibrium line of the
glaciers, an altitudinal belt well expressed in cold and
dry climates that tends to shrink in response to tem-
perature and precipitations increase (Barsch, 1996;
Haeberli, 1985). Consequently, rock glaciers gravitate
towards continental ranges like the inner Alps, even
though the relative contribution of debris and snow
at topoclimatic scale seems to have a major role in
driving their distribution rather than regional climate
itself (Humlum, 1998). Ice deformation gives rock
glaciers a creep movement similar to that of glaciers
but slower (generally less than 1 m/y). There are three
types of rock glaciers depending on dynamic and ice
presence: active (with ice and creeping, located in con-
texts compatible with permafrost); inactive (with ice,
but static for climatic or geomorphological reasons);
relict (iceless and static, found in conditions no more
compatible with permafrost and linked to past climate
conditions) (Barsch, 1996; Haeberli, 1985).

In the last decade, rock glaciers have drawn the at-

tention of ecologists and botanists. Indeed, these lan-
dforms host communities adapted to harsh ecological
conditions and are supposed to assume a biogeogra-
phical role in relation with climatic variations. In the
matter of that, rock glaciers were proposed as potential
refugia for high alpine plants and animals during the
warm stages of the Holocene, as consequence of their
microclimate and thermal inertia (Gentili et al., 2015;
Gobbi et al., 2014; Millar & Westfall, 2010; Millar et
al.,2013), a role similar to that already hypothesized
for debris-covered glaciers (Caccianiga et al., 2011;
Gentili et al., 2015; Gobbi et al.,2011).

Previous knowledge about the vegetation of alpine
rock glaciers come from the studies of Cannone &
Gerdol (2003) in the area of Livigno-Bormiese (Cen-
tral Italian Alps) and Burga et al. (2004) in the area
of Piz Corvatsch (Switzerland). These authors repor-
ted pioneer communities generally attributable to the
order Androsacetalia alpinae (associations Sieversio-
Oxyrietum digynae and Androsacetum alpinae fol-
lowing Burga et al., 2004), with plants adapted to
mechanical disturbance also recurring on scree slopes,
glacier forelands and recent moraines. Vegetation co-
ver and floristic composition depend mainly on sub-
strate particle-size and movement intensity. Active
rock glaciers are almost unvegetated, with sporadic
glareicolous plants concentrated overall in the peri-
pheral zones, where the surface movement is slower
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and fine-grained material is available. Instead, inacti-
ve and relict rock glaciers tend to be colonized by the
typical species of alpine grasslands and snow-patches
communities, or even by subalpine shrubs and trees
at lower elevations. Rieg et al. (2012), analyzing four
active rock glaciers in Stubai and Otztal Alps (Tyrol,
Austria), found a threshold of 1,5 m/y for surface ve-
locity: below this value plants cover depends on fine-
grain availability, while over that limit the vegetation
is heavily affected by ground instability. Coherently,
Gobbi et al. (2014) identify grain-size as main driver
of species distribution, highlighting the correlation
with organic matter availability. In the same paper, the
thermal regime of rock glacier was analyzed and eva-
luated as further limiting factor in plant colonization.

However, the vegetation features of alpine rock gla-
ciers deserve further researches, since the few avai-
lable studies concern only silicate substrates and the
comparison with other high alpine landforms were not
always in-depth analyzed. Our aim was to describe
the vegetation of two active rock glaciers on different
substrates (silicate and carbonate) and compare them
with the neighboring stable slopes and scree slopes.
Two hypothesis were tested: 1) rock glaciers differ
from the surrounding landforms for the presence of
cold-adapted plant communities; 2) rock glacier plant
communities indicate similar microclimatic conditions
in spite of the contrasting lithology.

Study area

The analyzed rock glaciers are located in two valleys
belonging to the Ortles-Cevedale Massif (II/C-28.1-A
in Marazzi, 2005), within the area of Stelvio National
Park (Italy): Val d’Ultimo and Valle del Braulio. The
sites are less than 32 km apart and no geographical
barriers occurs between them, so they can be consi-
dered part of the same floristic context (Northeastern
Alps subsection in Blasi et al., 2015).

Val d’Ultimo (South Tyrol) is a NE-SW oriented val-
ley extended from the basin of Merano to the Giogo
Nero pass. The examined rock glacier (“Lago Lungo™;
46° 27.435' N, 10° 48.985' E) (fig. 1a) is located in
the Group of Gioveretto-Sternai (II/C-28.1-A.3.c in
Marazzi, 2005). It is a multilobe tongue-shaped rock
glacier fed by acid silicate debris (micaschist and or-
togneiss of “Unita di Pejo”) that leans against a NW-
facing slope between 2350 and 2550 m a.s.1. The sur-
rounding areas are characterized by widespread and
well-expressed periglacial landforms, while the glacial
masses are few and small. (Artoni, 1992; Martin et al.,
2009; Seppi et al., 2005).

Valle del Braulio (Lombardy) is a SW-NE oriented
valley extended from the basin of Bormio to the Stel-
vio Pass. The examined rock glacier (“Vedrettino™;
46° 30.025' N, 10° 24.050" E) (fig. 1b) is located in
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the Group of Cristallo (II/C-28.I-A.1.a in Marazzi,
2005). It is a multilobe tongue-shaped rock glacier fed
by carbonate debris (dolomite limestones of “Dolomia
Principale”) that lies in a NW-facing glacial cirque,
between 2500 and 2650 m a.s.1. The site is surrounded
by imposing talus and until the first decades of 20th
century was occupied by the namesake glacier, now
reduced to a little mass of dead-ice completely debris-
covered (Artoni, 1992; Bonardi et al.,2012; Montrasio
etal.,2012).

Since the examined landforms stand at comparable
elevation with similar values of aspect and slope, the
main ecological difference between them lies in the
bedrock. Temperatures and precipitations within the
period 1983-2012 were analyzed using the records pro-
vided by Meteo Service of the Province of Bolzano for
Val d’Ultimo (station of Fontana Bianca, 1900 m a.s.1.)
(fig. 2a) and ARPA Lombardia for Valle del Braulio
(station of Bormio, 1225 m a.s.l.) (fig. 2b). Calculating
the Rivas-Martinez Index of thermal continentality
(Rivas-Martinez & Rivas-Saenz, 1996-2009) and the
Gams Index of hygric continentality (Ozenda, 1985),
both areas results characterized by the typical conti-
nental climate of the inner Alps (respectively: 27,37
and 60,96° for Val d’Ultimo and 25,41 and 58,00° for
Valle del Braulio).

Methods

Data were collected between July and August 2014.
80 vegetation relevés were performed by phytosocio-
logical method with the Braun-Blanquet scale as mo-
dified by Pignatti (1952) on three landforms for each
area: stable slope (soil without ice), scree slope (de-
bris without ice) and rock glacier (debris with ice). All
the relevés were performed on 25 m? surfaces. Such
value allows a homogeneous and representative sam-
pling of the main object of our research, glareicolous
vegetation of rock glaciers and scree slopes. On alpine
grasslands, the micro-topographic pattern causes flori-
stic variability at small (few centimeters) scale. Such
variability, intrinsic of these communities, could be
overlooked by our sampling strategy: for this reason,
we performed a high-rank phytosociological outline
of these communities. Relevés were compared by a
cluster analysis based on the presence/absence species
matrix, using the UPGMA method with Jaccard dis-
similarity index. The conventional dissimilarity value
of 0,75 was assumed as lower threshold for the admis-
sion of an association, according to Mueller-Dombois
& Ellenberg (1974). Species relative frequencies for
each landform, regardless the clustering, were calcula-
ted and gathered in 5 frequency classes with resolution
of 20%. We also compared our data with that collected
in the previous studies (Burga et al., 2004; Cannone &
Gerdol, 2003; Gobbi et al., 2014; Rieg et al., 2012).



Val d'Ultimo
(Fontana Bianca - 1900 m a.s.1)

Valle del Braulio
(Bormio - 1226 m as.l)
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Fig.2 - Climograms of Fontana Bianca for Val d’Ultimo (A)
and Bormio for Valle del Braulio (B).
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Fig. 1 - Rock glaciers “Lago Lungo” in Val d’Ulti-
mo (A) and “Vedrettino” in Valle del Braulio (B).
The landforms are indicated as follows: 1) stable
slope, 2) scree slope, 3) rock glacier.

The nomenclature follows Landolt er al. (2010) for
species and Grabherr & Mucina (1993) for syntaxa.
The phytosociological interpretation generally agre-
es with Grabherr & Mucina (1993) and Oberdorfer
(1977), adjusted for some local peculiarities following
Giacomini & Pignatti (1955).

Results

We identified 118 vascular plant species in total. 71
plant species were found both in Val d’Ultimo and Val-
le del Braulio (47 mutually exclusive and 24 shared). It
was possible to describe five clusters with dissimilarity
index > 0,75 (fig. 3). The main dichotomy detected by
cluster analysis was the one between the two investiga-
ted sites, afterwards the landforms were differently di-
scerned each other depending on the site. Concerning
Val d’Ultimo, the dendrogram separated at first the sta-
ble slope from the remaining landforms, but inside the
latter group another partition between rock glacier and
scree slope was well recognizable. Concerning Valle
del Braulio, the cluster analysis distinguished only sta-
ble slopes, without a clear split between rock glacier
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Fig. 3 - Dendrogram resulting from the cluster analysis of relevés. The dotted line indicates the dissimilarity value of 0,75.

and scree slope. Data are reported in the analytic table
(tab. 1) and the synoptic table (tab. 2).

Cluster 1.1: stable slope on silicate substrate

The stable slope of Val d’Ultimo (fig. 4) is a seamless
patchwork of humps and hollows covered by a conti-
nuous alpine grassland. Carex curvula and Anthoxan-
thum alpinum dominate the community, with a scarce
shrubby layer of Loiseleuria procumbens, Vaccinium
gaultherioides and Rhododendron ferrugineum. Lo-

Fig. 4 - Caricion curvulae on the stable slope of Val d’Ulti-
mo (cluster 1.1).

cally, canopy overlapping may be quite high and
species like Potentilla aurea, Leontodon helveticus,
Ligusticum mutellina, Homogyne alpina and Solda-
nella alpicola can reach remarkable cover values. The
micro-topographic pattern at centimeter scale allows
the coexistence of hummock species (e.g. Loiseleuria
procumbens and Vaccinium gaultherioides) and snow-
bed elements (e.g. Primula glutinosa and Gnaphalium
supinum). Such situation made difficult a phytosocio-
logical outline at the association level, but the commu-
nity could be ascribed to the alliance Caricion curvu-
lae Br.-Bl. in Br.-Bl. et Jenny 1926.

Cluster 1.2: scree slope on silicate substrate

The scree slope of Val d’Ultimo (fig. 5) includes a
wide range of particle size and hosts a scattered gla-
reicolous vegetation rather rich in species. Among
the preferential elements, Geum reptans, Oxyria di-
gyna, Saxifraga seguieri, Saxifraga oppositifolia, Si-
lene acaulis and Pritzelago brevicaulis are the most
frequent. Luzula alpino-pilosa, Poa laxa, Saxifraga
bryoides and Cerastium uniflorum are likewise wide-
spread and abundant, but all shared with the cluster
1.3. Species assemblage is ascribable to the associa-
tion Sieversio-Oxyrietum digynae Friedel 1956 em.
Englisch et al. 1993 for the dominance and constancy
of Geum reptans and Oxyria dygina. Some element of



Fig.5 - Sieversio-Oxyrietum digynae with Geum reptans and
Oxyria digyna on the scree slope of Val d’Ultimo (cluster
1.2).

Salicetea herbaceae Br.-Bl. in Br.-Bl. et Jenny 1926
like Soldanella alpicola, Sedum alpestre and Veronica
alpina are also present where fine-grained material is
available.

Cluster 1.3: rock glacier on silicate substrate

On the rock glacier of Val d’Ultimo (fig. 6) vege-
tation changes notably depending on geomorpholo-
gical situation, with few species occurring with high
frequency: Luzula alpino-pilosa, Poa laxa, Saxifraga
bryoides, Cerastium uniflorum and Doronicum clusii.
Plant cover on the surface is mainly represented by
sporadic individuals growing among coarse boulders,
or patches of herbaceous vegetation on pockets of fine-
grained substrate (relevés 131A, 131B, 131C, 132A,
132C, 134B, 134C, 135B). On the slopes and the ed-
ges, the vegetation is more rich and dense, probably in
response to higher stability and presence of fine-grai-
ned material. In these zones, the above mentioned as-
semblage includes some typical element of the stable
environments, as Carex curvula, Agrostis rupestris,
Festuca halleri, Campanula scheuchzeri, Senecio car-

Fig. 6 - Community with Luzula-alpino pilosa and Doroni-
cum clusii on the rock glacier of Val d’Ultimo (cluster 1.3).
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niolicus and Erigeron uniflorus, locally accompanied
by Rhododendron ferrugineum and Salix serpyllifolia
(relevés 132B, 133A, 133B, 133C). The community
is roughly attributable to the alliance Androsacion al-
pinae Br.-Bl. in Br.-Bl. et Jenny 1926, with low fre-
quency of species belonging to Caricetea curvulae
Br.-Bl. 1948 and Salicetea herbaceae Br.-Bl. in Br.-
Bl. et Jenny 1926, while the characteristic elements of
Sieversio-Oxyrietum digynae are totally absent.

Cluster 2.1: stable slope on carbonate substrate

The stable slope of Valle del Braulio (fig. 7) is co-
lonized by a fragmented alpine grassland alternated
with outcrops and debris, locally interrupted by am-
ple hollows. The community is dominated by Carex
firma, Sesleria caerulea and Dryas octopetala, with
a conspicuous group of low-covering exclusive spe-
cies: Saxifraga caesia, Agrostis alpina, Carex orni-
thopoda, Minuartia verna, Helianthemum alpestre,
Anthyllis vulneraria, Draba aizoides, Sedum atratum,
Polygonum viviparum, Aster bellidiastrum, Bartsia al-
pina, ecc. Such plant assemblage is ascribable to the
alliance Caricion firmae Gams 1936 (relevés 211A,
211B, 212A, 212B, 212C, 213A, 213B, 213C). In the
depressions, the above mentioned species sharply de-
crease and are replaced by high cover of Silene acau-
lis, Ranunculus alpestris and Soldanella alpina, with
Gnaphalium hoppeanum and other sporadic species of
Arabidion caeruleae Br.-Bl. in Br.-Bl. et Jenny 1926
(relevés 214A, 214B, 215A, 215B, 215C and to a les-
ser extent 211C, 214C).

Fig. 7 - Caricion firmae on the stable slope of Valle del Brau-
lio (cluster 2.1).

Cluster 2.2: scree slope and rock glacier on carbo-
nate substrate

On the unstable substrates of Valle del Braulio, plant
cover is scarce or absent, with isolated individuals
even where fine-grained material is available. Even
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though two clusters are recognizable, their dissimila-
rity index is < 0,75 and the lack of a clear distinction
between scree slope and rock glacier brings us to at-
tribute the whole community to the same association:
Papaveretum rhaetici Wikus 1959. The two landform
are joined by the constant presence of Poa minor,
Arabis alpina and Arabis pumila, but the relative fre-
quency of other species shows some difference. The
scree slope (fig. 8) is colonized by a well-expressed
Papaveretum rhaetici, where Papaver aurantiacum,
Saxifraga aphylla, Pritzelago alpina and Moehringia
ciliata are widespread (relevés 221A, 221B, 221C,
222A, 222B, 222C, 223A, 223B, 223C, 224A, 224B,
224C). The rock glacier (fig. 9) shows a lower fre-
quency and abundance of these elements and is better
characterized by the exclusive coexistence of Arabis
caerulea and Saxifraga oppositifolia, both rare on sta-
ble slope and scree slope respectively (relevés 232A,
232B, 232C, 233A,233B, 233C, 234B, 234C, 235B).
Species richness reaches the highest values on the pe-
ripheral zones of the rock glacier, where the elements
of both aspects equally coexist (relevés 231A, 231B,
231C and to a lesser extent 234A).

Fig. 8 - Papaveretum rhaetici with Papaver aurantiacum
and Saxifraga aphylla on the scree slope of Valle del Braulio
(cluster 2.2).

Fig. 9 - Papaveretum rhaetici with Arabis caerulea and Sa-
xifraga oppositifolia on the rock glacier of Valle del Braulio
(cluster 2.2).
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Discussion

The nature of the bedrock appears to be the main
factor influencing floristic composition of the studied
landforms. Cluster analysis clearly grouped relevés as
a function of the study site rather than of the different
landforms. Being our study sites very close to each
other, without geographical barrier between them and
located at similar elevation, aspect and slope, the dif-
ferent floristic composition can be attributed to the dif-
ferent substrate. The landforms could be discriminated
only within each site, with stable slopes always clearly
different from scree slopes and rock glaciers.

Particularly interesting is the comparison between
scree slopes and rock glaciers, environments similar to
each other but except for the occurrence of ice. In Val
d’Ultimo the difference between these two landforms
emerges at the community level, with Sieversio-
Oxyrietum digynae on the scree slope and an Androsa-
cion alpinae community on the rock glacier. The latter
looks like a transition toward the association Luzule-
tum spadiceae Riibel 1911 (class Salicetea herbace-
ae) for the dominance of Luzula alpino-pilosa and the
elective presence of Doronicum clusii,even though the
scarcity of characteristic species of the class make this
collocation uncertain. Luzuletum spadiceae is strictly
linked to silicate coarse substrates at high elevation,
and is considered as an indicator of low temperatu-
res during the whole year and snow permanence up
to 8-9 months (Giacomini & Pignatti, 1955; Grabherr
& Mucina, 1993; Oberdorfer, 1977). In summary, the
community detected on the rock glacier could be in-
terpreted either as an Androsacion alpinae conditio-
ned by cold-moist microclimate and long-lasting snow
cover or as a species-poor aspect of Luzuletum spadi-
ceae where the elements of Salicetea herbaceae are
limited by the unavailability of fine-grained substrate.
However, both cases implicate the crucial role of mi-
croclimate in determining this plant assemblage. This
result contrasts with the previous studies on silicate
rock glaciers (Burga et al., 2004; Cannone & Gerdol,
2003; Gobbi et al.,2014; Rieg et al., 2012), where the
high frequencies of Oxyria digyna and Geum reptans
and the lack of Luzula alpino-pilosa and Doronicum
clusii allow the attribution of the vegetation cover to
Oxyrietum digynae. A better knowledge of the whole
vegetation contest of these rock glaciers, including the
surrounding landforms, is necessary for an ecological
interpretation of such difference.

Concerning Valle del Braulio, the communities of
scree slope and rock glacier are very similar and both
attributable to Papaveretum rhaetici, but some flori-
stic difference emerges analyzing the distribution of
single species. Particularly interesting is the exclusive
coexistence of Arabis caerulea and Saxifraga opposi-
tifolia on the rock glacier, a plant assemblage to our
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Tab. 2 - Synoptic table of mean relevés values and species frequency classes for each landform (I = 1-20%, II = 21-40%, 111 = 41-
60%,1V = 61-80%, V = 81-100%).

3 I = 3 o =
§ 5 3 8 § 3
Val d'Ultimo s ® B Valle del Braulio O I
5 8 % 5 8 x
s & o s & ¢
2] (%) o n [72] 4
Shrubs cover (%) 1" 0 3 |Shrubs cover (%) 1 (1] 0
Herbaceous cover (%) 70 15 15 |Herbaceous cover (%) 65 5 2
Bryophytes and lichens cover (%) 12 4 4 |Bryophytes and lichens cover (%) 6 0 0
Outcrop cover (%) 16 4 0 |Outcrop cover (%) 7 4 0
Debris cover (%) 0 77 76 |Debris cover (%) 18 91 98
Soil cover (%) 0 0 2 |Soil cover (%) 7 (1] 0
Species richness 23 17 10 [Species richness 23 7 8
Loiseleuria procumbens \" Agrostis alpina \"
Potentilla aurea v Carex firma A"
Primula glutinosa v Dryas octopetala v
Vaccinium gaultherioides v Polygonum viviparum v
Helictotrichon versicolor v Sedum atratum \'
Geum montanum I Bartsia alpina v
Hieracium glanduliferum I} Minuartia verna v
Huperzia selago [} Sesleria caerulea v
Nardus stricta [} Anthyllis vulneraria 11l
Alchemilla vulgaris aggr. | Carex ornithopoda 1]
Bartsia alpina | Draba aizoides 11l
Calluna vulgaris I Helianthemum alpestre L]
Cirsium spinosissimum | Carex parviflora [}
Diphasiastrum alpinum | Gentiana verna [}
Juniperus nana | Leontodon helveticus I}
Larix decidua I Myosotis alpestris I}
Luzula lutea I Pinguicula alpina I}
Pinguicula leptoceras | Salix herbacea I}
Selaginella selaginoides | Salix reticulata I}
Sibbaldia procumbens | Selaginella selaginoides I}
Pedicularis kerneri I I} Silene acaulis I}
Gnaphalium supinum v I} Valeriana saxatilis I}
Poa alpina v I} Arenaria biflora |
Polygonum viviparum v [} Crepis kerneri |
Ligusticum mutellina \' 1 Cystopteris fragilis 1
Oreochloa disticha | 1 Daphne striata 1
Silene exscapa I \' Euphrasia minima 1
Geum reptans v Gentiana bavarica |
Oxyria digyna \") Gentiana engadinensis |
Saxifraga oppositifolia v Globularia cordifolia |
Saxifraga seguieri v Hieracium bifidum 1
Pritzelago brevicaulis i Hieracium villosum I
Arabis alpina ] Juniperus nana I
Artemisia genipi ] Larix decidua |
Ranunculus glacialis 1] Ligusticum mutellina |
Taraxacum alpinum s. |I. ] Poa alpina I
Androsace alpina I Potentilla brauneana I
Cryptogramma crispa | Saxifraga hostii |
Linaria alpina | Vaccinium gaultherioides |
Saxifraga androsacea 1 Veronica aphylla 1
Saxifraga paniculata 1 Asplenium viride n 1
Saxifraga bryoides A" V |Homogyne alpina 11l I
Cerastium uniflorum \' IV | Aster bellidiastrum v |
Poa laxa v V | Cerastium latifolium 1
Doronicum clusii ] V |Festuca quadriflora |
Saxifraga exarata 1} Il |Salix retusa 1
Myosotis alpestris 1} | |Saxifraga aizoides |
Cystopteris fragilis [} | | Cerastium uniflorum 1} [}
Lloydia serotina | | |Saxifraga aphylla \' |
S vivum mont | | |Papaver aurantiacum \' [}
Senecio carniolicus 1 Il |Arabis alpina \ \'4
Erigeron uniflorus Il |Saxifraga oppositifolia [} v
Gentiana verna | |Leucanthemopsis alpina |
Anthoxanthum alpinum v | |Linaria alpina |
Carex curvula \' | |Carex rupestris 1 1
Leontodon helveticus \' | |Pinus mugo 1 I
Euphrasia minima v | |Veronica alpina I |
Phyteuma hemisphaericum v | |Arabis caerulea [} v
Campanula scheuchzeri | Il |Gnaphalium hoppeanum 1} |
Agrostis rupestris \' 1] Il |Erigeron uniflorus 1] |
Cardamine resedifolia | 1] Il |Soldanella alpina 1] |
Festuca halleri | | Il |Ranunculus alpestris v |
Homogyne alpina v | | | Salix serpillifolia \") [}
Leucanthemopsis alpina v | Il |Achillea atrata v | |
Luzula alpinopilosa ] \" V |Arabis pumila ] \" v
Rhododendron ferrugineum v | | |Campanula cochleariifolia 11l I |
Salix herbacea v 1] | |Moehringia ciliata I n [}
Salix serpillifolia | | | |Poa minor I \' v
Sedum alpestre | v Il |Pritzelago alpina | v [}
Soldanella alpicola \' v | |Saxifraga caesia \' 1 [}
Veronica alpina | v | |Taraxacum alpinum s. I. 1} I [}
Total species richness 45 43 30 |Total species richness 60 20 24
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knowledge never evaluated before within Thlaspieta-
lia rotundifolii. Arabis caerulea is the characteristic
species of Arabidetum caeruleae Br.-Bl. 1918, typical
of snowbeds on carbonate substrates (Giacomini & Pi-
gnatti, 1955; Grabherr & Mucina, 1993; Oberdorfer,
1977). Saxifraga oppositifolia is a glareicolous plant
widespread on many different substrates, provided the
suitable elevation (Aeschimann et al., 2004; Landolt
et al., 2010; Pignatti, 1982; Webb & Gornall, 1989).
Although the syntaxonomical interpretation of these
species could be unclear, their ecological information
appears evident, since both find their optimum in cold
and moist habitats typical of the nival belt. In our case
the presence of Arabis caerulea and Saxifraga opposi-
tifolia was not sufficient to discriminate a well-defined
community, but collecting data from further carbonate
sites, it would be probably possible to formalize a new
variant of the association Papaveretum rhaetici Wikus
1959 differentiated by these species as plausible indi-

Syntaxonomic scheme

THLASPIETEA ROTUNDIFOLII Br.-Bl. 1948
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cators of cold and moist microclimates.

Therefore, in spite of the remarkable floristic diffe-
rences due to the substrate, the vegetation of both rock
glaciers suggest a general adjustment to cold-moist
microclimate and long-lasting snow cover, differen-
tiating more or less evidently from the adjacent scree
slopes and enhancing the survival of nival entities at
the elevation of alpine grasslands. The role of micro-
climatic heterogeneity in matter of refugia is more and
more acknowledged (Ashcroft et al., 2012; Birks &
Willis, 2008; Dobrowski 2011; Rull, 2009; Stewart et
al., 2010). Active rock glaciers seem to increase the
environmental variability between alpine and nival
belts at the landscape level, providing potential warm-
stage refugia for cold-adapted species. Our observa-
tions may thus establish a basis for further researches
about rock glaciers plant communities, focused on the
ecological and biogeographical significance of these
landforms in the global change context.

THLASPIETALIA ROTUNDIFOLII Br.-Bl. in Br.-Bl. et Jenny 1926

Thlaspion rotundifolii Jenny-Lips 1930
Papaveretum rhaetici Wikus 1959

ARABIDETALIA CAERULEAE Riibel ex Br.-Bl. 1948

Arabidion caeruleae Br.-Bl. in Br.-Bl. et Jenny 1926
ANDROSACETALIA ALPINAE Br.-Bl. in Br.-Bl. et Jenny 1926
Androsacion alpinae Br.-Bl. in Br.-Bl. et Jenny 1926
Sieversio-Oxyrietum digynae Friedel 1956 em. Englisch ez al. 1993

CARICETEA CURVULAE Br.-Bl. 1948
CARICETALIA CURVULAE Br.-Bl. in Br.-Bl. et Jenny 1926

Caricion curvulae Br.-Bl. in Br.-Bl. et Jenny 1926

SALICETEA HERBACEAE Br.-Bl. 1948

SALICETALIA HERBACEAE Br.-Bl. in Br.-Bl. et Jenny 1926

Salicion herbaceae Br.-Bl. in Br.-Bl. et Jenny 1926
Salicetum herbaceae Riibel 1911
Luzuletum spadiceae Riibel 1911

SESLERIETEA ALBICANTIS Oberd. 1978 corr. Oberd. 1990
SESLERIETALIA COERULEAE Br.-Bl. in Br.-Bl. et Jenny 1926

Caricion firmae Gams 1936
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Abstract

Active rock glaciers are periglacial landforms consisting of coarse debris with interstitial ice or ice core.
Recent papers showed that such landforms are able to support plant and arthropod life and could act as
warm-stage refugia for cold-adapted species due to their microclimate features and thermal inertia.
However, integrated research comparing rock glaciers with surrounding landforms to outline their
ecological peculiarities are still scarce. We analyzed the abiotic (ground surface temperature and
humidity, soil physical and chemical parameters) and biotic features (plant and arthropod communities)
of two Alpine active rock glaciers with contrasting lithology (silicate and carbonate), comparing them
with the surrounding iceless landforms as reference sites (control slopes and scree slopes). Our data
show remarkable differences between control slopes and debris-featured landforms as a whole, while
few differences occurs between scree slopes and rock glaciers: such landforms show similar soil
features but different ground surface temperatures (lower on rock glaciers) and different occurrence of
cold-adapted species (more frequent/abundant on rock glaciers). Both plant and arthropod species
distribution depend on the geographic context as a function of soil pH and on the landform (control
slope versus debris-featured landforms) as a function of coarse debris fraction and organic matter
content; the differences between scree slopes and rock glaciers can be likely attribute to microclimate.
The role of rock glaciers as warm stage refugia is supported by their topoclimatic peculiarities but, at
least on European Alps, it could be less remarkable than that of debris-covered glaciers, which are able

to descend below the climatic treeline.

Key-words: climate change, flora, carabid beetles, permafrost, spiders, refugia, vegetation



40

Introduction

Geomorphological heterogeneity at landscape level is known to enhance biodiversity of mountain
regions, providing a wide range of environmental conditions for plant and animal taxa (Kérner, 2003;
Brandmayr et al., 2003; Thaler, 2003; Gentili et al., 2015). Such ecological variability may have in turn
biogeographical implications within the frame of the ongoing climate variations, since specific
landforms can preserve suitable microclimate conditions for cold-adapted species even when the
macroclimate became adverse (e.g. warmer and drier) (Ashcroft et al., 2012; Birks and Willis, 2008;
Dobrowski, 2011; Keppel et al., 2015; Scherrer & Korner, 2010; Stewart et al., 2010). Glacial and
periglacial landforms were proposed as source of ecological variability and potential warm-stage refugia
for cold-adapted species, because of their microclimate features and thermal inertia (Millar et al., 2010,
2013; Gobbi et al., 2011, 2014; Caccianiga et al., 2011; Gentili et al., 2015).

Active rock glaciers are periglacial landforms consisting of coarse debris with interstitial ice or ice core,
characterized by creeping movement due to ice deformation (Barsch, 1996; Haeberli et al., 2006; Janke
et al., 2013). These landforms are the main expression of permafrost in mountain regions, particularly
where climate is cold and dry (Barsch, 1977; Haeberli, 1985) and the relative contribution of debris and
snow at topoclimatic scale is adequate (Humlum, 1998; Janke, 2007). The occurrence of subsurface ice
in debris deposits is promoted by the prevalence of coarse blocks over fine matrix, a grain size
distribution that achieves a cold thermal regime partially decoupled from that of the surrounding free-
atmosphere (Harris & Pedersen, 1998; Hanson & Hoelzle, 2004; Juliussen & Humlum, 2008). Ice
deformation gives rock glaciers a creep movement similar to that of glaciers, but generally slower (less
than 1 m/y) (Haeberli, 1985; Barsch, 1996; Janke et al., 2013).

In spite of the harsh environmental conditions, active rock glaciers are able to support plant and animal
life (Cannone & Gerdol, 2003; Burga et al., 2004; Rieg et al., 2012; Millar et al., 2010, 2013; Gobbi et al.,
2014). Vegetation cover and plant assemblage on active rock glaciers depend on creeping intensity and
substrate grain-size: surfaces with coarse-grained debris and high creeping activity are scarcely or not
colonized at all by plants, while surfaces with fine-grained debris and low creeping intensity can be
colonized by pioneer plant species adapted to mechanical disturbance and low temperatures (Cannone
& Gerdol, 2003; Burga et al., 2004). Rieg et al. (2012) found a threshold of 1.5 m/y for surface creeping
velocity: below such value, plants cover depends on fine-grained debris availability, while above that it
is heavily affected by ground instability.

The microclimate features can also play an important role in species occurrence. The low temperatures
recorded in coarse-grained zones can represent a limiting factor for plants establishment, but also an
opportunity for cold-adapted arthropods (especially ground beetles) to find suitable thermal conditions
in an unfavorable environmental context outside the rock glacier (Gobbi et al., 2014). In dry mountain

ranges like Sierra Nevada (USA), the microclimate features of rock glaciers allow cold-adapted plant
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species to live below their normal altitudinal distribution. Furthermore, the wetlands fed by springs
originating from seasonal melting of permafrost act as water reserve for hydrophilic plant and
arthropod species when other kinds of springs desiccate (Millar et al., 2013).

Even if rock glaciers as habitat are increasingly known, we are still far from an overall view on the
ecological features of such landforms. In particular: no studies compared rock glaciers with the
surrounding landforms as reference sites; no studies compared such landforms on different lithology;
no studies clearly contextualize rock glaciers with respect to the altitudinal zonation of mountain
ecosystems (e.g. with respect to the climatic treeline) to infer their potentiality as warm-stage refugia for
cold-adapted species.

In the present paper we analyzed the abiotic (ground surface temperature and humidity, soil physical
and chemical parameters) and biotic features (plant and arthropod communities) of two active rock
glaciers of the central Italian Alps with contrasting lithology (silicate and carbonate), comparing them
with the surrounding landforms as reference sites (control slopes and scree slopes).

Our hypotheses are: 1) rock glaciers differ from the surrounding landforms for (a) ground surface
temperature/humidity and (b) soil physical/chemical parameters; 2) rock glaciers differ from the
surrounding landforms for (a) plant/arthropod species richness/abundance, (b) cold-adapted
plant/arthropod species; 3) the soil variables drive the distribution of plant/arthropod species through
the investigated landforms.

Furthermore, we infer the arrangement of active rock glaciers with respect to the climatic treeline as
lower limit of the alpine belt (Korner, 2003), to improve the discussion about such landforms as

potential warm-stage refugia for cold-adapted species.

Data collection

Study area

The analyzed rock glaciers (Fig. 1) are located in two valleys of the Ortles-Cevedale Massif (central
Italian Alps), within the area of the Stelvio National Park. The first one (“Lago Lungo”, 46°27' N
10°49' E) is located in Val d’Ultimo, lies on a NW-facing slope between 2350 and 2550 m a.s.l and is
fed by silicate debris (micaschist and ortogneiss) (Seppi et al., 2005; Martin et al., 2009); the second one
(“Vedrettino”, 46°30' N 10°24' E) is located in Valle del Braulio, lies in a NW-facing glacial cirque
between 2500 and 2650 m a.s.l and is fed by carbonate debris (dolomite limestone) (Bonardi et al,,
2012; Montrasio et al., 2012).

The study areas are c. 32 km apart and are both characterized by the typical continental climate of the
inner Alps (Tampucci et al., 2015a); both the investigated active rock glaciers are the lowest of the

respective area (Seppi et al., 2005; Scotti et al., 2013). The climatic treeline at regional scale resulted to



42

be located at c. 2210 m a.s.l., thus c. 150 and 300 m below the lowest active rock glaciers of the two
study areas, respectively. It was estimated as follows: eight years (2004-2011) of mean daily temperature
at 1900, 2255 and 3124 m a.s.l. were used to calculate the monthly mean altitudinal temperature lapse
rate at regional scale; thirty years (1983-2012) of mean daily temperature at 1900 m a.s.l. were used to
get the altitude of the climatic treeline at regional scale following Paulsen and Koérner (2014) (data

provided by Meteo Service of the Province of Bolzano).

Sampling design

We selected three adjacent landforms for each study area, corresponding to three different ecological
conditions: 1) control slope (stable slope without permafrost evidences, supposed to have the
potentiality for the full development of soil and plant and arthropod communities), 2) scree slope
(unstable debris-featured landform without permafrost evidences), 3) active rock glacier (unstable
debris-featured landform with permafrost evidences).

A data-logger (Tinytag TGP-4500) was placed at each landform in order to analyze the patterns of
mean daily ground surface temperature (GST) and mean daily ground surface humidity (GSH) during
the year 2014. The devices were placed between stones at a depth ranging from 10 to 15 cm, in order to
shield them from direct solar radiation. The recording was set at one-hour interval; the temperature
data have an accuracy of + 0.20°C from 0 to 50°C and a resolution of 0.25°C at 0°C; the humidity data
have an accuracy of + 3% at 25°C and a resolution better than 0.5%.

We selected 5 plots for each landform (Fig. 1) and 3 sampling points for each plot, randomly placed at
least c. 10 m apart from each other. Substrate samples were taken at the surface for physical and
chemical analysis: at each plot a sample of c. 1 kg was taken for particle size distribution analysis; at
each sampling point a sample of c. 200 g was taken to measure soil pH (in 1:2.5 soil:water), calcium
carbonate content (Dietrich-Fruhling calcimeter) and organic matter content (Walkley-Black method).
At each sampling point, plant and arthropod community data were collected as follows: plant species
surveys of 25m” were performed, estimating the percentage of bare soil surface and the cover of each
plant species with a resolution of 5% (we conventionally assigned 1% cover to rare species); arthropod
species sampling was performed placing a pitfall trap (a plastic cup buried up to the edge and filled with
approximately 20 ml of wine-vinegar and salt solution) (Brandmayr et al., 2005). Pitfall traps were
collected and re-set every 20 days during the snow-free season (July-September 2013—14). The analysis
concerned ground beetles (Coleoptera: Carabidae) and spiders (Arachnida: Araneae), since they are two
taxa well known by the ecological viewpoint (Brandmayr et al., 2003; Thaler, 2003) and extensively used
as bioindicators of climate change in high latitude-altitude ecosystems (e.g. Braten et al., 2012; Gobbi et

al., 2006, 2007).
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Environmental and community variables

Data were recorded in a matrix of 90 rows (one for each sampling point) and 169 columns, including:
the landform, five soil variables, four community variables and abundance for 118 plant species and 41
arthropod species.

The landform was considered as a categorical variable in three classes (control slope, scree slope, rock
glacier). The following soil variables were considered: bare soil surface (“Bar.so”, expressed in
percentage), coarse debris fraction (“Coa.fr”; sum of gravel and sand fractions expressed in percentage),
soil pH (“pH”), calcium carbonate content (“Cal.ca”, expressed in percentage), organic matter content
(“Otg.ma”, expressed in g/kg). The following community variables were considered: plant species
richness (“Pla.ri”, number of plant species), cumulative ground cover (“Pla.ab”, sum of every plant
species cover expressed in percentage), arthropod species richness (“Art.ri”’, number of ground beetle
species plus number of spider species), total arthropod activity density (“Art.ab”; sum of ground beetle
and spider activity density: ratio among number of captured specimens and number of days of trap
activity). Each plant species abundance was expressed as cover percentage with a resolution of 5%;
each arthropod species abundance was expressed as activity density.

Species nomenclature refers to Landolt et al. (2010) for plants, Vigna Taglianti (2004) for ground
beetles and World Spider Catalog (2016) for spiders.
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125

121 45 123124

Fig. 1. Investigated landforms in Val d’Ultimo (left) and Valle del Braulio (right) with respective plots
position (bottom). Sites code are organized as follows: first digit represent the study area (1= Val
d’Ultimo, 2 = Valle del Braulio), second digit represent the landform (1 = control slope, 2 = scree

slope, 3 = rock glacier), third digit represent the plot number.
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Data analysis

Comparison among landforms

To compare the landforms in terms of microclimate features, descriptive statistics (mean value and
standard deviation) of GST and GSH were calculated for the year 2014. Following Schmid et al. (2012),
two distinct periods of the year were discerned: the snow-cover period (period with daily GST standard
deviation < 0.2°C on the basis of 1 hour sampling rate) and the snow-free period (period with daily
GST standard deviation > 0.2°C on the basis of 1 hour sampling rate). The snow cover period includes
the zero-curtain one, which is the period affected by the latent heat effect in maintaining GST of
freezing or thawing soils near 0°C (Outcalt et al., 1990) (period with GST ranging from -0.25 to 0.25°C
in Gubler et al., 2011). To analyze the difference of GST and GSH among the landforms during the
snow-cover period, two months during which all the landforms of both the areas were snow-covered
but outside the zero-curtain period were analyzed: February and March 2014. To analyze the difference
of GST and GSH among the landforms during the snow-free period, two months during which all the
landforms of both the areas were snow-free were analyzed: August and September 2014.

To compare the landforms in terms of soil and community variables, regression methods were used:
each variable was included in a regression model as response variable, except the landform which was
included as explicative one. For all soil variables and cumulative ground cover, Quantile Regression
Models (QRM) (Cade and Noon, 2003) were used, thus the median values of each variable were
compared among landforms. To account for the correlation among sampling points within each plot, a
random effect with Laplace distribution was included in each model (Geraci & Bottai, 2014).

For the remaining community variables (plant species richness, arthropod species richness and activity
density), Generalized Linear Models (GLM) with Poisson error were used. To account for the
correlation among sampling points within each plot, the models were estimated with Generalized
Estimating Equation methods (Zeger et al., 1988), using an exchangeable working covariance matrix.
Results from all the models were reported in terms of estimated differences among medians (QRM)
and mean ratios (GLM) among different landforms, with respective 95% Confidence Intervals. The
Confidence Intervals were adjusted for multiple comparisons with the Bonferroni rule.

To identify characteristic plant and arthropod species of each landform, Indicator Species Analysis
(ISA) (Dufréne & Legendre, 1997) were used; the IndVal index for abundance data was used to
quantify the association between species and the three landforms. Once identified the species with the
highest association for each landform, such associations were assessed through permutation tests
(number of permutations: 9999). In order to control for the “block effect” of sampling points within
each plot, a restricted permutation scheme was adopted, in which sampling points within each plot

permute, but cannot be exchanged with sampling points outside the plot.
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All the analyses were performed with the R software (R Core Team 2015), with the packages
FactoMineR (Husson et al,, 2016), vegan (Oksanen et al., 2015), lgqmm (Geraci, 2014), geepack
(Hojsgaard et al., 2006) and indicspecies (De Caceres & Legendre, 2009).

Relationships among variables and species ordination

To analyze the relationships among variables and species ordination, data were summarized at the level
of plots (n=30) by using the median value for each soil and community variable, the mean cover for
each plant species (22 plant species out of 118 were omitted since occurring in only one plot) and the
sum of activity density for each arthropod species.

To evaluate the association among soil and community variables, Principal Component Analysis (PCA)
methods were used. The assumption of linear correlation was checked by examining monotone
correlation coefficients (Spearman’s rho) and scatterplots for each couple of variables; due to the
presence of some non-linear relationship, a PCA on the ranks of the variables was carried out. Soil
parameters were used as active variables, community parameters were included as passive variables to
evaluate their association with soil patterns.

To describe the patterns of species distribution and their relationships with environmental variables,
Canonical Correspondence Analysis (CCA) (Ter Braak, 1986) was used. On the basis of the PCA
results, coarse debris fraction, organic matter content and soil pH were selected as explanatory variables

of the CCA, both for plant and arthropod species.

Results

Comparison among landforms

The investigated landforms showed the same GST pattern in both the study areas: control slopes and
scree slopes were characterized by a similar thermal regime, while rock glaciers always showed lower
temperature (Fig. 2, table 1). Mean daily GST in the snow-cover period of February-March were
characterized by constant values, slightly below zero on the control slopes (-0.33 and -0.72°C for Val
d’Ultimo and Valle del Braulio, respectively) and the scree slopes (-0.48 and -0.82°C) and much lower
on the rock glaciers (-2.25 and -2.27°C). Mean daily GST during the snow-free period of August-
September was characterized by less remarkable differences, but rock glaciers were again colder (5.25
and 3.95°C for Val d’Ultimo and Valle del Braulio, respectively) than surrounding control slopes (7.13
and 5.30°C) and scree slopes (6.12 and 5.09°C). Concerning GSH, all the landforms reached the
constant value of 100% during the snow-cover period of period February-March, while the percentage
varies during the snow-free period of August-September with the highest values generally reached on

debris-featured landforms (table 1).
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1. Val d'Ultimo

Landform Altitude  Aspect  Slope Petiod Length Ground surface Ground surface
(m a.s.l) ©) ©) (days) temperature (°C) humidity (%)
Snow-cover 232 -0.11 (0.23) 100.00 (0.00)
Snow-free 133 6.25 (2.91) 91.42 (8.44)
1. Control slope 2415 330 20 February-March 59 -0.33 (0.05) 100.00 (0.00)
Augus-September 61 7.13 (1.68) 92.27 (7.86)
Year 365 2.21 (3.54) 96.85 (6.57)
Snow-cover 249 -0.21 (0.24) 100.00 (0.00)
Snow-free 116 5.10 (3.40) 95.43 (7.08)
2. Scree slope 2470 310 20 February-March 59 -0.48 (0.05) 100.00 (0.00)
Augus-September 61 6.12 (1.85) 95.03 (6.85)
Year 365 1.47 (3.13) 98.54 (4.53)
Snow-cover 236 -1.33 (0.99) 100.00 (0.00)
Snow-free 129 4.63 (3.06) 92.72 (10.83)
3. Rock glacier 2500 320 20 February-March 59 -2.25 (0.30) 100.00 (0.00)
Augus-September 61 5.25 (2.00) 95.51 (6.94)
Year 365 0.77 (3.48) 97.41 (7.33)
2. Valle del Braulio
Altitude  Aspect  Slope Length Ground surface Ground surface
Landform Period
(m a.s.l.) ©) ©) (days) temperature (°C) humidity (%)
Snow-cover 221 -0.49 (0.59) 100.00 (0.00)
Snow-free 144 4.72 (2.86) 96.88 (5.22)
1. Control slope 2485 270 20 February-March 59 -0.72 (0.15) 100.00 (0.00)
Augus-September 61 5.30 (2.09) 96.89 (4.89)
Year 365 1.55 (3.14) 98.78 (3.60)
Snow-cover 234 -0.46 (0.50) 100.00 (0.00)
Snow-free 131 4.40 (2.50) 96.37 (7.02)
2. Scree slope 2610 295 35 February-March 59 -0.82 (0.23) 100.00 (0.00)
Augus-September 61 5.09 (1.65) 96.48 (6.51)
Year 365 1.28 (2.80) 98.69 (4.56)
Snow-cover 268 -1.49 (0.906) 100.00 (0.00)
Snow-free 97 2.60 (2.606) 99.65 (1.58)
3. Rock glacier 2595 330 15 February-March 59 -2.27 (0.04) 100.00 (0.00)
Augus-September 61 3.95 (1.86) 99.42 (2.00)
Year 365 -0.42 (2.40) 99.91 (0.82)

Table 1. Ground surface temperature and humidity recorded during 2014 on each landform. Results

were reported as mean values (with standard deviation in brackets) for five periods of different length.
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Debris-featured landforms differ from the control slope for higher values of bare soil surface, coarse
debris fraction, soil pH and calcium carbonate content (where present) and lower values of organic
matter content (except for Val d’Ultimo, where the organic matter content of the rock glacier is
substantially equal to that of the control slope) (Fig. 3, table 2, table S1).

Similarly, debris-featured landforms differ from the control slope for lower plant species richness and
cumulative ground cover (Fig. 3, table 2, table S1). The median values of arthropod community
variables at the level of plot showed no differences among the landforms (Fig. 3, table 2, table S1), but
the total values at the level of landform showed remarkable differences at least between control slopes
and debris-featured landforms, the first being characterized by higher species richness and total activity

density (table S1).
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Fig. 3. Boxplot of each variable for the investigated landforms. Val d’Ultimo: control slope (1.1), scree

slope (1.2), rock glacier (1.3); Valle del Braulio: control slope (2.1), scree slope (2.2), rock glacier (2.3).
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1. Val d'Ultimo

3vs2

3vs1

2vs1

Bare soil surface (%)

Coarse debris fraction (%)

Soil pH

Organic matter content (g/kg)
Calcium carbonate content (%)
Plant species richness *
Cumulative ground cover (%)
Arthropod species richness *

Arthropod total activity density *

15.1 (-15.0, 20.0)
2.6 (-6.2,3.2)
0.0 (:0.6, 0.4)

1.4 (-46.9, 141.9)
0.0 (:0.3,0.3)

0.54 (0.22, 1.31)
23.7 (-28.4,23.7)
1.10 (0.77, 1.56)
1.09 (0.63, 1.90)

80.2 (52.6, 85.0)
25.4 (21.7, 36.9)
0.9 (0.5, 1.4)
-152.0 (-209.0, 14.0)
0.0 (:0.2,0.5)
0.65 (0.44, 0.97)
-83.7 (-130.5, -65.0)
0.94 (0.64, 1.36)
0.83 (0.49, 1.39)

65.1 (60.0, 75.0)
28.0 (22.0, 36.8)
1.0 (0.5, 1.4)
150.6 (-212.0, -39.5)
0.0 (0.3, 0.3)
0.35 (0.16, 0.80)
107.4 (-111.4, -65.1)
1.03 (0.74, 1.43)
0.90 (0.53, 1.54)

2. Valle del Braulio 3vs2 3vs1 2vs1

Bare soil surface (%) 5.0 (-2.8,7.5) 70.0 (54.4, 80.0) 65.0 (51.9,76.2)
Coarse debris fraction (%) -2.6 (-1.0, 4.0) 15.6 (10.9, 38.3) 14.1 (9.6, 36.9)
Soil pH 0.2 (-0.1, 0.4) 1.0 (0.5, 1.5) 0.9 (0.5, 1.4)
Organic matter content (g/kg) -1.0 (-17.7, 3.6) -205.6 (-301.3, -111.0) -204.5 (-298.8, -110.9)

Calcium carbonate content (%)
Plant species richness *
Cumulative ground cover (%)
Arthropod species richness *

Arthropod total activity density *

12,5 (-0.1, 32.4)
1.07 (0.39, 2.88)
1.0 (-6.1, 3.6)
0.95 (0.57, 1.58)
0.70 (0.24, 2.04)

77.7 (46.6, 92.1)
0.26 (0.14, 0.50)
-85.0 (-96.2, -62.7)
0.85 (0.41, 1.77)
0.63 (0.15, 2.68)

65.2 (33.7, 80.6)
0.28 (0.12, 0.66)
-83.9 (-96.7, -59.8)
0.81 (0.39, 1.66)
0.44 (0.14, 1.36)

Table 2. Results of the multiple comparisons of variables among landforms: control slopes (1), scree
slopes (2), rock glaciers (3). All the comparisons were carried out with QRM, except plant species
richness, arthropod species richness and arthropod total activity density, which were carried out with

GLM (Poisson distribution) (*). Results were reported as Est (95% C.1.).

The ISA (table S1) selected forty-eight plant species significantly linked to the control slopes (twenty-
one on silicate substrate and twenty-seven on carbonate ones), among which the most significant
(IndVal = 0.90, p = 0.0000) were: Anthoxanthum alpinum, Potentilla anrea, Primula glutinosa, Carex curvula,
Leontodon helveticus, Loiselenria procumbens, Vaccininm ganltherioides, Ligusticum mutellina and Soldanella alpicola
for silicate substrates; Agrostis alpina, Carex firma, Dryas octopetala, Sedum atratum, Ranunculus alpestris and
Saxifraga caesia for carbonate substrates. Fourteen plant species were significantly linked to the scree
slopes: nine on silicate substrates (Oxyria digyna, Saxifraga seguieri, Geum reptans, Pritgelago brevicanlis,
Ranunculus glacialis, 1 eronica alpina, Sedum alpestre, Cystopteris fragilis and Cerastium uniflornm) and five on
carbonate ones (Saxifraga aphylla, Pritzelago alpina, Papaver anrantiacum, Arabis pumila and Poa minor). Six

plant species were significantly linked to the rock glaciers: four on silicate substrates (Poa laxa,
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Doronicum clusii, Senecio carniolicns and Saxifraga bryoides) and two on carbonate ones (Arabis caerulea and
Arabis alpina).

The ISA (table S1) selected four arthropod species significantly linked to the control slopes: the carabid
beetles Cymindis vaporariornm (found both on silicate and carbonate control slopes) and Carabus sylvestris
(found only on carbonate control slope) and the spiders Pardosa giebeli and Xysticus desidiosus (both found
only on carbonate control slope). One spider was significantly linked to the scree slopes: Anguliphantes
monticola (found both on silicate and carbonate substrates). Two spiders were significantly linked to the
rock glaciers: Pardosa nigra (found both on silicate and carbonate substrates) and S##icus longipes (found

only on carbonate substrate).

Relationships among variables and species ordination

Soil parameters were all correlated with each other (Fig. 4, table 3). High positive correlations occurred
between soil pH and calcium carbonate content and between bare soil surface and coarse debris
fraction, while all of them were negatively correlated with organic matter content. Plant species richness
and cumulative ground cover were both positively correlated with organic matter content and thus
negatively correlated to the other soil variables; arthropod species richness and activity density were

positively correlated with each other but lowly correlated with the other variables (Fig. 4, table 3).
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Fig. 4. PCA diagram showing the mutual relations among variables.
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Bar.so  Coa.fr pH Org.ma Cal.ca Plari Pla.ab  Artri  Art.ab

Bar.so 1 0,69 0,55 -0,73 0,46 -0,88 -0,96 0,15 -0,29
Coa.fr 0,69 1 0,70 -0,81 0,57 -0,57 -0,63 0,24 -0,07
pH 0,55 0,70 1 -0,67 0,90 -0,35 -0,48 0,34 0,10
Org.ma -0,73 -0,81 -0,67 1 -0,54 0,62 0,72 -0,13 0,18
Cal.ca 0,46 0,57 0,90 -0,54 1 -0,27 -0,37 0,34 0,22
Pla.ri -0,88 -0,57 -0,35 0,62 -0,27 1 0,93 0,11 0,40
Pla.ab -0,96 -0,63 -0,48 0,72 -0,37 0,93 1 -0,09 0,35
Art.ri 0,15 0,24 0,34 -0,13 0,34 0,11 -0,09 1 0,66
Art.ab -0,29 -0,07 0,10 0,18 0,22 0,40 0,35 0,66 1

Table 3. Correlation table among variables: bare soil surface (Bar.so), coarse debris fraction (Coa.fr),
soil pH (pH), organic matter content (Org.ma), calcium carbonate content (Cal.ca), plant species
richness (Pla.ri), cumulative ground cover (Pla.ab), arthropod species richness (Art.ri), total arthropod

activity density (Art.ab). Results were reported as Spearman’s index of monotone correlation (rho).

The first two axis of CCA of plant species (Fig. 5) explained 32.31% of the total explained inertia (18.45
and 13.86 % for the first and second axis, respectively). The first axes was highly correlated with soil
pH (r index = 0.97) and separated the control slope on silicate substrate from the other landforms,
while the second axes was correlated with organic matter content and coarse debris fraction (r index =
0.82 and -0.59, respectively) and separated control slopes from debris-featured landforms. The CCA
plot showed a clear partition in four main groups of sites corresponding to control slope and debris-
featured landforms on silicate and carbonate substrates, respectively. No distinction resulted between
scree slopes and rock glaciers.

The first two axis of CCA of arthropod species (Fig. 5) explained 17.78% of the total explained inertia
(10.19 and 7.59 % for the first and second axis, respectively). The first axes was correlated with organic
matter content (r index = -0.71) and separated the control slope on carbonate substrates from the other
landforms, while the second was highly correlated with soil pH (r index = 0.92) and separated the
control slope and debris-featured landforms on silicate substrate from debris-featured landforms on
carbonate one. Coarse debris fraction was quite equally correlated with the first and the second axis (r
index = 0.58 and 0.64, respectively). The CCA plot did not show a clear partition, but a cloud of sites
and species in which two main gradients are recognizable: the main one occurring from control slopes
to debris-featured landforms and a slighter one tending to separate the two study areas. No distinction

resulted between scree slopes and rock glaciers.
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Fig. 5. CCA ordination plots of plant and arthropod species with soil variables: coarse debris fraction
(Coa.fr), soil pH (pH), organic matter content (Org.ma). Sites code are organized as follows: first digit
represent the study area (1= Val d’Ultimo, 2 = Valle del Braulio), second digit represent the landform
(1 = control slope, 2 = scree slope, 3 = rock glacier), third digit represent the plot number. Species

codes are reported in table 5.

Discussion

Ecology of active rock glaciers and surrounding landforms

The comparison among landforms in terms of abiotic and biotic features shows overall remarkable
differences between control slopes and debris-featured landforms, while few differences occur between
scree slopes and rock glaciers.

The GST of control slopes are characterized by a pattern typically expected at the considered altitude
where permafrost is absent: a long-lasting snow-cover period with values constantly around 0°C due to
the snow-cover insulation from air temperature; a zero-curtain period maintaining approximately 0°C
due to the latent heat effect of freezing or thawing soil; a relatively brief snow-free period with values
affected by air temperature, generally ranging above 0°C (Outcalt et al.,, 1990; Hoelzle et al., 1999;
Schmid et al. 2012). While scree slopes show a GST pattern substantially analogue to that of control
slope, rock glaciers are characterized by overall lower values (despite not necessarily higher GSH and
longer-lasting snow cover), likely as a consequence of the thermal effect of underlying ice (Hoelzle et
al., 1999). The hypothesis 1a (rock glaciers differ from the surrounding landforms for ground surface

temperature/humidity) is thus supported by our data concerning temperature.
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The soils of control slope can be likely considered as more developed than those of debris-featured
landforms, since organic matter content is higher and coarse debris fraction, calcium carbonate content
(where present) and soil pH are lower (Matthews, 1992; Tampucci et al., 2015b). Scree slopes and rock
glaciers show opposite soil features, substantially analogue to each other. The hypothesis 1b (rock
glaciers differ from the surrounding landforms for soil physical/chemical parameters) is thus overall
supported by our data only concerning the comparison with control slopes.

The control slopes show high plant species richness and cumulative ground cover, including species
generally expected in alpine grasslands like Carex curvula, Primula glutinosa and Loiselenria procumbens on
silicate substrates and Carex firma, Dryas octopetala and Saxifraga caesia on carbonate ones (Grabherr &
Mucina, 1993; Oberdorfer, 1998). Coherently, arthropod community are characterized by relatively high
species richness and activity density, with typical species of alpine grasslands like the ground beetles
Carabus sylvestris and Cymindis vaporariorum (Casale et al., 1982; Gobbi et al., 2007) or the spider Xysticus
desidiosus (Nentwig et al., 2016; Pantini & Isaia, 2016). Even if plant and arthropod communities of
scree slopes and rock glaciers show few differences in terms of species richness and abundance, some
characteristic species of the two debris-featured landforms can be identified. Scree slopes are
characterized by plant species typically adapted to mechanical disturbance (e.g. Gewm reptans and Oxyria
digyna on silicate substrates or Saxifraga aphylla and Papaver aurantiacum on carbonate ones) (Grabherr &
Mucina, 1993; Oberdorfer, 1998) and by a spider widespread on a wide altitudinal range (Anguliphantes
monticola) (Nentwig et al., 2010); rock glaciers host plant species known as indicators of cold-wet
microclimates and long-lasting snow cover (e.g. Doronicum clusii on silicate substrates and Arabis caernlea
on carbonate ones) (Grabherr & Mucina, 1993; Oberdorfer, 1998) and strictly cold-adapted spiders (e.g.
Pardosa nigra and Sitticus longipes) (Thaler, 2003; Negro et al., 2010). Therefore, the hypothesis 2a (rock
glaciers differ from the surrounding landforms for plant/arthropod species richness/abundance) is
overall supported by our data only concerning the comparison with control slopes, while the hypothesis
2b (rock glaciers differ from the surrounding landforms for cold-adapted plant/arthropod species) is
overall supported by our data.

Our results show that plant and arthropod species distributions throughout the investigated areas and
landforms are driven by the same soil variables: soil pH is linked to the different substrates occurring in
the two areas; coarse debris fraction and organic matter content indicate the distinction between
control slopes and debris-featured landforms as whole. If the plant species mutually exclusive of the
two areas can be certainly attributed to the substrate and its related soil pH (e.g. Aeschimann et al,,
2004; Landolt et al., 2010), the possible influence of such factor on arthropod fauna is unclear: species
found only on one of the two substrates in our study (e.g. the carabid beetle Carabus sylvestris and the
spiders Xysticus desidiosus and Pardosa giebeli on carbonate substrate) were found on the other substrate as

well in previous studies (e.g. Gobbi et al., 2006a, 2006b, 2010, 2014). The differences of arthropod
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fauna between the two study areas are thus likely not imputable to the substrate itself, but probably to
the presence of niche defined by scenopoetic variables (Soberén, 2010).

Soil features explain the plant and arthropod community differences between control slopes and debris-
featured landforms as a whole, but are not enough to discern those of scree slopes and rock glaciers.
Our third hypothesis (the soil variables drive the distribution of plant/arthropod species through the
investigated landforms) is thus supported by our data only concerning the difference between control
slopes and debris-featured landforms as a whole, both on silicate and carbonate substrates.
Summarizing, scree slopes and rock glaciers show substantially analogue soil features, but different
GST (lower on rock glaciers) and different occurrence of cold-adapted species (more
frequent/abundant on rock glaciers). The peculiarity of active rock glaciers as habitat for plant and
arthropod species seems thus to be linked to microclimate rather than soil features.

The results obtained by our study can be compared only with the data collected by Gobbi et al. (2014)
in the near (c. 30 and 40 km far from our study areas, respectively) Amola rock glacier (Val d’Amola,
Adamello-Presanella Massif), to our knowledge the only previous study with a similar approach. The
rock glacier of Val d’Amola, in contrast with those of Val d’Ultimo and Valle del Braulio, is
characterized by the presence of exclusive and large populations of cold-adapted ground beetle species.
This difference could be linked to some peculiarities of the physical environment of such landform, in
particular: 1) the occurrence of boulders up to some meters in diameter able to prevent a continuous
snow-cover insulation from air in winter; 2) mean annual GST much lower with respect to the
surrounding scree slope (5.40°C lower, against 0.70°C lower in Val d’Ultimo and 1.70°C lower in Valle
del Braulio). These features probably also act as limiting factor for plant survival. On the herein
investigated rock glaciers the occurrence of smaller boulders and annual GST more similar between
rock glaciers and scree slopes may sustain cold-adapted plants, but are likely not enough to affect
ground beetles distribution (Gobbi et al. 2014).

The variability of grain size and microclimate features of active rock glaciers may provide suitable
habitat for different taxa depending on their own thermal requirement, making the ecological role of
these landforms in mountain landscape more complex than previously believed. Even if the sample size
is low (two rock glaciers plus that described by Gobbi et al., 2014), the observed sites cover a broad
array of substrate conditions: carbonate substrate with relatively small debris size (Valle del Braulio),
metamorphic rocks with coarse substrate (Val d’Ultimo) and igneous rocks with metric boulders (Val
d’Amola, Gobbi et al., 2014). Such variability explains the observed heterogeneity in many soils
parameters but does not affect the coherent overall picture of a marked influence of rock glaciers on

local topoclimate.
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Active rock glaciers as warm-stage refugia?

Cold-adapted species are the first to be threatened by current climate change, as consequence of the
progressive reduction of their habitat due to the temperature increase and to the upshift of altitudinal
belts (Theurillat & Guisan, 2001; Pauli et al., 2003; Thuiller et al., 2005; Dullinger et al., 2012; Pizzolotto
et al., 2014; Moret et al., 2016). Active rock glaciers were previously proposed as potential warm-stage
refugia for cold-adapted species because of their microclimate features (Millar et al., 2010, 2013; Gobbi
et al., 2014; Gentili et al., 2015), a role similar to that proposed for debris-covered glaciers (Caccianiga
et al., 2011; Gobbi et al., 2011).

The thermal profile observed on our rock glaciers supports this view, indicating a decoupling of the
local topoclimate from the regional climate, a key factor for a site to serve as refugium (Dobrowski,
2011; Keppel et al., 2012). A critical point lies in the capability of rock glaciers to persist under adverse
conditions: many studies showed that active rock glaciers, despite their thermal inertia (Frauenfelder &
Kaib, 2000), tend to become climatically inactive and then relict (without ice) once climate becomes no
more suitable (Barsch, 1996; Sorg et al. 2015). Furthermore, enhanced activity may occur at decadal
scale in correspondence with warm periods (Sorg et al., 2015), making rock glaciers difficult to colonize
during such already critical climatic stages.

Even though the investigated active rock glaciers are the lowest of the respective study areas, they still
stand well above the climatic treeline: control slopes host primary alpine grasslands where cold-adapted
species already occur (e.g. Landolt et al., 2010; Nentwig et al., 2016; Homburg et al., 2014). On drier,
continental mountain ranges the altitude of active rock glaciers tends to decrease (Scotti et al., 2013),
whereas that of the climatic treeline increases (Caccianiga et al., 2008). As a consequence, on extremely
dry-continental mountain ranges such as the American Sierra Nevada (Millar et al., 2013) and Tien Shan
Mountains in Central Asia (Sorg et al.., 2015) active rock glaciers occur below the climatic treeline,
allowing cold-adapted species to occur well below their normal altitudinal distribution. For this reason,
the role of rock glaciers as warm-stage refugia seems more important on such mountain range than on
European Alps, where ecological heterogeneity and topoclimate decoupling induced by rock glaciers
with respect of the surrounding landscape appear less consistent. On European Alps a more marked
refigium role could be played by debris-covered glaciers, whose peculiar mass balance allows them to

descend below the treeline (Caccianiga et al., 2011; Gobbi et al., 2011).
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Table S1. Synoptic table at landform level: soil and community variables were expressed as median values (with minimum and maximum values in brackets),
followed by total values at landform level (for community variables ony); plant species cover (Ab) were expressed as mean value of cover in percentage; arthropod

species abundances (Ab) were expressed as sum of activity density (ara = spider; car = carabid beetles); for each species were indicated: IndVal for each landform
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(IndVal), best-fitting landform (BFL), significance of the association with the best-fitting landform (p-value, with * for significantly association).

Area 1. Val d'Ultimo 2. Valle del Braulio
ID

Landform 1. Control slope 2. Scree slope 3. Rock glacier 1. Control slope 2. Scree slope 3. Rock glacier
Bat.so | Bare soil surface (%) 15 (5, 25) 80 (75, 100) 95 (35, 100) 30 (15, 65) 95 (90, 100) 100 (95, 100)
Coa.fr | Coarse debris fraction (%) 60 (46, 74) 90 (84, 100) 89 (76, 100) 77 (29, 89) 92 (76, 95) 93 (91, 95)
pH Soil pH 4.1 (3.9,5.3) 53 (4.3,6.1) 5.1 (4.6,5.9) 6.8 (5.5,7.2) 7.6 (7.1, 8.0) 7.8 (7.0, 8.0)
Org.ma | Organic matter content (g/kg) 184.71 (77.24, 320.80) 36.67 (2.63, 134.30) 29.47 (6.31, 582.80) 208.80 (36.94, 398.80) 4.61 (0.33, 61.15) 3.94 (1.00, 25.45)
Cal.ca Calcium carbonate content (%) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 12.86 (0.00, 40.82) 78.01 (29.406, 93.63) 90.56 (77.84, 98.07)
Pla.ri Plant species richness 22 (19, 33), 45 16 (0, 22), 43 5 (0, 20), 30 23 (9, 36), 60 7 (0, 11), 20 5 (0, 16), 24
Pla.ab Cumulative ground cover (%) 114 (93, 183), 118 27 (0, 43), 24 6 (0, 78), 22 88 (56, 109), 86 7(0,15), 7 5 (0, 16), 7
Art.ri Arthropod species richness 2(0,4),21 2(0,4),10 2(0,4),8 3(0,7),15 2(0,0), 14 2(0,5),9
Artab | Arthropod total activity density 0.07 (0.00, 0.15), 1.12 0.05 (0.00, 0.17), 0.97 0.07 (0.00, 0.17), 1.01 0.13 (0.00, 0.78), 3.14 0.07 (0.00, 0.35), 1.86 0.07 (0.00, 0.23), 1.31
Plant species Ab IndVal Ab IndVal Ab IndVal Ab IndVal Ab IndVal Ab IndVal BFL p-value Sig.
Antal | Anthoxanthum alpinum 18,00 1,00 0,00 0,00 0,07 0,02 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Pot.au | Potentilla aurea 3,40 1,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Prigl Primula glutinosa 1,53 1,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Cat.cu | Carex curvula 26,67 0,99 0,00 0,00 0,33 0,03 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Leo.he | Leontodon helveticus 4,53 0,97 0,00 0,00 0,07 0,03 0,27 0,12 0,00 0,00 0,00 0,00 1.1 0,0006 *
Loi.pr | Loiseleuria procumbens 6,07 0,97 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Vac.ga | Vaccinium gaultherioides 4,33 0,96 0,00 0,00 0,00 0,00 0,07 0,03 0,00 0,00 0,00 0,00 1.1 0,0006 *
Lig.mu | Ligusticum mutellina 4,27 0,95 0,07 0,03 0,00 0,00 0,40 0,11 0,00 0,00 0,00 0,00 1.1 0,0006 *
Solall | Soldanella alpicola 11,80 0,95 1,07 0,21 0,13 0,04 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Hel.ve | Helictotrichon versicolor 3,40 0,86 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Phy.he | Phyteuma hemisphaericum 0,80 0,86 0,00 0,00 0,07 0,07 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0006 *
Poa.al Poa alpina 3,20 0,89 0,20 0,10 0,00 0,00 0,40 0,12 0,00 0,00 0,00 0,00 1.1 0,0012 *
Hom.al | Homogyne alpina 12,33 0,86 0,07 0,02 0,07 0,02 4,00 0,38 0,07 0,02 0,00 0,00 1.1 0,0012 *
Agr.ru | Agrostis rupestris 4,47 0,90 0,47 0,20 0,60 0,19 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0018 *
Geu.mo | Geum montanum 0,33 0,58 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0018 *
Hup.se | Huperzia selago 0,40 0,63 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0030 *
Gna.su | Gnaphalium supinum 1,00 0,76 0,27 0,24 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,0036 *
Leu.al Leucanthemopsis alpina 0,80 0,68 0,07 0,06 0,47 0,39 0,00 0,00 0,00 0,00 0,07 0,06 1.1 0,0054 *




Eup.mi
Nat.st
Hie.gl
Jun.na
Cal.vu
Luz.lu
Ore.di
Rho.fe
Pin.le
Sib.pr
Alc.vu
Cir.sp
Dip.al
Ped.ke
Lar.de
Oxy.di
Sax.se
Geu.re
Pribr
Ran.gl
Ver.al
Sed.al
Cys.fr
Cer.un
Sil.ex
Car.re
Art.ge
And.al
Sax.ex
Lin.al
Cry.cr
Sax.an
Sax.pa
Myo.al
Sem.mo
Llo.se
Poala
Dor.cl
Sen.ca
Sax.br
Luz.al
Fes.ha

Cam.sc

Euphrasia minima
Nardus stricta
Hieracium glanduliferum
Juniperus nana

Calluna vulgaris

Luzula lutea

Oreochloa disticha

Rhododendron ferrugineum

Pinguicula leptoceras
Sibbaldia procumbens
Alchemilla gr. vulgaris
Cirsium spinosissimum
Diphasiastrum alpinum
Pedicularis kerneri
Larix decidua

Oxyria digyna
Saxifraga seguieri
Geum reptans
Pritzelago brevicaulis
Ranunculus glacialis
Veronica alpina
Sedum alpestre
Cystopteris fragilis
Cerastium uniflorum
Silene exscapa
Cardamine resedifolia
Artemisia genipi
Androsace alpina
Saxifraga exarata
Linaria alpina
Cryptogramma crispa
Saxifraga androsacea
Saxifraga paniculata
Myosotis alpestris
Sempervivum montanum
Lloydia serotina

Poa Iaxa

Doronicum clusii
Senecio carniolicus
Saxifraga bryoides
Luzula alpinopilosa
Festuca halleri

Campanula scheuchzeri

0,93
1,87
0,33
0,20
0,13
0,40
0,13
1,20
0,07
0,07
0,40
0,07
0,07
0,20
0,07
0,00
0,00
0,00
0,00
0,00
0,13
0,07
0,00
0,00
0,80
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,33
0,07
0,13

0,77
0,58
0,58
0,35
0,37
0,37
0,30
0,70
0,26
0,26
0,37
0,26
0,26
0,32
0,18
0,00
0,00
0,00
0,00
0,00
0,13
0,07
0,00
0,00
0,27
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,10
0,06
0,23

0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,07
0,00
0,00
0,00
0,00
0,00
0,20
0,00
3,00
0,93
2,07
0,40
0,33
0,67
0,60
0,33
1,67
133
0,47
0,20
0,13
0,33
0,13
0,07
0,07
0,07
0,47
0,07
0,07
0,73
0,20
0,13
133
3,73
0,13
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,15
0,04
0,00
0,00
0,00
0,00
0,00
0,32
0,00
0,93
0,82
0,86
0,63
0,58
0,65
0,64
0,49
0,65
0,71
0,50
0,45
0,37
0,43
0,26
0,26
0,26
0,26
0,28
0,18
0,18
0,44
0,11
0,18
0,57
0,58
0,11
0,00

0,13
0,00
0,00
0,00
0,00
0,00
0,00
1,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,13
0,20
0,07
1,07
0,00
0,33
0,00
0,00
0,27
0,00
0,00
0,00
0,00
0,40
0,07
0,07
2,00
2,93
0,40
2,00
6,40
1,20
0,20
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0,11
0,00
0,00
0,00
0,00
0,00
0,00
0,17
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,13
0,21
0,10
0,41
0,00
0,36
0,00
0,00
0,34
0,00
0,00
0,00
0,00
0,21
0,18
0,18
0,80
0,79
0,55
0,72
0,67
0,53
0,35

0,40
0,00
0,00
0,13
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,00
0,00
0,00
0,00
0,00
0,07
0,00
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,33
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,19
0,00
0,00
0,23
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,18
0,00
0,00
0,00
0,00
0,00
0,06
0,00
0,10
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,30
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,33
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,18
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,00
0,00
0,33
0,00
0,00
0,00
0,00
0,00
0,13
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,06
0,00
0,00
0,18
0,00
0,00
0,00
0,00
0,00
0,26
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.3
1.3
1.3
1.3
1.3
1.3
1.3

0,0072
0,0167
0,0196
0,1022
0,1223
0,1372
0,3224
0,3980
0,6403
0,6403
0,6574
0,6574
0,6591
0,6637
0,8806
0,0006
0,0006
0,0018
0,0018
0,0024
0,0042
0,0084
0,0471
0,0476
0,0693
0,0872
0,1308
0,1319
0,2630
0,5260
0,6512
0,6709
0,6709
0,7729
0,8875
0,8918
0,0036
0,0036
0,0125
0,0413
0,0766
0,1372
0,6709




Agr.al
Car.fi
Dry.oc
Sed.at
Ran.al
Sax.ca
Ses.ca
Min.ve
Ast.be
Ach.at
Cat.or
Sol.al2
Asp.vi
Cam.co
Val.sa
Bar.al
Hel.al
Ant.vu
Pin.al
Pol.vi
Eriun
Sal.rel
Car.pa
Sil.ac
Dra.ai
Gna.ho
Gen.ve
Cre.ke
Sel.se
Salhe
Pin.mu
Tar.al
Sal.se
Ver.ap
Cat.ru
Dap.st
Glo.co
Hie.vi
Sax.ho
Hie.bi
Gen.ba
Are.bi
Gen.en

Agrostis alpina

Carex firma

Dryas octopetala
Sedum atratum
Ranunculus alpestris
Saxifraga caesia
Sesleria caerulea
Minuartia verna

Aster bellidiastrum
Achillea atrata

Carex ornithopoda
Soldanella alpina
Asplenium viride
Campanula cochleariifolia
Valeriana saxatilis
Bartsia alpina
Helianthemum alpestre
Anthyllis vulneraria
Pinguicula alpina
Polygonum viviparum
E'rigeron uniflorus
Salix reticulata

Carex parviflora

Silene acaulis

Draba aizoides
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Gentiana engadinensis
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Pot.br | Potentilla brauneana 0,00 0,00 0,00 0,00 0,00 0,00 0,07 0,26 0,00 0,00 0,00 0,00 2.1 0,6635
Sax.ap | Saxifraga aphylla 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,20 0,77 0,13 0,12 22 00012 *
Prial Pritzelago alpina 0,00 0,00 0,00 0,00 0,00 0,00 0,13 0,12 0,80 0,73 0,27 0,24 22 0,0042 *
Pap.au | Papaver aurantiacum 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,73 0,71 0,33 0,32 22 00072 *
Ara.pu | Arabis pumila 0,00 0,00 0,00 0,00 0,00 0,00 0,33 0,25 0,80 0,60 0,67 0,50 22 00214 *
Poa.mi | Poa minor 0,00 0,00 0,00 0,00 0,00 0,00 0,13 0,11 0,73 0,58 0,73 0,58 22 00372 *
Moe.ci | Moehringia ciliata 0,00 0,00 0,00 0,00 0,00 0,00 0,33 0,14 0,60 0,42 0,20 0,19 22 03254
Cer.la Cerastium latifolium 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,07 0,26 0,00 0,00 22 0,6695
Fes.qu | Festuca quadriflora 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,33 0,26 0,00 0,00 22 0,6695
Sal.re2 | Salix retusa 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,07 0,26 0,00 0,00 22 0,6695
Sax.ai Saxifraga aizoides 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,07 0,26 0,00 0,00 22 0,6775
Ara.ca | Arabis caerulea 0,00 0,00 0,00 0,00 0,00 0,00 0,27 0,28 0,00 0,00 0,67 0,69 23 00143 *
Araal | Arabis alpina 0,00 0,00 0,33 0,24 0,00 0,00 0,00 0,00 0,73 0,54 0,80 0,59 23 0,0366 *
Sax.op | Saxifraga oppositifolia 0,00 0,00 0,87 0,49 0,00 0,00 0,00 0,00 0,20 0,13 1,13 0,67 23 0,0648
Arthropod species Ab IndVal Ab IndVal Ab IndVal Ab IndVal Ab IndVal Ab IndVal BFL p-value Sig.
Cym.va | Cymindis vaporariorum (car) 0,34 0,66 0,00 0,00 0,00 0,00 0,02 0,06 0,00 0,00 0,00 0,00 1.1 0,0149 *
Eriar Erigone arctica (ara) 0,05 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6403
Cen.pa | Centromerus pabulator (ara) 0,11 0,37 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6574
Car.pr Carabus problematicus (car) 0,03 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6574
Hap.si | Haplodrassus signifer (ara) 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6574
Ama.pr | Amara pratermissa (car) 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6591
Mec.pa | Mecynargus paetulus (ara) 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6591
Cycat | Cychrus attenuatus (car) 0,07 0,22 0,03 0,14 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6754
Cen.su | Centromerus subalpinus (ara) 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6822
Wal.vi Walckenaeria vigilax (ara) 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,6822

Ten ja Tenuiphantes jacksonoides (ara) 0,02 0,18 0,02 0,18 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,8821
Ama.qu | Amara quenseli (car) 0,02 0,18 0,00 0,00 0,02 0,18 0,00 0,00 0,00 0,00 0,00 0,00 1.1 0,8850
Por.my | Porrhomma myops (ara) 0,03 0,18 0,00 0,00 0,00 0,00 0,03 0,18 0,00 0,00 0,00 0,00 1.1 0,8919
Ang.mo | Anguliphantes monticola (ara) 0,02 0,05 0,36 0,60 0,14 0,32 0,00 0,00 0,02 0,05 0,00 0,00 1.2 0,0006 *
Entme | Entelecara media (ara) 0,00 0,00 0,04 0,37 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.2 0,1308
Ore.va | Oreonetides vaginatus (ara) 0,02 0,14 0,05 0,31 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.2 0,2187
Dip.he | Diplocephalus helleri (ara) 0,00 0,00 0,09 0,33 0,00 0,00 0,00 0,00 0,02 0,11 0,00 0,00 1.2 0,2308
Rug.in | Rugathodes instabilis (ara) 0,00 0,00 0,06 0,35 0,00 0,00 0,00 0,00 0,04 0,23 0,00 0,00 1.2 0,6512
Ore.mo | Oreoneta montigena (ara) 0,00 0,00 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1.2 0,6598
Par.ni Pardosa nigra (ara) 0,02 0,05 0,02 0,05 0,28 0,51 0,02 0,05 0,08 0,13 0,23 0,41 1.3 0,0442 *
Tro.sc | Troglohyphantes sciakyi (ara) 0,00 0,00 0,00 0,00 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 1.3 0,6657
Ama.et | Amara erratica (car) 0,00 0,00 0,00 0,00 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 1.3 0,6709
Clu.al Clubiona alpicola (ara) 0,00 0,00 0,00 0,00 0,02 0,26 0,00 0,00 0,00 0,00 0,00 0,00 1.3 0,6757
Par.gi Pardosa giebeli (ara) 0,00 0,00 0,00 0,00 0,00 0,00 0,18 0,63 0,00 0,00 0,00 0,00 2.1 0,0018 *
Xys.de | Xysticus desidiosus (ara) 0,00 0,00 0,00 0,00 0,00 0,00 0,15 0,52 0,00 0,00 0,00 0,00 2.1 0,0137 *
Cat.sy | Carabus sylvestris (car) 0,00 0,00 0,00 0,00 0,00 0,00 1,71 0,68 0,00 0,00 0,00 0,00 2.1 0,0149 *
Gna.pe | Gnaphosa petrobia (ara) 0,00 0,00 0,00 0,00 0,00 0,00 0,10 0,45 0,00 0,00 0,00 0,00 2.1 0,1330
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Abstract

Debris-covered glaciers are glaciers with the ablation zone covered by a debris layer, which are able to persist below the treeline and to support
plant life. These landforms are increasing on many mountain regions of the world as consequence of climate change, providing new habitat for
plant colonization, but their vegetation features are still little known. Our aim was to describe the vegetation of an alpine debris-covered glacier
descending below the treeline (Belvedere: Western Italian Alps) and compare it with those of the adjacent iceless moraine and stable slope. Our
hypothesis was that plant community of the supraglacial debris differs from those of the surrounding landforms for the presence of cold-adapted
species. Data were collected by phytosociological method performing 45 relevés of 25 m2. Plant communities were compared by a cluster analysis
based on the presence/absence species matrix; species relative frequencies for each landform were calculated. The cluster analysis clearly separated
three plant assemblages, each corresponding with one of the investigated landforms. Unlike the iceless moraine, debris-covered glacier stands out for
the presence of cold-adapted species typically widespread in the alpine and nival belts (e.g. Poa laxa and Cerastium pedunculatum), allowing them

to survive below their normal altitudinal distribution, where the stable slopes host subalpine woodlands and shrublands.

Key words: alpine flora, alpine vegetation, Belvedere glacier, climate change, moraine, refugia.

Introduction

Vegetation studies on glacial landforms date back
to the beginning of 20th century (Liidi, 1921; Braun-
Blanquet & Jenny 1926; Negri, 1934, 1935, 1942;
Valbusa, 1937; Friedel, 1938) and several reviews on
the matter were performed by now (e.g. Liidi, 1955,
1958; Matthews, 1992; Caccianiga & Andreis, 2004).
However, most of the knowledge concerns plant co-
lonization of glacier forelands and recent moraines
within alpine and nival belts, while little is known
about the vegetation of glacial landforms located be-
low the treeline (Burga, 1999, Burga ef al., 2010; Fri-
edel, 1938; Richard, 1973, 1987). Among the latter,
debris-covered glaciers can locally play an important
role at landscape level because of their peculiar glacio-
logical features. Debris-covered glaciers are glaciers
with the ablation zone covered by a debris layer. They
should not be confused with rock glaciers, periglacial
landforms with different geomorphic and climatic si-
gnificance (Humlum, 1998, 2000), in spite of some
ecological affinities hailed from the coexistence of de-
bris and ice (Tampucci et al., 2015). Debris-covered
glaciers are relatively decoupled from atmosphere
temperature, since a debris layer thicker than 1-2 cm
acts as thermal insulator and protects the underlying
ice from ablation (Mattson et al., 1993; Nakawo &
Rana, 1999). Such glaciers thus differ from debris-free
ones for less negative mass balance, smaller amplitude
of frontal fluctuations and tongue descending to lower

elevations (Kirkbride, 2000; Diolaiuti et al., 2003; De-
line, 2005), sometimes overstepping the treeline and
durably persisting in the forest context.

In spite of the harsh ecological conditions, debris-
covered glaciers can provide suitable habitat for plant
life, as showed by old observations (e.g. Negri, 1934,
1935, 1942; Valbusa, 1937; Birks, 1980) and more re-
cent works focused on the matter (Fickert et al., 2007,
Caccianiga et al., 2011; Pelfini et al., 2012). Supra-
glacial debris is colonized by pioneer herbaceous and
woody species generally coherent with the altitudinal
context, but can also allow cold-adapted plants to grow
below their normal altitudinal distribution, probably
as consequence of the thermal effect of underlying ice
(Fickert et al. 2007; Caccianiga et al. 2011). Studies
performed on Miage glacier (Western Italian Alps)
showed that plant cover and species assemblages are
affected by ground stability as a function of ice flow
velocity (from 0.3 to 16.1 m/y) and by ground tempe-
rature as a function of debris thickness (from 10 to 56
cm) (Caccianga et al., 2011). The ecological features
of debris-covered glaciers brought to different hypo-
theses about their contingent biogeographical role
towards the glacial-interglacial periods. Fickert et al.
(2007) proposed such landforms as refugia and disper-
sal pathways during the ice ages besides the unglacia-
ted areas, complementing the hypotheses of nunatak-
ker and tabula-rasa and calling into question the ice
ages themselves as periods of biogeographical isola-
tion. Other authors interpreted debris-covered glaciers
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as potential warm-stage refugia for cold-adapted plant
(Caccianiga et al. 2011) and arthropod species (Gobbi
et al., 2011), as consequence of the microclimate fe-
atures due to the ice presence and the thermal inertia
due to the debris cover.

The amount of supraglacial debris is currently in-
creasing on many mountain systems of the world as
response to climate change, because of the progres-
sive exposure of endoglacial debris with ice melting
and the increasing rock-falls from the slopes freed by
glacier thinning (Kirkbride & Warren, 1999; Mattson,
2000; Diolaiuti et al., 2003; Stokes et al., 2007). Such
landforms are thus taking on more and more relevance
in mountain landscapes as expanding habitat for plant
colonization. Further investigation are needed to clari-
fy the syntaxonomical position of their plant commu-
nities, their spatial arrangement with respect to the ve-
getation belts and their ecological and biogeographical
significance in the climate change context.

Aim of this paper is to describe the vegetation of an
alpine debris-covered glacier descending below the
treeline (Belvedere: Western Italian Alps) and to com-
pare it with those of the neighboring iceless moraine
and stable slope as reference sites. Our hypothesis is
that plant community of the supraglacial debris differs
from those of the surrounding landforms for the pre-
sence of cold-adapted species.

Study area

Belvedere glacier (Western Italian Alps; N45 57.685
E7 54.925) (fig. 1) is one of the most well-known de-
bris-covered glaciers of the Alps (Monterin, 1923). Its
fame is partially due to its interesting as hazardous dy-
namics, like the several outburst floods recorded from
1868 to 1979 and the surge-type movement performed
between the summers of 2001 and 2002 (Haeberli et
al.,2002; Mortara & Tamburini, 2009). The glacier ta-
kes origin from the confluence of four tongues descen-
ding from the ice cap of Monte Rosa (4633 m a.s.1.) and
lies in the uppermost part of Valle Anzasca (I/B-9.111 in
Marazzi, 2005). It is c. 3400 m long and 700 m wide,
covering a total surface of c. 7.5 km?. The terminus
splits into two divergent lobes which descend down to
1820 and 1785 m a.s.l. respectively, a minimum ele-
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al., 1951). Temperatures and precipitations of the area
within the period 2000-2014 were analyzed using the
records provided by ARPA Piemonte (station of Pecet-
to, 1360 m a.s.l.) (fig. 2). Calculating the Rivas-Mar-
tinez Index for thermal continentality (Rivas-Martinez
& Rivas-Saenz, 1996-2009) and the Gams Index for
hygric continentality (Ozenda, 1985), the area results
to be characterized by a sub-oceanic climate regime
(25,15 and 41,80° respectively).

Methods

Data were collected in July and August 2014. Forty-
five vegetation relevés were performed by phytosocio-
logical method with the Braun-Blanquet scale as mo-
dified by Pignatti (1952) on three adjacent landforms
corresponding to three different ecological conditions:
stable slope (sites without ice, supposed to have the
potentiality for climax vegetation), iceless moraine
(unconsolidated debris substrate without underlying
ice) and supraglacial debris (unconsolidated debris
substrate with underlying ice) (fig. 3). All the relevés
were performed on 25 m? surfaces, a value which al-
lows a homogeneous and representative sampling of
the main object of our research (glareicolous vegeta-

Fig. 1 - Belvedere glacier (photo by Lindsey Nicholson).

Belvedere
(Pecetto - 1360 m a.s.l)

vation second only to that of Miage glacier (1730 m € MAT=643°C MAP = 1522,02 mm
a.s.l.) in the Italian Alps (Mortara & Tamburini, 2009). - e
The glacier surface is almost completely covered by a &

debris layer thick from c. 5 cm in the upper tongue to " v
60
40
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P

20-30 cm in the frontal lobes, with peaks level of c.

80 cm in the depressions (Diolaiuti et al. 2003). Two !

moraine systems delimit the glacier mass: an external 1

one deposed in the Little Ice Age (at present consoli- o in

dated and fully vegetated) and an internal more recent " .,
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one (still unconsolidated and less vegetated). The sub-

strate is composed by gneiss and schists (Mattirolo e Fig. 2 - Climogram of Pecetto meteorological station.
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Fig. 3 - Sampling design with relevés position. Three relevés
(A, B, C) c. 10 m far from each other were performed for
each position.

tion of the iceless moraine and the supraglacial debris).
Relevés were compared by a cluster analysis based on
the presence/absence species matrix, using the UPG-
MA method with Jaccard dissimilarity index. Species
relative frequencies for each landform were calculated
and gathered in five frequency classes with resolution
of 20%. The nomenclature follows Aeschimann et al.
(2004) for species and Biondi et al. (2014) and Biondi
& Blasi (2015) for syntaxa to the alliance level. The
phytosociological interpretation generally agrees with
Grabherr & Mucina (1993) and Oberdorfer (1977).

1.0
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Results

We identified 117 vascular plant species. The cluster
analysis (fig. 4) separated first of all the vegetation of
the stable slope from those of the debris-featured lan-
dforms. Within the latter group, a further distinction
between the iceless moraine and the supraglacial de-
bris was clearly recognizable. It was thus possible to
distinguish three main clusters that correspond to the
analyzed landforms. Data were reported in the analytic
table (tab. 1, in attachment on the inside back cover)
and the synoptic table (tab. 2).

Cluster 1: stable slope

The stable slope embraced a wide range of vegeta-
tion structures: woodlands dominated by Larix deci-
dua and Salix appendiculata (relevés 414, 415) (fig.
5), shrublands of Alnus viridis (relevés 413) or Rho-
dodendron ferrugineum (relevés 411, 412) and all the
seamless transitions between each other. However, a
relatively homogeneous species assemblage was reco-
gnizable. The shrub layer was always dominated by
Rhododendron ferrugineum and Vaccinium myrtillus,
while the herbaceous one included Calamagrostis vil-
losa, Agrostis stolonifera, Avenella flexuosa and Dr-
yopteris dilatata. The presence of species like Sorbus
aucuparia, Melampyrum sylvaticum, Pyrola minor
and the sporadic but highly faithful Corallorhiza tri-
fida, allowed a clear attribution of the woodlands to
the class Vaccinio myrtilli-Piceetea abietis Br.-Bl. in
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Tab. 2 - Synoptic table of mean relevés values and species frequency classes for each landform (I = 1-20%, II = 21-40%, 111 = 41-
60%,1V = 61-80%, V = 81-100%).

2. Iceless 3. Supraglacial

Species 1. Stable slope moraine debris
Arboreous cover (%) 20 0 0
High-shrubs cover (%) 25 0 0
Low-shrubs cover (%) 56 11 1
Herbaceous cover (%) 60 22 7
Bryophytes and lichens cover (%) 8 4 3
Outcrops cover (%) 0 0 0
Debris cover (%) 8 63 89
Soil cover (%) 7 0 0
Species richness 23 19 11
Avenella flexuosa Vv

Vaccinium myrtillus Vv

Dryopteris dilatata v

Astrantia minor 111

Gentiana purpurea 111

Homogyne alpina 111

Veratrum album subsp. lobelianum 11

Arnica montana II

Campanula barbata I

Dryopteris filix-mas I

Helictotrichon versicolor II

Juniperus communis subsp. alpina 11

Leontodon helveticus 1T

Ligusticum mutellina I

Luzula sieberi I

Melampyrum sylvaticum 1I

Nardus stricta I

Rumex alpestris II

Soldanella alpina I

Sorbus aucuparia I

Vaccinium gaultherioides II

Achillea macrophylla I

Adenostyles alliariae
Alchemilla gr. alpina
Alchemilla gr. vulgaris
Carex curvula subsp. curvula
Carex sempervirens
Centaurea nervosa subsp. nervosa
Chaerophyllum hirsutum
Cicerbita alpina
Corallorhiza trifida
Dactylorhiza maculata
Festuca arundinacea subsp. arundinacea
Festuca nigrescens
Geranium sylvaticum
Geum montanum
Hieracium pilosum
Hieracium murorum
Huperzia selago
Maianthemum bifolium
Milium effusum

Oxalis acetosella
Phyteuma hemisphaericum
Poa nemoralis

Polypodium vulgare
Polystichum lonchitis
Potentilla aurea
Prenanthes purpurea
Primula hirsuta
Pseudorchis albida

Pyrola minor

Ranunculus gr. montanus
Rubus idaeus

et bt b b b b bt bt b b b bt bt ol e bt bt b e bt b o e o e et e e



Sedum alpestre

Stellaria nemorum subsp. nemorum
Streptopus amplexifolius

Thesium alpinum

Trifolium alpinum

Viola biflora

Myosotis alpestris

Cerastium arvense subsp. strictum
Alnus viridis

Trifolium pratense subsp. nivale

Sempervivum montanum subsp. montanum

Anthoxanthum alpinum
Silene vulgaris subsp. vulgaris
Calamagrostis villosa
Athyrium distentifolium
Campanula scheuchzeri
Cystopteris fragilis
Peucedanum ostruthium
Phleum alpinum

Phyteuma betonicifolium
Solidago virgaurea subsp. virgaurea
Trifolium pallescens

Achillea erba-rotta subsp. moschata
Epilobium fleischeri

Festuca halleri

Bartsia alpina

Arabis alpina subsp. alpina
Epilobium nutans

Galium anisophyllon
Hieracium staticifolium
Pedicularis tuberosa
Rhinanthus alpinus

Saxifraga oppositifolia subsp. oppositifolia

Silene rupestris

Rumex scutatus
Cardamine resedifolia
Luzula lutea

Linaria alpina subsp. alpina
Saxifraga aspera

Sagina saginoides

Silene exscapa

Saxifraga bryoides
Cerastium pedunculatum
Poa laxa
Leucanthemopsis alpina
Luzula alpinopilosa subsp. alpinopilosa
Campanula excisa
Saxifraga stellaris
Betula pendula
Epilobium alsinifolium
Gnaphalium supinum
Oxyria digyna
Ranunculus glacialis
Agrostis rupestris
Agrostis stolonifera
Euphrasia minima
Festuca gr. varia

Juncus trifidus

Larix decidua

Lotus alpinus

Poa alpina
Rhododendron ferrugineum
Salix appendiculata
Salix helvetica
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Fig.5 - Larix decidua subalpine woodlands on the stable slo-
pe (cluster 1).

Br.-Bl., Sissingh & Vlieger 1939. They likely belong
to the association Astrantio minoris-Laricetum deci-
duae Andreis, Armiraglio, Caccianiga & Cerabolini
2009, which includes the sub-oceanic larch-dominated
woodlands, as indicated by the presence of Astrantia
minor, Gentiana purpurea and Prenanthes purpurea.
By the other hand, differential species as Rhododen-
dron ferrugineum, Vaccinium myrtillus and Dryopte-
ris dilatata suggest that the shrublands may belong to
the association Rhododendro ferruginei-Alnetum viri-
dis Boscutti, Poldini & Buccheri 2014 (class Betulo
carpaticae-Alnetea viridis Rejmanek in Huml, Leps,
Prach & Rejmanek 1979). Remarkable was also the
massive occurrence of species belonging to the class
Mulgedio alpini-Aconitetea variegate Hadac & Klika
in Klika & Hadac 1944, like Peucedanum ostruthium,
Adenostyles alliariae, Achillea macrophylla, Cicerbita
alpina and Geranium sylvaticum.

Cluster 2: iceless moraine

The iceless moraine was colonized both by woody
and herbaceous species (fig. 6). The shrub layer consi-
sted of young individuals of Salix appendiculata and
S. helvetica, locally accompanied by Larix decidua
and Alnus viridis. Among the herbaceous elements,
Achillea erba-rotta subsp. moschata and Trifolium
pallescens were the most constant ones, followed by
Epilobium fleischeri, Euphrasia minima, Festuca hal-
leri, Poa alpina, Trifolium pratense subsp. nivale and
Saxifraga aspera. As much frequent, but shared with
the adjacent landforms, were Agrostis stolonifera, An-
thoxanthum alpinum, Cardamine resedifolia, Festuca
varia, Juncus trifidus, Linaria alpina, Luzula lutea,
Sempervivum montanum, Silene rupestris and Rumex
scutatus. The vegetation structure varied along the
moraine ridge: the uppermost communities resemble
those of the glacier surface (cluster 3), with Poa laxa,
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Fig. 6 - Glareicolous vegetation of the iceless moraine, with
Trifolium pallescens, Achillea erba-rotta subsp. moschata
and Agrostis stolonifera (cluster 2).

Cerastium pedunculatum and a scarce shrub layer (re-
levés 421); proceeding downstream, subalpine woo-
dy species as Alnus viridis and Larix decidua acquire
more relevance (relevés 423,424, 425). The communi-
ty was clearly attributable to the alliance Androsacion
alpinae Br.-Bl. in Br.-Bl. & Jenny 1926. It resembled
the association Agrostio rupestris-Trifolietum pal-
lescentis Caccianiga & Andreis 2004, except for the
lacking of some Caricetea curvulae Br.-Bl. 1948 ele-
ments (e.g. Agrostis rupestris and Minuartia recurva)
and the relatively high frequency of Thlaspietea rotun-
difolii Br.-Bl. 1948 ones (e.g. Cardamine resedifolia,
Linaria alpina and Rumex scutatus).

Cluster 3: supraglacial debris

The community of supraglacial debris (fig. 7) stands
out for the presence of high alpine species as Poa laxa
and Cerastium pedunculatum, followed in frequency
by Luzula alpinopilosa, Leucanthemopsis alpina, Sa-
xifraga stellaris and Agrostis rupestris. Other abundant
but not exclusive species were Agrostis stolonifera, Si-
lene rupestris, Rumex scutatus, Cardamine resedifolia
and Linaria alpina. Noteworthy was the presence of
Campanula excisa, a Western Alps endemic species;
even though in our study case it resulted exclusive of
the supraglacial debris, it was frequently observed by
the Authors in other not investigated environments
(e.g. rocky pastures, eroded terrains and path edges).
Unlike the moraine ridge, the supraglacial debris was
homogeneously colonized, without evident disconti-
nuities or gradients in terms of vegetation structure.
The same plant assemblage can thus be found from the
upper zones of the glacier to the minimum elevation of
1895 m a.s.l., even including sporadic individuals of
the high-alpine Ranunculus glacialis. The shrub layer
was absent, except for few young individuals of Salix
appendiculata and to a lesser extent Larix decidua. As



Fig. 7 - Glareicolous vegetation of the supraglacial debris,
with Poa laxa and Cerastium pedunculatum (cluster 3).

well as for the adjacent moraine, such plant assembla-
ge was ascribable to the alliance Androsacion alpinae
Br.-Bl. in Br.-Bl. & Jenny 1926, but its placement at
the association level is uncertain.

Discussion

All the investigated landforms differ each other for
distinct plant communities. Particularly interesting is
the comparison between the iceless moraine and the
supraglacial debris, environments similar to each other
except for the occurrence of underlying ice. While the
community of the iceless moraine is characterized by
pioneer species generally widespread on a wide altitu-
dinal range, that of supraglacial debris stands out for
cold-adapted species typical of alpine and nival belts
(Aeschimann et al., 2004; Landolt et al., 2010). Such
phenomenon can be likely attributed to the thermal
effect of underlying ice, according to Fickert et al.
(2007) and Caccianiga et al. (2011). The supraglacial
debris allows thus cold-adapted species to grow below
their normal altitudinal distribution, where the stable
slopes have the potentiality for subalpine woodlands
(Andreis et al., 2009) and shrublands (Boscutti et al.,
2014). Coherently with the geographical context and
the results of our climate analyses, the woodlands be-
longs to the Astrantio minoris-Laricetum deciduae, a
western-alpine association linked to the sub-oceanic
climate regime, sometime able to include typical ele-
ments of montane broad-leaved forests (Andreis et al.,
2009). This peculiar feature furtherly accentuates the
contrast between supraglacial and potential vegeta-
tion, achieving the coexistence of nival species (e.g.
Ranunculus glacialis) few meters aside from montane
ones (e.g. Prenanthes purpurea).

Iceless moraine and supraglacial debris are also dif-
ferently subjected to the colonization by subalpine wo-
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ody species. On the moraine ridge, Alnus viridis, Larix
decidua and Salix spp. built up a well-structured shrub
layer up to one meter high, while the vegetation of su-
praglacial debris is mainly herbaceous and contingent
individuals of Salix appendiculata and Larix decidua
seems unable to grow above few decimeters. Summa-
rizing, the community of the iceless moraine is inter-
pretable as an ephemeral stage over the subalpine pri-
mary succession, where herbaceous early-successional
species coherent with the altitudinal context are sup-
posed to be rapidly replaced by woody late-successio-
nal ones. By contrast, the supraglacial debris appears
more selective, promoting the persistence of pioneer
cold-adapted species in an adverse altitudinal context
and preventing the subalpine succession development.
Unlike that of the iceless moraine, the vegetation of
supraglacial debris should be thus considered as extra-
zonal at landscape level. Geomorphological and mi-
croclimatic heterogeneity enhances species turnover
(Korner, 2003) and provides refugia opportunities for
stenotherm species in spite of climate variations at lar-
ge scale (Ashcroft ef al., 2012; Birks & Willis, 2008;
Dobrowski 2011; Gentili et al., 2015; Stewart et al.,
2010). Our results suggest that Belvedere debris-cove-
red glacier have the ecological requirements to act as
refugia for plant species, especially for cold-adapted
ones during warm-climatic stages, according to Cac-
cianiga et al. (2011).

Concerning the phytosociological viewpoint, the ice-
less moraine and the supraglacial debris were coloni-
zed each one by a distinct aspect of the alliance Andro-
sacion alpinae, but their placement at the association
level is debatable. The association Agrostio rupestris-
Trifolietum pallescentis was formerly referred to the
terrain ice-free since the Little Ice Age on the glacier
forelands located above the treeline (Caccianiga &
Andreis, 2004). Our relevés on the iceless moraine
of Belvedere glacier suggest that a subalpine variant
of the same association may be proposed for the mo-
raines younger than Little Ice Age located below the
treeline, implying thus higher colonization speed at lo-
wer elevation. Less can be said about the vegetation of
supraglacial debris because of species scarcity. More
defined is the case of the not too far Miage glacier,
mainly colonized by Epilobium fleischeri, Saxifraga
aizoides, Linaria alpina, Ranunculus glacialis, Geum
reptans and Oxyria digyna (Caccianiga et al., 2011).
This plant assemblage can be attributed to the Siever-
sio-Oxyrietum digynae Friedel 1956 em. Englisch et
al. 1993 (probably to the Saxifraga aizoides and Epi-
lobium fleischeri subtype described in Caccianiga &
Andreis, 2004), an association normally widespread
on the scree slopes of alpine and nival belts (Grabherr
& Mucina, 1993; Oberdorfer, 1977). Even if the plant
assemblage found on Belvedere glacier cannot be cer-
tainly attributed to Sieversio-Oxyrietum digynae be-
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cause of the lack of characteristic elements (Geum rep-
tans and Oxyria digyna), all the identified differential
species are typically constant or dominant of this asso-
ciation (Grabherr & Mucina, 1993). We thus hypothe-
size that Sieversio-Oxyrietum digynae is nevertheless
the most plausible representative association of silica-

Syntaxonomic scheme
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te supraglacial debris of the Alps in general. Anyway,
more data should be collected from other areas to per-
form a comprehensive syntaxonomic overview of both
the iceless moraines and supraglacial debris vegetation
located below the treeline.

VACCINIO MYRTILLI-PICEETEA ABIETIS Br.-Bl. in Br.-Bl., Sissingh & Vlieger 1939
PICEETALIA EXCELSAE Pawtowski in Pawtowski, Sokotowski & Wallisch 1928
Piceion excelsae Pawlowski in Pawlowski, Sokolowski & Wallisch 1928

Astrantio minoris-Laricetum deciduae Andreis, Armiraglio, Caccianiga & Cerabolini 2009

BETULO CARPATICAE-ALNETEA VIRIDIS Rejmének in Huml, Leps, Prach & Rejmének 1979

ALNETALIA VIRIDIS Riibel 1933
Alnion viridis A. Schnyd. 1930

Rhododendro ferruginei-Alnetum viridis Boscutti, Poldini & Buccheri 2014

MULGEDIO ALPINI-ACONITETEA VARIEGATI Hadac & Klika in Klika & Hadac 1944

ADENOSTYLETALIA ALLIARIAE Br.-Bl. 1931

THLASPIETEA ROTUNDIFOLII Br.-Bl. 1948

ANDROSACETALIA ALPINAE Br.-Bl. in Br.-Bl. & Jenny 1926

Androsacion alpinae Br.-Bl. in Br.-Bl. & Jenny 1926

Agrostio rupestris-Trifolietum pallescentis Caccianiga & Andreis 2004
Sieversio-Oxyrietum digynae Friedel 1956 em. Englisch, Valachovi¢, Mucina, Grabherr & Ellmauer in Grabherr &

Mucina 1993
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Appendix: Sporadic species

Tab. 1 — Rel 411B: Centaurea nervosa subsp. nervosa
+, Sedum alpestre +, Trifolium alpinum +; Rel 412A:
Festuca nigrescens 1, Alchemilla gr. Vulgaris +, Carex
curvula subsp. curvula +, Hieracium pilosum +; Rel
412C: Viola biflora +; Rel 415C: Maianthemum bifo-
lium +; Rel 415B: Rubus idaeus 1, Streptopus ample-
xifolius +; Rel 414C: Thesium alpinum +; Rel 414A:
Chaerophyllum hirsutum +, Corallorhiza trifida +; Rel
414B: Dactylorhiza maculata +, Polypodium vulgare
+, Polystichum lonchitis +; Rel 425B: Rhinanthus al-
pinus +; Rel 425C: Epilobium nutans +; Rel 423C: Sa-
xifraga oppositifolia subsp. oppositifolia +; Rel 424C:
Galium anisophyllon +, Hieracium staticifolium +;
Rel 434B: Epilobium alsinifolium +; Rel 435A: Ra-
nunculus glacialis +; Rel 435C: Betula pendula +; Rel
433C: Gnaphalium supinum +.
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Abstract

Debris-covered glaciers are glaciers with the ablation zone covered by a debris layer. Recent papers showed that
such landforms are able to support plant and arthropod life and could act as warm-stage refugia for cold-
adapted species due to their microclimate features and thermal inertia. However, integrated research comparing
debris-covered glaciers with surrounding landforms to outline their ecological peculiarities are absent. We
analyzed the abiotic (ground surface temperature and humidity, soil physical and chemical parameters) and biotic
features (plant and arthropod communities) of a debris-covered glacier (Belvedere, western Italian Alps),
comparing them with the surrounding landforms as reference sites (control slope and iceless moraine). Our data
show remarkable differences between control slopes and debris-featured landforms as a whole. The iceless
moraine and the supraglacial debris show similar soil features, but supraglacial debris differs for lower ground
surface temperature and the occurrence of cold-adapted species; such differences can be likely attribute to the
thermal effect of underlying ice. According with previous studies, the thermal contrast with the surrounding
landforms and the ability to descend below the climatic treeline make debris-covered glaciers potential warm-
stage refugia for cold-adapted species. However, some limitation can be imposed by the glacial dynamics,
especially by periodic extreme events like surge-type movements able to prevent the colonization of low-

dispersal taxa.

Key-words: carabid beetles, climate change, flora, moraines, spiders, refugia, vegetation.
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Introduction

The increasing debris cover on glacier surfaces is one of the most relevant effects of the current climate change
on many mountain landscapes of the world, with noteworthy implications both by the glaciological (Diolaiuti et
al., 2003; Mihalcea et al., 2006, 2008; Azzoni et al., 2016) and biological viewpoints (Fickert et al. 2007; Gobbi et
al. 2011; Caccianiga et al. 2011; Pelfini et al., 2012; Azzoni et al., 2015). The phenomenon is due on the one hand
to the progressive exposure of englacial debris with ice melting, on the other hand to the increasing occurrence
of rock-falls from the slopes ice-freed by glacier thinning and thus exposed to gelivation processes (Kirkbride
and Warren, 1999; Mattson, 2000; Diolaiuti et al., 2003; Stokes et al., 2007). If a thin debris layer promotes
further ablation through its thermal conductivity, over a thickness threshold of 1-2 c¢cm the ablation rate
decreases logarithmically as a consequence of thermal insulation, allowing glaciers to prevent further mass loss in
spite of the ongoing climate warming (Mattson et al., 1993; Nakawo and Rana, 1999). Therefore, over a
transition from a cold-climatic stage to a warm-climatic one, glacier systems are able to turn from a debris-free
state to a debris-covered one, a new metastable equilibrium characterized by less negative mass balance, smaller
amplitude of frontal fluctuations and tongue descending to lower altitudes (Kirkbride, 2000; Diolaiuti et al.,
2003; Deline, 2005).

In some cases, debris-covered glaciers are able to support plant and arthropod life. Vegetation on these
landforms was observed since the first decades of 20th century (e.g. Negri, 1935, 1942; Valbusa, 1937; Birks,
1980), but were only recently in-depth analyzed by the ecological viewpoint. Plants that most successfully
colonize supraglacial debris are pioneer species with an extensive and shallow root system, even though shrubs
and trees can frequently occur (Fickert et al., 2007; Caccianiga et al., 2011; Pelfini et al., 2012). Arthropod species
can establish as well on supraglacial debris, especially predatory taxa (carabid beetles and spiders) that likely take
nutrition from incoming aeroplankton (aphids and springtails) and flying insects (flies) (Gobbi et al. 20006a,
2011). To our knowledge, Miage glacier (Monte Bianco, Western Italian Alps) is the only debris-covered glacier
analyzed by the botanical (Caccianga et al., 2011) and zoological viewpints (Gobbi et al., 2011); plant and
arthropod species assemblage and species richness on its surface resulted to be affected by ground stability as a
function of ice flow velocity and by ground surface temperature as a function of debris thickness. Interestingly,
these landform can host cold-adapted high alpine taxa below their normal altitudinal distribution side by side
with typical subalpine ones, a phenomenon observed in many biogeographical contexts of the world and
generally attributed to the thermal effect of underlying ice (Fickert et al. 2007; Gobbi et al. 2011; Caccianiga et al.
2011).

The importance of geomorphological heterogeneity at landscape level to safeguard biodiversity in spite of the
climate changes is known, since specific landforms can locally preserve suitable microclimate conditions for
stenotherm species even when the macroclimate became adverse (Ashcroft et al., 2012; Birks and Willis, 2008;
Dobrowski, 2011; Stewart et al., 2010; Gentili et al., 2015). In the matter of that, the role of debris-covered
glacier was already debated.

Fickert et al. (2007) proposed such landforms as refugia and dispersal pathways during the ice ages, calling into
question the ice ages themselves as periods of biogeographical isolation. Other authors interpreted debris-

covered glaciers as potential warm-stage refugia for cold-adapted plant (Caccianiga et al. 2011) and arthropod
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species (Gobbi et al. 2011), as a consequence of the microclimate features due to the ice presence and the
thermal inertia due to the debris cover. Since supraglacial debris occurs during warm-climatic stages rather than
cold-climatic ones, it may provide a new suitable habitat for cold-adapted species right when they are most
threatened by the upshift of altitudinal belts (Theurillat and Guisan, 2001; Pauli et al., 2003; Thuiller et al., 2005;
Dullinger et al., 2012, Pizzolotto et al., 2014).

Studies about geomorphological (e.g. Diolaiuti et al., 2003; Deline, 2005), botanical (e.g. Fickert et al., 2007,
Caccianiga et al., 2011) and zoological features (e.g. Gobbi et al., 2011; Azzoni et al., 2015) of debris-covered
glaciers were already performed, but no studies integrated multidisciplinary data about climate, soil, plants and
arthropods at the same time. The ecological variability within debris-covered glaciers as a function of
glaciological parameters (e.g. ice flow velocity and supraglacial debris thickness) was already analyzed both from
the plants (Caccianiga et al., 2011) and arthropods viewpoint (Gobbi et al., 2011), but no studies compared
debris-covered glaciers with the surrounding landforms as reference sites and clearly contextualized debris-
covered glaciers with respect to the altitudinal zonation of mountain ecosystems (e.g. with respect to the climatic
treeline).

In the present paper we analyze the abiotic (glacial dynamics, ground surface temperature and humidity, soil
physical and chemical parameters) and biotic features (plant and arthropod communities) of an Alpine debris-
covered glacier (Belvedere glacier, Monte Rosa, Western Italian Alps), comparing them with those of the
surrounding landforms as reference sites (control slope and iceless moraine).

Our hypotheses are: 1) the debris-covered glacier differs from the surrounding landforms for (a) ground surface
temperatute/humidity and (b) soil physical/chemical parameters; 2) the debris-covered glacier differs from the
sutrounding landforms for (a) plant/arthropod species richness/abundance, (b) plant/arthropod cold-adapted
species.

We finally aim to infer the arrangement of debris-covered glaciers with respect to the climatic treeline as lower
limit of the alpine belt (Korner 2003), to improve the discussion about such landforms as potential warm-stage

refugia for cold-adapted species.

Data collection

Study area

The present study was performed on Belvedere glacier (Wester Italian Alps, N45 57.685 E7 54.925) (fig. 1), one
of the most well known debris-covered glaciers of the Alps (e.g. Monterin, 1923). Its fame is partially due to its
interesting and hazardous dynamics, like the several outburst floods recorded from 1868 to 1979 and the surge-
type movement performed between the summers 2001 and 2002 (Haeberli et al., 2002; Mortara and Tamburini,
2009).

The glacier is c. 3400 m long and 700 m wide, covering a total surface of c. 4.53 km”. It takes origin from the
confluence of four main tongues descending from the ice cap of Monte Rosa (4633 m a.s.l.) and reaches 1785
and 1820 m a.s.l. with two divergent frontal lobes; such altitudes make Belvedere the lowest glacier of the Italian

Alps after Brenva (1440 m a.s.l.) and Miage (1730 m a.s.l.). The glacier surface is almost completely covered by a
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debris layer whose thickness ranges from c. 5 cm in the upper tongue to 20-30 cm in the frontal lobes, with peak
levels of c. 80 cm in the depressions (Diolaiuti et al., 2003). Two moraine systems delimit the glacier: an external
one deposed in the Little Ice Age (at present consolidated and fully covered by vegetation) and an internal more
recent one (still unconsolidated and with lower plant cover) (Mortara and Tamburini, 2009). The area is
characterized by a substrate of gneiss and schists (Mattirolo et al., 1951) and a sub-oceanic climate regime
(Mortara and Tamburini, 2009; Tampucci et al., 2010).

The climatic treeline resulted to be located at c. 2215 m a.s.l., c. 430 m below the glacier front. It was estimated
as follows: seven years (2008-2014) of mean daily temperature at 1360, 2075 and 2820 m a.s.. were used to
calculate the monthly mean altitudinal temperature lapse rate; fifteen years (2000-2014) of mean daily
temperature at 1360 m a.s.l. were used to get the altitude of the climatic treeline following Paulsen and Koérner

(2014) (data provided by ARPA Piemonte).

Sampling design

We selected three adjacent landforms, corresponding to three different ecological conditions: 1) control slope
(stable slope not involved in Holocene glacial dynamics, supposed to have the potentiality for the full
development of soil and biocoenoses), 2) iceless moraine (debris-featured landform without underlying ice,
deposed after the Little Ice Age and still unconsolidated), 3) supraglacial debris (debris-featured landform with
underlying ice).

A data-logger (Tinytag TGP-4500) was placed at each landform (at 2075, 2060 and 2055 m a.s.l, respectively) in
order to analyze the patterns of mean daily ground surface temperature and mean daily ground surface humidity
during the period October 2014-15. The devices were placed between stones at a depth ranging from 10 to 15
cm, in order to shield them from direct solar radiation. The recording was set at one-hour interval; the
temperature data have an accuracy of * 0.20°C from 0 to 50°C and a resolution of 0.25°C at 0°C; the humidity
data have an accuracy of * 3% at 25°C and a resolution = 0.5%.

We selected 5 plots for each landform (fig. 1) and 3 sampling points for each plot, randomly placed at least c. 10
m far from each other. Soil samples were taken at the surface for physical and chemical analysis: at each plot a
sample of c. 1 kg was taken for particle size distribution analysis; at each sampling point a sample of c. 200 g was
taken to measure soil pH (in 1:2.5 soil:water) and organic matter content (Walkley-Black method). At each
sampling point, plant and arthropod community data were collected as follows: plant species surveys of 25m®
were performed, estimating the percentage of bare soil surface and each plant species cover with a resolution of
5%,; arthropod species sampling was performed placing a pitfall trap, a plastic cup buried up to the edge and
filled with approximately 20 ml of wine-vinegar and salt solution (Gobbi et al., 2011). Pitfall traps were collected
and re-set every 20 days during the snow-free season (July—October 2014). The analysis concerned ground
beetles (Coleoptera: Carabidae) and spiders (Arachnida: Araneae), since they are two taxa well known by the
ecological viewpoint (Brandmayr et al., 2003; Thaler, 2003) and extensively used as bioindicators of climate
change in high latitude-altitude ecosystems (e.g. Briten et al., 2012; Gobbi et al., 2006, 2007).

Concerning glaciological analyses, at each plot a 2 m long ablation stake was installed to quantity the ice ablation

rate and the ice flow velocity in the period 4th July—28th September 2014. Each position was registered through
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a Leica ATX1230 GNSS GPS receiver at the beginning and at the end of the period. At each plot, remote-

sensing analysis of thermal data from Landsat 8 (100 m resolution) were used to estimate ground surface
temperature in 27th August and 12th September 2014. At each sampling point supraglacial debris thickness was
measured. Glaciological data were used to perform a comparative analysis with Miage Glacier, a nearby debris-

covered glacier for which plant and arthropod data are available (Caccianiga et al., 2011; Gobbi et al., 2011).

C

@IQGIS 2016

Fig. 1. Belvedere glacier with plots position (photo by Lindsey Nicholson).
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Environmental and community variables

The observations were recorded in a dataset of 45 rows (one for each sampling point) and 181 columns,
including: the landform, four soil variables, four community variables and abundance for 117 plant species and
55 arthropod species.

The landform was considered as a categorical variable in three classes (control slope, iceless moraine,
supraglacial debris). The following soil variables were considered: bare soil surface (expressed in percentage),
coarse debris fraction (sum of gravel and sand fractions expressed in percentage), soil pH, organic matter
content (expressed in g/kg). The following community vatiables were considered: plant species richness
(number of plant species), plant total cover (sum of every plant species cover expressed in percentage),
arthropod species richness (number of ground beetle species plus number of spider species), arthropod total
activity density (sum of ground beetle and spider activity density: ratio among number of captured specimens
and number of days of trap activity). Each plant species abundance was expressed as cover percentage with a
resolution of 5%; each arthropod species abundance was expressed as activity density.

Species nomenclature refers to Landolt et al. (2010) for plants, Vigna Taglianti (2013) for ground beetles and
World Spider Catalog (2016) for spiders. We define “cold-adapted species” all the species strictly linked to the
alpine belt (e.g. above the climatic treeline in Korner, 2003). Concerning plants, we consider like that all the
species with temperature index = 1 (alpine and nival) and temperature range of variation = I (temperature index
variation at most £ 1) in Landolt et al. (2010); concerning arthropods, we based on the available descriptive
literature about the requirement of each identified taxa (e.g. Magistretti, 1965; Casale et al., 1982; Brandmayr and
Zetto Brandmayr, 1988; Pantini and Isaia, 2010).

Descriptive statistics (median, minimum and maximum values) of the following glaciological variables were
reported: ice ablation rate (expressed in cm of water equivalent/day), ice flow velocity (expressed in m/day),
ground surface temperature (mean between ground surface temperature estimated for 27th August and 12th

September 2014 expressed in °C), supraglacial debris thickness (expressed in cm).

Data analysis

To compare the landforms in terms of microclimate features, descriptive statistics (mean value and standard
deviation) of ground surface temperature and ground surface humidity were calculated for the period October
2014-15. Following Schmid et al. (2012), two distinct periods of the year were distinguished: the snow-cover
period (period with daily ground surface temperature standard deviation < 0.2°C on the basis of 1 hour
sampling rate) and the snow-free period (period with daily ground surface temperature standard deviation >
0.2°C on the basis of 1 hour sampling rate). The snow cover period included the zero-curtain one, which is the
period affected by the latent heat effect in maintaining ground surface temperature of freezing or thawing soils
near 0°C (Outcalt et al., 1990) (period with ground surface temperature ranging from -0.25 to 0.25°C in Gubler
et al,, 2011). Air temperature at 2075 m a.s.l. was also reported as reference climate parameter (data provided by
ARPA Piemonte).

To compare the landforms in terms of soil and community variables, regression methods were used: each

variable was included in a regression model as response variable, except the landform, which was included as
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explicative one. For all soil variables and plant total cover, Quantile Regression Models (QRM) (Cade and Noon,
2003) were used, thus the median values of each variable were compared among landforms. To account for the
correlation among sampling points within each plot, a random effect with Laplace distribution was included in
each model (Geraci and Bottai, 2014).

For the remaining community variables (plant species richness, arthropod species richness and activity density),
Generalized Linear Models (GLM) with Poisson error were used. To account for the correlation among
sampling points within each plot (Gobbi and Brambilla, 2016), the models were estimated with Generalized
Estimating Equation methods (Zeger et al., 1988), using an exchangeable working covariance matrix. Results
from all the models were reported in terms of estimated differences among medians (QRM) and mean ratios
(GLM) among different landforms, with respective 95% Confidence Intervals. The Confidence Intervals were
adjusted for multiple comparisons with the Bonferroni rule.

To identify characteristic plant and arthropod species of each landform, Indicator Species Analysis (ISA)
(Dufréne and Legendre, 1997) was used; the IndVal index for abundance data was used to quantify the
association between species and the three landforms. Once identified the species with the highest association for
each landform, such associations were assessed through permutation tests (number of permutations: 9999). In
order to control for the “block effect” of plots, a restricted permutation scheme was adopted, in which sampling
points within each plot permute, but cannot be exchanged with sampling points outside the plot.

All the analyses were performed with the R software (R Core Team 2015), with the packages FactoMineR
(Husson et al., 2016), vegan (Oksanen et al., 2015), lqmm (Geraci, 2014), geepack (Hojsgaard et al., 2006) and
indicspecies (De Caceres and Legendre, 2009).

Results

All the investigated landforms showed a peculiar thermal regime (fig. 2, table 1). Mean daily ground surface
temperature during the snow-cover period showed the main difference between control slope and debris-
featured landforms as a whole: on the first it remained slightly above 0°C (0.11°C), while on the second it
slightly oscillated around lower values (-0.75 and -0.90°C on the iceless moraine and the supraglacial debris,
respectively). By contrast, mean daily ground surface temperature during the snow-free period showed the main
difference between supraglacial debris and iceless landforms as a whole, being more constant and lower on the
first (5.80°C) than on control slope (8.81°C) and iceless moraine (9.31°C) (fig. 2, table 1). Ground surface
humidity reached the constant value of c. 100% on all the landforms during the snow-cover period, while during
the snow-free one it oscillated between c. 80 and 90% depending on the landform, with the highest value on the

iceless moraine (90.94%), the mid one on the control slope (84.98%) and the lower one on the supraglacial

debris (80.25%) (table 1).
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Fig. 2. Patterns of mean daily ground surface temperature of the investigated landforms over the period
October 2014—15: control slope (continuous line), iceless moraine (dashed lines) and supraglacial debris (dotted
lines).

Landform Altitude (m a.s.l.), Period Length Ground surface Ground surface
Aspect (°), Slope (°) (days) temperature (°C) humidity (%)
Snow-cover 186 0.11 (0.35) 99.98 (0.19)
1. Control slope 2075, 315, 20 Snow-free 179 8.81 (3.90) 84.98 (13.31)
Year 365 4.38 (5.14) 92.62 (11.96)
Snow-cover 189 -0.75 (0.78) 100.00 (0.00)
2. Iceless moraine 2060, 80, 25 Snow-free 176 9.31 (4.50) 90.94 (10.05)
Year 365 4.10 (5.95) 95.63 (8.31)
Snow-cover 186 -0.90 (0.73) 99.81 (1.47)
3. Supraglacial debris 2055, 50, 10 Snow-free 179 5.80 (2.70) 80.25 (17.81)
Year 365 2.38 (3.88) 90.64 (15.65)
Snow-cover - -1.40 (4.28) .
Air 2075 Snow-free - 8.44 (3.98) _
Year 365 3.42 (6.43) .

Table 1. Ground surface temperature and ground surface humidity recorded during the period October 2014—
15 on each landform. Results were reported in terms of mean value (with standard deviation in brackets) for the

snow-cover and snow-free periods and for the whole year.
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The control slope differed from debris-featured landforms as a whole for lower coarse debris-fraction and
higher organic matter content (fig. 3, table 2). Bare soil surface and soil pH differed among all the landforms:
bare soil surface reached the lowest and highest values on control slope and supraglacial debris, respectively; soil
pH reached the higher and lower values on the iceless moraine and the control slope, respectively (fig. 3, table
2).

Plant and arthropod species richness showed similar patterns, since supraglacial debris differed from the
surrounding landforms for lower species richness. By contrast, plant and arthropod species abundance showed
different patterns: plant total cover was different on each landform, reaching the highest and lowest values on
the control slope and supraglacial debris, respectively; arthropod activity density was lower on the iceless

moraine than on the surrounding landforms (fig. 3, table 2).
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Fig. 3. Boxplot of each variable for the investigated landforms: control slope (1), iceless moraine (2),

supraglacial debris (3).
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3vs2 3vs1 2vs1

Bare soil surface (%) 18.45 (12.92, 28.00) 76.05 (61.61, 87.73) 57.60 (46.01, 69.65)
Coarse debris fraction (%) -0.08 (-3.02, 11.58) 26.02 (15.32, 34.39) 26.11 (7.26, 30.99)
Soil pH -0.40 (-0.87, -0.03) 1.23 (0.78, 1.55) 1.62 (1.05, 2.15)
Organic matter content (g/kg) -0.03 (-3.39, 1.74) -224.74 (-315.42, -172.21) | -224.71 (-315.44, -171.78)
Plant species richness * 0.56 (0.41, 0.74) 0.47 (0.33, 0.67) 0.84 (0.61, 1.11)
Plant total cover (%) -25.94 (-44.01, -17.30) | -233.22 (-250.95, -188.06) | -207.28 (-227.78, -155.42)
Arthropod species richness * 0.5 (0.30, 0.82) 0.28 (0.17, 0.45) 0.55 (0.30, 1.11)
Arthropod total activity density * 6.11 (3.32,11.02) 1.32 (0.67, 2.72) 0.22 (0.10, 0.50)

Table 2. Results of the multiple comparisons of variables among landforms: control slope (1), iceless moraine
(2), supraglacial debris (3). All the comparisons were carried out with QRM, except plant species richness,
arthropod species richness and arthropod total activity density, which were carried out with GLM (Poisson

distribution) (*). Results were reported as Est (95% C.1.).

One hundred-seventeen plant species were found (table 4); 85 plant species were found on the control slope, 51
on the iceless moraine and 31 on the supraglacial debris. The ISA (table 4) selected 76 species (65% of the flora)
best-fitting on the control slope, 27 (23%) on the iceless moraine and 14 (12%) on the supraglacial debris. Seven
species resulted significantly linked to the control slope: Rbododendron ferrugineum (IndVal 1.00, p=0.0012),
Avenella flexnosa (IndVal 0.97, p=0.0012), Vaccininm myrtillus IndVal 0.97, p=0.0012), Dryopteris dilatata (IndVal
0.89, p=0.0102), Gentiana purpurea (IndVal 0.77, p=0.0117), Calamagrostis villosa (IndVal 0.73, p=0.0149) and
Anthoxanthum alpinum (IndVal 0.73, p=0.0238). Six species resulted significantly linked to the iceless moraine:
Trifolinm pallescens IndVal 0.97, p=0.0009), Rumex scutatus IndVal 0.88, p=0.0009), Achillea moschata (IndVal 0.82,
p=0.0009), Luzula lutea IndVal 0.77, p=0.0090), Festuca halleri IndVal 0.73, p=0.0096) and Siene rupestris (IndVal
0.80, p=0.0238). Three species resulted significantly linked to the supraglacial debris: Cerastium pedunculatum
(IndVal 0.90, p=0.0009), Poa laxa (IndVal 0.96, p=0.0021) and Lugula alpinopilosa (IndVal 0.69, p=0.0235).

Fifty-five arthropod species were found (14 carabid beetles and 41 spiders) (table 4); 41 arthropod species were
found on the control slope (10 carabid beetles and 31 spiders), 31 on the iceless moraine (9 carabid beetles and
22 spiders) and six on the supraglacial debris (all spiders). The ISA (table 4) selected 33 species (60% of the
fauna) best-fitting on the control slope, 20 (36%) best-fitting on the iceless moraine and two (4%) best-fitting on
the supraglacial debris. Five species resulted significantly linked to the control slope: Prerostichus multipunctatus
(IndVal 0.89, p=0.0030), Leistus nitidus (IndVal 0.73, p=0.0102), Centromerus pabulator (IndVal 0.58, p=0.0102),
Tenuiphantes jacksoni (IndVal 0.74, p=0.0117) and Robertus truncornm (IndVal 0.84, p=0.0182). One species resulted
significantly linked to the iceless moraine: Coelotes rudolfi (IndVal 0.72, p=0.0247). Two species resulted
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significantly linked to the supraglacial debris: Oedothorax agrestis (IndVal 1.00, p=0.0009) and Pardosa saturatior
(IndVal 0.83, p=0.0030).

Each glaciological variable shows a quite high variability and a more or less clear distributional patterns along the
glacier tongue. Ice ablation rate ranged from -0.11 to -2.53 w.e./day (median: -1.86 w.e./day) showing no clear
distributional patterns along the glacier tongue. Ice flow velocity ranged from 0.02 to 0.06 m/day (median: 0.05
m/day), slightly decreasing from the upper to the lower zones. GST ranged from 13.7 to 17.5 °C (median: 15.30
°C), slightly increasing from the upper to the lower zones. Supraglacial debris thickness ranged from 6 to 38 cm

(median: 20 cm) showing no clear distributional pattern.

Discussion

Ecology of debris-covered glaciers and surrounding landforms

Supraglacial debris was remarkably different from the surrounding landforms for thermal regime and species
assemblage, while its soil features were similar to those of the iceless moraine.

The ground surface temperature of the control slope follows the typical pattern expected in normal condition at
the considered altitude. During the snow-cover period, both debris-featured landforms show lower temperature
than control slope: on the iceless moraine likely as a consequence of the rougher surface (e.g. coarse boulders
and high acclivity) which prevent a thick and continuous snow cover able to insulate the ground from air
temperature; on the supraglacial debris likely also as a consequence of the thermal effect of underlying ice,
similarly to active rock glaciers (Hoelzle et al., 1999). Coherently, during the snow-free period the ground surface
temperature of the iceless moraine does not differ from that of the control slope, while that of the supraglacial
debris maintains lower values. Therefore, according to our hypothesis, the debris-covered glacier differs from
the surrounding landforms for ground surface temperature, particularly during the snow-free period which is the
period of highest biological activity.

The soil of control slope can be likely considered as more developed than those of debris-featured landforms,
since organic matter content is higher while bare soil surface, coarse debris fraction and soil pH are lower.
Debris-featured landforms differ each other only in terms of bare soil surface being the iceless moraine much
more covered by vegetation than supraglacial debris, but can be considered substantially equal in terms of coarse
debris fraction, organic matter content and pH. Therefore, according to our hypothesis, the debris-covered
glacier differs from the control slope for soil physical and chemical parameters; by contrast, it does not differs
from the iceless moraine.

The control slope is characterized by high values of richness and abundance both for plant and arthropod
species, with typical plants of acidophilous conifer woodlands like Rhododendron ferruginenm, V accinium myrtillus and
Calamagrostis villosa (Grabherr and Mucina, 1993; Oberdorfer, 1998; Andreis et al,, 2009) and arthropods
generally expected in such habitat like the carabid beetle Prerostichus multipunctatus (Brandmayr and Zetto
Brandmayr, 1988; Gobbi et al., 2007) and the spider Robertus truncorum (Nentwig et al., 2016). The iceless moraine
overall shows similar species richness but lower abundance with respect to the control slope, with pioneer but

not cold-adapted plants like T7ifolinm pallescens, Rumex: scutatus and Silene rupestris and lacks characteristic arthropod
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species. Some species affinities with the control slope (e.g. woody plants like Larix decidua and Alnus viridis,
carabid beetles like Prerostichus cribratus and Carabus concolor, spiders like Coelotes pickardi and Robertus arundineti)
suggest that such community may represent a successional stage toward the potential biocoenosis of the area.
On the supraglacial debris, while plant total cover is rather low, arthropod total activity density reaches very high
values due to the large population of the ballooner spider Oedothorax agrestis (Weyman et al., 2002; Bell et al,,
2005; Blandenier et al., 2009). The community is characterized by few but almost exclusive species, especially
pioneer cold-adapted ones normally widespread above the climatic treeline, like the plants Cerastium pedunculatum,
Poa laxa and Luzula alpinopilosa and the spider Pardosa saturatior. Therefore, according to our hypotheses, the
debris-covered glacier differs from the surrounding landforms for species richness and abundance (particularly
for plants) and for the occurrence of cold-adapted plant and arthropod species.

Summarizing, the community of the iceless moraine appears as a pioneer stage over the subalpine primary
succession; by contrast, the supraglacial debris seems more selective as a consequence of both the higher ground
instability due to the glacial dynamic (e.g. ice ablation rate and ice flow velocity) and the lower ground
temperature due to the underlying ice. Such features thus likely prevents the subalpine primary succession
development and promotes the persistence of cold-adapted species in an adverse altitudinal context.

The supraglacial debris of Belvedere seems to be overall harsher than Miage as habitat for plant and arthropod
life, due to the slightly lower supraglacial debris thickness and ground surface temperature and above all to the
remarkable higher ice flow velocity. The higher ice flow velocity of Belvedere may explain the overall lower
species richness, since likely excludes species most demanding in terms of ground stability. However, the most
surprising difference between the two glaciers lies in the absence of carabid beetles on Belvedere, in spite of the
high values of species richness and activity density in the area. Cold-adapted carabid beetles (e.g. Oreonebria spp.)
are able to tolerate comparable supraglacial debris thickness (e.g. down to 24 cm on Miage glacier in Gobbi et
al., 2011) and much lower mean annual ground surface temperature (e.g. down to -2.3°C on active rock glaciers
in Gobbi et al., 2014), thus their absence is not imputable to microclimatic limitation. The supraglacial debris
permanently supports both spider and carabid species with similar trophic requirements (Gobbi et al., 20006,
2011; Tenan et al., 20106), so carabid beetles absence is neither imputable to trophic factors. Therefore, the
absence of carabid beetles could be due to the higher surface instability due to the higher ice flow velocity.
Besides the current ecological factors, we probably have to take into account also past events which may have
affected the actual biological features. The surge-type movement of 2001-02 achieved extraordinary ice flow
velocity up to 200 m/year (Haebetli et al., 2002; Mortara and Tamburini, 2009), likely erasing both plant and
arthropod supraglacial communities. The potential community, probably including carabid beetles, could not
have established yet. The occurrence of spiders supports this hypothesis, because spiders are characterized by
much higher dispersal ability (Weyman et al., 2002; Bell et al., 2005; Blandenier et al., 2009) allowing them to
colonize the supraglacial debris before carabid beetles. The Miage glacier, without recent surge-type movements,
could thus better represent the real potentiality of Alpine debris-covered glaciers as habitat for plant and

arthropod life.
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Glacier Belvedere Miage
Altitudinal range (m a.s.l.) 1890-2120 1815-2230
Ice ablation rate (w.e./day) -1.86 (-2.53, -0.11) N.A.

Ice flow velocity (m/day) 0.05 (0.02, 0.06) 0.01 (0.00, 0.04)
Ground surface temperature (°C) 15.3 (13.7,17.5) 17.5 (15.1, 19.7)
Supraglacial debris thickness (cm) 20 (0, 38) 37 (10, 56)
Total plant species richnes 31 45

Total arthropod species richness 6 12
Carabid beetles species richness 0 2
Spider species richness 6 10

Table 3. Comparison between Belvedere and Miage glaciers in terms of glaciological and biological parameters.
Glaciological parameters were reported as median values (with minimum and maximum values in brackets);

biological variables were reported as total values at landform level.

Debris-covered glaciers as warm-stage refugia?

Our results, together with previous ones (Caccianiga et al., 2011; Gobbi et al., 2011), show that debris-covered
glaciers as habitat have all the ecological requirements to act as warm-stage refugia for cold-adapted species.
Such landforms occurs especially during warm-climatic stages and likely persist during them thanks to the
thermal insulation provided by the supraglacial debris and to the continuous ice supply from the accumulation
zone which compensates the ice losses in the ablation one. The microclimate due to the underlying ice provides
suitable habitat for cold-adapted species, allowing them to live below their normal altitudinal distribution (in our
study case, c. 430 m below the climatic treeline). Further, the glacial dynamic contributes to prevent the
development of the normal primary succession at this elevation, promoting the long-lasting persistence of
species which would be otherwise replaced by those of the surrounding environments.

However, the refugium role of debris-covered glaciers is probably limited to pioneer cold adapted species and
not to those linked to stable sites; furthermore, extraordinary events like surge movements may cause local
extinction of species right within their refugia. Finally, some questions advanced by Fickert et al. (2007) still
remain as crucial matters both for the cold- and warm-stage refugia hypotheses, particularly: 1) if species are able
to close their life cycle before calving off the glacier as a consequence of the ice flow; 2) if propagules are then
able to recolonize the upper zones of the glacier to restart a new life cycle. Further studies are thus needed to

implement the discussion about debris-covered glaciers as warm-stage refugia for cold-adapted species.
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Table S1. Synoptic table at landform level: soil and community variables were expressed as median values (minimum and maximum values in brackets), followed by
total values at landform level (for community variables only). Plant species cover were expressed as mean value of cover in percentage (Ab); arthropod species
abundances were expressed as sum of activity density (Ab) (ara = spider, car = carabid beetles). For each species were reported: cold-adaptation (C), IndVal for each

landform (IndVal), best-fitting landform (BFL), significance of the association with the best-fitting landform (p-value, with * for significantly association).

Landform

1. Control slope

2. Iceless moraine

3. Supraglacial debris

Bare soil surface (%)
Coarse debris fraction (%o)
Soil pH

Organic matter content (g/kg)

10.00 (0.00, 45.00)
69.08 (53.80, 84.02)
410 (3.30, 5.40)
231.70 (38.56, 354.50)

70.00 (25.00, 80.00)
92.86 (86.91, 97.68)
5.80 (5.00, 6.50)
2.26 (0.33, 8.95)

90.00 (80.00, 100.00)
96.40 (90.26, 98.71)
5.40 (4.70, 6.00)
1.73 (9.47, 1.73)

Plant species richness
Plant total cover
Arthropod species richness

Arthropod total activity density

23.00 (12.00, 33.00), 85
243.00 (144.00, 347.00), 233.27
9.00 (3.00, 15.00), 41
0.57 (0.06, 1.13), 7.27

19.00 (12.00, 28.00), 51
39.00 (22.00, 77.00), 45.27
4.00 (2.00, 10.00), 31
0.09 (0.03, 0.28), 1.71

10.00 (6.00, 17.00), 31
12.00 (6.00, 24.00), 13.53
2.00 (1.00, 4.00), 6
0.59 (0.30, 1.65), 10.28

Plant cold-adapted indices

Plant high-dispersal indices
Arthropod cold-adapted indices
Arthropod high-dispersal indices

Plant species Ab IndVal Ab IndVal Ab IndVal BFL p-value Sig.
Rhododendron ferrugineum 39,33 1,00 0,13 0,02 0,07 0,01 1 0,0012 *
Avenella flexcnosa 11,67 0,97 0,00 0,00 0,00 0,00 1 0,0012 *
Vaccinium myrtillus 13,00 0,97 0,00 0,00 0,00 0,00 1 0,0012 *
Dryopteris dilatata 8,20 0,89 0,00 0,00 0,00 0,00 1 0,0102 *
Gentiana purpurea 2,67 0,77 0,00 0,00 0,00 0,00 1 0,0117 *
Calamagrostis villosa 22,67 0,73 0,07 0,01 0,00 0,00 1 0,0149 *
Anthoxcanthum alpinum 11,07 0,73 1,27 0,22 0,00 0,00 1 0,0238 *
Astrantia minor 2,27 0,77 0,00 0,00 0,00 0,00 1 0,0623
Luzula sieberi 2,07 0,58 0,00 0,00 0,00 0,00 1 0,0634
Homogyne alpina 2,27 0,77 0,00 0,00 0,00 0,00 1 0,0651
Veratrum lobelianum 3,13 0,73 0,00 0,00 0,00 0,00 1 0,0686
Athyrium distentifolinm 3,40 0,63 0,07 0,04 0,00 0,00 1 0,0686
Campanula barbata 0,60 0,58 0,00 0,00 0,00 0,00 1 0,0694
Juniperus nana 1,80 0,58 0,00 0,00 0,00 0,00 1 0,0694
Soldanella alpina 0,53 0,52 0,00 0,00 0,00 0,00 1 0,0694
Hieracium murorum aggr. 1,33 0,45 0,00 0,00 0,00 0,00 1 0,0694




Silene vulgaris
Ligusticum mutellina
Phleum rhaeticum
Huperzia selago

Sorbus ancuparia
Larix decidua
Dryopteris filixc-mas
Melampyrum sylvaticum
Peucedanum ostruthinm
Geranium sylvaticum
Rumex: alpestris
Leontodon helveticus
Vaccinium ganltherioides
Helictotrichon versicolor
Nardus stricta

Geum montanum
Phytenma hemisphaericum
Primula birsuta
Potentilla aurea
Stellaria nemorum
Solidago virganrea
Phyteuma betonicifolinm
Arnica montana

Salix helvetica

Festuca varia
Campannla scheuchzeri
Juncus trifidus
Cystopteris fragilis
Alnus viridis

Festuca arundinacea
Poa nemoralis

Pyrola minor

Salix appendiculata
Ranunculus montanus aggr.
Chaerophyllum birsutum
Corallorhiza trifida
Dactylorhiza maculata
Polypodinm vulgare
Polystichum lonchitis
Thesinm alpinum
Alehemilla alpina aggr.

1,60
0,93
1,13
0,13
0,67

20,00
0,80
3,40
1,33
0,47
2,13
1,53
11,33
0,80
1,40
0,47
0,20
0,20
0,13
0,80
1,13
1,13
1,73
4,67
1,80
0,27
1,13
0,27
14,00
1,67
0,73
0,80
10,00
0,13
0,07
0,07
0,07
0,07
0,07
0,07
0,73

0,63
0,58
0,50
0,37
0,63
0,60
0,52
0,52
0,50
0,45
0,63
0,63
0,63
0,52
0,52
0,45
0,45
0,45
0,37
0,45
0,56
0,53
0,52
0,46
0,50
0,42
0,44
0,39
0,37
0,45
0,45
0,45
0,38
0,37
0,26
0,26
0,26
0,26
0,26
0,26
0,45

0,27
0,00
0,07
0,00
0,00
2,07
0,00
0,00
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,20
0,00
1,13
1,47
0,13
0,73
0,20
6,07
0,00
0,00
0,00
3,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
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0,20
0,00
0,06
0,00
0,00
0,25
0,00
0,00
0,06
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,06
0,17
0,00
0,32
0,54
0,21
0,53
0,29
0,40
0,00
0,00
0,00
0,46
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,33
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,20
0,07
0,00
0,07
0,00
0,00
0,00
0,00
0,00
1,20
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

0,00
0,00
0,00
0,00
0,00
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,08
0,04
0,00
0,05
0,00
0,00
0,00
0,00
0,00
0,28
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

o e R R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

0,0853
0,2509
0,2509
0,2509
0,2541
0,2541
0,2541
0,2541
0,2541
0,2541
0,2580
0,2615
0,2615
0,2615
0,2615
0,2615
0,2615
0,2615
0,2615
0,2647
0,2654
0,2654
0,2654
0,2654
0,3014
0,3429
0,3889
0,5677
0,6994
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7014
0,7049




Psendorchis albida
Alehemilla vulgaris aggr.
Carex curvula

Festuca nigrescens
Hieracium morisianum
Viola biflora

Carex: sempervirens
Centaurea nervosa
Sedum alpestre
Trifolium alpinum
Achillea macrophylla
Adenostyles alliariae
Oxalis acetosella
Prenanthes purpurea
Cicerbita alpina
Milium effusum
Maianthemum bifolium
Rubus idaeus
Streptopus amplexifolius
Trifolium pallescens
Rumex scutatus
Achillea moschata
Luzula lutea

Festuca haller

Silene rupestris
Cardamine resedifolia
Epilobinm fleischeri
Poa alpina

Trifolinm pratense
Cerastinm strictum
Silene exscapa
Saxifraga aspera
Agrostis stolonifera
Bartsia alpina
Pedicnlaris tuberosa
Sempervivum montanum
Mpyosotis alpestris
Euphrasia minima
Lotus alpinns

Sagina saginoides
Galium anisophyllon

0,13
0,07
0,07
0,33
0,07
0,07
1,67
0,07
0,07
0,07
1,40
0,73
1,40
0,73
0,40
1,33
0,07
0,33
0,07
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,13
0,13
0,00
0,00
6,47
0,00
0,00
0,33
0,07
0,07
0,20
0,00
0,00

0,37
0,26
0,26
0,26
0,26
0,26
0,45
0,26
0,26
0,26
0,45
0,45
0,45
0,45
0,37
0,37
0,26
0,26
0,26
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,07
0,17
0,18
0,00
0,00
0,51
0,00
0,00
0,36
0,13
0,09
0,12
0,00
0,00
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0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1,80
1,53
0,67
0,80
0,53
1,47
0,80
0,60
0,80
0,47
0,40
0,40
0,47

11,47
0,27
0,13
0,53
0,20
0,33
2,40
0,33
0,07

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,97
0,88
0,82
0,77
0,73
0,80
0,69
0,77
0,68
0,60
0,55
0,52
0,64
0,76
0,52
0,37
0,57
0,39
0,43
0,49
0,43
0,26

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,47
0,00
0,27
0,00
0,67
0,53
0,00
0,07
0,00
0,00
0,20
0,07
1,73
0,00
0,00
0,00
0,00
0,20
0,07
0,27
0,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,33
0,00
0,26
0,00
0,46
0,46
0,00
0,07
0,00
0,00
0,26
0,09
0,29
0,00
0,00
0,00
0,00
0,26
0,04
0,34
0,00

DD DN DD DD DNDDNDDNDDNDDNDDNDDNDNDDNDDNDNDNDDNDNDNDNDNRER = = 2 2l s s bl ) s s s s

0,7049
0,7049
0,7049
0,7049
0,7049
0,7049
0,7096
0,7096
0,7096
0,7096
0,7111
0,7111
0,7111
0,7111
0,7111
0,7111
0,7111
0,7111
0,7111
0,0009
0,0009
0,0009
0,0090
0,0096
0,0238
0,0545
0,0680
0,0694
0,0845
0,0938
0,0969
0,1086
0,1662
0,2544
0,2566
0,3178
0,4232
0,4723
0,5356
0,5759
0,7002

X X X X ¥ ¥
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Hieracinm staticifolinm 0,00 0,00 0,07 0,26 0,00 0,00 2 0,7002
Epilobinm nutans 0,00 0,00 0,07 0,26 0,00 0,00 2 0,7018
Rbinanthus alpinus 0,00 0,00 0,07 0,26 0,00 0,00 2 0,7018

x | Saxifraga oppositifolia 0,00 0,00 0,07 0,26 0,00 0,00 2 0,7045
Arabis alpina 0,00 0,00 0,13 0,37 0,00 0,00 2 0,7059
Cerastium pedunculatum 0,00 0,00 0,13 0,13 0,93 0,90 3 0,0009 *
Poa laxa 0,00 0,00 0,20 0,12 2,60 0,96 3 0,0021 *
Luzula alpinopilosa 0,00 0,00 0,07 0,09 0,53 0,69 3 0,0235 *
Campannla excisa 0,00 0,00 0,00 0,00 0,33 0,58 3 0,0660
Saxifraga stellaris 0,00 0,00 0,00 0,00 0,33 0,58 3 0,0714

x | Lencanthemopsis alpina 0,00 0,00 0,20 0,23 0,53 0,62 3 0,0885
Linaria alpina 0,00 0,00 0,47 0,47 0,53 0,53 3 0,3807
Saxcifraga bryoides 0,00 0,00 0,07 0,15 0,13 0,30 3 0,5553
Agrostis rupestris 0,67 0,23 0,27 0,21 0,73 0,57 3 0,6861
Epilobium alsinifolium 0,00 0,00 0,00 0,00 0,07 0,26 3 0,6972

X | Guaphalinm supinum 0,00 0,00 0,00 0,00 0,07 0,26 3 0,7041
Betula pendula 0,00 0,00 0,00 0,00 0,07 0,26 3 0,7053
Ranunculus glacialis 0,00 0,00 0,00 0,00 0,07 0,26 3 0,7053

x | Oxyria digyna 0,00 0,00 0,00 0,00 0,13 0,37 3 0,7092

C | Arthropod species Ab IndVal Ab IndVal Ab IndVal BFL p-value Sig.
Prerostichus multipunctatus (car) 3,80 0,89 0,08 0,05 0,00 0,00 1 0,0030 *
Leistus nitidus (car) 0,16 0,73 0,00 0,00 0,00 0,00 1 0,0102 *
Centromerus pabulator (ara) 0,11 0,58 0,00 0,00 0,00 0,00 1 0,0102 *

x | Tenuiphantes jacksoni (ara) 0,12 0,74 0,01 0,07 0,00 0,00 1 0,0117 *
Robertus truncornm (ara) 0,72 0,84 0,08 0,08 0,02 0,06 1 0,0182 *
Prerostichus spinolae (car) 0,58 0,58 0,00 0,00 0,00 0,00 1 0,0623
Calathus micropterus (car) 0,13 0,58 0,00 0,00 0,00 0,00 1 0,0651
Oreonebria castanea (car) 0,16 0,55 0,05 0,18 0,00 0,00 1 0,1633
Coelotes pickardi (ara) 0,20 0,51 0,11 0,31 0,00 0,00 1 0,2294
Prerostichus cribratus (car) 0,23 0,56 0,11 0,29 0,00 0,00 1 0,2464
Cybaeus intermedius (ara) 0,03 0,37 0,00 0,00 0,00 0,00 1 0,2541
Walckenaeria cuspidata (ara) 0,02 0,37 0,00 0,00 0,00 0,00 1 0,2580
Pardosa mixta (ara) 0,07 0,58 0,00 0,00 0,00 0,00 1 0,2615
Gnaphosa badia (ara) 0,10 0,45 0,00 0,00 0,00 0,00 1 0,2615
Micrargus apertus (ara) 0,04 0,45 0,00 0,00 0,00 0,00 1 0,2647
Pardosa blanda (ara) 0,23 0,58 0,04 0,14 0,00 0,00 1 0,4245
Lepthyphantes nodifer (ara) 0,02 0,30 0,00 0,00 0,01 0,15 1 0,6994
Boblyphantes alticeps (ara) 0,01 0,26 0,00 0,00 0,00 0,00 1 0,6994
Centromerus subalpinus (ara) 0,01 0,26 0,00 0,00 0,00 0,00 1 0,6994
Mughiphantes nnghi (ara) 0,01 0,26 0,00 0,00 0,00 0,00 1 0,6994




Pardosa ferruginea (ara)
Pelpecopsis radicicola (ara)
Trichotichnus laevicollis (car)
Haplodrassus signifer (ara)
Incestophantes frigidus (ara)
Micaria aenea (ara)
Palliduphantes pallidus (ara)
Xysticus desidiosus (ara)
Xysticus ulmi (ara)
Prerostichus unctulatus (car)
Walckenaeria obtusa (ara)
Rugathodes bellicosus (ara)
Anguliphantes monticola (ara)
Coelotes rudolfi (ara)
Drassodex: drescoi (ara)
Theridion petraeum (ara)
Cicindela gallica (car)
Drassodes lapidosus (ara)
Cychrus cordicollis (car)
Diplocephalus helleri (ara)
Platynus depressus (car)
Pardosa nigra (ara)
Mughiphantes handschini (ara)
Carabus concolor (car)
Robertus arnndineti (ara)
Tenuiphantes tenuis (ara)
Carabus depressus (car)
Walckenaeria capito (ara)
Xysticus andax (ara)
Amara erratica (car)
Caracladus avicula (ara)
Troglobyphantes lucifuga (ara)
Zelotes subterranens (ara)
Ocedothorax: agrestis (ara)
Pardosa saturatior (ara)

0,01
0,01
0,01
0,03
0,03
0,01
0,01
0,02
0,01
0,06
0,01
0,04
0,01
0,01
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,01
0,02
0,08
0,03
0,00
0,04
0,00
0,00
0,00
0,00
0,06
0,01
0,00
0,00

0,26
0,26
0,26
0,37
0,37
0,26
0,26
0,26
0,26
0,37
0,26
0,17
0,18
0,05
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,05
0,21
0,34
0,29
0,00
0,27
0,00
0,00
0,00
0,00
0,25
0,18
0,00
0,00

101

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,02
0,01
0,29
0,06
0,04
0,03
0,03
0,03
0,06
0,02
0,17
0,04
0,10
0,04
0,05
0,07
0,01
0,03
0,01
0,01
0,07
0,01
0,01
0,02

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,12
0,18
0,72
0,37
0,37
0,45
0,45
0,37
0,37
0,37
0,53
0,30
0,51
0,28
0,37
0,29
0,26
0,26
0,26
0,26
0,27
0,18
0,01
0,09

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,03
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,10
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
9,79
0,33

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,15
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,41
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1,00
0,83

W WL NN DN DN NDDNDDNDDNDNDDNDDNDDNDNDDNDDNDDNDNDDNDDNDNEFE PR P P Pl

0,7049
0,7049
0,7049
0,7096
0,7096
0,7096
0,7096
0,7096
0,7096
0,7111
0,7111
0,7993
0,9183
0,0247
0,2544
0,2544
0,2566
0,2566
0,2622
0,2622
0,2622
0,3059
0,3424
0,3706
0,6083
0,7018
0,7018
0,7018
0,7018
0,7059
0,7059
0,7062
0,9219
0,0009
0,0030
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Plant and arthropod colonisation of a glacier foreland in a peripheral mountain range
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Primary successions along glacier forelands are perfect examples of the changing climate upon high mountain
ecosystems. Peripheral mountain ranges deserve particular attention, given they are characterised by high numbers of
species and endemism and are considered to be particularly susceptible to climate change. We analysed thermal regime,
soil parameters and plant/arthropod primary succession along a glacier foreland located in such a context, comparing it
with those previously studied in the inner Alps. The overall patterns of the investigated primary succession agree with
those of the inner Alps at the same elevation, but stands out for a delayed plant and arthropod colonisation which
promotes the long-lasting persistence of pioneer cold-adapted species. In light of the results obtained, and considering
the glaciological features of peripheral mountain ranges (glaciers persistence at low elevation), this paper asserts the
hypothesis that glacial landforms of these areas may act as warm-stage refugia for pioneer cold-adapted species.

Keywords: primary succession; climate change; refugia; cold-adapted species; carabid beetles; spiders

Introduction

After the Little Ice Age (LIA; sixteenth-nineteenth cen-
turies), Alpine glaciers were subjected to a generalised
retreat temporarily interrupted by short periods of
advance. Ecological successions along the terrain freed by
glacier retreat (glacier forelands) represent an effect of
changing climate on high mountain ecosystems
(Matthews 1992). Along a chronosequence of glacier
retreat, early-successional species assemblages are pro-
gressively replaced by mid- and late-successional ones
(Kaufmann 2001; Raffl et al. 2006). Time since deglacia-
tion is the chief factor driving such processes, although
the role of local ecological conditions at small scale is not
negligible (Burga et al. 2010; Schlegel and Riesen 2012).
Plant succession and soil development along glacier
forelands have been analysed in depth since the begin-
ning of the twentieth century and summarised in several
reviews (e.g. Matthews 1992; Miles and Walton 1993).
Within the Alps, such dynamics were investigated in a
wide range of geographical situations (e.g. Burga et al.
2010; Caccianiga and Andreis 2004; Liidi 1955, 1958;
Pirola and Credaro 1993; Raffl et al. 2006). Arthropod
successions were also investigated, even though the stud-
ies are fewer and more recent (e.g. Gereben, Krenn, and
Strodl 2011; Gobbi et al. 2006a, 2010; Kaufmann 2001,

2002; Schlegel and Riesen 2012). However, almost all
the previous works were performed on glacier forelands
located in the inner massifs of the Alpine chain, while
knowledge about peripheral mountain ranges is still poor
due to the scarcity of glaciers.

Nevertheless, in the context of climate change,
peripheral mountain ranges of any mountain system
deserve particular attention for at least three reasons: (1)
they display plausible future scenarios for the whole
chain and allow to directly test the fate of high mountain
ecosystems, as the relatively low elevation makes them
particularly susceptible to climate change (Bona et al.
2013; Pauli, Gottfried, and Grabherr 2003); (2) they are
presently characterised by high values of species richness
and endemism, since they were largely ice-free during
glacial periods and acted as refugia for many plant
(Martini et al. 2012; Schonswetter et al. 2005) and
arthropod species (Latella, Verdari, and Gobbi 2012;
Lohse, Nicholls, and Stone 2011); (3) their spatial
arrangement causes remarkable climatic differences with
respect to the inner massifs, affecting the altitudinal dis-
tribution of glaciers and their response to climate change
(Scotti, Brardinoni, and Crosta 2014), as well as the
elevation of vegetation belts (Caccianiga et al. 2008;
Pirola and Credaro 1977).

*Corresponding author. Email: duccio.tampucci@unimi.it
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The Orobian Alps (maximum elevation: 3050 m
above sea level (a.s.l.)) are a west—east oriented periph-
eral mountain range of the central Alps, south of the
inner and higher Rhaetian Alps (maximum elevation:
4049 m a.s.l.). They are characterised by oceanic climate
regime (mean annual precipitation: 1200-2000 mm/y), in
sharp contrast with the continental Rhaetian Alps (mean
annual precipitation: 650-1200 mm/y) (Ceriani and
Carelli 2000). The high winter precipitation causes
Orobian glaciers to be supply-limited rather than con-
trolled by ablation, so they are able to persist at lower
elevation and retreat comparatively less than the
Rhaetian ones (Scotti, Brardinoni, and Crosta 2014). As
consequence, high alpine plant species can live at lower
altitudes (Caccianiga, Ravazzi, and Zubiani 1993; Pirola
and Credaro 1977), sometimes below the potential tree-
line (Caccianiga et al. 2008). The Orobian Alps were
often indicated as refugia during the glacial periods,
which explains the high number of species and ende-
mism (Lohse, Nicholls, and Stone 2011; Martini et al.
2012). However, the lower altitudinal distribution of gla-
ciers and vegetation belts could result in a refugium role
also during warm climatic stages (Gentili et al. 2015).

This paper aims to analyse the primary succession
along a glacier foreland located in such a context, con-
sidering both the abiotic (thermal regime and soil param-
eters) and the biotic variables (plant and arthropod
communities). Afterwards, we compared the investigated
colonisation pattern with those previously observed in
the inner Alps. Our hypotheses are: (1) plant and arthro-
pod colonisation follows the same pattern along the pri-
mary succession; (2) plant and arthropod colonisation
patterns differ from those of the inner Alps at the same
elevation.

Methods
Study area

Trobio glacier was selected as the chief study site, due to
the remarkable documented fluctuations which have
occurred since the LIA. The glacier probably reached its
maximal extension in the early nineteenth century, leav-
ing a well-preserved moraine system. The following per-
iod was characterised by a general retreat, interrupted by
four short advances: during the last years of nineteenth
century, the 1920s, 1960s and 1980s. From the LIA to
the 1990s, the glacier lost about 70% of its surface and
split into three parts: Eastern, Central and Western Trobio
(Bonardi et al. 2012; Caccianiga, Ravazzi, and Zubiani
1993). Our study was performed along the glacier fore-
land of the Western Trobio glacier and on the terrain out-
side the LIA moraine, likely ice-free since the Late
Glacial (LG) and not involved in the Holocene glacial
dynamic. Currently, the glacier foreland is about 1.2 km
long and ranges from 2550 m a.s.l. (Western Trobio

front) to 2350 m a.s.l. (LIA moraine). The bedrock is
composed by siltstones, sandstones and conglomerates
(Jadoul et al. 2000).

Sampling design
Six plots were selected, each corresponding to a specific

deglaciation stage, as in Caccianiga, Ravazzi, and
Zubiani (1993):

1. Terrain close to the present front of the glacier
(ice-free since <30 years).

2. Terrain within the area marked by the glaciologi-
cal mark of 1985 (c. 30 years).

3. Terrain within the moraine of the 1920s (c.
95 years).

4. Terrain on the roche moutonnée ice-free since the
beginning of the twentieth century (c. 115 years).

5. Terrain within the LIA moraine, ice-free in the
early nineteenth century (c. 150 years).

6. Terrain external to the LIA moraine, ice free since
the LG and not involved in Holocene glacial
dynamics (c. 10,000 years).

Two data-loggers (Tinytag TGP-4500) were placed
between stones, protected from direct sunlight, at the
plots 1 (2500 m a.s.l.) and 5 (2375 m a.s.l.) respectively,
to analyse the thermal regime at ground level along the
glacier foreland over one year (15 August 2013-15
August 2014, recording interval: 60 min). Five sampling
points for each plot were selected and randomly placed
about 10 m apart from each other. Substrate samples
were taken at the surface for physical and chemical anal-
ysis: a sample of about 1 kg was taken at every plot for
particle size distribution analysis; a sample of about
200 g was taken at each sampling point to obtain soil
pH (in 1:2.5 soil:water), calcium carbonate content
(Dietrich—Fruhling calcimeter) and organic matter content
(Walkley—Black method). Vegetation surveys were per-
formed on 25 m? surfaces at each sampling point. The
percentage cover of rock outcrop, debris, soil, total plant
cover and of every plant species were estimated with a
resolution of 5%. Arthropods data were collected through
pitfall traps: plastic cups buried up to the edge and filled
with approximately 20 ml of vinegar and salt solution.
We placed a pitfall trap at each sampling point, collected
and re-set every 20 days during the snow-free season
(July—October 2013—14). Since several pitfall traps were
destroyed by marmots, we integrated this method with
capture by hand (one-hour long catching activity in each
plot on 12 September and 2 October 2014). The analysis
on arthropod assemblages concerned carabid beetles
(Coleoptera: Carabidae) and spiders (Arachnida: Ara-
neae), the most abundant ground-dwelling arthropods;
these two taxa are well known by the ecological
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viewpoint (Brandmayr et al. 2003; Thaler 2003) and are
widely used as bioindicators of climate change at high
latitude/elevation ecosystems (e.g. Braten et al. 2012;
Gobbi, Fontaneto, and De Bernardi 2006b; Pizzolotto,
Gobbi, and Brandmayr 2014).

Statistical analysis

We report descriptive statistics (minimum and maximum
values, median and interquartile range) of the distribution
of soil parameters (soil pH, calcium carbonate content,
organic matter content, total plant cover) along the gla-
cier foreland. The correlation among such variables was
assessed through Spearman’s monotone correlation coef-
ficient tho. The patterns of correlation were evaluated by
a principal component analysis (PCA) on the ranks of
the variables. Soil parameters entered as active variables;
total plant cover was plotted on the plane of the principal
components as a passive variable to evaluate the relation-
ships between soil and vegetation.

Patterns of plant species distribution along the glacier
foreland were described through detrended correspon-
dence analysis (DCA) (Hill and Gauch 1980) carried out
on a matrix of plant species cover percentages of 29
sampling points for 55 species (17 species out of 72
were omitted since occurring in only one sampling point;
one sampling point was omitted since no plant species
was recorded in it). A cluster analysis was performed to
identify groups of sampling points with homogeneous
vegetation patterns. For determining the clusters we used
only the coordinates of sampling points on the first
canonical axis of the DCA, since it represented the main
ordination trend of vegetation. Two clustering algorithms
were used: in a first step hierarchical clustering was per-
formed with Euclidean distance metric and Ward linkage;
then, k-means clustering was used for ‘consolidating’ the
clusters previously determined (Husson, L&, and Pages,
2010).

The results of cluster analysis were used to study the
relationships between plant assemblages and soil parame-
ters and species richness. For each variable, a generalised
linear regression model (GLM) was fitted including the
variable as response and the cluster as explicative cate-
gorical variable. The Gaussian distribution was assumed
for the response in each case except for species richness,
for which the Poisson distribution was the proper one.
To achieve a satisfactory approximation to the Gaussian
distribution, the arcsin transformation f(x) = arcsin(,/x)
was applied to total plant cover and the natural logarithm
transformation to organic matter content. In order to
account for the potential correlation of observations
within each plot, the GLM models were fitted by the
generalising estimating equations (GEE) method (Zeger,
Liang, and Albert 1988). For each model, an exchange-
able working covariance structure was specified, in

which observations within the same plot were assumed
to be correlated. The results were reported in terms of:
(1) global test (chi-square) evaluating the null hypothesis
of no overall difference among the clusters; (2) multiple
comparison between means for all the possible pairs of
clusters (Wald test); the p-values were adjusted using the
Bonferroni correction.

Concerning the arthropod species, since a quantita-
tive sampling method (pitfall traps) and a qualitative one
(capture by hand) were integrated, we chose to base the
analysis only on the presence/absence species matrix (6
plots for 20 species). Before performing the analysis we
tested the accuracy of our sampling design and methods
estimating the theoretical total species richness according
to an index based on observed data: the incidence-based
coverage estimator (ICE) (Colwell et al. 2012). ICE esti-
mates the overall number of species that may live in the
study area, on the basis of the observed number of spe-
cies and the frequency of their occurrence in the plots
(Hortal, Borges, and Gaspar 2006). Canonical correspon-
dence analysis (CCA) (Ter Braak 1986) was performed
to describe the patterns of presence/absence of species
and their relationships with the soil parameters. As the
ratio between number of soil parameters in CCA and the
number of samples should be kept low to avoid potential
biases of the results, only pH and total plant cover were
used. However, this restriction did not severely affect the
results, since pH is highly correlated with the soil param-
eters not included in the analysis (calcium carbonate con-
tent and organic matter content).

Following Vater (2012) and Vater and Matthews
(2013, 2015), plant and arthropod colonisation patterns
along the chronosequence were analysed calculating
three community parameters for each deglaciation stage
(plot): (1) total species richness (number of species at
plot level); (2) species first appearances (number of spe-
cies appearing for the first time along the succession,
including first-and-last appearances); (3) species last
appearances (number of species appearing for the last
time along the succession, including first-and-last appear-
ances). Herein, we define ‘cold-adapted species’ all the
species strictly linked to alpine and nival belts, thus char-
acterised by a limited range of tolerance in altitudinal
distribution. Concerning plants, we consider like that all
the species with temperature index = 1 (alpine and nival)
and temperature range of variation = I (temperature index
variation at most 1) in Landolt et al. (2010). Concern-
ing arthropods, we based on the available descriptive lit-
erature about the ecological requirement of each
identified taxon (Casale, Sturani, and Vigna Taglianti
1982; Isaia et al. 2007). All analyses except ICE were
performed with the R software (R Core Team 2014),
with the packages vcd, vegan, FactoMineR, nnet and
geepack added. ICE was calculated with the EstimateS
9.1.0 software (Colwell et al. 2012).
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Comparative analysis

The pattern of total species richness, species first appear-
ances and species last appearance along the Trobio
glacier foreland was compared with those of three glacier
forelands of the Rhaetian Alps for which both plant and
arthropod data were available: (1) Morteratsch glacier,
Swiss Alps, below the potential treeline (1900-2100 m
a.s.l.) (Burga 1999; Schlegel and Riesen 2012); (2)
Rotmoos glacier, Austrian Alps, near the potential tree-
line (22802450 m a.s.l.) (Kaufmann 2001; Marcante,
Schwienbacher, and Erschbamer 2009); (3) Cedec gla-
cier, Italian Alps, above the potential treeline (2694—
2726 m a.s.l.) (Gobbi et al. 2010). Four common
deglaciation stages were recognised: (1) pioneer (c. 1—
30 years since deglaciation); (2) early (c. 31-100 years
since deglaciation); (3) mid (c. 101-150 years since
deglaciation); (4) late (c. 10,000 years old, ice-free since
the LG). The comparison concerns plants and carabid
beetles, while spiders were omitted because of data
unavailability for some glacier forelands. In the area of
Morteratsch glacier, five vegetation surveys of 400 m”
were performed by one of the Authors (DT) to integrate
the missing data about the vegetation of the terrain ice
free since the LG (12 September 2015).

Results
Primary succession along the glacier foreland

The glacier foreland was characterised by a gradient of
increasing mean annual temperature (from 0.5 to 1.3 °C)
and decreasing snow cover persistence (from 225 to
160 days) from the glacier front to the LIA moraine
(supplementary Figure 1). The difference in altitude
between the latter allows for an estimation of a yearly
altitudinal temperature lapse rate of —0.69 °C (100 m)~'
on the investigated landform. All soil parameters were
correlated to each other (supplementary Table 1) and var-
ied along the glacier foreland following a more or less
clear trend (supplementary Figure 2), except grain size
distribution (supplementary Figure 3). The main soil gra-
dient occurring from the glacier front to the terrain ice-
free since the LG consists of a progressive decrease of
pH and calcium carbonate content and a corresponding
increase of organic matter content and total plant cover
(supplementary Figure 4).

Seventy-two plant species were recorded (Table 1),
among which the most frequent were Poa alpina and
Silene acaulis (occurring in 83% of the sampling points),
followed by Saxifraga oppositifolia (70%), Androsace
alpina, Artemisia genipi, Festuca quadriflora and Oxyria
digyna (50%). Twenty-nine of the identified plant species
were ‘cold-adapted’. Twenty arthropod species (6 carabid
beetles and 14 spiders) were recorded (Table 1), among
which the most frequent were the carabid Carabus

castanopterus and the spiders Coelotes pickardi tirolensis
and Entelecara media (occurring in 83% of the plots),
followed by the carabid Pterostichus lombardus and the
spiders Diplocephalus helleri, Drassodex heeri and
Mughiphantes pulcher (67%). All the identified arthro-
pod species were ‘cold-adapted’, except Carabus cas-
tanopterus (the carabid beetle is able to descend below
the potential treeline) (Casale, Sturani, and Vigna
Taglianti 1982) and Agyneta rurestris (the high-dispersal
spider is distributed on a wide altitudinal range) (Isaia
et al. 2007).

The primary succession along the glacier foreland
developed in three main steps, each characterised by dis-
tinct vegetation and soil features (supplementary Figure 5
and Table 2). The first step lasted about 95 years (plots
1, 2, 3, corresponding to pioneer and early-successional
stages). It showed basic substrate (average pH 7.82) with
relatively high calcium carbonate content (2.64%) and
low organic matter content (1.57 g/kg). Total plant cover
was highly variable but generally scarce (27.3%), with
few pioneer and cold-adapted species (e.g. Androsace
alpina and Saxifraga oppositifolia). The second step
lasted 90 years at least (we are able to observe the suc-
cession only since LIA) (plots 4 and 5, corresponding to
mid-successional stages). It was characterised by neutral
soil (pH 6.96) with an intermediate content of calcium
carbonate (0.55%) and organic matter (13.32 g/kg). Total
plant cover reached a mean value of 42% and included
mainly graminoids (e.g. Luzula alpinopilosa and Poa
alpina) and cushion species (e.g. Saxifraga bryoides and
Silene acaulis). The last step occurred on terrain ice free
since LG and not involved in Holocene glacial dynamics
(plot 6, corresponding to late-successional stages). It
displays acid soil reaction (pH 4.82), very low calcium
carbonate content (0.28%) and high organic matter con-
tent (118.30 g/kg). Total plant cover reached the highest
values (60.9%) including typical species of acidophilous
alpine grasslands (e.g. Carex curvula and Carex semper-
virens). Plant species richness (Figure la) regularly
increased from pioneer to mid-successional stages, to
decrease in the late-successional ones. The number of
species appearing for the first time was quite uniform
along the whole chronosequence (c. 9 first appearances
for each plot on average), while the number of species
occurring for the last time increased from early-succes-
sional stages.

Two main arthropod assemblages were recognisable
(supplementary Figure 6): a pioneer one (including species
like Oreonebria soror tresignore and Agyneta rurestris)
which gradually disappears over the succession and a
late-successional one (including species like Oreonebria
lombarda and Gnaphosa petrobia) which simultaneously
increases. Early- and mid-successional stages lacked a
specific arthropod community and were rather charac-
terised by the overlapping of species belonging to the
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Table 1. Species distribution along Trobio glacier foreland. Plant species frequencies at plot level were indicated in percentage;
arthropod species presences were indicated with “+” (“ara” = Araneae; “car” = Carabidae); cold-adapted plant and arthropod species

were indicated with

(AT 33}

. Sporadic plant species (with relative plot): * Achillea nana (2), Agrostis alpina (6), Festuca halleri (6), Fes-

tuca scabriculmis (3), Gentiana acaulis (6), Gentiana verna (4), Helictotrichon versicolor (4), * Lloydia serotina (3), Luzula spicata
(5), * Minuartia sedoides (4), Myosotis alpestris (4), * Oreochloa disticha (6), Pseudorchis albida (4), Rhodiola rosea (4), * Sax-
ifraga exarata (3), * Saxifraga seguieri (5), Trifolium pallescens (5). Plant species nomenclature follows Landolt et al. (2010).

Plot 1 2 3 4 5 6
ID Age (years) <30 c. 30 c. 95 c. 115 c.150 ¢. 10,000
Lia Linaria alpina 20 40 20
Th.c * Thlaspi corymbosum . 20 20 .
Arg * Artemisia genipi 20 80 100 100
Pra * Pritzelago alpina 20 100 40 20 .
Ox.d * Oxyria digyna 20 100 40 100 40
An.a Androsace alpina 20 100 80 60 40
Ge.r * Geum reptans 20 60 20 60 100
Sa.o * Saxifraga oppositifolia 80 100 100 100 40 .
Po.a Poa alpina 40 100 100 100 100 60
Si.a * Silene acaulis 20 100 100 100 100 80
Sa.p Saxifraga paniculata 20 100 . 80 20
Pa.a Papaver aurantiacum 20 . 60 20
Ara Arabis alpina 40 80 20 40
Fe.q Festuca quadrifiora 80 100 100 20
Ra.g * Ranunculus glacialis 80 20 20 100
Sa.b * Saxifraga bryoides 40 20 60 100
Ce.u * Cerastium uniflorum 40 20
Sa.a Saxifraga aizoides . 100 . 20
Ar.c * Arabis caerulea 20 60 80
Dr.a Draba aizoides 40 20 .
Ca.co Campanula cochleariifolia 20 20
Po.n Potentilla nitida 60 .
Ca.cu * Carex curvula 100
Ca.s Carex sempervirens 100
Ho.a Homogyne alpina 80
Hu.a Huperzia selago 80
Lo.p Loiseleuria procumbens 60
So.a Soldanella alpicola 60
Va.g Vaccinium gaultherioides . . . 80
Ba.a Bartsia alpina 20 20 20 100
Eru * Erigeron uniflorus 60 80 40 20
Eu.m Euphrasia minima 40 80 40 40
Prl Primula latifolia 20 20 20 40
Ta.a Taraxacum alpinum s.1. 60 40 80 20
Ve.a Veronica alpina 20 60 100 20
Bo.l Botrychium lunaria 40 20 20 .
Lu.a * Luzula alpinopilosa 40 100 60
An.c Antennaria carpatica 20 20 40
Car Cardamine resedifolia 20 40 20
Hi.g * Hieracium glanduliferum 20 40 60
Ph.h Phyteuma hemisphaericum 20 20 100
Prd Primula daonensis 20 60 100
Sa.h * Salix herbacea 60 60 100
Co.v Coeloglossum viride 20 20
Sa.a * Saxifraga androsacea 20 20 .
Po.v Polygonum viviparum 60 100
Sa.r Salix retusa 60 . 40
Do.g Doronicum grandiflorum 40 40
Agr Agrostis rupestris 80 100
Gn.s * Gnaphalium supinum 20 20
Leh Leontodon helveticus 40 100
Lea * Leucanthemopsis alpina 100 100
Pe.k * Pedicularis kerneri 60 100
Se.c * Senecio carniolicus 40 80
Se.a Sedum alpestre 80

(continued)
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Plot 1 2 3 4 5 6
ID Age (years) <30 c. 30 c. 95 c. 115 c.150 c. 10,000
Agy.ru Agyneta rurestris (ara) + +
Ore.so * Oreonebria soror tresignore (car) + +
Mug.pu * Mughiphantes pulcher (ara) + + + +
Tre.in * Trechus insubricus (car) + + +
Ach.pe * Acantholycosa pedestris (ara) + + .
Mec.br * Mecynargus brocchus (ara) +
Wal.vi * Walckenaeria vigilax (ara) + .
Gna.pe * Gnaphosa petrobia (ara) + +
Ore.lo * Oreonebria lombarda (car) + +
Agy.gu * Agyneta gulosa (ara) +
Bem.rh * Bembidion rhaeticum (car) +
Ore.mo * Oreoneta montigena (ara) +
Wal.ca * Walckenaeria capito (ara) . +
Sit.lo * Sitticus longipes (ara) + . +
Pte.lo * Pterostichus lombardus (car) + + + +
Dra.he * Drassodex heeri (ara) . + + + +
Dip.he * Diplocephalus helleri (ara) + + . + +
Car.ca Carabus castanopterus (car) + + + + +
Coe.pi * Coelotes pickardi tirolensis (ara) . + + + + +
Ent.me * Entelecara media (ara) + + + . + +
Plant species richness 11 18 25 36 37 31
Arthropod species richness 4 9 7 7 12 13
(A) Plant species (B) Arthropod species
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Figure 1. Patterns of plant (A) and arthropod (B) species richness, species first appearances and species last appearances through the
six deglaciation stages (plots) identified on Trobio glacier foreland. Dotted lines separate the four deglaciation stages as defined for
the comparative analysis: pioneer (c. 1-30 years since deglaciation); early (c. 31-100 years since deglaciation); mid (c. 101-150 years
since deglaciation); late (c. 10.000 years old, ice-free since the LG).
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Figure 2. Patterns of plant and arthropod species richness, species first appearances and species last appearances on the compared
glacier forelands. Stages of deglaciation: (1) pioneer (c. 1-30 years since deglaciation); (2) early (c. 31-100 years since deglaciation);
(3) mid (c. 101-150 years since deglaciation); (4) late (c. 10.000 years old, ice-free since the LG).

pioneer and late-successional assemblages, as well as by
the presence of ubiquitous species (e.g. Carabus cas-
tanopterus and Coelotes pickardi tirolensis). Arthropod
species richness (Figure 1b) generally increased along the
chronosequence, but was characterised by two distinct
peaks: a first one in pioneer stages and a second in late-
successional ones. First and last species appearances fol-
lowed a similar trend, being both characterised by a severe
drop in mid- and early-successional stages, respectively.

Comparison with the glacier forelands of inner
mountain ranges

The colonisation patterns of Trobio glacier foreland
showed important differences with respect to that of the
inner Alpine ones, both for plant and arthropod species.
The pattern of plant species richness (Figure 2a) on
Trobio chronosequence was characterised by a later
maximum (mid-successional stages) with respect to
Morteratsch and Rotmoos glaciers (early-successional
stages), while Cedec showed a monotonic increase from
early-successional stages. Trobio glacier foreland was

characterised by a rather uniform number of species
first appearances throughout the primary succession
(Figure 2b), while species entrances on inner Alpine
chronosequences reached the maximum in different stages
depending on the glacier elevation: pioneer on Morteatsch,
early-successional on Rotmoos and late-successional on
Cedec. Species last appearances (Figure 2c) showed an
overall similarity among the investigated glacier forelands,
with the maximum number of last appearances in mid-suc-
cessional stages; however, on Morteratsch and Rotmoos
glaciers species loss occurred at the beginning of the suc-
cession (some species showed their first-and-last appear-
ance in the pioneer stages), while on Cedec and Trobio no
species disappeared in pioneer stages.

Two main trends of arthropod species richness were
recognisable (Figure 2d): the one of Morteratsch and
Rotmoos glaciers was characterised by an early
maximum and a later decrease, while those of Cedec and
Trobio reached the maximum in mid-successional stages.
Species first appearances (Figure 2e) reached its maxi-
mum right as the beginning of the succession on Morter-
atsch and Rotmoos glaciers and in mid-successional
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stages on Cedec glacier, while the trend was rather uni-
form along the Trobio chronosequence. Species last
appearances (Figure 2f) were quite similar through the
investigated glacier forelands being always characterised
by a later maximum, but the trend appeared again more
uniform along Trobio glacier foreland.

Discussion
Primary succession along the glacier foreland

The overall development and the environmental drivers of
primary succession generally agree with those previously
observed in the inner Alps, since plant and arthropod spe-
cies distribution depends on time since deglaciation and its
related soil parameters. Plant succession develops in three
distinct steps: a first one on recently deglaciated terrain, a
mid-successional one on the terrain ice free between
100 years ago and LIA and a late-successional one on the
terrain ice free since LG, in agreement with Caccianiga
and Andreis (2004). Arthropod colonisation seems to fol-
low a more gradual pattern where two main arthropod
assemblages (a pioneer and a late-successional ones)
seamlessly overlap in the intermediate stages, in agree-
ment with Kaufmann (2001). Therefore, plant and arthro-
pod species follow different colonisation patterns, even if
species richness generally increases for both along the suc-
cession. Our result contrast with those of Gobbi et al.
(2010), where plant and arthropod species richness vary in
steps along the chronosequence. Our hypothesis (1) is thus
not supported by our data.

Comparison with the glacier forelands of inner
mountain ranges

Despite the overall affinities with the patterns previously
observed in the inner Alps, the investigated primary suc-
cession stands out for noteworthy differences in temporal
patterns. The colonisation of Rhaetian glacier forelands
differs depending on the elevation: according to Vater
and Matthews (2013), a typical ‘replacement change
model” prevails below the treeline (Morteratsch glacier),
an ‘addition and persistence model’ prevails above the
treeline (Cedec glacier) and an intermediate pattern char-
acterised the glacier foreland near the treeline (Rotmoos
glacier). Trobio glacier stands at an elevation similar to
that of Rotmoos, but lies above the potential treeline,
which is locally depressed as a consequence of the ocea-
nic climate (Caccianiga, Ravazzi, and Zubiani 1993;
Caccianiga et al. 2008). Coherently, its colonisation
pattern shows an intermediate trend between those of
Rotmoos and the higher Cedec glacier. In particular,
from pioneer to mid-successional stages, the trends
match better with that of Cedec glacier for three main
features: late species richness maximum, constant first
appearances along the chronosequence, few first-and-last

appearances in pioneer stages. On the other hand, with
the transition from mid- to late-successional stages, the
trend of Trobio detaches from that of Cedec to become
more similar to that of the lower glacier forelands (a
phenomenon more evident for plant than for arthropod
species). More evidence of the ‘addition and persistence
model” seems thus to occur on Trobio glacier foreland
than on the inner Alpine ones at the same elevation.
Being the climate the main environmental difference
between Orobian and Rhaetian Alps, we suppose that
oceanic regime may affect the colonisation patterns of
ice free terrain in the same way elevation does within a
climatically homogeneous area. Our hypothesis (2) is
thus supported by our data.

Slower plant colonisation on the Orobian Alps was
previously observed and attributed to the more severe
environmental condition imposed by the oceanic climate
regime (Caccianiga and Andreis 2004; Caccianiga,
Ravazzi, and Zubiani 1993), as long-lasting snow cover
and long-lasting temperatures around zero occurring in
spring (Caccianiga et al. 2008). Such phenomenon pro-
motes the long-lasting persistence of species that other-
wise are considered typically as ‘pioneer’. For example,
cold-adapted plants generally restricted to pioneer stages
(e.g. Androsace alpina and Saxifraga oppositifolia) (Cac-
cianiga and Andreis 2004) in our study area are able to
persist even in the terrain ice-free since the LIA. In a
similar way, cold-adapted carabid beetles that usually
live near the glacier front (e.g. genus Oreonebria)
(Gobbi et al. 2007; Kaufmann 2001) occur here along
the whole chronosequence.

Taxonomical and biogeographical overview

Besides the colonisation processes, an important differ-
ence between peripheral and inner mountain ranges lies
in the taxonomical and biogeographical features. The
investigated flora counts some noteworthy peculiarities,
such as the presence of an endemic species (Primula
daonensis) and the occurrence of Western-Alpine (e.g.
Achillea nana and Primula latifolia) as well as Eastern-
Alpine elements (e.g. Potentilla nitida and Senecio
carniolicus). However, the most interesting data comes
from the arthropod species.

All the collected carabid beetles (except Bembidion
rhaeticum) are steno-endemic species of the Orobian
Alps. Particularly interesting is the finding of Oreonebria
soror tresignore, recently described by Szallies and
Huber (2014) as endemic subspecies of Pizzo Tre
Signori (western Orobian Alps). Our findings in the
eastern chain indicates that this subspecies should be
now considered as endemic of the whole Orobian range.
This data furtherly clarified the biogeographical arrange-
ment of Oreonebria soror in the central-eastern Italian
Alps, with two distinct subspecies in two different
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geographical contexts: Oreonebria soror soror as ende-
mic subspecies of the Adamello-Presanella Massif
(Szallies and Huber 2014) and Oreonebria soror tresig-
nore as endemic subspecies of the Orobian Alps. On the
other hand, no steno-endemic spiders were found: the
most circumscribed distribution was that of Drassodex
heeri and Coelotes pickardi tirolensis, both occurring on
the central Alps. Carabid beetles are thus supposed to be
more sensitive markers of biogeographical events than
spiders, probably as a consequence of different dispersal
abilities.

Peripheral mountain ranges as warm-stage refugia?

Cold-adapted species are supposed to be the first threat-
ened by climate change, due to the progressive reduction
of their habitat with temperature increase and the upshift
of altitudinal belts (Dullinger et al. 2012). However, recent
works highlighted the importance of warm-stage refugia:
sites that locally preserve suitable condition in spite of
large scale climate change (Birks and Willis 2008; Gentili
et al. 2015; Stewart et al. 2010). Glacial and periglacial
landforms have been recently proposed as potential warm-
stage refugia for cold-adapted species, due to their micro-
climate features and thermal inertia (Caccianiga et al.
2011; Gentili et al. 2015; Gobbi et al. 2014; Gobbi, Isaia,
and De Bernardi 2011; Millar et al. 2013).

Cold-adapted species do not necessarily decrease
along the primary succession of Trobio glacier foreland,
some cold-adapted species are in fact late-successional
ones (e.g. Carex curvula and Salix herbacea for plants
or Oreonebria lombarda and Gnaphosa petrobia for
arthropods) and are thus not threatened by glacier retreat,
which on the contrary causes an extension of suitable
surfaces to colonise. On the other hand, pioneer but not
strictly cold-adapted species (e.g. Arabis alpina, Linaria
alpina or Agyneta rurestris) may be locally affected by
glacier retreat as the ongoing colonisation induces a
competition with late-successional species; however,
such species are likely able to find available habitat on a
wide altitudinal range, as they are not forced to up-shift
with temperature increase, but can down-shift or persist
at the current elevation in other habitats. Therefore, the
most threatened species are those characterised by the
conjunction of cold-adapted and pioneer strategies (e.g.
Androsace alpina, Saxifraga oppositifolia or Oreonebria
soror tresignore). According to Erschbamer et al. (2007),
the potential loss of cold-adapted species with climate
change seems to be induced by temperature increase, but
mainly mediated by interspecific competition. Since
cold-adapted species are homogeneously distributed
along the glacier foreland and the thermal gradient
appears substantially coherent with the yearly altitudinal
temperature lapse rate at regional scale (—0.58 °C
(100 m)~! in Rolland 2003), our results suggest a mar-

ginal role of glacier microclimate in enhancing cold-
adapted species distribution. On the other hand, a more
important role could be played by the outstanding long-
lasting snow cover near the glacier front.

The glacier persistence at lower elevation and the
slower colonisation of ice free terrains could result in
an advantage for pioneer cold-adapted species, provid-
ing them long-lasting suitable conditions in spite of the
climate change at large scale. Therefore, given the cli-
mate requirements for glacier formation at regional
scale, we suppose that peripheral mountain ranges of
any mountain system may offer more survival chance
for pioneer cold-adapted species than inner massifs at
the same elevation. We thus advance the hypothesis
that glacial landforms of peripheral mountain ranges
(e.g. glacier forelands and recent moraines) could act as
warm-stage refugia. Our suggestion is to consider the
potential role of glacial landforms as plausible alterna-
tive hypothesis to explain part of the present biogeo-
graphical arrangement of these chains. More data
should be collected in other geographical and climatic
context to test our hypothesis.
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Plant and arthropod colonization of a glacier foreland in a peripheral mountain range

Supplemental material - ecological features of the primary succession

Trobio glacier foreland (Orobian Alps, Italy)
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Thermal regime

The thermal regime of the glacier foreland over one year was reported (Fig. 1). A mean annual temperature of 0.5 °C and a range of 10.8 °C
(Min -3.2 °C, Max 7.6 °C) were recorded at plot 1, while plot 5 was characterized by a mean annual temperature of 1.3 °C and a range of 18.4 °C
(Min —6.5 °C, Max 11.9 °C). Two hundred and twenty-five consecutive days (02 January 201415 August 2014) with mean daily temperature
between -1 and 0 °C were recorded at plot 1 likely as consequence of snow cover, while one hundred and sixty consecutive days (20 January
2014-28 June 2014) with the same features were recorded at plot 5. Temperature at plot 5 generally exceed those of plot 1 for the whole year
(0.86 °C higher on average), except for the period between the end of November and the end of December. On the basis of the difference in
altitude between the plots 1 and 5 (125 m), a yeatly altitudinal temperature lapse rate of -0.69 °C (100 m)! was estimated on the investigated
landform. However, the anomalous persistence of snow cover over the whole summer 2015 at plot 1 highly affects data lowering mean

temperature and thus likely brings to overestimate such value.

12

Temperature (°C)
o

AUG | SEP | OCT | NOV | DEC | JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG

— Plot1 (2500 ma.s.l.)) -~ Plot5 (2375 m a.s.l.)

Fig. 1. Mean daily temperatures of the Plots 1 and 5 from 15 August 2013 to 15 August 2014.
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Soil parameters

Soil pH varied from 4.4 (6A) to 8.2 (2D) (median: 7.4; IQR: 1.5), calcium carbonate content varied from 0.06% (6A) to 6.11% (1A) (median:
0.54%; IQR: 2.21%), organic matter content varied from 0.17 (2A) to 176.56 g/kg (6A) (median: 5.54 g/kg; IQR: 28.36 g/kg), total plant cover
varied from 0 (1C) to 85% (6D) (median: 45%; IQR: 35.00%). All the soil parameters except grain size distribution were correlated each other
(Table 1) and varied along the glacier foreland following a more or less clear trend (Fig. 2): soil pH decreased progressively along the primary
succession, with a moderate variability within plots; calcium carbonate is relatively abundant in the first plots, although with high variability, while
sharply decreased in the last plots; organic matter content and total plant cover regularly increased. The distribution of grain size along the glacier
foreland did not show any evident trend and was characterized by a general prevalence of coarse debris (gravel and sand) (Fig. 3). A high positive
correlation emerged between pH and calcium carbonate content, while both resulted negatively correlated with organic matter content; total plant

cover showed a positive relationship with organic matter content and therefore a negative correlation with soil pH and calcium carbonate content

(Fig, 4).
pH CaCoO;, Om Veg
pH 1.00 0.84 -0.78 -0.69
CaCO;, 0.84 1.00 -0.69 -0.63
Om -0.78 -0.69 1.00 0.78
Veg -0.69 -0.63 0.78 1.00

Table 1. Correlation among environmental variables: soil reaction (pH), calcium carbonate content (CaCO3), organic matter content (Om), total

plant cover (Veg). Results are reported in terms of Spearman’s index of monotone correlation (tho).
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Fig. 2. Sample distribution of environmental variables for each plot: (A) soil reaction
(pH), (B) calcium carbonate content (CaCO3), (C) organic matter content (Om), (D)

total plant cover (Veg).
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