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Overview of the Thesis 

This PhD thesis is mainly organised as collection of research papers published, submitted, and in 

preparation. 

Chapter 1 outlines the state of the art, the main aims of the PhD project and the approaches used for 

reaching these objectives on peculiar study areas 

Chapter 2, “Vanishing habitats”, presents, as a first result, a scientific call for studying and 

monitoring glacial and periglacial habitats – refugia for a cold-adapted and threatened biodiversity - 

because of the lack of knowledge that still affects these habitats (Gobbi et al. 2021). The study points 

out the urgency in planning this research due to the risk of total disappearance of these habitats in the 

current scenario of global warming.  

Chapter 3, “Glacial and periglacial biodiversity”, is focused in analysing with multiple approaches 

the glacial and periglacial biodiversity. Studies 3.1-3.2 (Valle et al. 2022a-b) describe plants and 

arthropod communities of threatened glacial sites (Peirabroc, Clapier and Calderone glaciers) in 

peripheral mountain chains (Maritime Alps and Apennines, Italy, respectively). In these studies also 

important environmental parameters (e.g. debris thickness, soil temperatures and chemical parameters) 

have been correlated with biological communities. Study 3.3 focuses on glacial springtails and regards 

the description of a new species of ice-dwelling springtail from Calderone glacier (3.3, Valle et al. 

2021). Studies 3.4-3.5 (Valle et al. 2020, Ornaghi et al. submitted) analyse the efficacy of cryophilic 

ground beetles (Carabidae: Nebrini) as ecological indicators of sub-superficial ice presence, through 

community, demographic (3.5) and morphometric (3.6) approaches. The paragraph 3.6 focuses on the 

biodiversity hosted by two of the few Dolomitic debris-covered glaciers, Sorapiss glaciers (Bernasconi 

et al. 2019). The last study (3.7, Fugazza et al. in submission) is a glaciological analysis that lays the 

foundations for studying in detail how the thickness of the stony debris accumulating on the glaciers 

influences the distribution of the biological community on debris-covered glacier.  

In chapter 4, “Toward a synthesis of glacial ecology”, we move from the detail spatial scale (i.e. the 

glacier) of the previous chapter to a regional scale (e.g. Alpine), that could be useful for global 

considerations. The first study (4.1, Valle et al. in preparation) gives a complete overview on taxonomy, 

ecology and biogeography of ice-dwelling cryphilic springtails from European Alps. The second study 

(4.2, in preparation) aims to answer the question “what is the fate of cold-adapted species during global 

warming and glacier retreat?”; in order to do this, a comprehensive database with abundance data of 

513 species of plants, ground beetles and spiders sampled in 463 glacial and periglacial plots has been 

analysed. The second paper (4.3, Hågvar et al. 2020) is a review of ecological studies performed in 

Europe (Svalbard, Scandinavia and European Alps) and points out the ecological features of young 

environments close to retreating glaciers: these “virgin” soils are colonised by a pioneer peculiar 

biological community in which springtails results a key taxon of the early trophic chain and 

consequently the early successional stages. 

In chapter 5 are presented conclusions and perspectives of the research.  

Chapter 6 reports the comprehensive Curriculum Vitae of my PhD, including all papers published, in 

submission and in preparation, congresses, teaching activity, grants, awards, dissemination, education 

activities and other projects which I joined. 
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1 INTRODUCTION, AIMS AND METHODS 

The reduction of the mountain cryosphere – i.e. glaciers and permafrost - is among the most visible 

effects of climate change (Beniston et al. 2018; D’Agata et al. 2019, Hock et al, 2019) that causes a fast 

melting of the ice masses (Biskaborn et al. 2019, Diolaiuti et al. 2019) and, for glaciers, an evident front 

retreat. Another visible effect of climate change is the increase of supraglacial stony debris, due to 

freeze-thaw processes delivering large volumes of debris from the surrounding slopes to the glacier 

surface (Azzoni et al., 2018; Janke et al., 2015; Kirkbride, 1993; Kraaijenbrink et al., 2017; Tielidze et 

al., 2020). 

Biological responses to glacier retreat and increase of debris coverage of glaciers and permafrost 

melting are still only partially known (Stibal et al, 2020; Fickert et al. 2022; Brighenti et al. 2021). 

Generally, species could react to unfavourable environmental changes in different ways, and clearly at 

different time-sclaes, evolving and getting more adapt to changing condition – and, maybe, speciating 

–, migrating, getting extinct or finding a refugium (Merila et al., 2013; Bellard et al., 2014; Rull, 2009; 

Stewart et al., 2010). A refugium is a site to which a species retreat, persist in and potentially expand 

from under changing environmental conditions (Keppel et al. 2012).  

Ice-related landforms, in particular clean-ice glaciers (i.e. with ablation area mostly free from stony 

debris), debris-covered glaciers (i.e. glaciers with the ablation area covered by debris for more than 

50% of the surface; Fickert e al. 2022) and active rock glaciers (periglacial landforms of stony debris 

with interstitial ice; Brighenti et al. 2021), could host an extreme specialised biodiversity and cover a 

very important ecological role as refugia during this climate change scenario. A peculiarity of debris-

covered glaciers and rock glaciers is that they are more conservative systems than clean-ice glaciers, 

reacting more slowly to induced stresses from the climate (Seppi, 2006; Nakawo & Rana, 1999). 

 

1.1  Glacial biodiversity: its global threats and local refugia 

On the base of the most widespread human perception, glaciers and ice-related landforms are harsh 

environments where there are no living organisms. Even the Habitat Directive (adopted in 1992 in 

Europe, it ensures the conservation of a wide range of threatened or endemic habitats and species), that 

include glaciers and rock glaciers with the Code 8340 “Permanent Glaciers” [Council Directive 

92/43/EEC (1992)] considers these habitats almost abiotic. 

In contrast, a multitude of studies (e.g. Brighenti et al. 2021, Zawierucha et al. 2020; Fickert et al. 

2022; Gobbi and Lencioni 2020) have demonstrated that they are ecosystems in their own right and are 

a habitat - permanent or temporary - for a large variety of cold-adapted organisms, from bacteria to 

vertebrates. These landforms that host peculiar biodiversity of cold-adapted organisms were defined by 

Cauvy-Fraunie and Dangles (2019) “cold-spot” of biodiversity.  

Clean-ice glaciers (i.e. glaciers with the tongue uncovered, or only partially covered, by rock 

debris) are able to host the so called “cryophilic (or glacial) biodiversity”, that includes mainly bacterial 

and algal communities and some invertebrate groups (Zawierucha et al. 2015). Only in the Arctic also 

mosses have been found growing on the ice surface, which could be inhabited by species of Tardigrada, 

Nematoda, Enchytraeidae (Oligochaeta) and Acarina (Coulson & Midgley, 2012). Among 

invertebrates, only few groups seems to be able to complete their life cycle on the surface of the ice: 

Collembola (Fjellberg, 2010), Chironomidae (Gobbi and Lencioni 2021), Plecoptera (found only in 

Patagonian glaciers; Kohshima, 1985), and Enchytraeidae (found in Alaska; Shain et al., 2001).  

Debris-covered glaciers (Fickert et al. 2022, Caccianiga et al. 2011) and rock glaciers (Gobbi et al. 

2014) are more heterogeneous habitats than clean-ice glaciers, thanks also to the variable physical 

conditions of stony debris that cover the ice masses. This mosaic of environments hosts not only species 

able to live in direct contact with the ice but also organisms that need soils (usually lithosols) for 

surviving: vascular plants (even trees, in some glaciers), bryophytes and macroinvertebrates, in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3746109/#b42
https://zslpublications.onlinelibrary.wiley.com/doi/10.1111/jzo.12195#jzo12195-bib-0009
https://zslpublications.onlinelibrary.wiley.com/doi/10.1111/jzo.12195#jzo12195-bib-0021
https://zslpublications.onlinelibrary.wiley.com/doi/10.1111/jzo.12195#jzo12195-bib-0037
https://zslpublications.onlinelibrary.wiley.com/doi/10.1111/jzo.12195#jzo12195-bib-0067
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particular ground beetles (Coleoptera: Carabidae) and spiders (Arachnida: Araneae) (Fickert et al. 2022; 

Tampucci et al 2016, 2017a; Gobbi et al. 2014, 2017).  

Recently deglaciated terrains (i.e. substrates ice-free since 1-10 years) attracted the interest of 

several mountain ecologists because they reperest perfect study areas to investigate the ecosystem birth 

and consequently the spatial and temporal biotic successions. Hodkinson et al. (2002) described the 

species co-occurences and interactions in the early successional stages via the “predator first paradox”. 

This paradox consists in affirming that not plants, but hunting arthropods are the only visibile first 

colonisers able to live and reproduce in front of the glacier thanks to the airborne fallout. Only recently 

it has been understood that there are autochthonous food sources constituted by biofilms on which 

microarthropods (i.e. springtails) are able to feed (Hågvar & Gobbi 2022, Sint et al. 2019) triggering 

the first trophic chain (from primary producers to predators): biofilm (diatoms, cyanobacteria)-

springtails-ground beetles/spiders. This is probably true also for supraglacial habitat, because of the 

similar composition of the biological communities - dominated by predator and detritivores - also if a 

trophic study on this habitat have never been performed. 

The extreme morphological, physiological and behavioural specialisation of the organisms 

permanently living in these landforms makes them particularly threatened by the ongoing climate 

warming (Cauvy-Fraunié and Dangles 2019; Stibal et al. 2020). The ecological communities hosted by 

glacial and periglacial habitats are suffering deep alterations due to species turnover and local (or global) 

extinction. 

In this warming scenario, environmental heterogeneity at different scales and the presence of a 

great variety of fragmented landforms with peculiar microclimatic conditions could play an important 

role in providing a suitable refugium for cold-adapted glacial biodiversity.  

Periglacial and glacial landforms characterized by debris with underlying ice enhance 

microclimatic heterogeneity: the stony debris cover reduces the ice melting, allowing the fragmentary 

persistence of ice at low altitudes (Nakawo & Rana, 1999). In general, debris-cover glaciers could 

sustain cold-adapted species at altitudinal belt very different from the nival one (Caccianiga et al 2011, 

Tampucci et al. 2016). On European Alps, the tongue of some debris-covered glaciers even persists 

under the treeline (e.g. Miage Glacier, Belvedere Glacier).   

Also macroclimatic heterogeneity is an important framework for studying glacial and periglacial 

biodiversity. A significant example of macroclimatic heterogeneity on European Alps is the contrast 

between the continental climate of inner Alps and the different climate in peripheral mountain chains, 

that is generally more oceanic (Tampucci et al. 2015; Körner 2003), but can also be Mediterranean-like. 

Glaciers and rock glaciers persist under different macroclimatic conditions: in continental areas rock 

glaciers are favoured by cold-dry climate (Millar et al., 2013), while glaciers persist in cold-wet oceanic 

regions (Warren and Aniya, 1999).  

Peripheral mountain areas are crucial points for the studies on glacial communities, for different 

reasons. Firstly, they could show one of the plausible future scenarios for the whole inner glacial areas, 

given the occurrence of few, small and rapidly shrinking glaciers. Because of their role as microrefugia 

during glacial and interglacial periods, peripheral chains have contributed to the evolution of several 

endemic species (Muellner-Riehl, 2019; Steinbauer et al., 2016). Thus, they are hotspot of biodiversity, 

characterised by high richness of endemic species (Medail and Quezel 1999), often cold-adapted 

(Tampucci et al. 2015), since they were partially ice-free during glacial periods, acting as refugia 

(Schonswetter et al. 2005).  

Peripheral mountain chains coincide with all the marginal mountain areas not affected by the 

Pleistocene glaciations (cold-stage refugia. e.g. Tampucci et al. 2015) and/or the areas that remained 

glaciated during the climatic Optimum (warm-stage refugia. e.g. Tampucci et al. 2017b); therefore, they 

include a great variability of areas with different climatic and biological features. However, their 

knowledge is still fragmentary, although some of them risk extinction and, with them, we will lose 

many biological, ecological and biogeographic information. 
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1.2  Collembola: an unexplored Alpine cryophilic world 

Springtails are small, wingless arthropods living in almost all terrestrial habitats and particularly 

abundant in soils, where they can attain high densities (Hopkin, 1997; Balian et al., 2007; Gibert and 

Culver, 2009). They have a broad range of specialization and include species adapted to deep 

underground environments and species associated to surface and canopy environments (Gibert and 

Deharveng, 2002; Kováč et al., 2016; Greenslade et al. 2016; Zawierucha et al. 2015).  

Springtails are positively linked to cold biomes (Potapov et al. 2022), being – with mites - among 

the few terrestrial invertebrates able to colonize Antarctic continent (McGaughran et al. 2011, Sømme 

1981), surviving millions of years on isolated Nunatak. Their physiological adaptation to extreme cold 

conditions has been a long time object of studies (Holmstrup 2018, Sinclair &  Sjursen 2001, Sømme 

1981), since in springtails have been recorded very low supercooling point that could reach -32°C. 

Among Alpine arthropods, only for springtails of the family Isotomidae is known the existence of 

species living only in direct contact to the glacial ice – therefore really “cryophilic” – (Buda et al. 2020, 

Fjellberg 2010, Eisenbeis & Meyer 1999, Stoppani 1876). Among terrestrial arthropods, we have 

evidences that only springtails are able to live in contact to bare ice (Zawierucha et al. 2015). Eisenbeis 

& Meyer (1999) define these springtails “true ice-dwelling” cryophilic species, distinguishing them 

from other cryophilic species that occupy the habitat at the margin of the ice. The main period of activity 

of ice-dwelling springtails occurs during winter months: the microhabitat they occupy during cold 

season is the interface between the ice and the snow (Eisenbeis & Meyer 1999). Only when snow start 

melting, they move up to the snow surface and, during summer, when snow is completely melted, they 

lay on the ice and into the ice interstice, down to a depth of about 30 cm. They are obligate ice-dweller, 

unable to survive out of the ice. 

Desoria saltans Nicolet, 1841 (Isotomidae) is a famous cryophilic springtail commonly known as 

“glacier flea” and was already cited by the geologist Antonio Stoppani in his early essay “Il Bel Paese” 

(Stoppani 1876) for its showy, swarming and large assemblages on Alpine glaciers. Nowadays there 

are indications that “glacier fleas” include multiple taxa of cryophilic Isotomidae, as suggested by 

Fjellberg (2010) for North America, but their taxonomy for European Alps is still unknown. 

Springtails have, in general, an important functional role in soil as they affect organic matter 

decomposition and feed on dead organic matter, fungi, algae and microorganisms (Maaß et al., 2015; 

Potapov et al., 2016). However, in glacial ecosystems their importance seems to be even higher, by 

virtue of their very pioneer role in these environments which is well summarized in the “springtail first 

principle” (Hågvar & Gobbi 2022): before vascular plants establish near a melting glacier, chlorophyll 

is present in biofilms and pioneer springtails graze on these sources and on microorganisms and organic 

dead matter; on Alps, the numerous predators that inhabit glacial habitat feed mainly on springtails (Sint 

et al 2019). 

Despite all these good reasons for studying ice-dwelling crypphilic springtails, their knowledge is 

still limited.  

 

1.3  General aims 

• The first aim of this PhD thesis was to describe the glacial and periglacial (i.e. of glaciers and 

active rock glaciers) biodiversity and ecology with a multitaxon approach (primarily vascular 

plants, bryophytes, springtails, ground beetles and spiders). Only implementing and completing 

the knowledge on these habitats will be possible to monitor and, hopefully, conserve them. In 

order to do this, it has been necessary to study areas important from a biogeographic point of 

view, thus the research was focused on peripheral mountain chains (that include glaciers of the 

Dolomites, still poorly studied) (see chapters 2-3). 

• Moving towards a synthesis for vascular plants, ground beetles and spiders, another aim of this 

study was to focus on the ecological features of periglacial and glacial landforms and to test if 
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they are acting as warm-stage refugia for cold-adapted species. In particular, I aimed to define 

the fate of all glacial and periglacial species, classifying them as “winner”, “neutral” or “losers” 

in relation to their ecological niche, the global increasing of temperature and their ability to find 

a suitable refugium on ice-landforms (see chapter 4). 

• An important and ambitious aim of this PhD project was to describe and clarify with integrative 

taxonomy the biogeography and distribution of ice-dwelling cryophilic springtails of European 

Alps and Apennines, since the great lack of knowledge on this group (Eisenbeis, & Meyer 1999) 

(see studies 3.3, 3.4). 

1.4  Study areas 

The PhD project was carried out on European Alps, Apennines and Pyrenees, at different scale: 

• The multitaxon ecological studies on glacial and periglacial communities were carried out on 

Calderone glacier (Apennines, Italy), on Peirabroc and Clapier glaciers (Maritime Alps, Western 

Alps, Italy), on Sorapiss and Agola glaciers (Dolomites, Eastern Alps, Italy) and Lazaun rock 

glacier (Eastern Alps, Italy). The glaciological work was performed on Amola glacier (Adamello, 

Eastern Alps, Italy). (Fig. 1, red points) 

• The taxonomic and biogeographic study on ice-dwelling springtails, as well as the analysis on 

Alpine refugia, were performed at large scale. For studying ice-dwelling springtails, sampling 

was performed in European Alps, Apennines and Pyrenees, in order to compare all the known 

taxa of Europe and describe all this biodiversity (paper 3.4 for further details). For studying 

Alpine refugia, I implemented a database (Tampucci’s PhD thesis, 2017) that includes detailed 

studies on glacial and periglacial sites from European Alps. In particular, I implemented this 

database with five new studies from peripheral areas, still underrepresented in Tampucci’s 

database. New areas investigated are reported in Fig. 1 (yellow pin). 

1.5  Methodological approaches 

In order to reach the aims of this PhD project, several approaches have been used, from community to 

single-species, from biotic to abiotic, from morphological to molecular and functional trait approaches: 

• Multi-taxa approach has been used for community analysis. For detecting each glacial and 

periglacial biological communities, different representative taxa have been selected and 

analysed together: vascular plants (primary producers), springtails (primary consumers), 

ground beetles (mainly nocturnal predators) and spiders (diurnal predators). For some sites also 

additional taxa have been analysed (chapter 3). Species identification has been performed for 

each taxon with different method specified withing each specific chapter. 

• In order to describe and analyse microclimatic heterogeneity, also soil chemical and physical 

factors (debris thickness, temperatures, soil chemistry) have been sampled and analysed 

(chapter 3). 

• For studying ice-dwelling springtails integrative taxonomy (Potapov et al. 2020) has been used 

(papers 3.3, 3.4). 

• In order to understand general pattern of cryophilic species responses to ice-presence in 

periglacial habitats, functional trait approach has been applied (paper 3.6). 
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Figure 1: All the sampling sites investigated during PhD project on European Alps, Apennines 

and Pyrenees. Yellow stylus: sites of multitaxon and multiapproach ecological studies; red 

point: sites in which ice-dwelling springtails have been samples (for details, see paper 3.4) 
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2.1  Vanishing permanent glaciers: climate change is threatening a 

European Union habitat (Code 8340)  

and its poorly known biodiversity 

  



14 
 

 
 

 



15 
 

 
 

 



16 
 

 
 

 



17 
 

 
 

 



18 
 

 
 

 



19 
 

 
 

 



20 
 

 
 

 



21 
 

 
 

 



22 
 

 
 

 



23 
 

 
 

 

 



24 
 

 

 

Chapter 3 

 

Glacial and periglacial biodiversity 
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3.1     Glacial biodiversity of the southernmost glaciers of the European 

Alps (Clapier and Peirabroc, Italy). 
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3.2  Biodiversity and ecology of plants and arthropods on the last 

preserved glacier of the Apennines mountain chain (Italy) 
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3.3  Desoria calderonis sp. nov., a new species of alpine cryophilic springtail 

(Collembola: Isotomidae) from the Apennines (Italy), with 

phylogenetic and ecological considerations. 
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3.4  Ecology of the cold adapted species Nebria germarii (Coleoptera: 

Carabidae): the role of supraglacial stony debris as refugium  

during the current interglacial period. 
 

 

 

 

 

 

 

 

  



93 
 

 



94 
 

 



95 
 



96 
 

 



97 
 

 



98 
 



99 
 



100 
 



101 
 



102 
 



103 
 



104 
 



105 
 



106 
 



107 
 



108 
 



109 
 



110 
 



111 
 



112 
 



113 
 

 
 

  



114 
 

 

3.5  Sex-ratio and body size plasticity in two cold-adapted ground 

beetles (Coleoptera: Carabidae) co-occurring in a periglacial 

area of the European Alps.  
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Abstract 

Differences in the sex-ratio and morphometric parameters in cold-adapted ground beetles were analysed 

to investigate environmental heterogeneity at small scale in a periglacial contest of the European Alps. 

Four hundred and thirty specimens of two cold-adapted ground beetles - Nebria germarii (Heer, 1837) 

and Nebria castanea (Bonelli 1810) - were analysed in order to test the presence of variation in sex-

ratio, sexual dimorphism and morphometric parameters in relation to the occurrence of ice, and other 

environmental variables. Specifically, the populations found on an ice-related landform (active rock 

glacier) were compared with those on ice-free landforms (a fossil rock glacier and a scree slope). Both 

species experience sex-dependent morphometric plasticity. In addition, sex-ratio is female-biased, 

supporting female pioneering tendency in all the studied landforms. 

With the exception of head length, all considered morphometric variables resulted autocorrelated in the 

population of the two species. Two sensitive parameters are indirectly affected by the presence/absence 

of ice in the terrain: the head width decreases, while elytra length increases passing from ice-free to ice-

related landform. Both these morphometric differences may be related to the increase of 

intra/interspecific competition and to the lower trophic availability.  

This study highlights that even if these high altitude cold-adapted species are able to survive on ice-free 

landforms, they find more favourable conditions on ice-related landforms. Since the two species show 

different sensitivity to the ice-presence, it is not always possible to detect this preference through 

abundances variability, but it necessary to use more detailed functional analysis. Head width and elytra 

length are good candidates as response traits of interstitial ice occurrence in stony terrains.  
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INTRODUCTION 

The occurrence of high geomorphological heterogeneity in the Alpine environment is one of the most 

important variables determining high biodiversity in Alpine ground beetle assemblages and their 

maintenance over time (Gobbi et al., 2021a). Some examples of these heterogeneous environments are 

represented by glaciers, proglacial plains, debris-covered glaciers, active rock glaciers and scree slopes. 

In particular, rock glaciers are the best expression of permafrost (i.e. soil, rock or sediment that is frozen 

for more than two consecutive years (Haeberli et al., 2006)) occurrence on the European Alps. They 

consist of coarse surface debris that insulates an ice-core or ice-debris mixture. In the European Alps 

they represent a fragmentary habitat, linked to discontinuous and azonal permafrost that locally 

determines existence of micro-thermal environments (Seppi, 2006). Also among/within rock glaciers a 

further heterogeneity is given by the different debris size: when it consist of large blocks, a negative 

thermal anomaly originates which determines a colder microclimate on the surface (Juliussen & 

Humlum, 2008). 

Active rock glaciers, like debris-covered glaciers, allow cold-adapted species (i.e. animal and plant 

species closely related to alpine and nival belt) to survive, by acting as refuge areas in the current warm-

stage period (Tampucci et al. 2017; Brighenti et al., 2020; Valle et al., 2020; Gobbi et al., 2021b; Valle 

et al. 2021).  

On Alpine rock glaciers, springtails (Collembola), ground beetles (Coleoptera: Carabidae), spiders 

(Araneae) and centipedes (Chilopoda) are among the most abundant taxa, in terms of species richness 

and abundance of individuals (Gobbi, 2020; Gobbi et al., 2020; Gobbi & Lencioni, 2020; Gobbi et al., 

2011). Specifically, ground beetles are the most studied from the ecological point of view, due to their 

sensitivity to local-scale climate change, large percentage of endemic species, low dispersal capacity 

and ability to respond clearly to different environmental conditions (Brandmayr at al., 2003; Gobbi et 

al., 2011; Gobbi, 2020; Pizzolotto et al., 2016). In addition, an increasing number of papers that used a 

species-trait approach highlighted the existence, in several species, of a certain morphological plasticity, 

linked to different factors such as temperature, trophic availability, intra and interspecific competition 

(Kingsolver & Huey, 2008; Talarico et al., 2020; Sukhodolskaya et al., 2021). Previous studies on 

ground beetles proved the existence of morphometric variability at different scales, reflecting the 

response to different environmental conditions: at large scale along latitudinal or altitudinal gradient 

(Sukhodolskaya, 2016; Sukhodolskaya & Ananina, 2017; Cvetkovska-Gjorgjievska et al. 2017), or at 

smaller spatial scale, like along glacier forelands (Gobbi et al. 2010). 

The present study focuses on two cold-adapted ground beetle species, Nebria germarii (Heer, 1837) 

and Nebria castanea (Bonelli 1810), co-occurring on a periglacial area of the European Alps. The goal 

of this article is to evaluate at small scale (i.e. comparing neighboring landforms) the variations in sex-

ratio and morphological parameters within the populations of these two species living on ice-related 
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(active rock glacier), and ice-free (fossil rock glacier and scree slope) landforms. In particular, in this 

paper we aim to test if: i) sex-ratio and sexual dimorphism of the two cryophilic species change in 

relation to the landforms analysed, ii) the presence of ice indirectly influences the morphological 

parameters of the investigated populations. 

 

MATERIALS AND METHODS 

Study area 

The study was performed in the glacial cirque Lazaunkar (Val Senales, Trentino-Alto Adige, Italian 

Alps, 46°44′49′′ N, 10°45′20′′ E.). Three landforms were analysed: an active rock glacier, a fossil rock 

glacier and a scree slope (Fig.1). 

The selected ice-related landform is an active rock glacier classified as a “tongue-shape rock glacier” 

(Whalley & Martin, 1987); it occupies an area of 0.12 Km2 and it develops for 660 m with a NE aspect, 

covering the altitudinal range between 2700 m and 2480 m a.s.l. (2005 data from Krainer et al., 2015). 

Being active it has an ice-core that determine its dynamicity and morphology: flow velocities are low 

along edges and increase towards the central part of the rock glacier (mean velocity from 2 to 6 

mm/day), where the transverse ridges and the furrows are well developed (Fey & Krainer, 2020).  

The selected ice-free landforms are a fossil rock glacier and a scree slope that do not have permafrost. 

The fossil rock glacier is a former rock glacier that lost its ice core and is located about 400 m North 

from the active rock glacier and occupies an area of 0.05 km2 (calculated in QGIS 3.26.2). The scree 

slope is located upstream the fossil rock glacier and occupies an area of about 0.05 km2 (calculated in 

QGIS). 

The surface of the three geomorphological landforms is characterized by coarse-grained debris 

characterized the presence of large boulders (> 1 m), with the exception of sparse isles of fine debris. 

Herbaceous plants are present on the active rock glacier, specifically on fine stony debris islands. On 

the other hand, on fossil rock glacier and scree slope fine debris islands with small shrubs (Vaccinium 

spp., Juniperus communis and Rhododendron ferrugineum) are also present.  

 

Sampling design 

The sampling design (Fig. 1) consisted of six plots located on the surface of the active rock glacier 

(Laz1, Laz2, Laz3, Laz4, Laz5, Laz6), while two plots on the surface of the fossil rock glacier (Laz7 

and Laz8) and two plots on the surface of the scree slope (Laz 9 and Laz 10) were selected due to the 

limited extent of these landforms. Each plot was represented by three pitfall traps (Gobbi, 2020; Gobbi 

& Lencioni, 2020) distanced each other about 10 m. Each pitfall trap consisted of a plastic vessel 

(diameter 7 cm, height 10 cm) baited with a mixture of wine-vinegar, salt and few drops of soap (Gobbi, 

2020). All traps were active over the entire snow-free period, specifically from the 14th of July to the 

04th of September 2020 and collected and reset every ca. 20 days (Tab.1 Suppl. Files). In proximity of 

each traps a sample of about 200 g was taken to measure substrate pH (in 1:2.5 substrate:water) and 
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organic matter content. Coordinates, altitude and vegetation cover (percentage coverage estimate) were 

also recorded in correspondence of each trap. 

 

 

 

 

Morphometric parameters 

All the sampled arthropods were counted and sorted. Ground beetles were identified to the species level 

using a stereomicroscope and dichotomous keys reported in Ledoux & Roux (2005) and Pesarini & 

Monzini (2010, 2011). In addition to species identification, vital stage and sex of each specimen were 

also annotated through the analysis of the genital organs and/or secondary sexual characteristics. 

Species identification of the larval stage was not carried out; thus larvae are excluded from the analysis. 

Finally, morphometric data of the ground beetles belonging to Nebria germarii (215 specimens) and 

Nebria castanea (215 specimens) were measured. A stereomicroscope equipped with a micrometric 

Figure 1 – Sampling plan: distribution of pitfall trap at the Lazaunkar site 
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objective was used for the measurements. Following Sukhodolskaya et al. (2020) six morphometric 

parameters were recorded (Fig.2):  

A. Elytra length as distance between posterior end of scutellum and terminus of right elytron (in 

absence case of intact right elytron, left one is acceptable). 

B. Elytra width as distance between anterior-distal corners of elytra. 

C. Pronotum length measured along of central furrow pronotum. 

D. Pronotum width as distance between posterior corners of pronotum. 

E. Head length as distance between clypeus and juncture of occiput and postgena.  

F. Head width as distance between proximal innermost sides of eyes. 

 

 

 

 

Data analyses 

Each analysis was performed at pitfall trap level, thus considering each trap separately. 

An analysis of variance (ANOVA, because of the normal distribution - assessed by the Shapiro-Wilk 

test - of the male and female abundance data) was performed to test the differences of the sex ratio in 

N. germarii and N. castanea among each landform type and each plot. A total of 118 females and 97 

males for N. germarii and a total of 127 females and 88 males for N. castanea were analysed.  

A

B

C
D

E

F

Figure 2 - Dorsal view of Nebria germarii and representation of the measured body prameters. For 

the meaning of the letters see the text. Photo by A. Carlin 
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Then, an analysis of variance was performed using the Kruskal-Wallis test (because of the non-normal 

distribution of the data assessed by the Shapiro-Wilk test) to verify the existence of sexual dimorphism 

in N. germarii and N. castanea on the whole study site. When the model is significant, the Dunn test 

with Benjamini-Hochberg correction (Benjamini & Hochberg, 1995) was performed, to define which 

landforms or plots have significant differences. 

A principal component analysis (PCA) was carried out to identify the main variation gradients of the 

morphometric parameters and their relationship with the analysed landforms. 

A morphometric analysis was performed using the Kruskal-Wallis test in order to evaluate the presence 

of significant differences in body size between landforms for N. castanea and N. germarii. The analysis 

was carried out by comparing the specimens of the landform with ice (active rock glacier) with those 

of the landforms without ice (fossil rock glacier and scree slope). For the morphometric analysis, body 

measurements of 426 ground beetles were used, instead of 430, because of four damaged specimens 

(one N. castanea and three N. germarii). The analyses were performed considering only one sex at a 

time to avoid differences related to sexual dimorphism.  

For females of N. castanea, a correlation analysis (using Pearson coefficient) was carried out, to 

evaluate which environmental variables (between pH, vegetation cover, altitude, springtails 

(Collembola) abundance and spiders (Arachnida: Araneae) abundance determine the significant 

differences found in the morphometric analysis. Through preliminary analysis (with Pearson test) a high 

autocorrelation between organic matter and pH was observed (Correlation coefficient = -0.8). 

Therefore, only pH was used in the correlation analysis as soils variable. This correlation analysis was 

not performed for N. germarii, due to the small number of specimens sampled on fossil rock glacier 

and scree slope. 

ANOVA test and Kruskal-Wallis tests were performed with R software (version 4.1.1) (R Core Team, 

2020), while the PCA and the correlation analysis were performed with PAST software (version 4.03) 

(Hammer et al., 2001). 

 

RESULTS 

Abundances of ground beetle species in the considered landforms  

A total of four ground beetle species (432 individuals) were collected in the study area: Nebria germarii, 

Nebria castanea, Pterostichus unctulatus (Duftschmid, 1812) and Cychrus attenuatus (Fabricius, 

1792). Nebria germarii and Nebria castanea resulted the most abundant species. 

Specifically, two-hundred and one Nebria germarii specimens were sampled on landform with ice 

(sampling with 18 traps divided into six plots; 11.2 specimens/trap on average) and 14 specimens on 

ice-free landforms (sampling with 12 traps divided into four plots; 1.2 specimens/trap on average). As 

regards Nebria castanea, 123 specimens were sampled on the landform with ice (sampling with 18 traps 

divided into six plots; 6.8 specimens/trap on average) and 92 specimens on the ice-free landforms 

(sampling with 12 traps divided into four plots; 7.7 specimens/trap on average). The sampling revealed 

the presence of Nebria germarii in almost ten times higher abundances on landforms with ice than those 



121 
 

present on ice-free landforms (11.2 specimens/trap vs 1.2 specimens/trap). As regards Nebria castanea, 

the abundances present in the two landforms are similar (6.8 specimens/trap vs 7.7 specimens/trap).  

Ground beetle community detected includes also two Pterostichus unctulatus sampled on fossil rock 

glacier and one specimen of Cychrus attenuatus sampled on scree slope. Therefore, both these two 

species were collected only on ice-free landforms. 

 

Sex-ratio in Nebria germarii and Nebria castanea 

For both species no significant differences in sex-ratio were observed as a function of landforms and 

plots. A total of 118 females and 97 males of Nebria germarii were sampled. The average sex-ratio in 

the whole study area is slightly female-biased (percentage of females = 55%; χ2 = 14,475; p <0.01). 

About Nebria castanea, 127 females and 88 males specimens were sampled. Similarly to N. germarii, 

also for this species the populations are slightly female-biased (percentage of the females = 59%; χ2 = 

16,999; p <0.01).  

 

Sexual dimorphism in Nebria germarii and in Nebria castanea 

For both species the existence of sexual dimorphism was assessed, with significant differences for all 

body measurements (Tab.1; Tab.2), specifically female specimens resulted bigger than male specimens 

(Fig.3; Fig.4).  

 

 

 

 

 

 

 

Kruskal-Wallis test p-value

Elytra length ~ Sex < 2.2E-16*

Elytra width ~ Sex 7.33E-09*

Pronotum length ~ Sex 5.59E-11*

Pronotum width ~ Sex 6.67E-07*

Head length ~ Sex 2.66E-07*

Head width ~ Sex 2.68E-08*

Body length ~ Sex < 2.2E-16*

Table 1 - p-value of the Kruskal-Wallis tests for N. germarii body size as a function of sex. Asterisk highlight 

significant values. 

Figure 3 – Boxplot of N. germarii body length as a function of sex (F=female; M=male) 
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Main gradients of morphometrc variables for Nebria germarii and Nebria castanea 

For both species it was observed that the morphometric parameters analysed vary along the same 

gradient, expressed by axis 1, with the exception of the head length which is associated with the second 

main component. Through this analysis, no clear distinction was observed between the specimens of 

the analysed landforms (Fig.5). 

Kruskal-Wallis test p-value

Elytra length ~ Sex 1.17E-14*

Elytra width ~ Sex 1.90E-09*

Pronotum length ~ Sex 5.70E-07*

Pronotum width ~ Sex 1.74E-11*

Head length ~ Sex 4.98E-04*

Head width ~ Sex 2.26E-10*

Body length ~ Sex 5.27E-14*

Table 2 - p-value of the Kruskal-Wallis tests for N. castanea body size as a function of sex. Asterisk 

highlight significant values. 

Figure 4 – Boxplot of N. castanea body length as a function of sex (F=female; M=male) 
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N. germarii female N. germarii male

N. castanea female N. castanea male

Figure 5 – PCA analysis graphs. Blue stars=active rock glacier specimens; Gold squares=fossil rock 

glacier specimens; Green dot=scree slope specimens 
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Morphometric analysis of Nebria germarii  

By comparing the morphology of the specimens sampled on the active rock glacier (landform with ice) 

with the specimens collected on both the fossil rock glacier and scree slope (landforms without ice), a 

significant effect of the landform type in relation to the ice-presence on the width of the head was found 

(p-value = 0.026) (Tab.3). In particular, the head of specimens found on the active rock glacier resulted 

significantly narrower with respect to the head of the specimens on the landforms without ice (Fig.6). 

 

 

 

 

 

 

 

 

Morphometric analysis of Nebria castanea  

Significant differences were found in the female specimens’ elytra width as a function of landform type 

(p-value = 0.007) (Tab. 4); in particular the elytra of the active rock glacier specimens are significantly 

wider than the elytra of the specimens on the landforms without ice (Fig.7).  

Significant differences were found in the females’ head length (p-value = 0.022) and in the males’ head 

length (p-value = 0.007) as a function of landform (Tab.4); in particular the head of the active rock 

glacier specimens of both sexes is significantly longer than the head of the specimens on the landforms 

without ice (Fig.7).  

 

Nebria germarii Females Males

Elytra length 0.052 0.136

Elytra width 0.082 0.772

Pronotum length 0.158 0.664

Pronotum width 0.170 0.618

Head length 0.791 0.447

Head width 0.026* 0.643

Table 3 – p-value of N. germarii morphometric analysis with Kruskal-Wallis test, that evaluate the 

presence of significant differences in body size between landforms with ice (active rock glacier) 

and without ice (fossil rock glacier and scree slope). Asterisk highlight significant values. 

Figure 6 – Boxplot of head width of N. germarii females as a function of landform 
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Correlation analysis for Nebria castanea 

The morphometric parameter which showed the greatest significant variation in relation to the landform 

type is the elytra width in female specimens of N. castanea. The analysis showed a weak, but positive 

and significant correlation between elytra width and soil pH (p-value = 0.026) and springtail abundance 

(p-value = 0.005) (Tab.5, Fig.8, Fig.9). The analysis was not performed for males because no significant 

differences were found in males’ analysis. 

 

 

 

Nebria castanea Females Males

Elytra length 0.122 0.093

Elytra width 0.007* 0.897

Pronotum length 0.889 0.372

Pronotum width 0.786 0.745

Head length 0.022* 0.007*

Head width 0.156 0.232

+ SS

+ SS

Females’ elytra width

Females’ head length Males’ head length

+ SS

Correlation test (plot) Correlation coeff. p-value

Elytra width ~ altitude 0.110 0.310

Elytra width ~ pH 0.239 0.026*

Elytra width ~ vegetation cover 0.159 0.141

Elytra width ~ springtails abundance 0.298 0.005*

Elytra width ~ spiders abundance -0.108 0.318

Table 4 – p-value of N. castanea morphometric analysis with Kruskal-Wallis test, that evaluate the 

presence of significant differences in body size between landforms with ice (active rock glacier) 

and without ice (fossil rock glacier and scree slope). Asterisk highlight significant values. 

Figure 7 – Boxplots of the significant morphometric analysis of Nebria castanea 
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DISCUSSION 

Sex-ratio and sexual dimorphism in Nebria germarii and Nebria castanea populations 

On Alpine debris-covered glacier and along its proglacial area it has been observed for the species 

Nebria germarii and Nebria castanea the tendency to have female-biased populations (Tenan et al. 

2016). Specifically, it has been observed that the presence of female-biased populations is linked to the 

greater propensity of females to disperse with respect to males, useful for colonizing pioneering 

environments with less interspecific competition (Tenan et al., 2016; Hågvar et al., 2020). In our case 

the populations of Nebria germarii and Nebria castanea sampled in the study area resulted only slightly 

female-biased. Therefore, the presence or absence of ice in the investigated landforms does not affect 

the sex-ratio in Nebria populations suggesting the presence of almost stable and close populations. 

In general, for N. germarii and N. castanea sexual dimorphism has been assessed, in which females are 

significantly bigger than males; this is a common pattern already documented in carabid’s populations 
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Table 5 - Correlation coefficients and p-value of the correlation analysis between elytra width of 

the N. castanea females, of the significant plots specimens, and the environmental variables. 

Asterisk highlight significant values. 

Figure 8 – Linear regression graph between elytra width of N. castanea females and the soil pH 

Figure 9 – Polynomial regression graph between elytra width of N. castanea females and the 

springtails abundance 
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and the ecological significance concerns the greater accumulation of biomass by the females useful for 

the production of a great number of eggs (Marshall et al., 2013). On the other hand, large sizes imply 

an increase in the duration of development of larval stages, a greater food needs/consumption, and a 

significant risk of mortality due to the higher exposure to predators (Nylin & Gotthard, 1998; 

Sukhodolskaya et al., 2021). 

 

Variation in Nebria germarii and Nebria castanea abundance in relation to the ice presence  

Differently to Nebria castanea that occurred both on ice-free and ice-related landforms, N. germarii 

showed a marked preference for the considered ice-related landform (active rock glacier). This 

preference can be explained by N. germarii occurrences on terrains with high humidity and low average 

annual temperatures as highlighted in other researches (Kaufmann & Juen, 2001; Pizzolotto et al., 2014; 

Valle et al., 2020).  

 

Morphometric variations of Nebria germarii and Nebria castanea in relation to the ice presence  

With the exception of head length, all the considered morphometric variables vary along the same 

gradient in the population of N. germarii and N. castanea. The different trend in the head length is in 

contrast with the literature, reporting that the head length tends to vary along the same gradient as the 

other morphometric parameters (Brygadyrenko & Reshetniak, 2014; Brygadyrenko & Korolev, 2015; 

Sukhodolskaya et al., 2020). This discrepancy can be explained by a problem encountered during the 

measurement phase. In fact, in this phase, only some specimens presented a head extended with respect 

to the pronotum in the same way, as a result of the specimens’ permanence in vinegar and alcohol which 

probably lead to a head evagination: it was therefore not possible to define a unique reference for all 

the specimens, which probably generated a bias that could have compromised the outcome of the 

statistical analysis. Thus, we preferred to avoid any ecological interpretation about this parameter. 

Interestingly, head width and elytra length resulted to most sensitive parameter in relation to the 

landform type, specifically this variation is sex-related. More in details, female specimens of Nebria 

germarii with a wider head resulted on the ice-free landforms (fossil rock glacier and scree slope), 

compared to the specimens of the ice-related landform (active rock glacier). This was also observed for 

N. castanea, for both males and females. Springtails represent the main trophic resource for ground 

beetles in glacial habitat (Raso et al. 2014; Valle et al., 2020); our data on springtails showed that their 

average abundance for trap is lower on ice-free landforms (10.3±2.5 individuals on the ice-related 

landform vs 40.8±5.4 on ice-free landforms). It is known that trophic availability is a factor determining 

greater or lesser intra and interspecific competition among alpine ground beetles (Tenan et al., 2016). 

Thus, we can suppose that, in the ice-free landforms only the most competitive Nebria specimens, thus 

those with larger head size, are better adapted to live in habitats with limited trophic resources 

(springtails) and great intra and interspecific/inter-taxa competition or greater intra and inter-guild 

competition. About the inter-taxa competition it is also important to highlight that in these high-altitude 

environments, spiders represent the direct competitors of ground beetles (Gobbi et al., 2017; Sint et al. 



128 
 

2019) The wider head could allow a more efficient ingestion in larger quantities of food with respect to 

other competitors (Forsythe 1982), like for instance, spiders, and could also allow a more efficient intra 

guild predation (e.g. spiders vs ground beetles), in particular in landforms, like the ice-free, with low 

availability of preys (collembola).  

In Nebria castanea significant morphometric variations were found also for the female elytra width 

between the analysed landforms; this difference was confirmed by the correlation analysis: a positive 

relationship was observed between springtails abundance and females’ elytra size of N. castanea. The 

greater size of the elytra of the specimens on active rock glacier may be linked (as suggested also by 

head morphometric variations) to greater abundance of springtails present on ice-related landform. In 

fact, the greater abundance of springtails determines a greater trophic availability, therefore a greater 

biomass accumulation (Raso et al., 2014). Morphological plasticity has already been documented for 

other ground beetle species (Talarico et al., 2020; Sukhodolskaya et al., 2021) and specifically in Nebria 

castanea (Gobbi et al. 2010); in this species it is considered an adaptive capacity that allows this species 

to survive even in extreme conditions such as those of glacial and periglacial areas. Individuals of those 

populations have different body size, related to the environment stability in which they live. A stable 

environment allows a longer larval development, and a high trophic availability allows high foraging 

rates; the action of these two effects determines the presence of larger specimens (Blake et al., 1994; 

Gobbi et al. 2010). 

The positive relationship between the female elytra width of N. castanea and soil pH can be a proxy of 

soil degree of evolution. Specifically, on micaschists – the bedrock type of the study area - higher pH 

and lower organic matter values in soils on the ice-related landforms respect to soils on ice-free 

landforms could indicates the presence of a more immature substrate (Ji et al., 2014). The presence of 

environment on the landform with ice with less competition and more trophic availability causes the 

presence of larger ground beetle specimens, compared to the specimens present on ice-free landforms 

(fossil rock glacier and scree slope).  

In summary, elytra width and head length are two morphometric parameters varying in synchronous in 

relation to the landform type.  

Ice-related landforms support optimal microclimatic conditions for cold-adapted arthropod species 

(Brighenti et al., 2020; Gobbi, 2020; Valle et al., 2021). The result obtained by our study allowed to 

advance the hypothesis that ice-related landforms, respect to ice-free landforms, host less inter- and 

intra-specific competition for cold-adapted species. Thus, even if some cold-adapted Nebria species 

manage to survive also on neighbour ice-free landforms, they probably find more favourable conditions 

on landforms with ice, and this preference is detectable thought morphometric analysis.  

This is an important step ahead on the knowledge about the relationship between species traits plasticity 

in climate-depend species in relation to their environment. 
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CONCLUSIONS 

This work represents the first study that analyses morphometric parameters in high altitude ground 

beetles and shows how the morphology is influenced by environmental factors, in particular the ice 

presence. Furthermore, it allowed to increase the knowledge regarding the cryophilic species N. 

germarii and N. castanea in their pioneering characteristics in colonizing ice-related landform (i.e. with 

female-biased populations). However, we highlighted different sensitivity to ice presence in these two 

cryophilic species. For some organisms, morphometric analysis result fundamental to detect with a high 

sensitivity cold-adapted species’ response to ice presence, thus suggesting the effectiveness of this 

method for investigating in detail the ecology of this endangered habitat.  
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3.6  Checklist ragionata della flora e degli artropodi (Coleoptera: 

Carabidae e Arachnida: dei ghiacciai Centrale e Occidentale 

del Sorapiss (Dolomiti d’Ampezzo). 
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3.7 An empirical melt model of a small Alpine debris-covered glacier: 

the case study of the Amola Glacier (Italy)   
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Abstract  

Debris-covered glaciers are common in many regions of the world, and accurately modelling their melt 

is of increasing importance for water resources planning, and biological and ecological studies. In this 

study, we investigate meteorological and thermal conditions and estimate the melt of Amola Glacier (a 

small debris-covered glacier in the Adamello-Presanella Massif, Italian Alps) using an empirical 

approach, based on shortwave radiation, surface temperature, debris thickness and thermal resistance. 

Meteorological conditions are determined from a supraglacial automatic weather station, while the 

model is calibrated using i) field data acquired during the ablation season 2020, including a network of 

ablation stakes and thermistors, ii) modelled solar radiation and iii) thermal imagery from Landsat 8 

OLI.  

The analysis of glacier meteorological conditions shows a high prevalence of cloud-covered  (50.60% 

of daytime observations) and humid conditions, with a high daily thermal range (22.24 °C). Analysis 

of thermistor data suggests that a linear thermal gradient of the debris layer can be assumed when the 

model is run at daily resolution. Modelled debris thickness, surface temperatures and melt capture 

patterns observed on the field, including the decrease in debris thickness and increasing melt with 

elevation and their variability across the glacier surface; the root mean square error between measured 

and observed melt is 0.16 m. Improvements to the model would require measuring all energy fluxes on 

the glacier from a weather station and investigating their spatial distribution on the glacier surface. 

 

1. Introduction 

During the current phase of global warming, alpine glaciers are exhibiting two major trends: a general 

retreat, due to cumulated negative mass balances (Roe et al., 2017; Marzeion et al., 2017) and an 

increase of debris cover on the ice surface due to an intensification of cryo- and thermo- clastism  (Paul 

et al., 2007, Azzoni et al., 2018).  

When this debris cover is consistent and mantles most of the ablation area, the glacier can be considered 

a debris-covered glacier (Benn and Evans, 2010). When a retreating glacier becomes a debris-covered 
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glacier and the debris reaches a “critical thickness” (sensu Mattson et al., 1993), it slows its recession 

since the debris cover causes a logarithmic reduction of the ablation rate and, consequently, of the 

frontal variations (Nakawo & Rana, 1999, Belloni & Pelfini, 1995). This allows glaciers to reach lower 

elevation such as Miage and Belvedere Glaciers (Italian Alps) where the terminus is at an altitude lower 

than the treeline (Tampucci et al., 2016). However, local areas of high melt also develop at supraglacial 

ponds and exposed ice cliffs (Stefaniak et al., 2021). Debris-covered glaciers are becoming increasingly 

frequent in mountain environments of all middle and low latitudes (Benn et al., 2014; Mihalcea et al., 

2008a, 2008b; Kirkbride 2010; Soncini et al., 2015; Bocchiola et al., 2018) and  several studies analysed 

the relationship between debris thickness and ice melt rates (Han & alii, 2006; Nicholson & Benn, 2006; 

Brock & alii, 2010; Reid & Brock, 2010; Shukla & alii, 2010; Bocchiola & alii, 2010; 2015 Lejeune & 

alii, 2013). 

The cryosphere is an important source of freshwater (Huss et al., 2017) that regulates the hydrological 

cycle of Alpine basins and influences the development of alpine ecosystems (Chesnokova et al. 2020, 

Huss et al. 2018, Barnett et al, 2005, Beniston et al. 2003). In some mountain ranges such as the 

Karakoram, large debris-covered glaciers are prevalent, and their meltwater is crucial for industrial and 

domestic use (Senese et al., 2018a). Moreover, the glacier surface represents a favourable habitat for a 

large number of species (e.g. from bacteria, Franzetti et al., 2017,  to arthropods, Gobbi et al., 2011, 

Valle et al., 2022, and plants, Caccianiga et al., 2011), and there is evidence that over the past decades 

a number of threatened high altitude and cold-adapted species have taken refuge on debris-covered 

glaciers  in response to climate change (Valle et al. 2021, Gobbi et al., 2017; Tampucci et al., 2017), 

highlighting the great ecological and biogeographic importance of this peculiar habitat for high altitude 

biodiversity. For these reasons, the study of debris-covered glaciers is becoming crucial in order to 

predict the evolution of the cryosphere and its consequences on the biosphere. 

Unlike for debris-free glaciers, modelling melt of buried ice requires more information and assumptions 

since the presence of debris modulates the melting of the covered ice; while progress has been made 

towards more accurate models since the first studies of debris covered ice melt (Nakawo & Young, 

1981, Nakawo & Rana, 1999), several sources of uncertainty still exist. In fact, accurate knowledge of 

the properties of the debris layer are necessary in order to better quantify the energy available for melt 

at the debris-ice interface, including the thickness of the layer, its thermal conductivity and the 

temperature of the debris at the surface (Gibson et al., 2018). As surface temperature is generally 

difficult to accurately obtain across spatial and temporal scales, in some studies it is derived numerically 

from the inversion of the energy balance equation. For example, Nicholson and Benn (2006) applied a 

modified surface energy balance model to calculate melt beneath a debris layer from daily mean 

meteorological data; such an approach was further refined by Reid and Brock (2010) and Rounce et al. 

(2015), among others. These methods require the deployment of an automatic weather station on the 

glacier surface carrying all the necessary instruments to derive the energy fluxes, which is not always 

practical or possible on a glacier. Besides, as thermal conductivity is also influenced by the debris 
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porosity (depending on grain size distribution), lithology and humidity (Mattson et al. 1993), extensive 

field data are required to determine these variables.   

Thus, in other studies a simplified approach was proposed based on the computation of the conductive 

heat flux through the debris layer (Han and others, 2006), where surface temperature is derived 

empirically. Distributing the debris thickness of the glacier is also complicated and most approaches 

estimate it through satellite thermal data (e.g. Zhang and others, 2011; Fujita and Sakai, 2014; Minora 

et al., 2015;  Senese et al. 2018a).  

In this study, we used the empirical approach (see also Mihalcea et al., 2008a,b; Minora et al., 2015) 

which requires knowledge of patterns of incoming shortwave radiation, debris thickness, and surface 

temperature and thermal resistance of the debris layer. Our aims are: 

1) To define meteorological and thermal conditions on Amola glacier 

2) To model the melt of the debris-covered portions of Amola glacier using an empirical model 

driven mainly by surface temperature and thermal resistance of the debris layer. 

3) To use off-glacier Automatic Weather Stations (AWS) to model incoming shortwave 

radiation and observe its impact on modelling sub-debris ice melt. 

4) To compare debris thickness maps obtained from different satellite images and observe their 

effect on modelling sub-debris ice melt  

 

2. Study area 

The study was performed on the Vedretta d’Amola glacier (Eastern Italian Alps: 46°13'10.1"N 

10°41'08.7"E, Fig. 1), a debris-covered glacier (0.68 km2, Paul et al., 2020) that is located in the 

Adamello-Presanella Massif within the protected area of the Adamello Natural Park (Baroni et al., 

2004). The glacier covers the altitudinal range from approximately 2570 and 3150 m a.s.l. (Paul et al., 

2020). Vedretta d’Amola has an Easterly aspect and is surrounded by the Presanella (3557 m a.s.l.) and 

other peaks constituted by tonalite, a rock of the diorite class characterised by lower thermal 

conductivity and higher reflectance than most of metamorphic and sedimentary rocks (Bocchiola et al., 

2015). Tonalite rocks cover almost the entire glacier ablation area (debris cover: 60%; 2020 satellite 

data), with a coarse grain size that ranges from a few millimetres to about 1 metre (Gobbi et al., 2017).  

Average annual precipitation in the area of the Park is about 1000 mm (Bocchiola & Diolaiuti, 2010). 

Several glaciers are hosted within the Park area, including the widest glacier of Italy, Adamello glacier 

(Maragno et al., 2009). Previous studies on Amola glacier have focused on the colonisation of 

supraglacial debris and the glacier foreland by ground-beetles,  spiders and springtails (Tenan et al., 

2016; Gobbi et al., 2017; Hagvar et al., 2020), on plant-insect interactions on the glacier and along the 

chronosequence of glacier retreat  (Losapio et al., 2015) and a relatively uninterrupted series of terminus 

variations exists (Gobbi et al., 2017); however, detailed studies on thickness patterns of supraglacial 

debris and their influence on meltwater production are lacking for this glacier. 
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Figure 1: Location of Amola glacier within Italy and Adamello Massif, with weather stations from 

MeteoTrentino (top). Zoom-in of Amola glacier with location of ablation stakes and thermistors and 

the automatic weather station (corresponding to number 7) (bottom).  

 

3. Data and methods 

 

3.1. The automatic weather station AWSamola and the observed meteorological data 

An automatic weather station (AWSAmola) was installed on 20 July 2020 on the debris-covered surface 

of the Amola Glacier (coordinates 46° 13’ 09.9’’ N and 10° 41’ 07.2’’ E, at 2689 m a.s.l., position 

number 7 in Fig. 1 and Fig. 2); it was then removed on 18th August 2020. The station was equipped 

with a four-component radiometer (CNR4, Kipp&Zonen, with an accuracy of ±5%), a naturally 

ventilated thermo-hygrometer (HygroVUE10, Campbell Scientific, with an accuracy of ±0.1°C for 

temperature measurements and ±2% for relative humidity), and a low power data logger (PCTDA041, 

MTX, with a 4 Gb SD card, 3.6V NiMH batteries and integrated 1 W solar panel); all instruments were 

mounted on a stainless steel tripod (AL300BA, MTX). Measurements of incoming and outgoing 

shortwave radiation (SWin and SWout), incoming and outgoing longwave radiation (LWin and 

LWout), air temperature (T) and relative humidity (RH) were sampled at 60-second intervals and 

minimum, mean and maximum values were recorded over a 30-minute time period. We used all 

meteorological data for assessing the micro-meteorological conditions of the glacier, while only SWin 

was used to quantify buried ice melt. 
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Figure 2: The weather station on Amola glacier AWSAmola. Typical clast size of supraglacial debris is 

also shown. 

 

The dataset was mostly uninterrupted, with gaps ranging from 27.6% to 31.5% of the total period 

depending on the parameter. Most of the gaps were due to a gradual night-time depletion of the batteries 

and therefore they occurred generally in the early hours of the day. During this period, SWin is null and 

therefore fortunately data gaps can be easily filled by setting SWin to 0 W m-2. For the rest of the day 

(i.e. outside night-time), we derived missing values of SWin from clear-sky solar radiation (SWincs) 

and the atmospheric transmissivity depending on the cloud cover (τ) following Senese et al. (2016). 

Cloud transmissivity ranges between 0 and 1 and it is a factor that reduces the potential SWin of a 

quantity, which depends on the amount and type of clouds (Zhang et al., 1996). A value of τ = 1 

corresponds to a clear sky with no clouds (i.e. SWin = SWinCS), whereas τ = 0 means that no shortwave 

radiation reaches the surface at all. However, an overcast sky usually has τ > 0 (i.e. SWin << SWinCS), 

with different values for different cloud types. Firstly, we estimated SWincs by means of an envelope 

of the SWin values measured by AWSAmola permitting to get an indication of the half-hourly maxima 

(clear sky radiation) corresponding to each half-hour of the day. While this clear-sky incoming solar 

radiation can in principle be overestimated owing to multiple reflections from snow-covered 

surrounding slopes, this does not affect our measurements, since we considered a snow-free period of 

the year (i.e. from 21 July to 18 August 2020).  

Subsequently, we used SWincs for calculating the half-hourly atmospheric transmissivity (Senese et al., 

2020): 

𝜏 =
𝑆𝑊𝑖𝑛𝐴𝑚𝑜𝑙𝑎

𝑆𝑊𝑖𝑛𝑐𝑠
 (1) 
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where SWinAmola is the incoming solar radiation measured by the AWSAmola in real atmospheric 

conditions. Compared to SWinAmola, SWincs does not take into account the reduction of solar radiation 

due to actual atmospheric conditions (e.g. clouds). We assumed that the conditions of the sky remain 

constant over short periods (a few hours). Thus, we calculated the missing SWin values by considering 

the τ value of the following or previous half-hour and inverting Equation 1. The reflected solar radiation 

data were filled considering an albedo of 0.18, which is the average of noon observations.  

Regarding data gaps of the other meteorological parameters, we chose not to perform gap filling and to 

consider the actual measured value as these were not used in the ablation model but to define the micro-

meteorological conditions. 

By means of Stefan-Boltzmann law, we derived surface temperature (Ts) form the emitted longwave 

radiation (LWout): 

𝑇𝑆 = √
𝐿𝑊𝑜𝑢𝑡

𝜎

4
 (2) 

where σ is the Stefan-Boltzmann constant equal to 5.67 x 10-8 W m-2 K-4. 

 

3.2. Measurements of ablation, supraglacial debris temperature and thickness 

Nine 2 m long ablation stakes made out of bamboo were drilled into the ice with a manual auger to 

evaluate ice melt under different conditions of debris thickness (according to the method introduced by 

Kaser et al., 2003). The stakes were placed on a longitudinal transect along the glacier centerline with 

two transverse intersecting transects (see numbers from 1 to 6 and from 8 to 10 in Fig. 1) and ice melt 

from 20 July 2020 to 18 August 2020 was measured. Except for stake 9 which was drilled in bare ice, 

all stakes were installed over a debris-covered surface. Debris thickness (DT) was measured in 

correspondence of each ablation stake and at the AWSAmola in July; the debris was manually excavated 

before inserting the stake and care was taken to maintain the same thickness and stratigraphy after 

drilling. DT was also measured in August, and for some stakes differences were found between July 

and August observations owing to the movement of the glacier; we therefore calculated the average of 

the two observations when this occurred. 

Additionally, we measured debris surface temperature (Ts), which is a key element in calculating the 

energy available for melting of debris-covered ice, by means of Gemini Tinytag Plus thermistors 

(models TGP-4020, TGP-4500, TGP-4520 with a stated accuracy of 0.40°C, 0.50°C, 0.40°C at 20°C, 

respectively) at the location of the ablation stakes (except for stake 9 that was on bare ice). Each sensor 

probe was fixed with duct tape under a flat stone (2 cm thick) with a diameter of about 10 cm close to 

the stake in order to protect it from direct solar radiation, following Brock et al. (2010); the stone was 

then placed on the debris surface. The data recorded at this depth (2 cm) are normally considered 

indicative of point surface temperature, and used within several international protocols to study 

permafrost and frozen ground (see Osterkamp, 2003; Guglielmin, 2006; Guglielmin et al., 2008). Each 

data logger was programmed to record average measurements every 60 min. At stake 5 (see Fig. 1), the 

thermistor malfunctioned and it was therefore not possible to retrieve Ts; however, we placed an 

additional thermistor close to stake 8 (called T8+), and obtained a dataset of 9 Ts records. 



157 
 

 

3.3. Incoming solar radiation model 

To distribute the incoming solar radiation (SWin) over the Amola Glacier surface, we applied the 

algorithms tested over another Italian glacier, Forni Glacier, by Senese et al. (2016). The CNR4 net 

radiometer installed at the AWSAmola is of the same type as that running at the AWS of the Forni Glacier 

(Senese et al., 2018b), therefore providing homogeneity of the two datasets and then the applicability 

of the same model. For each grid cell we modelled SWin considering astronomical and geographical 

factors: 

𝑆𝑊0−𝑝𝑜𝑖𝑛𝑡 = 𝐼0 ∙ 𝐸0 ∙ 𝑘 ∙ [(𝑠𝑖𝑛 𝑠𝑖𝑛 𝛿 ∙𝑠𝑖𝑛 𝑠𝑖𝑛 𝛷 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝑆 ) ∙ (𝑤𝑠𝑠 − 𝑤𝑠𝑟) − (𝑠𝑖𝑛 𝑠𝑖𝑛 𝛿 ∙

𝑐𝑜𝑠 𝑐𝑜𝑠 𝛷 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝑆 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝐴 ) ∙ (𝑤𝑠𝑠 − 𝑤𝑠𝑟) + (𝑐𝑜𝑠 𝑐𝑜𝑠 𝛿 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝛷 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝑆 ) ∙

(𝑠𝑖𝑛 𝑠𝑖𝑛 𝑤𝑠𝑠  −𝑠𝑖𝑛 𝑠𝑖𝑛 𝑤𝑠𝑟  ) + (𝑐𝑜𝑠 𝑐𝑜𝑠 𝛿 ∙𝑠𝑖𝑛 𝑠𝑖𝑛 𝛷 ∙𝑠𝑖𝑛 𝑠𝑖𝑛 𝑆 ∙𝑐𝑜𝑠 𝑐𝑜𝑠 𝐴 ) ∙ (𝑠𝑖𝑛 𝑠𝑖𝑛 𝑤𝑠𝑠  −

𝑠𝑖𝑛 𝑠𝑖𝑛 𝑤𝑠𝑟  ) − (𝑐𝑜𝑠 𝑐𝑜𝑠 𝛿 ∙𝑠𝑖𝑛 𝑠𝑖𝑛 𝐴 ∙𝑠𝑖𝑛 𝑠𝑖𝑛 𝑆 ) ∙ (𝑐𝑜𝑠 𝑐𝑜𝑠 𝑤𝑠𝑠  −𝑐𝑜𝑠 𝑐𝑜𝑠 𝑤𝑠𝑟  )] (3) 

where I0 is the average solar irradiance at the mean Earth-Sun distance (equal to 1367 W m-2), E0 is the 

eccentricity factor, k is a factor to express SWin in the correct measure unit, δ is the solar declination, 

Φ is the latitude, S is the slope, wsr and wss are the sunrise and sunset hour angles, respectively, and A 

is the aspect. Moreover, we estimated shading due to surrounding orography and the atmospheric 

absorption taking into account actual meteorological conditions. 

Senese et al. (2016) validated the approach by comparing the modelled SWin against the one measured 

at 18 sites along the glacier tongue, during summer 2011 and 2012. The modelled values agreed well 

with observations with a correlation coefficient of 0.97 and a root mean square error of 0.095 MJ m-2. 

For the last step regarding the atmospheric absorption, we tested the performance of the model 

comparing SWin values measured by AWSAmola (SWinAmola) with the ones obtained using data acquired 

by different automatic weather stations off-glacier from 21 July 2020 to 18 August 2020. Firstly, we 

used half-hourly data from the stations located at Malga Caret (Val Genova, 46.1814° N, 10.6348° E, 

1418 m a.s.l., data from 06-10-2011, SWinCaret), Pinzolo (46.1565° N, 10.7575° E, 760 m a.s.l., data 

from 01-01-1921, SWinPinzolo) and Cima Presena (46.2200° N, 10.5835° E, 3015 m a.s.l., data from 14-

12-1994, SWinPresena). These stations were chosen since they are the closest to the Amola Glacier at a 

distance of 5.9 km, 9 km and 8.3 km, respectively (Fig. 1). Data can be freely downloaded from the 

website of Meteotrentino (https://www.meteotrentino.it/#!/content?menuItemDesktop=111).  

 

 

3.4. Debris thickness model 

Previous studies have observed good correlations between temperature observed from satellites and 

thickness of supraglacial debris. Mihalcea et al. (2008a) used different linear relationships to estimate 

DT from satellite Ts by dividing the surface of Miage glacier (Italy) into elevation bands; conversely, 

on Baltoro glacier a single exponential relationship was found as the best fit by Mihalcea et al. (2008b) 

and by Minora et al. (2015). We calculated surface temperature using a Landsat 8 TIRS image from 28 

July 2020; compared to previous sensors of the Landsat family and ASTER used in other studies 
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(Mihalcea et al., 2008a,b; Minora et al., 2015), the sensor has two thermal bands centred at 10.90 𝜇m 

and 12 𝜇m and therefore it is possible to derive Ts using a split-window approach (Rozenstein et al., 

2014), which corrects for atmospheric absorption by water vapour by taking into account the different 

absorption features of the two thermal bands. We used SPT, a QGIS plugin, to perform the extraction. 

The relationship between Landsat derived Ts and DT was then estimated using all available DT 

observations at the ablation stake sites, except for DT observed at AWSAmola which was used for 

validation.  Given the small elevation range of Amola glacier, we preferred to use a single relationship 

and not divide the glacier into elevation bands. An exponential relationship was found as the best fit 

(equation 4), with an R2 of 0.65: 

 

𝐷𝑇 =  0.221𝑒0.297𝑇𝑠 (4) 

 

3.5. Debris surface temperature model 

As we could not estimate Ts from the inversion of the energy balance equation, we derived it by 

empirical correlation with SWin and DT. The relationship between these variables was demonstrated 

before on debris-covered areas (e.g. Mihalcea et al., 2008b): higher radiation fluxes and thicker debris 

lead to higher surface temperatures. First, we used Ts from thermistors, modelled SWin and DT 

measured at the 8 sites for the entire period of measurements (from 21 July 2020 to 18 August 2020) to 

establish a linear regression, with an R2 of 0.47 (see eq. 5):  

 

𝑇𝑠 =  0.079 𝐷𝑇 +  0.038 𝑆𝑊𝑖𝑛 (5) 

 

This equation was then applied to estimate daily Ts across the glacier surface by using daily modelled 

SWin (see section 3.3) and DT (see section 3.4). 

 

3.6. Debris-covered ice melt model 

According to Minora et al. (2015), the amount of ice melt under a debris cover (M, m of surface 

lowering) depends on the energy available at the debris–ice interface that can be estimated assuming a 

linear temperature gradient from the top of the debris layer (TS) to the ice surface (Ti) for mean daily 

conditions (e.g. Nakawo and Young, 1981): 

𝑀 =
(𝑇𝑆−𝑇𝑖)∙∆𝑡

𝐷𝑅∙𝜌𝑖∙𝐿𝑚
 (6) 

where Δt is the time step, ρi is the ice density, DR is the effective thermal resistance of the debris layer 

(m2 °C W-1) and Lm is the latent heat of melting (3.34 x 105 J kg-1). We set the ice surface temperature 

to the melting point, 0°C, neglecting refreezing phenomena, which generally do not occur during the 

main ablation season (Minora et al., 2015). An ice density of 917 kg m-3 was used (Senese et al., 2018b).  

The assumption of a linear temperature gradient along the debris cover is given by the fact that if the 

physical properties in the debris layer are constant with depth, the heat flux depends linearly on the 

surface temperature for steady-state conditions. The thermal resistance can be assumed constant over 
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an ablation season as it mainly depends on debris thickness, which is generally considered stable over 

short periods (1–2 months; Fyffe et al., 2014). To derive DR for each grid cell, an empirical relationship 

was applied based on DT (Minora et al., 2015) measured at the ablation stakes, with a R2 of 0.67: 

𝐷𝑅 = 0.0056 𝐷𝑇 + 0.0341 (7) 

 

To restrict the melt model to the debris covered portions, a normalised difference snow index (NDSI) 

mask was computed from Landsat 8 OLI bands, using a threshold of 0.3 to separate ice/snow from the 

debris covered parts (Gjermundsen et al., 2011).  

 

4. Results 

 

4.1. Meteorological conditions 

The data collected by the AWSAmola are summarized in Figure 3. Half-hourly average values of air 

temperature and relative humidity, incoming and reflected solar radiation, clear-sky solar radiation, and 

incoming and outgoing infrared radiation are shown. The figure highlights the prevalence of data gaps 

during night-time as reported in section 3.1. 

Air temperature ranges from +1.76°C (recorded on 4 August at 12 PM) to +16.92°C (recorded on 28 

July at 1 PM) with a half-hourly mean value of +9.24°C. Generally, minima occur during nighttime or 

just before dawn. The minimum value recorded by the AWSAmola at 12 pm is due to very cold conditions 

that occurred during that day (Fig. 3a). The mean daily range is 5.66°C, ranging from 2.00°C (recorded 

on 16 August) to 10.39°C (recorded on 28 July). Therefore, the warmest conditions and the widest 

amplitude occurred on 28th July. Most of the time (77.60%), half-hourly mean temperatures between 

+6°C and +12°C prevail: 6-8°C for 23.13%, 8-10°C for 31.65% and 10-12°C for 22.82% of the 

considered period.  

The half-hourly air relative humidity ranges between 99.5% (recorded on 27 July at 8 PM) and 29.32% 

(recorded on 28 July at 12:30 PMand 1 PM) with an average of 78.02% (Fig. 3b). Humid conditions 

prevail; in fact, there is only one half-hour with relative humidity lower than 40%. Moreover, 76.66% 

of time relative humidity is higher than 70% and 50.26% of time >80%.  

As regards solar radiation (Fig. 3c), most of the considered period is found to be very cloudy since the 

clear sky index is lower than 0.40 for 50.60% of daytime observations (see Anslow et al., 2008). This 

high cloudiness can explain the data gaps, as the low wattage solar panel could not supply enough 

energy to the batteries during the day. Albedo is almost stable with a half-hourly mean value of 0.17. 

The maximum is equal to 0.30 even if only 6.65% of half-hourly values are higher than 0.25; these high 

values are due to the normal daily cycle of albedo and values at early morning or late afternoon are not 

completely representative of the actual surface conditions (Azzoni et al., 2016). Considering daily 

values, the albedo ranges from 0.12 to 0.21 with a mean value of 0.18. Lower albedo values can be 

probably caused by rainy conditions or meltwater rising to the surface by capillarity, since a wet surface 

reflects less than a dry one (Hartmann, 1994). 
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The outgoing longwave radiation (Fig. 3d) and debris surface temperature (calculated applying Eq. 2, 

Fig. 3e) follow the daily thermal cycle of the air: higher values during daytime (maximum of 436.78 W 

m-2 corresponding to +23.11°C recorded on 28 July at 1 PM) and lower ones during nighttime 

(minimum of 312.70 W m-2 corresponding to -0.64°C recorded on 6 August at 5:30 AM). Despite an 

always positive air temperature, the debris surface also reaches negative values even if this only occurs 

1.05% of the time. The mean surface temperature is 8.73°C. On a daily scale, only 2 days (25 July and 

6 August) are characterised by freeze-thaw conditions (i.e. min<0°C and max>0°C, Guglielmin et al., 

2008). As regards thermal stress, the mean daily range is 13.42°C and the maximum is 22.24°C (on 28 

July). These results suggest that supraglacial debris is more affected by thermoclastism and less by 

cryoclastism during the analysed period. 

Moreover, from our findings, days with warmer air conditions occur with higher SWin fluxes (and 

higher τ) that heat the debris surface (i.e. higher Ts) which in turn emits more LWout that considerably 

affects air conditions with higher values of LWin.  
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Figure 3. Half-hourly average values of air temperature (A), relative humidity (B), incoming and 

reflected solar radiation (C), clear-sky solar radiation (C), incoming and emitted infrared radiation 

(D), and surface temperature calculated from LWout (E) are shown. 

 

4.2 Observed debris thickness and surface/subsurface temperatures 

Debris thickness measured on the field from the average of July and August observations ranged 

between 5 cm (at stake T3) and 32 cm (at T8+); at most (7) sites however the thickness of the debris 

layer was lower than 10 cm, and higher values were observed only at the terminus and other sites were 

local conditions favoured accumulation (e.g. at the base of lateral moraines). 
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Temperatures measured at the thermistor sites were rather homogeneous: for all thermistors except T8, 

the minimum temperature was recorded on the morning of 5 August, between 5 and 7 AM; the absolute 

minimum was -1.44 °C (T3, 5 AM on 5 August). Daily maxima were recorded on 28 July at 3 PM for 

T2, T4, T6, T8, T10 and T8+, and the absolute maximum was +42.06°C (T8+). Hourly Ts patterns are 

highly correlated, with R ranging between 0.77 (T3 and T10) and 0.99 (T2 and T6) (figure not shown). 

Averaging Ts from thermistors to daily means, the minimum Ts was recorded on 4 August and the 

maximum on 28 July. The correlation between the daily Ts from thermistors is even higher than for 

hourly values, ranging between 0.84 (T6 and T8) and 0.99 (T3 and T6), see Figure 4. 

 

 
Figure 4: Average daily debris surface temperature from thermistors located on Amola glacier. 

 

Considering debris T at different depths from thermistors T8+ and T10, hourly temperatures show the 

dampening of daily temperature cycles with increasing depth, as the amplitude of the daily temperature 

range is reduced. At thermistor T8+, the average daily range is 6.29°C at 1 cm thickness (close to the 

debris-ice interface) vs 24.81°C at 32 cm thickness, while at thermistor T10, it is 4.30°C at 10 cm 

thickness and 9.66°C at 30 cm thickness. A lag of 1-2 hours between T peaks and lows at different 

depths is also observed at  both sites (see Figure 5). While the behaviour of hourly debris temperatures 

is non-linear, the opposite is true for daily temperatures, especially at thermistor T10 (see Figure 5). 

Considering a linear regression between temperature and depth, 15 out of 29 observations have a R2 > 

0.85 at T8+, while at T10 all observations have a R2 > 0.99. This suggests that the assumption of a linear 
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temperature gradient with debris depth when using a daily time step in computing sub-debris ice melt 

is reasonable. 

 

 

Figure 5: Average hourly debris temperatures at different depths from thermistors T8+ and T10 (top 

left and right, respectively); daily debris temperature at different depths from T8 and T10+ (bottom left 

and right, respectively). 

 

 

4.3 Modelled debris thickness, surface temperature and buried ice melt 

From the NDSI mask, we calculated a debris-covered area of 0.40 km2, corresponding to 59% of the 

Amola glacier surface. Debris is found up to 2760 m a.s.l., except for isolated patches at higher 

elevations which might include dirty ice, with a temperature close to 0°C (see Figure 7a). The rest of 

the glacier surface is covered by snow at the time of satellite data acquisition (28 July 2020). The 

average debris thickness is 8.38 cm, with a maximum of 24.68 cm, which in general slightly 

underestimates ground observations. Higher DT is observed close to the terminus and the left flank of 

the glacier, and there is a general tendency towards decreasing DT with elevation (R2 = 0.52). Two 

patches with lower DT are observed in the middle of the debris-covered part, likely because the lateral 

rock walls are the main source of debris. Ground observations confirm the presence of patchy debris 

cover in these areas. At the AWSAmola, (number 7 in Fig. 1) a DT of 8.38 cm was calculated based on 

Landsat 8 TIRS, compared to an observed value of 5.5 cm. 
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Cumulated Ts follows the main pattern of debris cover, with a few differences (see Figure 7b): a 

longitudinal band of lower Ts along ice flow is observed at the terminus towards the hydrographic left 

part of the glacier, while on the hydrographic right flank higher Ts occurs. This might be caused by the 

influence of solar radiation, as in those areas the topographic characteristics (slope and aspect) cause a 

different radiative input. The correlation between daily modelled Ts and observed Ts at thermistor T7, 

by the AWSAmola, is 0.80. 

As regards glacier melt, the total cumulated amount is 295 m3; the average total daily melt is 10.2 m3 

day-1 on the debris-covered part of the glacier or 3 cm day-1 for each glacier cell. The highest total melt 

of more than 1.5 m between 21 July and 18 August 2020 is observed at the upper reaches of debris 

cover (approximately 2760 m a.s.l.) while about 1 m is seen in the lower central portion of the tongue, 

owing to the combined effect of low DT and higher cumulated temperatures (see Fig. 7c). Comparing 

modelled melt with observed melt at the stakes between 21 July 2020 and 18 August 2020, the 

maximum difference is found for stake 1, where modelled melt is 0.36 m higher than measured melt, 

while the minimum difference is 0.01 m for stake 10 and stake 7, where AWSAmola was located. Overall, 

the RMSE is 0.16 m, the bias is +0.03 m (modelled - measured) and the mean absolute error is 0.12 m, 

with a correlation coefficient of 0.50. 

 

 

Figure 6: a) Debris thickness distribution obtained from Landsat 8 TIRS acquired on 28 July 2020; b) 

Cumulated temperature from 21 July to 18 August 2020 from equation 5; c) Cumulated melt between 

21 July and 18 August 2020. 
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5. Discussion 

 

5.1 Using off- glacier weather stations to distribute incoming solar radiation 

From the comparison between SWinAmola and the modelled values SWinCaret, SWinPinzolo and SWinPresena 

(Fig. 7), we found errors ranging from 153.46 W m-2 (84% of the half-hourly mean SWinAmola) to 176.14 

W m-2 (96% of the half-hourly mean SWinAmola) (Tab. 1). The modelled values are generally 

underestimated if compared to the measured ones. This can be due to cloudy conditions prevailing at 

the three off-glacier AWSs, which reduce the radiative input. Moreover, the multireflection from the 

snow-covered surfaces surrounding the glacier could increase SWinAmola values. Another factor can be 

an incorrect shading estimation. In fact, in order to find the highest obstructing peak along the grid-

point-to-the-Sun direction for each half-hour of the day, we set a grid step of 30 m. Probably choosing 

a lower grid step would produce a more reliable model. 

Slightly better results were observed considering a daily time resolution: error from 30.92 W m-2 (17% 

of the daily mean SWinAmola) to 68.13 W m-2 (38% of the daily mean SWinAmola) (Tab. 1). These results 

suggest an extreme variability in hourly meteorological conditions among the sites and that no station 

is able to represent the same atmospheric absorption occurring over the Amola Glacier. Therefore, we 

decided to consider the SWin measured directly by the AWSAmola in order to model the SWin distributed 

over the whole glacier surface. This assumption was applied by Senese et al. (2016) as well. 
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Figure 7: Comparison between the incoming solar radiation measured by AWSAmola (SWinAmola) and the 

modelled values using data acquired by the automatic weather stations at A) Malga Caret (SWinCaret), 

B) Pinzolo (SWinPinzolo) and C) Cima Presena (SWinPresena). Data are half-hourly averages from 21 July 

to 18 August 2020. 

 

 Half-hourly Daily 
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% 

0.8

4 

27% 15% 
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% 

0.9

2 
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o 156.02 
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0.8
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34% 12% 

43.29 

24

% 

0.8

7 

SWinPresen

a 176.14 

96

% 

0.8

0 

25% 20% 

68.13 

38

% 

0.7

7 

 

Table 1: Comparison between the incoming solar radiation measured by AWSamola and the modelled 

values using data acquired by the automatic weather stations at Malga Caret (SWinCaret), Pinzolo 

(SWinPinzolo) and Cima Presena (SWinPresena). 

 

Although none of the three stations is able to accurately represent SWinAmola, it is still possible to 

estimate Ts using daily SWin from the off-glacier stations and the empirical formula in equation (5); we 

therefore calculated Ts and subsequently buried ice ablation from modelled daily SWinCaret, SWinPinzolo 

and SWinPresena. Similar melt amounts were found compared to SWinAmola; In fact, using SWin from 

AWSPresena actually results in a slightly lower RMSE (0.15 m compared to 0.16 m for AWSAmola) if 

compared with observed melt at the stakes between 21 July and 18 August 2020, whereas a worse 

RMSE was found for the other stations, with the worst results for Caret (see Table 2). However, all off-

glacier AWSs show a similar or worse MAE and a worse bias, with the worst result again obtained for 

Caret station (0.07 m). 

 

 

Off-glacier AWS MAE (m) MBE (m) RMSE (m) 

Caret 0.12 0.07 0.18 

Pinzolo 0.12 0.05 0.17 

Cima Presena 0.14 -0.05 0.15 

 

Table 2: Comparison between melt modelled using off-glacier SWin from three Automatic Weather 

Stations (AWS) and the observed melt at the stakes between 21 July and 18 August 2020. Statistics 

include the Mean Absolute Error (MAE), Mean Bias Error (MBE) and Root Mean Square Error 

(RMSE).   

 

5.2 Modelling debris thickness from different satellite images 

We checked the consistency of the DT - Ts relationship by using a Landsat 8 TIRS image outside of 

the observation period of AWS Amola. The image was acquired on 20 September 2020 and processed 

in the same way as the one from 28 July. The relationship between Landsat-derived Ts and DT was 

estimated with an exponential fit, with an R2 of 0.63, slightly lower than using the image from 28 July 

(0.65). Landsat-derived Ts was generally lower on that day on the glacier at the time of image 

acquisition, with an average of 5.43°C compared to 7.27°C, compared to the image from 28 July.  

However, the relationship predicts larger DT, with a maximum of 70 cm and an average of 10.64 cm, 
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compared to 24.68 cm and 8.38 cm, respectively. At AWSAmola, the calculated DT in this case is 6.6 

cm, compared to a measured value of 5.5 cm. 

When using DT modelled from the Landsat 8 TIRS image acquired on 20 September, very small 

differences can be observed in modelled melt compared to the image from 28 July. All the statistics 

considered are the same, with a RMSE of 0.16, a MAE of 0.12 and bias of -0.03. This suggests that 

debris cover at the site is relatively stable and that using thermal images acquired up to one month 

outside of the field season does not produce further uncertainty when modelling sub-debris melt. 

 

5.3 Model uncertainties and possible improvements  

The comparison between the empirical melt model and measurements from ablation stakes highlighted 

some discrepancies between modelled and measured melt; several sources of uncertainty contribute to 

this result. Among them, the spatial scale has probably a large influence, owing to the small size of 

Amola glacier (0.68 km2) and the spatial resolution of modelled incoming shortwave radiation (30 m) 

and thermal data (100 m from Landsat 8 OLI, interpolated to 30 m), which might not accurately 

represent local conditions. While modelling shortwave radiation at a higher spatial scale is complicated 

by the availability of high resolution digital elevation models and the high computing requirements 

necessary to calculate shading, higher resolution thermal data compared to Landsat 8 OLI might be 

acquired from UAVs, as done by Kraaijenbrink et al. (2017) or a thermal camera in a fixed position, as 

in the study of Tarca and Guglielmin (2022). 

Beside modelled quantities, other sources of uncertainty are related to the measured data as well. 

Specifically, data gaps occurred in the meteorological record from AWSAmola, and gap-filling of SWin 

was necessary to estimate daily Ts and melt. Measured ablation and debris thickness are also affected 

by uncertainties often difficult to quantify. In addition, they are point measurements and might not 

accurately estimate mass loss in an area of 30 m as used in the model, as differences of several tens of 

centimetres can easily develop during the ablation season between point measurements and nearby areas 

(Müller and Keeler, 1969). The same issue also affects temperature as measured from thermistor probes, 

which besides their inherent accuracy can undergo malfunctioning, as occurred in our case for the 

thermistor T5. To evaluate the potential of determining thermistor temperatures in case of 

malfunctioning, we compared Ts at the AWSAmola against temperatures derived from LWout and 

observed a high correlation coefficient (0.85). The relationship between the two variables is rather good 

for lower (< 10°C) and nighttime temperatures but the spread increases for higher ones, and temperature 

from LWout is overestimated compared to the one measured by the thermistor (see Figure 8), which 

was placed under a rock. A similar result was observed by Brock et al. (2010) for thermistors placed at 

2-3 cm depth, and is probably related to the steep thermal gradients in the first few cm of debris (see 

also Figure 5). In addition, since the net radiometer is installed at a height of about 2 m, we can assume 

a contribution from the warm air layer between the surface and the sensor with a consequently 

overestimated measured LWout (Senese et al., 2012). 
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Figure 8: Comparison between Ts modelled from LWout and measured by the thermistor at AWSAmola 

between 21 July 2020 and 18 August 2020. 

 

In our model, we assumed a linear gradient of debris temperature with depth, and demonstrated that the 

assumption holds true for the daily scale (see Figure 5), but it is not verified for sub-daily time periods. 

This is in agreement with Nicholson and Benn (2006; 2013), who demonstrated this behaviour for debris 

of different lithology and grain size. To compute melt at an hourly scale, a different approach would 

therefore be needed. Most studies have done so by solving the energy balance at the debris surface using 

satellite surface temperature to derive DT, with meteorological data from an AWS as input (Foster et 

al., 2012; Rounce and McKinney, 2014). This approach however relies on the calculation of all energy 

fluxes at the surface and debris-ice interface including turbulent fluxes, which require a wind and 

pressure sensor not deployed on AWSAmola, as well as the extrapolation of these fluxes from the AWS 

to the entire glacier surface, with uncertainties related to the distribution of air temperature as well as 

the estimation of surface roughness (Foster et al., 2012). However, the method might have the potential 

to be employed without field- and time-dependent calibration, used in the empirical approach, if 

meteorological parameters are acquired from reanalysis products (Schauwecker et al., 2015). Other 

approaches which are first calibrated using the glacier energy balance include a debris-enhanced T-

Index model developed by Carenzo et al. (2016), which is based on the calculation of cumulated air 

temperature and shortwave radiation, and requires empirical coefficients for both as well as lag 

coefficients accounting for the delaying effect introduced by debris. Such a model might also be tested 

on AWSAmola, although spatially distributing melt would also require the extrapolation of air temperature 

on the glacier surface.  

Recent studies have adopted another methodology to derive debris thickness, by fitting the Østrem 

curve (relating debris thickness and melt) to sub-debris ice melt in energy balance simulations for 

varying debris thickness and then using it to estimate spatially distributed debris thickness from 
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distributed melt. The latter is obtained from geodetic mass balance (Ragettli et al., 2015), potentially 

corrected for the ice flux divergence (Rounce et al., 2018). The advantage of this approach is that it 

does not require thermal data, which is limited by the coarse resolution of satellite sensors (100 m 

interpolated for Landsat 8/9 OLI and 90 m for ASTER TIRS) or the difficulties in undertaking and 

processing data from thermal surveys from UAVs or field-based cameras. Therefore, it has great 

potential to produce accurate estimates of debris thickness. Nevertheless, local calibration of the Østrem 

curve for the conditions at Amola glacier would be required, as well as a geodetic mass balance, ideally 

from high-resolution DEMs. 

Finally, a global map of glacier debris thickness estimated using a sub-debris melt-inversion and 

temperature-inversion approach is available from Rounce et al. (2021); the maximum debris thickness 

modelled for Amola glacier is 16 cm, which clearly underestimates ground observations, and does not 

capture the patterns observed in Fig. 6 with our empirical approach; however, the approach uses 

calibration coefficients for the melt- and temperature-inversion from other nearby glaciers which might 

not be appropriate for Amola glacier.   

 

6. Conclusions 

In this study, we used an empirical model to estimate the melt of a small debris-covered glacier of the 

Italian Alps, Amola glacier, over the course of a month during the ablation season 2020. The model is 

based on incoming shortwave radiation, surface temperature, thickness and thermal resistance of the 

debris layer, assuming a linear temperature gradient within the debris mantle. Incoming shortwave 

radiation was obtained by estimating exoatmospheric radiation from a modelling approach and 

correcting it for local cloud conditions using observations from an automatic weather station; surface 

temperature was derived assuming a linear relationship with shortwave radiation and debris thickness; 

the latter was spatially extrapolated using satellite temperatures from Landsat 8 OLI while thermal 

resistance was calculated through a network of ablation stakes. 

The model is able to capture debris thickness, surface temperature and melt patterns of Amola glacier, 

including the increase in debris thickness close to the terminus and the left flank of the glacier, with 

consequent lower melt, and the decreasing debris thickness with elevation, which leads to higher melt 

in the upper parts of the continuous debris mantle. Modelled melt ranges between approximately 30 cm 

and more than 1.50 m over approximately a month, with an RMSE of 0.16 m compared to ground 

observations from 9 ablation stakes. 

We also tested varying inputs to the melt model, by using off-glacier weather stations to correct 

modelled exoatmospheric radiation and a thermal image acquired 1 month apart from field observations 

to model debris thickness. Observations from off-glacier automatic weather stations are unable to 

capture the local solar radiation receipts of Amola glacier, with an RMSE of 17-34% of daily incoming 

radiation. However, since the model empirically relates solar radiation to surface temperature in melt 

calculation, the stations can still be used for melt modelling without compromising the accuracy. 
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Similarly, using a thermal satellite image acquired 1 month apart does not result in a higher RMSE of 

modelled melt, which suggests a relative stability of the debris mantle during the ablation season. 

Alternative approaches might be tested to improve the estimates of meltwater production of Amola 

glacier, based on solving the energy balance; as the approaches rely on a full set of meteorological 

parameters to be acquired, a comparison with off-glacier AWSs should also be performed to investigate 

whether the latter can be used to infer meteorological fluxes on the glacier surface. 
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4.1  Glacier fleas” (Hexapoda: Collembola) from supraglacial environment 

of European Alps: taxonomy, ecology and biogeography.  
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INTRODUCTION 

Alpine glaciers are currently threatened by climate change (Hock et al. 2019; Gobbi et al. 2021) that is 

leading them at least to the transformation into debris-covered glaciers (Azzoni et al., 2018; 

Kraaijenbrink et al., 2017; Tielidze et al., 2020) and ultimately to the total disappearance. Also 

permafrost and its more evident geomorphological manifestation, rock glaciers, are degrading under the 

effect of climate change as well, for instance through the thickening of the active layer and the reduction 

of ice extent (Biskaborn et al. 2019). Glacial and periglacial landforms are refugia for endemic and 

highly specialized high altitude organisms, which show physiological adaptation to live at low 

temperatures (e.g. Eisenbeis & Meyer 1999): if these landforms disappear, an important portion of 

biodiversity risk of disappearing with them (Cauvy-Fraunie & Dangles 2019; Gobbi et al. 2021; 

Brighenti et al. 2021; Valle et al. 2022). The urgency of studying glaciers and rock glaciers and their 

associated biodiversity for a future monitoring and for not losing this diversity is nowadays a 

conservation priority (Liu et al 2022; Gobbi et al. 2021).  

Springtails are edaphic arthropods particularly linked to glacial habitat (Valle et al. 2021, 2022; Gobbi 

et al. 2021, Fjellberg 2010) and to cold biomes in general (Potapov et al. 2022), being also among the 

few terrestrial invertebrates able to colonize Antarctic continent (McGaughran et al. 2011). Among 

Alpine arthropods, only for springtails (Isotomidae family) is known the existence of cryophilic ice-

dwelling species, i.e. adapted to survive only in direct contact to the glacial ice (Valle et al 2021, Buda 

et al. 2020, Fjellberg 2010). Eisenbeis & Meyer (1999) define these springtails “true ice-dwelling” 

cryophilic species. These species should be distinguished from “firn- and debris-dwelling” cryophilic 

ones, that occupy the habitat at the margin of the ice or on supraglacial debris (Eisenbeis & Meyer 

1999). The main period of activity of ice-dwelling springtails occurs during winter months: during cold 

season the microhabitat they occupy is at the interface between ice and snow (Eisenbeis & Meyer 1999). 

Only when snow starts melting, they move up to the snow surface and, during summer, when snow is 

completely melted, they lay on the ice and into the ice interstice, down to a depth of about 30 cm 

(Eisenbeis & Meyer 1999). They are obligate ice-dweller, unable to survive elsewhere. 
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The peculiar physiological and ethological adaptation of springtails to survive under cold, and freezing 

conditions has been the object of many studies (e.g. Holmstrup 2018, Sinclair & Sjursen 2001, Eisenbeis 

& Meyer 1999, Sømme 1981). Steinböck (1939) demonstrated that glacial species (Desoria saltans) 

are capable of extreme adaptation to cold conditions, falling into chill coma at -16°C, whereas less 

adapted, not glacial species already become inactive at -6°C. Schaller and Zinkler (1963) found that 

Desoria saltans has comparatively high respiration rate close to 0°C, demonstrating high metabolism 

around the freezing point. At the same time, ice-dwelling springtails depend on a constant high 

humidity, differently from firn-dwelling species that during summer prefer snow-free zones with higher 

temperatures and drier air (Zopeszki, 1988; Eisenbeis & Meyer 1999).  

By virtue of the very pioneer role of springtails in glacial ecosystems (Hågvar et al 2020) their 

importance is also ecological and is well summarized in the “springtail first principle” (Hågvar & Gobbi 

2022): chlorophyll may be present in biofilm or tiny pioneer mosses, and pioneer springtails graze on 

these sources; the numerous predators that inhabit glacial habitat feed mainly on springtails community 

(Sint et al 2019; Valle et al 2020). 

In high mountain areas, glaciers and rock glaciers probably act for ice-dwelling species like islands of 

ice in a matrix of rocky grounds, prairies, cliffs, woods and other ice-free landforms. In this situation, 

the patchily distributed ice-dwell springtail populations are good candidates for study the biogeography 

of Alpine high altitude environments, as suggested by Valle et al (2021) and as pointed out by the study 

of Fjellberg (2010) about the great diversity of cryophilic Isotomidae (both ice- and debris-dwellers) in 

southern Alaska and in the Canadian Rocky Mountains. Despite this, their diversity and distribution in 

the European Alps is still not well known and their diversity is probably undervalued (Valle et al. 2021, 

Eisenbeis & Meyer 1999).  

The geologist Antonio Stoppani (1876) cited Desoria saltans in his essay “Il Bel Paese” for its showy, 

swarming and large assemblages on Alpine glaciers. For the following years this species was considered 

the only Alpine ice-dwelling springtail, the so called “glacier flea”. In 1980 Haybach (1980) described 

a new species of ice-dwelling Isotomidae – Vertagopus helveticus (Haybach, 1980) – found on 

Morteratsch glacier (Bernina, Switzerland), under supraglacial stony debris. This species was 

taxonomically related to Vertagopus alpinus Haybach, 1972 discovered few years before for the snowy 

and high altitude habitats of Grossglockner, in particular close to Pasterze glacier (Austria).  

Only recently another ice-dwelling Desoria species was described from the last preserved glacier of 

Apennines (Abruzzo, Italy), D. calderonis Valle, 2021 (Valle et al., 2021) and Vertagopus nunataki 

Potapov & Kremenitsa, 2020 was described from the nival fauna of Caucasus (Lafooraki et al. 2020).  

Another genus of specialized cryophilic Isotomidae was discovered in high altitudes of Pyrenées 

(Cassagnau 1957), Gnathisotoma Cassagnau, 1957, which was later then found also in Nord America 

(Fjellberg, 2010) and is considered a group evolved from Desoria and adapted to nival belt (Najt, 1981). 

Gnathisotoma has never been found on the Alps. Members of this genus from both Pyrenées and Alaska 

were found on the surface of water draining from the melting snow fields or on cold and wet mosses in 
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the glacial streams (Fjellberg 2010; Cassagnau 1957), thus being “firn- or debris-dweller” cryophilic 

species (Eisenbeis & Meyer 1999).  

Thus, as we currently know, in Europe, at least two genera of ice-dwelling Isotomidae seem to be related 

to the supraglacial habitat, Desoria Nicolet in Desor, 1841 and Vertagopus Bagnall, 1939; a third one, 

Gnathisotoma, is a debris-dwelling cryophilic springtail and, possibly, a key genus of glacier flea 

phylogenesis, still uncertain. The only morphological characteristic that separates Vertagopus from 

Desoria is the presence in Vertagopus of clavate tenent hairs; however, the shape of clavate hairs seems 

not a good phylogenetic trait, since this structure is strongly related to the environment (Christiansen 

1961). Fjellberg (2010) highlighted how also the characteristics that define morphologically 

Gnathisotoma from Desoria – the reduced number of sensilla on the tergites, the modified maxilla and 

the absence of frontal setae on the ventral tube - are not unique to the genus and present a gradual 

difference between the two genera. 

In this paper, we present the first comprehensive description of ice-dwelling springtails of European 

Alps through integrative taxonomy approach (Potapov et al. 2020), in order to investigate also their 

phylogeny and their potentiality as biogeographic indicators. 

MATERIAL AND METHODS 

Study area 

The sampling was performed in the European Alps. (Tab. 1; Fig. 1). Sampling interested also a wide 

spectrum of geographic and climatic and substrate variability, in order to have sufficient data for 

biogeographic and ecological considerations. Nomenclature of Alpine sectors follows SOIUSA 

(Marazzi 2005) 

Gnathisotoma specimens for phylogenetic analysis have been sampled on Pyrenées: Gnathisotoma 

bicolor in Troumouse (Gavarnie, 42°43'14.3"N, 0°07'32.8"E; 2500 m asl), Gnathisotoma sp.2 in 

Estarange (Aragnouet, 42°48'09.6"N, 0°08'10.0"E; 2490 m asl) (Tab. 1).  
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Figure 1: Sites sampled during field work on European Alps. Red points = sites were specimens were 

found; orange points= sites were  no specimens were found. Acronyms for sites are explained in Table 

1. 

Sampling activity 

The sampling activity was performed mainly during the summers 2020, 2021 and 2022. Sampling was 

performed on glaciers and rock glaciers from all areas of European Alps (Tab. 1, Fig. 1) Also snow 

patches in relict glacial site (i.e. glaciers where is not possible to find ice anymore, but there is still 

permanent or semi-permanent snow cover) have been checked. Specimens were searched on the 

supraglacial environments, in contact with the ice. Specifically, sampling consisted in hand-catching 

where springtails made consistent assemblages on snow or under the stones, and in floating method 

(Marshall et al. 1994, Valle et al. 2021) to collect the specimens occurring inside the supraglacial stony 

debris. For rock glacier it was not possible to reach the ice because of the deep debris layer and only 

surface interstitial habitat has been inspected. 

Gnathisotoma species were sampled with floating method in the stony debris at the borders of snow-

patches in relict glacial areas. 

Table 1:  sampled sites, including those where no ice-dwelling springtails were found (grey) and those 

one where only few specimens have been found (blue). Legend: G= glacier, RG=rock glacier, N=snow-

patch. FM=sampled with flotation method. “*” is associated to the dominant species of a glacier where 

also another species occurs: these glaciers are Morteratsch, Miage, Oberaar and Tour. Species name 

written in red are the three new species described hereafter. The last three populations are non-Alpine 

species used for phylogenetic analysis. 
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glacier, rock 

glacier and 

snow-

patches 

names 

geographic area 
land

form 
code 

historical reports 

with reference 
species name country 

sampling 

data 
microhabitat Latitude Longitude 

altitude 

(m asl) 
Morphology 

cox1 

(number 

of 

sequences) 

16S 

(number 

of 

sequences) 

Sforzellina  
Ortles-Cevedale, Southern Rhaetian 

Alps, Eastern Alps 
G SFO 

  

"species B" 

Italy 05/08/2020 

on supraglacial snow and 

in supraglacial debris 

(FM) 

46°20'58.7"N  10°30'44.1"E 2859 

Complete morphological 

description 

10 8 

Dosdè   
Ortles-Cevedale, Southern Rhaetian 

Alps, Eastern Alps 
G DOS  Italy 05/08/2020 under stones on bare ice 46°23'34.8"N  10°12'58.9"E 2760 10 10 

Agola 
Brenta Dolomites, Southern 

Rhaetian Alps Eastern Alps 
G AGO  Italy 10/08/2020 

on supraglacial snow and 

ice 
46°08'57.9"N  10°51'27.0"E 2581  9 9 

Predarossa  
Valtellina, Southern Rhaetian Alps, 

Eastern Alps 
G PRE  Italy Jul. 2021 under stones on bare ice 46°15'37.4"N  9°44'21.8"E 2850 9 

6 (+4 to be 

sequenced) 

Forni  
Ortles-Cevedale, Rhaetian Alps, 

Eastern Alps 
G GFO 

Isotomidae sp (Buda et 

al. 2020), "Desoria 

glacialis" (Stoppani, 

1876) 

"species A" 

Italy 03/08/2020 under stones on bare ice 
 

46°23'42.95"N 

 

10°35'24.79"E 
2630 

Complete morphological 

description 

10 7 

Vedretta 

d'Amola 

Adamello, Southern  Rhaetian Alps, 

Eastern Alps 
G AMO  Italy 21/07/2020    46°13'8.95"N 

 

10°41'12.25"E 
2701 10 10 

Giogo alto 
Val Senales, Southern Rhaetian 

Alps, Eastern Alps 
G GIO  Italy 21/08/2020 under stones on bare ice 46°46'52.1"N   10°48'20.7"E  2843 13 9 

Pers   
Bernina, Wester Rhaetian Alps, 

Eastern Alps 
G PER  Switzerland 30/07/2o21 under stones on bare ice 46°24'25.9"N 9°57'32.4"E 

2670-

2700 
10 8 

Morteratsch* Bernina, Western Eastern Alps G MOR1 
Vertagopus helveticus 

(Haybach, 1980) 
Switzerland 10/07/2021 under stones on bare ice 46°24'55.5"N 9°56'04.5"E 

2200-

2300  
9 4 

Mittelberg  
Otztal Alps, Southern Rhaetian 

Alps, Eastern Alps 
G MIT 

"cf Desoria saltans" 

(Kopeszki 1988) 
Austria 20/08/2021 under stones on bare ice 46°55'09.5"N 10°53'43.7"E 

 2680-

2700  

6 (+3 to be 

sequenced) 

6 (+4 to be 

sequenced) 

Lang 

gletscher 
Bernese Alps, Western Alps G VAL  Switzerland 10/08/2021 under stones on bare ice 46°27'28.3"N 7°55'55.8"E 

2450-

2550 

6 (+ 3 to be 

sequenced) 

6 (+ 2 to be 

sequenced) 

Oberaar* Bernese Alps, Western Alps G OBE 

Isotoma 'sp. G' 

(Eisenbeis & Meyer 

1999 

Switzerland 14/08/2021 under stones on bare ice 46°32'08.6"N 8°13'12.4"E 
2380-

2440  

6 (+4 to be 

sequenced) 

6 (+4 to be 

sequenced) 

de Moiry Pennine Alps, Western Alps G MOI  Switzerland 11/08/2021 under stones on bare ice 46°05'15.5"N 7°35'25.3"E 
2620-

2660 
10 10 

Pièce  Pennine Alps, Western Alps G PIE  Switzerland 17/08/2021 under stones on bare ice 45°59'59.7"N 7°28'12.2"E 
2750-

2800 
9 10 

Pre de Bar  
Mont Blanc, Graian Alps,  

Western Alps 
G PDB  

Desoria saltans Nicolet, 

1841 

Italy 25/07/2021 under stones on bare ice 45°54'08.9"N  7°03'04.2"E 2700 
Morphological 

identification and notes 

10 10 

Glacier 

Blanc  

Ecrins, Dauphiné Alps, Western 

Alps 
G GLB  France 08/08/2021 under stones on bare ice 44°56'46.6"N 6°23'48.8"E 2970 8 8 

Scais  Orobian Alps, Eastern Alps G SCA  Italy 18/09/2020 
in supraglacial debris 

(FM) 
46°03'52.8"N  9°58'56.1"E 2815 - 5 - 

Miage* 
Mont Blanc, Graian Alps, Western 

Alps 
G MIA1  

Vertagopus alpinus  

Haybach, 1972 

Italy 08/09/2020 
in supraglacial debris 

(FM) 
45°46'52.6"N  6°52'02.3"E 2075 

Morphological 

identification and notes 

14 12 

Mer de 

Glace  

Mont Blanc, Graian Alps, Western 

Alps 
G MDG  France 12/08/2021 

in supraglacial debris 

(FM) 
45°54'44.5"N 6°56'10.4"E 2040 

10 to be 

sequenced 
10 

Pasterze 

Grossglockner, Western Tauern 

Alps, 

Eastern Alps 

G PAS 
Vertagopus alpinus  

Haybach, 1972 
Austria 01/08/2021 

in supraglacial debris 

(FM) 
47°05'13.9"N 12°43'24.9"E 2340 10 

6 (+4  to be 

sequenced) 

Morteratsch 
Bernina, Wester Rhaetian Alps, 

Eastern Alps 
G MOR2 

Vertagopus helveticus 

(Haybach, 1980) 
Switzerland 10/07/2021 under stones on bare ice 46°24'55.5"N 9°56'04.5"E 

2200-

2300  
- 1 

Orny  
Mont Blanc, Graian Alps, Western 

Alps 
G ORN  Switzerland 17/08/2022 under stones on bare ice 45°59'59.8"N 7°04'03.7"E 2700 - - 

Pelerins  
Mont Blanc, Graian Alps, Western 

Alps 
G PEL  France 23/08/2022 under stones on bare ice 45°53'43.9"N 6°53'04.9"E 2320 - - 

Tour* 
Mont Blanc, Graian Alps, Western 

Alps 
G TOU1  France 24/08/2022 under stones on bare ice 45°59'44.8"N 6°59'07.4"E 2660 - - 

Tour 
Mont Blanc, Graian Alps, Western 

Alps 
G TOU2  Gnathisotoma sp. 3 

(few specimens) 
France 24/08/2022 under stones on bare ice 45°59'44.8"N 6°59'07.4"E 2660 

Morphological 

identification and notes 
- - 

Glacier Noir 
Ecrins, Dauphiné Alps, Western 

Alps 
G GLN  "species GLN" France 09/08/2021 

in supraglacial debris 

(FM) 
44°55'11.3"N  6°23'37.8"E 2240 

Complete morphological 

description 
6 6 
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glacier, rock 

glacier and 

snow-

patches 

names 

geographic area 
land

form 
code 

historical reports 

with reference 
species name country 

sampling 

data 
microhabitat Latitude Longitude 

altitude 

(m asl) 
Morphology 

cox1 

(number 

of 

sequences) 

16S 

(number 

of 

sequences) 

Peirabroc1  Maritime Alps, Western Alps G PEI-a  Unknown  

(few specimens) 
Italy 14/09/2020 

in supraglacial debris 

(FM) 
44°07'18.7"N  7°24'51.1"E 2535 - 3 - 

Peirabroc2  Maritime Alps, Western Alps G PEI-b  Unknown  

(few specimens) 
Italy 14/09/2020 

in supraglacial debris 

(FM) 
44°07'18.7"N  7°24'51.1"E 2535 - 1 - 

Clapier  Maritime Alps, Western Alps G CLA  Unknown  

(few specimens) 
Italy 15/09/2020 

in supraglacial debris 

(FM) 
44°06'49.8"N  7°25'25.3"E 2730 - 3 - 

Miage 
Mont Blanc, Graian Alps, Western 

Alps 
G MIA2  

Unknown  

(few specimens) 
Italy 08/09/2020 

in supraglacial debris 

(FM) 
45°46'52.6"N 6°52'02.3"E 2075 - 2 2 

Aletsch  Bernese Alps, Western Alps G -  - Switzerland 01/08/2021 under stones on bare ice 46°26'36.2"N  8°04'41.5"E 2340 - - - 

Diavolo in 

Tenda   
Orobian Alps, Eastern Alps N -  - Italy 19/09/2020 

on snow and in the stony 

debris on the border of 

the snow (FM) 

46°02'22.8"N  9°54'22.2"E 2390 - - - 

Malgina Orobian Alps, Eastern Alps N -  - Italy 17/07/2020 

on snow and in the stony 

debris on the border of 

the snow (FM) 

46°04'49.5"N 10°03'01.8"E 2570 - - - 

Secreti   Orobian Alps, Eastern Alps N -  - Italy 18/09/2020 

on snow and in the stony 

debris on the border of 

the snow (FM) 

46°03'28.3"N  9°58'54.8"E 2700 - - - 

Mandrone  
Adamello, Southern Rhaetian Alps, 

Eastern Alps 
G -  - Italy 25/08/2020 under stones on bare ice 46°11'5.80''N 10°33'34.67''E 2606 - - - 

Marmolada 
Marmolada Dolomites, Southern 

Rhaetian Alps, Eastern Alps 
G -  - Italy 03/09/2020 under stones on bare ice 46°26'21.3"N  11°51'49.4"E 2900 - - - 

Stelvio 
Ortles-Cevedale, Southern Rhaetian 

Alps, Eastern Alps 
G -  - Italy 19/08/2020 under stones on bare ice 46°30'29.6"N  10°28'06.7"E 3200 - - - 

Ventina   Orobian Alps, Eastern Alps G -  - Italy 05/09/2020 

under stones on bare ice 

and in supraglacial debris 

(FM)  

46°17'08.9"N  9°46'52.2"E 2100 - - - 

Belvedere  
Monte Rosa, Pennine Alps, Western 

Alps 
G -  - Italy 10/08/2020 

in supraglacial debris 

(FM) 
45°57'33.5"N  7°54'47.0"E 2040 - - - 

Cima uomo  
Marmolada Dolomites, Southern 

Rhaetian Alps, Eastern Alps 
G -  - Italy 25/08/2020 

in supraglacial debris 

(FM) 
46°24'33.5"N  11°48'21.1"E 2550 - - - 

Lazaunkar  
Val Senales, Southern Rhaetian 

Alps, Eastern Alps 
RG -  - Italy 06/08/2020 ice not found, too deep 46°44'50.3"N  10°45'23.1"E 2540 - - - 

Rock glacie 

Amola  

Adamello, Southern Rhaetian Alps, 

Eastern Alps 
RG -  - Italy 22/07/2020 ice not found, too deep 46°12'11.5"N  10°42'11.0"E 2460 - - - 

Troumouse  Gavarnie, Pyrenées N TGN 
Gnathisotoma bicolor 

(Cassagnau, 1957) 

Gnathisotoma bicolor 

Cassagnau, 1957 
France 08/07/2021 

stony debris at the border 

of a snowpatch, along the 

glacial stream (FM) 

42°43'14.3"N 0°07'32.8"E 2500 
Morphological 

identification and notes 
9 10 

Estarange  Aragnouet, Pyrenées N ESTmg 
Gnathisotoma bicolor 

(Cassagnau, 1957) 
Gnathisotoma sp.2 France 07/07/2021 

stony debris at the border 

of a snowpatch (FM) 
42°48'09.6"N 0°08'10.0"E 2490 

Morphological 

identification and notes 
3 3 

Calderone Gran Sasso, Apennines G CLA - 
Desoria calderonis 

Valle, 2021 
Italy 08/07/2020 

in supraglacial debris 

(FM) 
42°28ʹ16.2″ N 13°34ʹ05.8″ E 2700 

Complete morphological 

description in Valle et 

al. 2021 

9 (from 

Valle et al. 

2021) 

9 
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Specimen conservation and preparation  

Specimens are preserved in 96% ethanol at -20°C. For slide preparation they were passed in boiling 

alcohol for removing fats and cleared by a short immersion in 10% KOH solution. Then, they were 

passed in Chloralphenol aland finally mounted on slides using Swann medium as preservative solution 

(Rusek, 1975). Other specimens were initially cleared by a short immersion in 10% KOH solution and 

then mounted on depression slides using lactic acid or Marc André as a preservative solution for better 

preserve and observe the body shape. Morphological observations and pictures were made with a phase-

contrast Leica DM2500 with phase and DIC contrasts and drawing arm, a Carl Zeiss Axiolab 5 with 

phase contrast light microscopes and a Quanta400 (FEI) scanning electron microscope..  

DNA sequencing 

Whole genomic DNA was extracted from ten specimens from each of the sampled population, using 

the Wizard®SV Genomic DNA Purification System (Promega, Madison, WI, USA). For each specimen 

we amplified and sequenced two markers. The mitochondrial marker analysed –cytochrome c oxidase 

subunit 1, 5P fragment (cox1) – was amplified by the primers 

GGTCAACAAATCATAAAGATATTGG (LCO, foreward) and 

AAACTTCAGGGTGACCAAAAAATCA (HCO, reverse) (Folmer et al. 1994). The ribosomial 

marker analyzed - 16S ribosomal RNA (16S) – was amplified by the primers 

CCGGTCTGAACTCAAATCATGT (LR-J-12887M, foreward) and CGACTGTTTAACAAAAACAT 

(LR-N-13398M, reverse) (Simon et al. 1994, modified after Zhang et al. 2015).  

For Vertagopus sp n. (GLN), V. alpinus (PAS, MIA, MDG) and Gnathisotoma bicolor (TGN) the 

primers aforementioned LCO-HCO (Folmer et al. 1994) did not amplify cox1; therefore, new primer 

HCO were designed for the same marker on the basis of a partial sequencing of the neighboring 

fragment COI. The amplification of COI fragment have been performed with COIa/f primers 

(Udayasuriyan et al. 2015). LCO has been corrected on the basis of the BOLD sequence of Desoria 

tigrina (OD987622.1 Desoria tigrina). Therefore, for V. alpinus (PAS, MIA, MDG) and Vertagopus 

sp. n (GLN) cox1 has been amplified with the primers TCAACAAACCACAAAGATATTGG (“LCO 

corrected for PAS, MIA, MDG”, foreward) and TATACTTCAGGRTGGCCAAAAAATCA (“HCO 

corrected”, reverse); for Gnathisotoma bicolor (TGN) cox1 has been amplified with the primers 

TCAACAAACCACAAAGATATTGG (“LCO corrected”, foreward) and  

TAYACTTCTGGGTGCCCAAAAAATCA (“HCO corrected for TRO”, reverse). PCRs were prepared 

with AmpliTaq Gold™ 360 Master Mix in a 10 μL reaction volume containing: 2 μL of whole genomic 

DNA, 0.5 μL of both forward and reverse primers (10 μM). Amplifications were run with the following 

conditions for each of the 35 cycles: a denaturation step at 95°C for 1 min, an annealing step at 50°C 

for 1 min and an elongation step at 72°C for 90 s. An additional initial denaturation step was set at 95°C 

for 5 min as well as a final extension step at 72°C for 7 min (5 min for COIa/COIf) (Valle et al 2021, 

Udayasuriyan et al. 2015). For TGN cox1 it has been necessary to run the amplifications for 40 cycles. 

For Desoria calderonis were sequenced from the 9 specimens of the original description (see Valle et 
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al. 2021) also the 16S marker. For ORN, TOU, PEL was performed only the morphological 

identification. 

Phylogenetic analysis 

Phylogenetic analysis was conducted on individuals coming from a total of 28 populations (26 for 

cox1, 23 for 16S; population codes in Tab.1). Additional related sequences available from the literature 

were added as outgroups and/or to contextualize newly obtained sequences (7 for cox1, 2 for 16S). 

Phylogenetic analysis was conducted on the two markers separately. Sequences were imported in 

AliView (ver. 1.28; Larrson, 2014), aligned using the built in muscle function (ver: 3.8.425; Edgar, 

2004), trimmed to an uniform length and collapsed to unique haplotypes using the DNAcollapser 

function through the FaBox webserver (https://birc.au.dk/~palle/php/fabox/). Final datasets included 

218 sequences of 560 nucleotides for cox1 and 188 sequences of 383 nucleotides for 16S before 

collapsing and 121 and 45, respectively, after collapsing.  

Differences among unique sequences were calculated as p-distances in Paup (ver. 4.0a168; Swofford, 

2003). The best partitioning scheme and model of sequence evolution were identified in PartitionFinder 

2 (Lanfear et al. 2012) sumbitting cox1 sequences as three starting partitions (1st, 2nd and 3rd codon 

positions) and 16S sequences as one starting partition. Phylogenetic analysis was conducted on each 

dataset using MrBayes (v. 3.2.7a; Ronquist et al. 2012) applying the best partitioning scheme and model, 

continuing the search for 50 million generations. After confirming convergence, the final tree was 

visualized in Figtree (v. 1.4.4; available at http://tree.bio.ed.ac.uk/software/figtree/). 

After completing last cox1 sequences (see Tab. 1), we will evaluate whether to analyse also a nuclear 

gene, 18S, and we will perform a phylogenetic analysis with the three genes combined. 

PRELIMINARY RESULTS 

Ice-dwelling springtails were found in 26 sites of European Alps (68% of the investigated sites), always 

on clean-ice glaciers and debris-covered glacier, never on snow patches and rock glaciers (Tab. 1). On 

three glaciers– Peirabroc and Clapier glaciers in Maritime Alps and Scais glacier in Orobian Alps – 

only very few specimens have been found. Thus, for these three sites only few sequences of cox1 and 

no morphological notes have been provided, as a preliminary information.  

From a morphological perspective, as a whole, five ice-dwelling species were found: Desoria saltans, 

Vertagopus alpinus, “Species A”, “Species B” and “Species GLN”. “Species B” occurs in the central 

area of Eastern Alps, others (Vertagopus alpinus, Desoria saltans and “Species A”) occurred almost on 

the whole chain. “Species GLN” occurs only on Glacier Noir in Western Alps.  

Usually only one species was found on each glacier, when the morphological approach was applied. 

However, on Oberaar (Bernese Alps) and Tour (Mont Blanc) two species have been found, one 

dominant and one rarer. On Oberaar, in addition to dominant “Species A”, only few juvenile with 

strongly clavate tenent hairs have been found: this could suggest the co-presence of Vertagopus alpinus, 

but further sampling and studies on adult specimens are needed. On Tour glacier the dominant species 

https://birc.au.dk/~palle/php/fabox/
http://tree.bio.ed.ac.uk/software/figtree/
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is Vertagopus alpinus, very common on Mont Blanc, but few specimens (9) of Gnathisotoma sp. 3 have 

been found. 

Phylogenetic results 

The phylogenetic analysis has identified clusters with sequences very similar within the cluster, which, 

with few exceptions, corresponds uniquely to one or more groups of sampling sites. All clusters are 

well differentiated from each other. The average level of divergence within groups in the tree new 

described species is 1 % for cox1 and 0.4% for 16S, and between these three groups of  13% for cox1 

and 8% for 16S. 16S and cox1 trees give concordant results on cluster identification. However, cox1 

highlights more intra-cluster variability than 16S. In the absence of a specific species delimitation 

analysis, it is assumed that these groups observed in the phylogenetic trees are referable to good 

biological species, because of the sizeable gap observed between distances within a cluster and between 

clusters and the correspondence of some of these groups with already known species. These clusters 

well correspond to species identified morphologically. 

Usually, also from molecular data only one species was found on each glacier; however, on Morteratsch 

(Bernina) and Miage (Mont Blanc) glaciers there are genetic evidences of the coexistence of two 

species, one dominant and one rarer, that was possible to identify for Morteratsch as “Species A” 

(dominant) and Vertagopus alpinus (Tab. 1, Figg. 2,3).  On Miage glacier, two sequences of a different, 

separated species have been found (MIA2; Figg. 2,3). For Peirabroc and Clapier (Maritime Alps; PEI-

a, PEI-b, CLA) and Scais (Orobian Alps; SCA) glaciers only few cox1 sequences are available and no 

morphological identification, since very few specimens have been found. Clapier hosts one species and 

Peirabroc hosts two different species that do not correspond to any other known sequences (Fig. 3). The 

five sequences of cox1 from Scais glacier indicates the presence of a Desoria saltans population in 

Orobian Alps (Southern Eastern Alps) (Figg 3, 16). 
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Figure 2 16S phylogenetic tree. In green boxes, species sampled for this work for which we have 

morphological and genetic identification. In yellow boxes are highlighted species for which we have 

few sequences and no morphological identification. Species written in red are new species described 

for this work.  In yellow are highlighted the second species of a population where another species is 

dominant. Bootstrap support is indicated if > 80 

 

Figure 3 cox1 preliminary phylogenetic tree. In green boxes, species sampled for this work for which 

we have morphological and genetic identification. In yellow boxes are highlighted species for which 

we have few sequences and no morphological identification. Species written in red are new species 

described for this work. Bootstrap support is indicated if > 80   
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Species descriptions 

From morphological and phylogenetic analyses it emerges that “Species A”, “Species B” and “Species 

GLN” are species new for sciences for which is necessary a morphological description belonging eather 

to Vertagopus or Desoria genus, see discussion below. For the already known Desoria saltans, 

Vertagopus alpinus and V. helveticus we present some morphological notes. From the two sequences 

found on Miage glacier that are not of V. alpinus (MIA2; Mont Blanc) and from Peirabroc and Clapier 

(PEI-a, PIE-b, CLA; Maritime Alps) cox1 sequences there are evidences that they should be species 

new for science but there are too few specimens for describing them. 

Abbreviations used in the text  

Abd = abdominal segment; accp-setae = accessory p-row s-setae; al-setae = antero-lateral s-setae; Ant 

= antennal segment; AOIII = antennal organ III; as-setae = anterosubmedial s-setae; bl = basolateral 

field (mentum); bm = basomedian field (submentum); ms-setae = micro s-setae;  

PAO = post antennal organ; Px = proximal field; Th = thoracic segment; Tita = tibiotarsus;  

VT = ventral tube  
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Desoria/Vertagopus sp. n. “Species B” morphological description 

Populations (SFO-DOS-AGO-PRE) 

 

 

 

 

 

Figure 4: color pattern and general appearance of “species B” 

Body. Mean body length (without antennae) 1.49 (standard deviation: 0.29 mm on 11 specimens, see 

Table 2). Colour black, also juvenile (Fig. 4). Cuticle granulation fine and regularly distributed; all 

dorsal tergites clearly separated from each other (Fig. 6A). Abd. III and IV of approximately same 

width.  

Chaetotaxy. Terga consisting of micro-, meso- and macrosetae, these latter well differentiated on last 

abdominal tergites (Abd. IV–VI, in median position), but not well distinguished from ordinary setae on 

other tergites (Fig. 5G). No setae in ventral side of Th. II-Th. III. All setae smooth. Macrosetae on Abd. 

V 0.6 times median length of tergite and 1.4 times as long as inner edge of Claw III (Table 2). Sensory 

chaetotaxy constituted by ms-setae, accp-, al- and as-setae. Only Th. II and Abd. III have ms-setae 

(formula 10/001). Dorsal s-setae constituted by single al-seta on Th. II and Th. III, single as-seta on 

Abd. V and by accp-setae normally set within p-row (Fig. 5G). The number of accp-setae can be 

expressed as (2)3, (2)3/(2)3, (2)3, 3, 4(5), 3(4).  

Head. Antennae slightly longer than cephalic diagonal (D/A = 0.38, Antennae =0.43 mm). Ratio among 

Ant. I/Ant. II/Ant. III/Ant. IV is 1/1.5/1.4/2.7.  There are often cases of asymmetry among s-setae 

between antennae of the same specimen. Ant. I has 12-23 s-setae in ventro-lateral position,(1)-2-(3) of 

them are shorter and in distal position; 2 microsetae in ventro-proximal position (Fig. 5B,5I). Ant. II 4-

6 s-setae in distal position. Ant. III has a sensory field that includes includes 2 inner s-setae of AO III, 

one lateral ms-seta and about 11-15 s-setae (Figs 5C, 6D). Ant. IV has one simple small subapical, peg-

shaped organite and a bifurcate pin-like seta (Fig. 5H). Eye spots strongly dark pigmented with 8 + 8 

ocelli (G and H smaller; Figs 5A,6B). PAO elongated about 2 times as long as diameter of nearest 

ocellus (Fig. 5A). Prelabral setae 4. Labral formula as 5,5 and 4 and 4 sharp papillae (Fig. 5L). 

Maxillary palp bifurcated and maxillary outer lobe with 4 sublobal hairs (Fig. 6C). Labial palp with 5 

papillae and a total of 16 guard setae (Fjellberg 1999) distributed as: A1, B1–4, C0, D1–4, E1–7. Hypostomal 

papilla with H shorter than h1/h2. Proximal (px), basomedian (bm) and basolateral (bl) fields of labium 
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with 4, 4 and 5 setae, respectively and 4-8 postlabial setae. Mandible with well-developed molar plate 

. VT with 0+0 anterior, 4 + 4 latero-distal and (4)5-6 posterior setae with 2 in apical transverse row 

(Fig. 5E). Retinaculum with 4 teeth and 4-7 setae.  

Furca. Furca almost as long as antenna (see Table 2; Fig. 4); ratio of mucro/dens/manubrium = 1 / 25 / 

16. Ventral setae on manubrium about 38-40 (in juvenile are less, and is possible to confuse them with 

specie A), including ventro-apical setae ((8)-10) that are usually larger than the others (Fig. 5F) with 

the exception of 1/2 + 1/2 shorter setae in apical-medial position; about 40 dorsal setae. Dens with 

dorsal crenulations, more than 90 ventral and 12-14 dorsal setae. Mucro quadridentate with apical tooth 

much smaller than subapical one (Fig. 6E). 

Legs. 11 setae in the distal apical ring of Tita; 2-3-3 very weakly clavate tenent hairs (Fig. 5D), shorter 

than inner edge of Cl. Claw of normal shape without lateral and inner teeth; empodium sometimes with 

a small inner tooth; pretarsus with a pair of setae (Fig. 6F).  
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Figure 5 A-L:  drawing and pictures for “Species B” description. A: ocular plate (A-H: OMMA); B: Ant. I, 

ventral side; C: Ant. III; D: Claw III; E: latero-posterior side of VT; F: ventral side of furca; G: accp sens and 

macrosetae; H: Ant. IV organite and pin-like seta; I: ventral side of Ant. I; L:  papillae labrum; I:  
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Figure 6 A-F:  drawing and pictures for “Species B” description. SEM pictures belong to SFO and AGO 

populations. Pictures at contrast microscopes are belong to DOS population 
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Desoria/Vertagopus sp. n. “Species A” morphological description 

Populations (GFO, AMO, GIO, MOR1, MOI, PIE, PER, MIT, VAL, OBE) 

 

Figure 7: color pattern and general appearance of “species A” 

Body. Mean body length (without antennae) 1.73 mm (standard deviation: 0.34 mm on 29 specimens, 

Table 2). Colour black, also juvenile (Fig. 7). Cuticle granulation fine and regularly distributed; all 

dorsal tergites clearly separated from each other (Fig. 9E). Abd. III and IV of approximately same 

width.  

Chaetotaxy. Terga, consisting of micro-, meso- and macrosetae, these latter well differentiated on last 

abdominal tergites (Abd. IV–VI, in median position), but not well distinguished from ordinary setae on 

other tergites (Fig. 8D). No setae in ventral side of Th. II-Th. III. All setae smooth. Macrosetae on Abd. 

V 0.5 times median length of tergite and 1.2 times as long as inner edge of Claw III (Table 2). Sensory 

chaetotaxy constituted by ms-setae, accp-, al- and as-setae. Only Th. II and Abd. III have ms-setae 

(formula 10/001). Dorsal s-setae constituted by single al-seta on Th. II and Th. III, single as-seta on 

Abd. V and by accp-setae normally set within p-row (Fig. 8D). The number of accp-setae can be 

expressed as 2, 2/1(2), 1, 1-3, 2-3, 3(4).  

Head. Antennae slightly longer than cephalic diagonal (D/A = 0.42, Antennae=0.45 mm). Ratio among 

Ant. I/Ant. II/Ant. III/Ant. IV is 1.0/1.6/1.5/3.0 (Table 2).  There are often cases of asymmetry among 

s-setae between antennae of the same specimen. Ant. I has 8-24 s-setae in ventro-lateral position,1-(2) 

of them are shorter and in distal position; (1)-2-(3) microsetae in ventro-proximal position (Fig. 8B). 

Ant. II 6 s-setae in distal position. Ant. III has a sensory field that includes 2 inner s-setae of AO III, 

one lateral ms-seta and about 10-13 s-setae (Figs 8C). Ant. IV with one simple small subapical, peg-

shaped organite and a bifurcate pin-like seta (Fig. 8G). Eye spots strongly dark pigmented with 8 + 8 

ocelli (G and H smaller; Figs 8A). PAO elongated (sometimes is visible a weak median constriction) 

about 1.5 times as long as diameter of nearest ocellus (Fig. 9D). Prelabral setae 4. Labral formula as 

5,5 and 4 and 4 sharp papillae (Fig. 8H). Maxillary palp bifurcated and maxillary outer lobe with 4 

sublobal hairs (Fig. 9F). Labial palp with 5 papillae and a total of 15-16 guard setae (Fjellberg 1999) 

distributed as: A1, B1–4, C0, D1–4, E1–6/7 (Fig. 9D). Characteristic of this species is the variability in 
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number of guard setae. Usually e7 is not present but it should be present and frequently the same 

individual has one labium with e7 and the other one without (see remarks below in “variability 

in labium setae”). Hypostomal papilla with H shorter than h1/h2. Proximal (px), basomedian (bm) and 

basolateral (bl) fields of labium with 4, 4 and 5 setae, respectively (Fig. X). 4-7 postlabial setae (Fig. 

9F). Mandible with well-developed molar plate. VT with 0+0 anterior, 4 + 4 latero-distal and (4)5-9 

posterior setae with 2 in apical transverse row (Fig. 8F). Retinaculum with 4 teeth and 5-7 setae.  

 

Furca. Furca almost as long as antenna; ratio of mucro/dens/manubrium = 1 / 24 / 16 (Fig. 8I). Ventral 

setae on manubrium about 14-22, including ventro-apical setae (8) larger than the others (Fig. 8I) with 

the exception of 1(3) + 1(3) shorter setae in apical-medial position; about 50 dorsal setae on Man. Dens 

with dorsal crenulations, more than 60 ventral and 14-22 dorsal setae. Mucro quadridentate with apical 

tooth much smaller than subapical one (Fig. 9C).  

Legs. 11 setae in the distal apical ring of Tita; 2-3-3 very weakly clavate tenent hair,  shorter than inner 

edge of Cl (Fig. 8E, 9A-B). Claw of normal shape without lateral and inner teeth; empodium empodium 

sometimes with a small inner tooth (Fig. 9A-B); pretarsus with a pair of setae. 

Variability in labium setae: checking 31 specimens (3-4 for every populations), 18 specimens have 

not e7, 7 specimens has e7 only on one side (usually on the right) and 6 have e7 on both sides. This 

characteristic is well distributed among populations. 

Nota on Anterior setae of VT: in Dosdè (DOS) and de Moiry (MOI) glaciers in one specimens there are 

1+1 anterior setae. It could be the link with Vertagopus alpinus (a pair of setae originally present and 

lost during evolution, expressed only for an error) 
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Figure 8 A-I:  drawing and pictures for “Species A” description. A: ocular plate (A-H: OMMA); B: 

Ant. I, ventral side; C: Ant. III; D: accp sens and macrosetae; E: Claw III; F: latero-posterior side of 

VT; G: Ant. IV organite and pin-like seta; H: papillae labrum; I: ventral side of furca. 
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Figure 9 A-F: SEM pictures of “species A”. A-B: claws and empodium (emp in picture A without inner 

tooth, emp in picture B with inner tooth); C: mucro; D: Ocular plate; E: individual; F: mouth part 
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Desoria/Vertagopus sp. n. “Species GLN” morphological description 

Populations (GLN) 

 

 

 

 

 

Figure 10: color pattern and general appearance of “species GLN” 

Body. Mean body length (without antennae) 1.3 mm (standard deviation: 0.1 mm on 10 specimens, 

Table 2). Colour black with appendages a little brownish, (Fig. 10); juveniles are brownish. Cuticle 

granulation fine and regularly distributed; all dorsal tergites separated from each other, but Abd. V-VI 

are not clearly separated by a narrowing (Fig. 11G). Abd. III and IV of approximately same width.  

Chaetotaxy. Terga, consisting of micro-, meso- and macrosetae, these latter well differentiated on last 

abdominal tergites (Abd. IV–VI, in median position), but not well distinguished from ordinary setae on 

other tergites (Fig. 11G). No setae in ventral side of Th. II-Th. III. All setae smooth. Macrosetae on 

Abd. V 1 times median length of tergite and 2.2 times as long as inner edge of Claw III (Table 2). 

Sensory chaetotaxy constituted by ms-setae, accp-, al- and as-setae. Only Th. II and Abd. III have ms-

setae (formula 10/001). Dorsal s-setae constituted by single al-seta on Th. II and Th. III, two as-seta on 

Abd. V and by accp-setae normally set within p-row (Fig. 11G). The number of accp-setae can be 

expressed as 3, 3/ 3, 3, 3, 5, 3.  

Head. Antennae longer than cephalic diagonal (D/A = 0.33, Antenna =0.38 mm). Ratio among Ant. 

I/Ant. II/Ant. III/Ant. IV is 1 / 1.7/ 1.6 / 2.9 (Table 2).  There are often cases of asymmetry among s-

setae between antennae of the same specimen. Ant. I has 8-13 s-setae in ventro-lateral position, 1-3 of 

them are shorter and in distal position; 2 microsetae in ventro-proximal position (Fig. 11B). Ant. II has 

6-11 s-setae in distal position. Ant. III has a sensory field that includes 2 inner s-setae of AO III, one 

lateral ms-seta and about 18 s-setae (Figs 11C). Ant. IV has one big subapical, spherical organite and a 

bifurcate pin-like seta (Fig. 11H). Eye spots strongly dark pigmented with 8 + 8 ocelli subequal and 

very small (Figs 11A). PAO little elongated, about 3 times as long as diameter of nearest ocellus (Fig. 

11A). Prelabral setae 4. Labral formula as 5-5-4 and 4 papillae squared at the apex (Fig. 11I). 

Maxillary palp bifurcated and maxillary outer lobe with 4 sublobal hairs. Labial palp with 5 papillae 

and a total of 16 guard setae (Fjellberg 1999) distributed as: A1, B1–4, C0, D1–4, E1–7. Hypostomal papilla 

with H shorter than h1/h2. Proximal (px), basomedian (bm) and basolateral (bl) fields of labium with 4, 
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4 and 5 setae, respectively. 4-5 postlabial setae. Mandible with well-developed molar plate. VT with 0 

+ 0 anterior, 4 + 4 latero-distal and 4 posterior setae with 2 in apical transverse row (Fig. 11F). 

Retinaculum with 4 teeth and 5-6 setae.  

Furca. Furca longer than antenna; ratio of mucro/dens/manubrium = 1  / 25 / 13 (Tab. 2). Ventral setae 

on manubrium about 36, including ventro-apical setae (8) larger than the others with the exception of 1 

+ 1 short setae in apical-medial position; more than 40 dorsal setae on Man. Dens with dorsal 

crenulations, more than 60 ventral and 11-12 dorsal setae. Mucro quadridentate with apical tooth much 

smaller than subapical one (Fig. 11D).  

Legs. 11 setae in the distal apical ring of Tita; 2-3-3 very weakly clavate tenent hairs (Fig. 11E), shorter 

than inner edge of Cl. Claw of normal shape without lateral and inner teeth; empodium without inner 

tooth; pretarsus with a pair of setae (Fig. 11E).  
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Figure 11 A-I:  drawing and pictures for Species GLN description. A: ocular plate (A-H: OMMA); B: 

Ant. I, ventral side; C: Ant. III; D: mucro; E: Claw III; F: latero-posterior side of VT; G: accp sens 

and macrosetae; H: Ant. IV organite and pin-like seta; I: papillae labrum 
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Notes on Vertagopus alpinus Haybach, 1972 and V. helveticus Haybach, 1980  

Populations (PAS, MDG, MIA*, MOR2*). Figure 12.  

 

Figure 12: general appearance of Vertagopus alpinus (PAS population). 

Taxonomic notes on V. alpinus have been made on the basis of Mer de Glace, Pasterze and Miage 

specimens: 

Antennae: Ant I has 9-13 s-setae in ventro-lateral position, 1-2(3) of which are shorter in distal part; 

2(3) microsetae in ventro-proximal position. Ant. II has about 5 s-setae in distal position. Ant. III has a 

sensory field that includes 2 inner s-setae of AO III, one lateral ms-seta and 8-10 s-setae. Ant. IV with 

one simple subapical, peg-shaped organite and a bifurcate pin-like seta. 

Sensory chaetotaxy: Sensory chaetotaxy is very constant and is constituted by ms-setae, accp-, al- and 

as-setae. Only Th. II and Abd. III have ms-setae (formula 10/001). Dorsal s-setae constituted by single 

al-seta on Th. II and Th. III, single as-seta on Abd. V and by accp-setae normally set within p-row. The 

number of accp-setae can be expressed as 3, 3/ 3, 3, 3, 3-4, 3. 

The number of anterior setae on Man is very variable, from 20 to 32. 

For body measurements see Tab. 2 

Ecologic note: On Pasterze (Grossglockner), Mer de Glace and Miage (Mont Blanc) glaciers it has been 

only found inside supraglacial debris and not on bare ice. On Morteratsch (Bernina), Tour, Orny and 

Pèlerins (Mont Blanc) glaciers it has been sampled on bare ice, under stones.  

Taxonomic notes: V. helveticus probably is not a valid species, as sampled population on Morteratsch 

(which should be V. helveticus) is genetically (but also morphologically) identical to V. alpinus. We 

don’t have enough data to strongly support this finding, and further investigation is suggested. 

 

 

https://www.google.com/search?sxsrf=ALiCzsbbAQxB4q3f1gk_7YzvJUt3EwP3sw:1660654541858&q=Morteratsch&spell=1&sa=X&ved=2ahUKEwjli7-gtMv5AhXmQfEDHe3sCNYQkeECKAB6BAgCEDo
https://www.google.com/search?sxsrf=ALiCzsbbAQxB4q3f1gk_7YzvJUt3EwP3sw:1660654541858&q=Morteratsch&spell=1&sa=X&ved=2ahUKEwjli7-gtMv5AhXmQfEDHe3sCNYQkeECKAB6BAgCEDo
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Notes on two populations of Desoria saltans Nicolet, 1841  

Populations (PDB, GLB). Figure 13A-B. 

 

Figure 13 A-B:  A: general appearance of Desoria saltans (GLB population); B: bifurcated pin-like 

seta on Ant. IV (PDB population) 

Taxonomic notes on D. saltans have been made on the basis of Pre de Bar and Glacier Blanc specimens, 

since for Scais glacier only few specimens were available. 

Antennae Ant. I has 2-5 s-setae in ventro-lateral position, and 5-7 shorter and thicker s-setae in distal 

part; 2/3 microsetae in ventro-proximal position. Ant. II has about 8-11 s-setae in distal position. Ant. 

III has a sensory field that includes 2 inner s-setae of AO III, one lateral ms-seta and 7-11 s-setae. Ant. 

IV with one simple subapical, slightly bifurcated rod-shaped organite and a bifurcate pin-like seta 

(basal process very small) (Fig. 13B).  

For body measurements see Tab. 2 

Note on pigmentation: Desoria saltans is well distinguished from other ice-dwelling species by the 

very often visible purple reflections (Fig. 13A), especially in the juveniles. 

Note on Gnathisotoma sp. 2 

(population EST). Figure 14A-B. 

  

Figure 14 A-B:  A: general appearance; B: mucro 
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This Gnathisotoma species from Pyrenées has a maxilla with normal lamellae, not elongated as in 

Gnathisotoma bicolor. VT has no anterior setae, mucro has an apical dens slightly smaller than the 

subapical one (Fig. 14B). This species of Gnathisotoma does not correspond to any species described 

because of the shape of the maxilla, that is elongate in all known European species, and the 

pigmentation, and thus needs further investigations, since the low number of specimens collected does 

not allow to describe this species. 

Note on Gnathisotoma sp. 3 

(population TOU2) 

  

Figure 15:  general appearance of Gnathisotoma sp. 3 

This species of Gnathisotoma from Mont Blanc is the first report of this genus for Alps. From 

preliminary morphological identification it shows a characteristic maxilla with all lamellae elongated 

and a mucro with an apical dens slightly smaller than the subapical one. The pigmentation is similar to 

that one of Gnathisotoma bicolor from Pyrenées (Fig. 15). Characteristic of Gnathisotoma sp.3 is the 

presence on ventral tube of 4+4 lateral, 3 posterior and 1+1 anterior setae. 

 

 

Table 2: body measurements  

 

 

Head 

(dorsal)

head + 

body
AntI AntII AntIII AntIV Antenna

Head + 

Body + 

Antenna

Cephalic 

diagonal
Furca man dens mucro

Mac 

(abdV)
AbdV

inner 

edge of 

Claw3

Mandible 
(from apex to 

molar plate, 

included)

mean value 314 1490 64 97 89 176 427 1922 381 447 168 267 11 53 92 39 85

standard deviation 46 291 7 9 9 16 36 308 20 30 19 30 1 5 12 2 8

number of misuration 12 11 13 13 13 13 13 11 3 11 12 12 11 13 13 13 7

mean value 341 1729 64 102 94 190 451 2175 416 447 172 267 11 51 96 42 88

standard deviation 31 188 10 11 11 16 42 210 36 38 22 24 1 6 11 4 9

number of misuration 29 29 33 33 33 33 33 29 5 29 31 29 31 30 28 29 14

mean value 284 1296 53 90 85 153 380 1676 335 461 151 297 12 62 63 29 69

standard deviation 22 100 5 12 11 14 37 118 18 42 15 28 1 7 9 4 8

number of misuration 10 10 10 10 10 10 10 10 3 10 10 10 10 9 9 8 7

mean value 403 1864 68 119 109 233 529 2393 484 665 230 421 15 59 102 50 123

standard deviation 38 178 3 7 5 18 21 183 52 59 25 40 1 5 6 3 6

number of misuration 10 10 10 10 10 10 10 10 4 10 10 10 10 10 10 10 6

mean value 288 1420 53 76 71 142 342 1757 330 473 154 304 11 36 73 33 77

standard deviation 24 157 5 3 3 12 17 173 17 62 28 37 1 5 14 5 9

number of misuration 12 11 9 9 9 9 9 11 3 12 9 9 9 9 9 9 4

Vertagopus 

alpinus

length (micrometers)

species B

species A

specie GLN

Desoria 

saltans 
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Distribution pattern of ice-dwelling species 

Figure 16 reports the geographic distribution of the studied species. In the Northern part of Alps 

“species A” is the most frequent ice-dwelling springtail and shows a continue distribution from Pièce 

(Pennine Alps) to Mittelberg glacier (Oztal Alps); the Southernmost population of this species was 

found on the Amola glacier in Adamello massif (Rhaetian Alps, Italy), but most of the populations 

sampled are in Switzerland and Austria. “Species B” is the most common species in the Central-

Southern Italian Alps, with a distribution almost limited to the Valtellina area (Rhaetian Alps, Italy). 

Both species are quite genetically homogeneous. Vertagopus alpinus and Desoria saltans have a more 

fragmented distribution: D. saltans have been found with two populations in Western Alps (Écrins and 

Mont Blanc) and a third population have been found on Scais glacier in Eastern Alps (Orobian Alps). 

V. alpinus spreads from Western Alps to the Nort-Eastern Alps, but it has been found only on three 

massifs, on Mont Blanc (Grain Alps, Western Alps) - where it is present on several glaciers – on 

Morteratsch glacier (Bernina massif, Rhaetian Alps; only few individuals) and on Pasterze glacier 

(Grossglockner, Western Tauern Alps). “Species GLN” have been found only on Glacier Noir (Écrins 

massif, France). Some important glacial areas host several species, in particular Mount Blanc, Ortles-

Cevedale massif, Bernina massif and Écrins. Gnathisotoma sp. 3 has been found only with few 

individuals on Tour Glacier on Mont Blanc. 

  

Figure 16: Distribution of ice-dwelling springtails. Orange= “species A”; green=”species B”; red= 

Vertagopus alpinus, light-blue= Desoria saltans; violet=”species GLN”, yellow = Gnathisotoma sp.3, 

grey= unidentified species, 
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PRELIMINARY DISCUSSION AND PERSPECTIVES  

From these results we can, firstly, confirm the hypothesized existence of an unexplored biodiversity of 

ice-dwelling springtails on the European Alps: we added and described three new species to the two 

already known (Desoria saltans and Vertagopus alpinus). On the other hand, we suggest that 

Vertagopus helveticus probably is not a valid species, as an ice-dwelling springtails sampled on 

Morteratsch - the locus typicus of V. helveticus as described by Haybach, 1980 - is genetically identical 

to V. alpinus and the morphological traits of the two species are not clearly distinguishable. Comparing 

our findings with historical records, we could also hypothesize that the Isotoma ‘sp. G’ found by 

Eisenbeis and Meyer (1999) on Oberaar (Switzerland) and Rotmoos (Austria) glaciers and Desoria 

saltans found by Kopeszki (1988) on Mittelberg (Austria) were actually “species A”. Kopeszki (1988), 

in fact, stated that the specimens he found did not fit with the descriptions of D. saltans; thus the next 

research step should be to check his original material for confirm this hypothesis. 

Phylogenetic analysis is still ongoing thus it will be completed when all the genetic data will be available 

(cox1 of some populations still lacks and also a nuclear gene will be sequenced, 18S), in order to have 

more robust results. However, we could already do some early considerations on the basis of 

morphological and genetic data available by now: the three new species we are going to describe belong 

to a phylogenetic group that includes Vertagopus and Desoria. There are evidences that both these 

genera need to be revised, especially Desoria that is clearly a paraphyletic genus, as observed in 

previous works (Stevens et al. 2006; Fjellberg 2007; Stevens & D’Haese 2017, Valle et a. 2021). Thanks 

to our data, it will be possible to compare all available sequences of Desoria and Vertagopus with our 

sequences and try to re-define these two genus and assign the new species to the proper one. Meanwhile 

we could hypothesize that Desoria calderonis (Valle et al. 2021) should be indeed Vertagopus 

calderonis. It is not clear what is the origin of Gnathisotoma genus, since its relations with respect to 

Desoria and Vertagopus branches changes considering 16S or cox1. 

An important morphological consideration on Gnathisotoma could be made on the populations of 

Gnathisotoma sp. 2 found on Pyrenées, with normal lamellae of maxilla, and Gnathisotoma sp. 3 found 

on Mont Blanc, with 2 anterior setae on VT. The genus was originally described by Cassagnau (1957) 

on the basis of G. bicolor, characterized by elongated lamellae of maxilla and the absence of anterior 

setae on VT. We confirm what hypothesised by Fjellberg (2010) regarding a wide spectrum of 

variability in Gnathisotoma and the evidence that none of the diagnostic characters are clearly inclusive 

of all species and unique to the genus. There is only a gradual difference between the Gnathisotoma, 

Desoria and Vertagopus species. Despite this, Gnathisotoma appear as a distinctly monophyletic group. 

We suggest as an important diagnostic constant feature for this genus the peculiar shape of the 

quadridentate mucro with an apical dens slightly smaller than the subapical one.  

From the biogeographic point of view, we see a clear distribution pattern with the Northern part of Alps 

dominated by “species A”, the Central-Southern part dominated by “species B”; both species are quite 

https://www.google.com/search?sxsrf=ALiCzsbbAQxB4q3f1gk_7YzvJUt3EwP3sw:1660654541858&q=Morteratsch&spell=1&sa=X&ved=2ahUKEwjli7-gtMv5AhXmQfEDHe3sCNYQkeECKAB6BAgCEDo
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genetically homogeneous. V. alpinus and D. saltans have a more fragmented distribution; populations 

of D. saltans are genetically more differentiated. The low presence of Desoria saltans in our samplings 

is in contrast with many historical report for Switzerland and Austria: its presence in Eastern Alps is 

certain – since Lauteraar and Finsteraar in Switzerland (Bernese Alps) are the locus typicus (Nicolet, 

1841; Handschin 1924) and we found also a population in Orobian Alps– but we suppose that many 

reports actually refer to other ice-dwelling species. Some example are Kopeszki’s (1988) report (see 

above) or that one by Stoppani (1876), made without a morphological identification but only on the 

base of its ecology (in both cases, it was “species A”).  

Sites for which we have few genetic data that suggest the existence of several new species (PEI, CLA). 

These data suggest also that Maritime Alps, a peripheral mountain area already known as hotspots of 

biodiversity due to glaciation history (Medail & Quezel, 1999), could host isolated glacial species, well 

differentiated by the ones in Inner Alps. On the other hand, other important glacial areas host different 

species (Mount Blanc, Ortles-Cevedale massif, Bernina massif and Écrins), maybe indicating potential 

cold refugia during warm stages. From our data it emerges that a crucial area for “glacier flea” 

biogeography are the Western Alps and further investigations should consider to better detect this 

biodiversity. An important biogeographic datum regards the first record of Gnathisotoma for European 

Alps.   

From the ecological point of view, ice-dwelling springtails seem a well defined cryophilic group of 

springtails, as suggested by Eisenbeis and Meyer (1999), and are differentiated by firn- and debris-

dwelling cryophilic springtails like Gnathisotoma. In Alps, as in Pyrenées, this genus lives at the margin 

of the ice (in fact, we found only 9 specimens on a single Alpine glacier). Eisenbeis and Meyer (1999) 

affirmed that the intensive body pigmentation certainly functions as protection against the high radiation 

on the glacier surface: firn- and ground-dwelling cryophilic springtails are not so intensively pigmented, 

especially not on legs. From our data we could confirm this observation, being all supraglacial species 

completely dark, while only Gnathisotoma species show less pigmented appendages. Thus, also this 

evidence proves that Gnathisotoma sp. 3 from Mont Blanc – with yellow antennae - is a debris-dwelling 

cryophilic springtail. We could suggest this different pattern of pigmentation, from totally black to 

partially unpigmented on the appendages, as good indicators of the ecology of each species. 

We did not find (or we found in very low number) springtails in some very polluted glaciers, like Stelvio 

and Giogo Alto glaciers, heavily impacted by skiing and plastic fragments. It should be interesting to 

deepen the sensitivity of these organisms to this type of pollutants and, possibly, also to that due to 

plastic tarpaulins used for reduce ice-melting.  

Ice-dwelling springtails could not be found on rock glaciers: we suppose that it is due to the depth at 

which ice is located inside the stony debris. While we only sampled on the surface of the rock glacier. 

The potentiality of rock glaciers as habitat for these organisms is high, but we still have to overcome 

the difficulty in sampling at the deep interface rocks-ice. 
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As additional output of this paper, we will produce also an identification key for Alpine ice-dwelling 

springtails. 

Preparation of an identification Key for Alpine ice-dwelling springtails: 

Notes on differences among species: 

• Desoria saltans is easy identifiable for the presence of anterior setae on VT (2-8), simple 

maxillary palp, few maxilla lamellae a little bit elongated, absence of clavate tenent hairs 

• Vertagopus alpinus has short and clearly clavate tenent hairs (2-3-3) and about 28-32 anterior 

setae on Man 

• In “species GLN” Abd. V-VI are not clearly separated by a narrowing. 

• With only weakly clavate tenent hairs (2-3-3), there are “species A” and “species B”: In 

“specie B” There is a cheta among OMMA A+B and C+D, differently from “specie A”. In 

addition In “species B” there are only 14-22 anterior setae on Man, in specie A 38-40, while 

in GLN 36. 

• Desoria calderonis has a very restricted distribution range (Calderone glacier, Gran Sasso) 
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4.2   Global scenario, local approach: challenges for alpine plants, 

insects and spiders in a warming world 
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Plant and animal species are reacting to the ongoing climate change through a wide array of responses, 

depending on different time and spatial scales, including adaptation, speciation and extinction processes 

(Merila & Hendry, 2014; Schilthuizen et al., 2013; Bellard et al., 2014),  migration along altitudinal or 

latitudinal gradients, local survival in refugia (Rull, 2009; Stewart et al. 2010, Lenoir et al., 2017, Gentili 

et al. 2020; Batori et al 2022) and consequent expansion, shrinking or displacement of their range 

distribution (Birks and Willis, 2008; Rull, 2009; Bellard et al., 2014). Individual species could show 

different responses in terms of direction, pace and intensity, potentially breaking up species 

assemblages and affecting their network of interaction (Brambilla and Gobbi, 2014). 

Mountain areas of the world are hotspot of biodiversity, but increasing evidence indicates that species 

living at high altitudes are expected to be particularly threatened (Brambilla et al., 2016; Chamberlain 

et al, 2013; Viterbi et al., 2013, Monroy-Gamboa et al. 2021). However, plant and animal life in high-

altitude ecosystems is affected by many ecological factors acting at different scale, from regional 

climate to local topographic, edaphic and microclimatic features (Hulsof & Spasojevic, 2020). The role 

of local ecological factors may overrule that of regional climate in terms of species survival in a given 

site (Corlett & Tomlisson,2020) and this, in turn, can make the difference for large-scale modelling of 

future species distribution. This is particularly true for a wide suite of living organisms with comparably 

small size and/or low mobility, that are particularly linked to the site-specific ecological profile. It is 

worth noticing that such organisms represent the vast majority, in terms of species and individual 

number, of the extant biodiversity, including microorganisms, algae, fungi vascular and non-vascular 

plants, mesofauna and arthropods (Gobbi et al. 2021). For this reason, a crucial and still underexplored 

challenge of modern ecology is that of including local ecological factors into regional-scale modelling 

of species responses to climate change, possibly taking into account different taxonomic groups at the 

same time.  

Understanding the fate of high-altitude species in relation to the reduction of cold environments (e.g. 

cryosphere) and consequent mountain environment changes is among the most exciting challenges in 

mountain biodiversity conservation and global change biology. Despite this, two weaknesses are present 

in the scientific literature: 1) quantitative multi-taxa with detailed environmental data are available only 

at local scale, while an upscaling at regional level of such information is lacking.  
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Such task may be hindered by the need of field-based, homogeneous, detailed collection of biotic and 

abiotic data over a large area, coupled with the taxonomic knowledge of different organisms; however, 

such a “think globally, act locally” approach is needed to catch an elusive but fundamental component 

of organism responses to environmental change triggered by climate change; 2) few attention has been 

given to identifying climate refugia, at least in the near‐term temporal scale. Such goal may be reached 

searching for ice-related landforms (i.e. rock glaciers, debris-covered glaciers; see Gobbi et al. 2021; 

Brighenti et al 2021) that, thanks to their insulating nature and thermal inertia are good candidates as 

warm-stage refugia for cold-adapted species. Demonstrating the role of these landforms in slowing 

down the extinction risk of some species during contemporary climate change could have great impact 

on environmental protection agencies deputies to develop active climate‐adaptation strategies.  

To evaluate the possible effect of high-altitude landform types and local topographic and ecological 

factors in regional-scale species responses to climate change, we planned a standardised sampling 

design aimed at recording data on vascular plants, ground beetles and spiders in high-altitude landforms 

of the Italian Alpine Arch. We obtained a dataset including presence and abundance data of 363 vascular 

plant, 52 ground beetle and 98 spider species in 463 sampling points (Figs. 1-2; Table 1); cutting species 

with less than 8 occurrences, we selected a database with 179 species of vascular plants, 23 of ground 

beetles and 25 of spiders. To the best of our knowledge it represents the most comprehensive dataset 

on high-altitude organisms simultaneously sampled on the European Alps. Sampling points were 

grouped in seven landform types representing the main high-altitude landform types, originated by 

gravitational, cryoclastic and/or ice-related processes, on the European Alps (Fig. 1). Species 

occurrence and abundance data were associated with five soil physical and chemical variables collected 

contextually on the field (see Tab. 1). These physical and chemical variables that could potentially 

contribute to the occurrence and abundance of the species we observed (Tab. 1).  

Organisms with a potential negative fate (“losers”) are cold-adapted species that are linked to sites at 

high altitude but do not show the ability to live on ice-related landforms (Fig. 1). For this reason, they 

are not able to take advantage of the ecological heterogeneity at local scale to escape the progressive 

habitat loss due to the upshift of the altitudinal belts at regional scale (namely summit traps). Such 

species are mostly linked to high altitude grasslands and heathlands but also to rocky habitats, and 

include many plant and spider and some ground beetle species. Spiders seem to be particularly 

threatened by global warming because, respect to plants and ground beetles, they experience an overall 

higher percentage of losers. In addition, within this taxonomic group the percentage of losers in slightly 

higher respect to that of winners. The ability to colonize and survive on ice-related landforms may 

change significantly the fate of some cold-adapted species; in this case habitat loss may be locally 

dampened by the occurrence of landforms with a peculiar ecological profile behaving as refugia. The 

ultimate fate of these climate-change escaping species ultimately depends from that of the related 

landforms, whose thermal inertia may not last enough to assure their survival throughout a warm 
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climatic cycle. However, the chance for a short-term, local survival could make the difference for the 

future scenarios of high altitude community composition.  

 

Preliminary results and discussion 

Spiders resulted the taxon with the higher percentage of species able of local and temporary survival on 

refugium areas (e.g. debris-covered glaciers, rock glaciers), followed by some plant species. A peculiar 

case is that of species that are able to take advantage of the primary succession triggered by glacial 

retreat. Such organisms, like some plant and ground beetle species, could experience a temporary 

advantage due to the increasing areas freed by vanishing glaciers thanks to their pioneer attitude. 

However, with succession proceeding, biotic interactions are ultimately supposed to cause the 

disappearance of specialized pioneers, and the biodiversity increase may represent a temporary 

phenomenon (Losapio et al. 2021).  

We defined as “winners” all the species showing a preference for warmer sites within the range of our 

investigation sites (Fig. 1). Such species are generally negatively linked to altitude, have none or 

negative relationship with ice-related landforms, and are supposed to show a positive trend within the 

altitudinal limits of the investigated sites. We are aware of the fact that they may experience a negative 

trend at lower altitudes because of the increasing competition from incoming species presently 

occurring at even lower elevation. For this reason, the “winner” attribute may not represent the overall 

trend that a species is supposed to experience. Interestingly, both for plant and ground beetle species 

the percentage of winners is higher respect to the percentage of losers. 

Species without a clear response pattern to environmental predictors are included into the “neutral” 

category (Fig. 1); some of them may show a significant positive ability to grow and reproduce on ice-

related landform, with a probable increased survival possibility in these refuge areas. This is the case 

of several carabid and spider species, while plants show a lower percentage of neutral species. 

Overall, ca. % (n=17) of the species are associated to ice-related landforms, 37% (n=7) of them 

experience a strong link/relationship with them.  
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Figure 1: A: different responses of plants, spiders and ground beetles to a global increase in 

temperatures: B: general trends ad possible refugia for loser species (Illustration: B. Valle) 

These results highlight the importance of analytic works performed at local scale for finding general 

pattern of biodiversity trend: only a rich and detailed database is able to give reliable results and take 

into account local environmental conditions, whose role could be fundamental for present and future 

distribution pattern at regional scale. Thanks to these data we were able to predict which taxa will be 

among the most sensitive to climate change in glacial and periglacial habitats: conservation actions 

could necessary focus on these species. For some of these threatened species, usually cold-adapted and 

not competitive, we also predict potential local refugia on the basis of their preferences for ice-landform.  

The analyses outlined different responses among the investigated taxa, particularly with regard to the 

capability of finding suitable refugia on ice-related landforms. This phenomenon could possibly affect 

the interaction networks within high altitude communities, with particular reference to food webs. 

Investigations on other key taxa are needed to shed light on this topic, taking into account primary 

consumers at the base of the food web such as springtails. 
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To positively assess the role of a specific landform as a refugium, an important point to be clarified is 

its survival under a prolonged unfavourable climatic period. Although the climatic inertia of rock 

glaciers and debris-covered glaciers has been already hypothesized, a long warm period could in any 

case lead to their disappearance, ultimately dooming to extinction their related ice-related biodiversity. 

Methods 

Study taxa 

Vascular plants, ground beetles (Coleoptera: Carabidae) and ground-dwelling spiders (Arachnida 

Araneae) were selected as study models for the following reasons: i) they represent one of the best 

known component of high-altitude terrestrial communities from the taxonomical and ecological point 

of view (Hagvar et al 2020, Losapio et al 2021), ii) their sensitivity to environmental and climate 

changes is already acknowledged (Cauvy-Frauniè & Dangles 2019) iii) ground beetles and spiders are 

not directly trophically related to vascular plants because not phytophagous (Zou et al 2013), and iv) 

local-scale extinctions, altitudinal migration, or changes in population size, were already documented 

and forecasted (Losapio et al 2021; Pizzolotto et al 2014; Valle et al. 2020) (Fig. 2). 

Investigated landform types 

The most common high altitude landform types were investigated. Specifically, seven landform types 

were considered: stable slope (CS), active scree slope (SS), active rock glacier (RG), debris-covered 

glacier (DG), glacier foreland <100y (F1); glacier foreland >100y (F2), and snowfield (SF) (Fig. 2). A 

stable slope is characterised by i) terrain not directly affected by physical processes able to create 

disturbance, ii) vegetation at its last successional stage and ii) terrain ice-free since the Late Glacial (c. 

10.000 y BP), thus not involved in Holocene glacial dynamics. An active scree slope is a slope mantled 

by a layer of relatively coarse, unconsolidated, rock debris, originated by gravitational processes which 

accumulate rock debris at the base of the cliff. An active rock glacier is a lobate or tongue-shaped 

landform consisting of coarse debris with interstitial ice or ice-core, characterized by creeping 

movement due to ice deformation; it is one of the most evident permafrost landforms. A debris-covered 

glacier (also known as black-glacier) is a glacial body where the largest part of the surface is covered 

by debris, which deeply influences glacier surface energy budget, ablation rates, long-term volume and 

surface variations. A glacier foreland is the area between the current leading edge of the glacier and the 

moraines of the latest Holocene maximum (about 200y ago in the European Alps). A snow field is a 

semipermanent accumulation of snow. 

The investigated landform types were clustered in two groups on the base of the presence or absence of 

surface or interstitial ice: ice-related landforms (RG and DG) and landforms without ice (CS, SS, F1, 

F2 and SF). 

Plants, ground beetles and spiders collection  

https://en.wikipedia.org/wiki/Glacier
https://en.wikipedia.org/wiki/Moraine
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Vegetation surveys were performed on 25 m2 surfaces at each sampling point: the cover of the whole 

plants and of every single species was estimated with a resolution of 5%. For species with a cover value 

lower than 5% was assigned a cover value of 3% or 1%, for rare and sporadic species, respectively 

Ground beetles and spiders were sampled by pitfall trapping (see. Gobbi 2020). Specifically, a trap was 

placed in each sampling point and remained active during the snow free period (approximately early 

July - late September), being emptied and refilled approximately every 20 days. The sampled arthropods 

are stored in alcohol (ca. 70%) at MUSE-Science Museum of Trento collections. 
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Figure 2: sampling sites and landforms investigated. Legend landform: DG= Debris-covered glaciers; 

RG= Rock glaciers; SF=Snowfield; F1 and F2= glacier foreland successional stages (F1 < 100 years, 

F2>100 years); SS= scree slope; CS = Control slope. Legend site names: Ole= Col d’Olen, Agl=Val 

d’Amola (glacier), Arg= Val d’Amola (rock glacier); Tro = Trobio glacier; Vgl= Valmorta rock 

glacier; Tbg=Pizzo Tresignori (Bergamo province); Tso= Pizzo Tresignori (Sondrio province); Rec= 

Recastello; Por=Porcile Pass; Mal=Malgina; Cos=Costone mountain; Cab= Cabianca; Ten=Diavolo 

in Tenda peak; Cam= camino Peak; Sor= Sorapiss glaciers; Ago=Agola glacier. (Illustration: B. 

Valle) 

Environmental predictors  

The following environmental predictors were considered: altitude (m asl) , solar radiation and soil 

variables (coarse debris fraction: sum of gravel and sand fractions expressed as percentage), soil pH 

(‘pH’) and organic matter content (expressed in g/kg). Specifically substrate samples were taken at the 

surface for physical and chemical analysis: at each sampling point a sample of ~2 kg was taken for 

particle size distribution analysis, and a sample of ~200 g was taken to measure soil pH (in 1:2.5 

soil:water), and organic matter content (Walkley-Black method). 

Statistical analyses 

To explore the potential role of landform types, and especially with ice-related forms, we performed a 

three-step analysis. In step one, we evaluated what species display an occurrence pattern positively or 

negatively associated with landforms with ice (vs. landforms without ice), irrespectively of all other 

variables; species with a positive association with landforms with ice are those for which the former 

act, or could potentially act, as refugia. In step two, we assessed the effect of landforms with ice on 

species occurrence, considering also the effect of all other selected predictors and spatial 

autocorrelation; species positively associated at this step with landforms with ice are those that are 

actually exploiting the latter as refugia, benefiting from the presence of ice. In step three, considering 

only occurrence sites, we evaluated what environmental predictors affected local species abundance, 

considering the detailed effect of different types of landform (Tab. 1). 

We standardized all continuous variables before running models, i.e. predictors were centered around 

their mean and scaled by standard deviation (Cade, 2015; Schielzeth, 2010)⁠. All variables were only 

weakly or moderately correlated (all r < |0.4|). To model the effect of the selected environmental 

variables on occurrence and abundance of our model species, we built generalized additive models 

(GAM), with binomial error distribution for presence/absence data and with Poisson distribution for 

abundance ones. To avoid too rare species (and sites with plenty of zeros), we restricted the analyses to 

those species occurring in at least 8 sampling points for presence/absence data, and in at least 30 

sampling points for abundance data. 
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In step one, we only tested the potential effect of landforms with ice vs. landforms without. In steps two 

and three, we started by entering all the environmental variables in the GAM, and progressively 

simplified models, following a step-down procedure (Calvi et al., 2018; Zuur et al., 2009)⁠ (Zuur et al. 

2009, Calvi et al. 2018), using p = 0.1 as threshold for variable removal (Brambilla et al., 2019)⁠. 

Continuous variables were tested as smooth terms; to control for spatial patterns in step two, a tensor 

term of longitude and latitude (full tensor product smooth; Wood, 2017)⁠ was entered in the model to 

correct for spatial autocorrelation patterns (often important for high-elevation species with low 

mobility; Gobbi and Brambilla, 2016)⁠ due to biogeographical, historical or local reasons. All analyses 

were performed in R (R Development Core Team, 2020)⁠, by means of the package ‘mgcv’ (Wood, 

2019)⁠. 

Then, on the basis of the models’ outcomes, we assigned each target species to one of the categories 

summarized in Table 1, defined according to the response to the selected environmental predictors. This 

analysis being aimed at predicting high altitude species responses to climate change and so, to attitudinal 

shift of temperature and environments, the most important element in in order to predict these future 

scenario is the relation to altitude: in our categories, “Losers” and “Winners” are species with 

respectively a negative or positive significant response to altitude, “Neutrals” are species that do not 

show a response to this factor. Then, for Losers and Neutrals we considered species relation to other 

factors:  species positively related to ice according to model 1 and 2 (and, secondarily, according to the 

model 3 and to abundance relation to landforms, DG, RG and SF) and species positively related to 

proglacial landforms (F1 and F2). These relations are particularly important for Losers, that can find on 

supraglacial/periglacial/proglacial landforms temporary refugium: these organisms are indicated with 

the category “Losers with local and temporary survival on ice and/or moraine” 

Given that GAMs are highly suited to analyse spatially structured data, thanks to the flexibile spatial 

tensor, but is not possible to perform a full model validation of GAM models, to have more robust 

results other analyses (that can be fully validated) are currently in progress. Specifically, analyses using 

glmmTMB (with a spatial error) for presence/absence data, and GLS for abundance data, are presently 

ongoing. 
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Table 1: results of Gam models. Legend: p=plant; c=ground beetle; s=spider. Colours in "fate" column": red= loser; green=winner; 

yellow=neutral; orange = Loser but local survival on ice or moraines; grey=unpredictable. 
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92 Linaria.alpina 
p 

  0.21 0.5424 

  

 Ω+   +   -  

  

 
+    

            

5 Adenostyles.leucophylla 
p 

  -0.97 0.3603 

  

 Ω+   Ω  

   

 
+    

            

12 Androsace.alpina 
p 

  -0.74 0.1748 

  

 +  

  

 Ω+  

 

 
+   x  

            
41 Carex.rupestris p   -0.60 0.5766 

  

 Ω+  

   

 Ω  

 

  

            

44 Cerastium.carinthiacum 
p 

  -0.36 0.6437 

 

 -   Ω+  

    

 
+    

            
121 Primula.glutinosa p   -15.26 0.9784 

  

 Ω+  

     

  

            

134 Salix.retusa 
p 

  -15.24 0.9848 

  

 Ω+  

    

 
+    

            
140 Saxifraga.caesia p   -1.00 0.1045 

  

 Ω+  

 

 ?   +   Ω  

 

 x  

            

154 Sibbaldia.procumbens 
p 

  -15.24 0.9848 

  

 +  

  

 -   Ω  
 
+    

            



219 
 

45 Cerastium.cerastoides 
p 

  -15.24 0.9824 

  

 U+   Ω+  

   

 
+    

            
31 Campanula.carnica p   -15.26 0.9833 

  

 Ω+   +  

    

  

            
175 Viola.comollia p   -0.36 0.6437 

  

 Ω+   +  

    

  

            

1 Achillea.atrata 
p 

  -1.15 0.2708 

  

 Ω+  

 

 +  

  

 
+    

            

119 Primula.daonensis 
p 

  -15.25 0.9790 

  

 Ω+  

 

 Ω+  

 

 Ω-  
 
+    

            

152 Senecio.incanus 
p 

  0.27 0.5776 

  

 Ω+  

 

 Ω-   Ω-  

 

 
+    

            

124 Ranunculus.glacialis 
p 

  -1.26 0.0390 

  

 U+   ?   Ω-   Ω  

 

 
+   x  

            
173 Veronica.aphylla p   -15.26 0.9833 

  

 Ω+  

  

 +   Ω-  

 

  

            

47 Cerastium.uniflorum 
p 

  0.43 0.1814 

 

 -   +   -  

 

 Ω+  

 

 
+   x  

            

103 Oxyria.digyna 
p 

  -0.43 0.1785 

 

 -   Ω+   -   U-   Ω  

 

 
+   x  

            

163 Thlaspi.rotundifolium 
p 

  -1.02 0.0219 

 

 -   +   Ω-  

 

 Ω+   U-  
 
+    

 

 
+  

 
+   -  

 
+   -   +  

     

77 Gnaphalium.supinum 
p 

  -1.82 0.0132 

 

 -   Ω+  

 

 Ω+   Ω-  

 

 
+    

       
 +  

    

132 Salix.herbacea 
p 

  -2.72 0.0075 

 

 -   +  

 

 Ω+  

 

 Ω-  
 
+   x  

            

172 Veronica.alpina 
p 

  -0.99 0.0115 

 

 -   Ω+  

  

 ?   Ω-  
 
+    

  

 
-   -  

 
-   -   -  

     
176 Hornungia.alpina p   -0.76 0.0444 

 

 -   +   Ω-  

 

 U+   U-  

 

  

       
 -  

    

76 Gnaphalium.hoppeanum 
p 

  -1.74 0.0915 

  

 Ω+   +  

 

 +  

 

 
+    

            

112 Poa.alpina 
p 

  -1.61 0.0000 

 

 -   Ω+   +   +   Ω+  

 

 
+    

 

 
-  

 
-   +  

 
-   -   -   +  
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75 Geum.reptans 
p 

  -0.87 0.0522 

 

 -   Ω+   ?  

 

 Ω   -  
 
+    

   
 +  

 
-   -   +  

 

 
U+  

   

146 Saxifraga.sedoides 
p 

  -1.13 0.0352 

 

 -  

   

 +  

 

 
+    

  

 
+   +  

   
 +  

 
Ω-  

   

46 Cerastium.pedunculatum 
p 

  1.16 0.0020 

  

 Ω  

 

 -   Ω  

 

 
+    

  

 
-   -  

  
 -   +   Ω  

  
 ?  

144 Saxifraga.oppositifolia 
p 

  0.52 0.0912 

  

 Ω+  

  

 Ω+   -  
 
+   x  

            

139 Saxifraga.bryoides 
p 

  0.69 0.0096 

  

 Ω+   Ω-  

 

 Ω   U-  

 

+   x  

            

86 Juncus.trifidus 
p 

  -1.13 0.1296 

 

 -   Ω   Ω+   ?  

 

 Ω  
 
+    

            

33 Campanula.scheuchzeri 
p 

  -1.60 0.0084 

  

 Ω   +   ?   Ω-   +  
 
+    

  

 
-   +  

 
-  

 

 -  

     

101 Myosotis.alpestris 
p 

  -1.22 0.1009 

 

 -  

  

 U+   Ω   Ω-  
 
+    

            

89 Leontodon.helveticus 
p 

  -3.31 0.0011 

 

 -   ?   Ω+   Ω+   Ω-   -  
 
+    

  

 
-   -  

 
-   -   -  

     

52 Cystopteris.fragilis 
p 

  -1.84 0.0119 

 

 -   ?  

 

 U-  

  

 
+    

  

 
-   -  

 
-   +   +  

     

64 Festuca.halleri 
p 

  -0.23 0.6524 

 

 -  

   

 Ω-   -  
 
+    

            
94 Lotus.alpinus p   -1.58 0.1275 

 

 -   U  

  

 Ω-   -  

 

  

            

151 Sempervivum.montanum 
p 

  -1.74 0.0915 

 

 -  

   

 Ω   Ω-  
 
+    

            

16 Arabis.alpina 
p 

  -0.41 0.2208 

 

 -  

 

 ?   Ω-   +   U-  
 
+    

   
 -  

 
-   -   -  

     

137 Saxifraga.aphylla 
p 

  -0.26 0.7385 

 

 -  

 

 Ω   -  

 

 -  
 
+    

            

162 Taraxacum.sp. 
p 

  -1.29 0.0345 

  

 Ω  

  

 +  

 

 
+    

  

 
-   +  

 
-   +   -  

     

9 Agrostis.stolonifera 
p 

  0.78 0.0265 

   

 -   U  

  

 
+    

 

 
+  

 
+  

    

 
Ω-   ?  

  
 ?  
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129 Sagina.saginoides 
p 

  1.11 0.0447 

     

 Ω  

 

 
+    

            

54 Doronicum.clusii 
p 

  2.34 0.0000 

 

 +   Ω   U-  

 

 Ω-  

 

 
+    

            

113 Poa.laxa 
p 

  1.49 0.0000 

 

 +   Ω  

 

 -   Ω-   U+  
 
+    

 

 
+  

 
+   +  

 
+   +   +  

     

61 Erigeron.uniflorus 
p 

  -0.09 0.8671 

 

 +   Ω  

 

 +   +   +  
 
+    

            

95 Luzula.alpino.pilosa 
p 

  -0.16 0.5570 

 

 +   Ω-   +  

 

 Ω-  

 

 

+    

 

 

+  

 

+   +  

 

+   -   +  

 

 

Ω-  

   

21 Artemisia.genipi 
p 

  -1.74 0.0915 

   

 +  

 

 Ω+  

 

 
+    

            

32 Campanula.cochleariifolia 
p 

  -1.71 0.0201 

  

 Ω   +  

   

 
+   x  

            

19 Arabis.pumila 
p 

  0.77 0.0595 

   

 -   ?  

  

 
+    

            

160 Soldanella.alpina 
p 

  -2.01 0.0502 

    

 +   Ω   Ω  
 
+    

            

36 Carex.curvula 
p 

  -2.44 0.0167 

  

 ?  

 

 Ω+   Ω-   Ω-  
 
+    

        

 
Ω-  

   
48 Cirsium.spinosissimum p   -2.12 0.0381 

  

 Ω+   Ω+   -   Ω-   -  

 

  

            

109 Phyteuma.hemisphaericum 
p 

  -2.55 0.0124 

  

 ?   +   Ω   ?  

  

  

   
 +  

 
+  

 

 +  

    
 +  

13 Antennaria.carpatica 
p 

  -15.26 0.9833 

  

 Ω   +   +  

  

 
+    

            
84 Juncus.jacquinii p   -15.25 0.9858 

   

 +   Ω+  

   

  

            

34 Cardamine.resedifolia 
p 

  -0.26 0.3623 

 

 -   Ω   +   -   Ω-  

 

 

+    

 

 

+  

 

+   +  

 

+   +   +  

     

114 Poa.minor 
p 

  0.06 0.8693 

 

 -   U+   ?  

  

 -  
 
+    

 

 
+  

 
+   -  

 
+  

 

 +   -   +  

   

79 Helictotrichon.versicolor 
p 

  -15.27 0.9751 

  

 ?   +   Ω  

 

 Ω-  
 
+    

            



222 
 

156 Silene.quadridentata 
p 

  -15.25 0.9858 

  

 Ω   U+  

  

 -  
 
+    

            
118 Potentilla.nitida p   -15.24 0.9741 

  

 Ω   +   U+   U+  

  

  

            

98 Minuartia.sedoides 
p 

  -15.26 0.9811 

   

 +  

 

 +   Ω-  
 
+    

            

136 Saxifraga.aizoides. 
p 

  -15.26 0.9833 

   

 +   Ω-   +   +  
 
+    

            
53 Daphne.striata p   -15.25 0.9858 

   

 +  

  

 Ω+  

 

  

            

51 Cryptogramma.crispa 
p 

  -15.29 0.9726 

  

 Ω   -  

   

 
+   x  

            

147 Saxifraga.seguieri 
p 

  -15.25 0.9790 

   

 -   Ω-   Ω  

 

 
+    

            
68 Galium.anisophyllon p   -15.26 0.9760 

  

 Ω   +  

 

 -   -  

 

  

            

148 Sedum.alpestre 
p 

  -0.53 0.1273 

 

 -   Ω+   U-   -   Ω-  

 

 
+    

  

 
+   +  

 
+   +   +   ?  

   
 ?  

20 Armeria.alpina 
p 

  -15.24 0.9848 

    

 U+  

 

 Ω+  
 
+    

            
85 Juncus.monanthos p   -15.24 0.9848 

    

 +   Ω-   +  

 

  

            

168 Vaccinium.myrtillus 
p 

  -15.27 0.9751 

    

 Ω   Ω-   +  
 
+    

            

66 Festuca.quadriflora 
p 

  -15.25 0.9737 

  

 Ω  

 

 +   Ω+   +  
 
+    

            
72 Gentiana.verna p   -0.81 0.2832 

  

 ?  

 

 +   +   Ω  

 

  

            

78 Helianthemum.alpestre 
p 

  -15.26 0.9811 

    

 Ω+   +   Ω+  
 
+    

            

108 Phyteuma.betonicifolium 
p 

  -15.25 0.9858 

    

 Ω+   Ω+  

 

 
+    

            

115 Polygonum.viviparum 

p 

  -16.29 0.9680 

  

 Ω-  

 

 +  

 

 Ω+  
 
+    

   
 +  

  
 +  

 

Ω
+   U-  

  
 +  
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91 Ligusticum.mutellina 

p 

  -15.46 0.9696 

  

 U-   Ω+   +   -  

 

 
+    

      
 -  

 
Ω
+   -  

   
15 Anthyllis.vulneraria p   -15.27 0.9751 

    

 U+   Ω   Ω  

 

  

            

69 Galium.pumilum 
p 

  -15.24 0.9848 

    

 U+  

  

 
+    

            

123 Ranunculus.alpestris 
p 

  -1.58 0.1275 

    

 U+   Ω  

 

 
+    

            
23 Aster.bellidiastrum p   -15.28 0.9729 

    

 +   Ω+   Ω  

 

  

            

37 Carex.ferruginea 
p 

  -15.25 0.9840 

    

 Ω+   Ω+  

 

 
+    

            

40 Carex.parviflora 
p 

  -15.25 0.9840 

    

 +   Ω+  

 

 
+    

            

142 Saxifraga.exarata 
p 

  0.21 0.6582 

  

 Ω+  

 

 -  

  

 
+    

            

42 Carex.sempervirens 
p 

  -15.60 0.9694 

  

 Ω  

 

 +   Ω   Ω  
 
+    

   
 -  

 

 -   -  

 

 
Ω-  

   

70 Gentiana.bavarica 
p 

  -1.39 0.1827 

  

 ?   Ω   +  

 

 U-  

 

+    

            
49 Corydalis.lutea p   -15.24 0.9796 

   

 Ω+   U-   -  

  

  

            

50 Crepis.kerneri 
p 

  -15.25 0.9817 

  

 Ω  

 

 -   Ω+   +  
 
+    

            

104 Pedicularis.kerneri 
p 

  -15.27 0.9755 

     

 Ω   Ω-  
 
+    

            
93 Loiseleuria.procumbens p   -15.23 0.9770 

  

 Ω  

 

 Ω  

 

 -  

 

  

            

135 Salix.cfr.breviserrata 
p 

  -15.25 0.9817 

      

 -  

 

+    

            

145 Saxifraga.paniculata 
p 

  -0.93 0.2171 

  

 Ω  

 

 -   Ω+   -  
 
+    

            
63 Euphrasia.salisburgensis p   -15.25 0.9817 

      

 Ω+  

 

  

            



224 
 

150 Selaginella.selaginoides 
p 

  -15.27 0.9755 

    

 ?  

 

 +  
 
+    

            

111 Pinus.mugo 
p 

  -0.86 0.4189 

      

 +  
 
+    

            
18 Arabis.caerulea p   -0.11 0.7543 

     

 Ω+  

  

 x  

            

10 Alchemilla.vulgaris 
p 

  -15.25 0.9840 

     

 Ω-  

 

 
+    

            
106 Petrocallis.pyrenaica p   -15.25 0.9858 

     

 +  

  

  

            

59 Dryopteris.villarii 
p 

  -15.25 0.9817 

       

 
+    

            

90 Leucanthemopsis.alpina 

p 

  -0.13 0.6699 

  

 Ω-  

 

 Ω   Ω-  

  

  

       

 
Ω
+  

    

102 Nardus.stricta 
p 

  -15.25 0.9840 

   

 Ω  

 

 -  

 

 
+    

            
125 Ranunculus.montanus p   -15.25 0.9858 

     

 Ω-  

  

  

            
169 Valeriana.saxatilis p   -15.23 0.9802 

     

 Ω+   Ω  

 

  

            
11 Alnus.viridis p   -15.26 0.9833 

   

 ?  

    

  

            
58 Dryopteris.dilatata p   -15.24 0.9824 

    

 Ω   -  

  

  

            

74 Geum.montanum 
p 

  -15.23 0.9802 

   

 ?   Ω  

  

 
+    

            
120 Primula.glaucescens p   -15.25 0.9840 

    

 ?  

   

  

            

157 Silene.rupestris 
p 

  1.02 0.0168 

 

 -  

    

 U  
 
+    

            

164 Thymus.sp. 
p 

  -15.24 0.9848 

  

 Ω   U  

   

 
+    

            

130 Salix.appendiculata 
p 

  1.16 0.0020 

  

 Ω+  

  

 +  

 

 
+    

 

 
-  

 
-  

         

6 Agrostis.alpina 
p 

  -15.49 0.9696 

    

 +   Ω-   Ω+  
 
+    

   
 +  

  
 +  
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27 Bartsia.alpina 
p 

  -15.57 0.9694 

  

 Ω  

 

 Ω+   Ω   +  

 

  

  

 
-   +  

        

7 Agrostis.rupestris 
p 

  -0.12 0.6709 

  

 ?   Ω+   Ω+   Ω-   -  
 
+    

 

 
-  

 
-   +  

 
-   -   -   U  

   
 +  

8 Agrostis.schraderiana 
p 

  -15.26 0.9733 

  

 ?   +  

 

 -  

 

 
+    

            

17 Arabis.bellidifolia 
p 

  -15.26 0.9733 

   

 Ω+  

   

 
+    

            

35 Carduus.carlinaefolius 
p 

  -15.25 0.9840 

   

 Ω+  

   

 

+    

            

55 Doronicum.grandiflorum 
p 

  -15.65 0.9693 

  

 Ω   +  

   

 
+    

   
 +  

 

 +   +  

    
 +  

60 Epilobium.fleischeri 
p 

  -15.24 0.9848 

   

 +  

   

 
+    

            

2 Achillea.clavenae 
p 

  -15.27 0.9751 

  

 Ω-  

  

 Ω+  

 

 
+    

            

3 Achillea.moschata 
p 

  -15.25 0.9840 

  

 Ω-  

  

 Ω+  

 

 
+    

            

29 Botrychium.lunaria 
p 

  -15.26 0.9811 

  

 Ω-  

  

 +  

 

 
+    

            

30 Calamagrostis.villosa 
p 

  -15.24 0.9848 

  

 -  

  

 U-  

 

 
+    

            

39 Carex.ornithopoda 
p 

  -15.27 0.9779 

  

 -  

    

 
+    

            

65 Festuca.nigrescens 
p 

  -15.23 0.9802 

  

 Ω-   Ω  

 

 U  

 

 
+    

            

73 Geranium.sylvaticum 
p 

  -15.25 0.9858 

  

 -  

  

 -  

 

 
+    

            

99 Minuartia.verna 
p 

  -15.46 0.9696 

  

 Ω  

 

 Ω  

  

 
+    

       
 -  

    

105 Pedicularis.rostrato.capitata 
p 

  -15.24 0.9848 

  

 -  

   

 Ω  
 
+    

            

110 Pinguicula.alpina 
p 

  -15.26 0.9811 

  

 -  

  

 Ω  

 

 
+    
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126 Rhododendron.ferrugineum 
p 

  -1.89 0.0097 

 

 -   -  

 

 Ω   Ω-  

 

 
+    

 

 
-  

 
-  

 

 
+  

 

 -   U-  

    

127 Rhododendron.hirsutum 
p 

  -15.26 0.9784 

  

 Ω-  

    

 
+    

            

179 Salix_serpyllifolia 
p 

  -1.21 0.0116 

  

 Ω-  

    

 
+    

  

 
-   +  

 
+  

 

 +  
 
Ω-   U  

   

 
Saxifraga.crustata p   -15.24 0.9824 

  

 Ω-  

  

 Ω+  

  

  

            

143 Saxifraga.hostii 
p 

  -15.24 0.9848 

  

 -  

  

 Ω+   Ω  
 
+    

            

149 Sedum.atratum 
p 

  -15.23 0.9770 

  

 Ω-  

  

 +  

 

 
+    

            
171 Veratrum.lobelianum p   -15.25 0.9858 

  

 Ω-  

     

  

            

170 Valeriana.supina 
p 

  -15.24 0.9848 

  

 U-  

 

 Ω   Ω+  

 

 
+    

            

80 Hieracium.bifidum 
p 

  -15.25 0.9817 

  

 -  

  

 +  

 

 
+    

            
71 Gentiana.purpurea p   -15.23 0.9802 

  

 Ω-   U-  

 

 -  

  

  

            
83 Huperzia.selago p   -15.26 0.9733 

  

 Ω-  

 

 Ω+   Ω-   Ω  

 

  

            

81 Hieracium.glanduliferum 
p 

  -15.27 0.9779 

  

 Ω-  

 

 Ω+  

  

 
+    

            

117 Potentilla.crantzii 
p 

  -15.24 0.9848 

  

 -  

 

 +  

  

 
+    

            

153 Sesleria.sphaerocephala 
p 

  -15.27 0.9713 

  

 -  

 

 U+   Ω  

 

 
+    

       
 U-  

   
 Ω-  

38 Carex.firma 
p 

  -15.69 0.9692 

  

 Ω-  

 

 +  

 

 Ω  
 
+    

  

 
-   -  

  
 -  

 

 U-  

   

56 Draba.aizoides 
p 

  -15.23 0.9802 

  

 Ω-  

 

 +  

  

 
+    

            

166 Trifolium.pratense 
p 

  -15.24 0.9848 

  

 -  

 

 Ω-   Ω  

 

 
+    
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97 Minuartia.austriaca 
p 

  -15.25 0.9737 

  

 Ω-  

 

 -  

  

 
+    

            

22 Asplenium.viride 
p 

  -15.35 0.9703 

  

 Ω-  

    

 
+    

  

 
+   +  

 

 +   +   U-  
 
Ω-  

  
 Ω-  

26 Avenella.flexuosa p   -15.26 0.9811 

  

 -  

   

 Ω-  

 

  

            

165 Trifolium.pallescens 
p 

  -15.24 0.9796 

  

 -  

 

 Ω  

 

 -  
 
+    

            
43 Cerastium.arvense p   -15.26 0.9833 

  

 -  

 

 Ω-   Ω-   -  

 

  

            

25 Athyrium.distentifolium 
p 

  -15.26 0.9811 

  

 -  

   

 Ω+  
 
+    

            

122 Primula.latifolia 
p 

  -15.26 0.9784 

  

 -  

   

 Ω+  
 
+    

            

57 Dryas.octopetala 
p 

  -15.78 0.9690 

  

 Ω-  

   

 +  
 
+    

        
 -  

   

133 Salix.reticulata 
p 

  -15.25 0.9817 

  

 -  

 

 Ω+   +   +  
 
+    

            

174 Viola.biflora 
p 

  -15.23 0.9802 

  

 -  

  

 Ω-   +  
 
+    

            

178 Sesleria.caerulea 
p 

  -15.49 0.9696 

  

 Ω-   U-  

   

 
+    

           
 +  

28 Biscutella.laevigata 
p 

  -15.24 0.9796 

  

 Ω-   +  

  

 Ω  
 
+    

            

88 Larix.decidua 
p 

  -0.67 0.1739 

 

 -   -   +  

 

 +  

 

 
+    

 

 
-  

 
-   -  

   
 U-  

    
107 Peucedanum.ostruthium p   -15.25 0.9790 

  

 Ω-   +  

 

 -  

  

  

            

138 Saxifraga.aspera 
p 

  -0.60 0.5766 

  

 Ω-   +  

   

 

+    

            

87 Juniperus.nana 
p 

  -15.24 0.9796 

  

 Ω-   Ω+   Ω+   -   Ω+  
 
+    

            
167 Vaccinium.gaultherioides p   -15.49 0.9696 

  

 Ω-   +   Ω+   Ω-   Ω-  

 

  

       
 -  
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116 Potentilla.aurea 
p 

  -15.28 0.9729 

  

 Ω-   +  

  

 Ω-  
 
+    

            

161 Solidago.virgaurea 
p 

  -15.26 0.9733 

  

 Ω-   +  

  

 +  
 
+    

            

24 Astrantia.minor 
p 

  -15.26 0.9760 

  

 Ω-   Ω+  

  

 Ω+  
 
+    

            

158 Silene.vulgaris 
p 

  -15.23 0.9770 

  

 Ω-   U+  

 

 U+   Ω+  
 
+    

            

4 Achillea.oxyloba 
p 

  -15.24 0.9824 

  

 Ω-   Ω-  

   

 

+    

            

62 Euphrasia.minima 
p 

  -1.09 0.0246 

 

 -   ?   +  

   

 
+   x  

            

155 Silene.acaulis 
p 

  -2.17 0.0000 

 

 -   ?  

 

 +   Ω  

 

 
+    

 

 
-  

 
-   +  

 
-   -   -  

 

 -  

  
 -  

96 Luzula.lutea 
p 

  -0.16 0.7812 

 

 -   Ω-  

   

 U  
 
+    

            

128 Rumex.scutatus 
p 

  0.44 0.3442 

 

 -   -  

  

 Ω+   -  
 
+    

            

100 Moehringia.ciliata 
p 

  -0.80 0.1961 

 

 -   -   U-  

 

 +  

 

 
+    

            

159 Soldanella.alpicola 
p 

  -1.49 0.0438 

 

 -   -   Ω   Ω  

 

 Ω-  
 
+    

    

 
-  

 

 -  

     

14 Anthoxanthum.alpinum 
p 

  -2.57 0.0115 

 

 -   Ω-   Ω  

   

 
+    

           
 Ω+  

82 Homogyne.alpina 
p 

  -3.33 0.0010 

 

 -   Ω-   -   +   Ω-   Ω+  
 
+    

   
 -  

 
-   -   -  

 

 
Ω-  

   

177 Papaver_raethicum 
p 

  -1.48 0.0020 

 

 -   ?  

 

 -   +   -  
 
+    

   
 -  

 
-   -   -  

 
Ω-  

    

67 Festuca.varia 
p 

  -2.32 0.0229 

 

 -   -   +  

   

 
+    

 

 
-  

 
-  

   
 -  

     

131 Salix.helvetica 
p 

  -0.27 0.6806    -   Ω-   Ω+   +   -   -  
 
+                            

200 Abax.arerae c   -15.25 0.9790 

  

- Ω+ 

   

+   
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201 Amara.alpestris c   -15.26 0.9784 

  

- + Ω- - 

 

+   

            
202 Amara.erratica c   -0.74 0.4899 

     

Ω- 

 

+   

            
203 Amara.quenseli c   -0.86 0.4189 

       

+   

            
204 Carabus.adamellicola c   -15.36 0.9701 

  

Ω+ 

    

+   

  
+ 

         
205 Carabus.alpestris c   -15.29 0.9726 

  

Ω- 

    

+   

            
206 Carabus.castanopterus c   -2.16 0.0349 

  

- 

    

+ X 

            
207 Carabus.concolor c   -15.25 0.9765 

   

? ? ? 

 

+   

            
208 Carabus.creutzeri c   -15.31 0.9708 

  

Ω- 

 

+ 

  

+   

  
+ + 

    
- 

   
209 Carabus.depressus c   -15.25 0.9765 

  

- 

  

Ω- Ω- +   

            
210 Carabus.sylvestris c   -15.25 0.9858 

    

Ω 

 

Ω +   

            
211 Cymindis.vaporariorum c   -1.24 0.2365 

  

- 

    

+   

            
212 Leistus.nitidus c   -15.24 0.9824 

  

- - 

 

- + 

 

  

            
213 Nebria.germari c   1.16 0.0001 

  

Ω 

 

? - - +   

       
- 

    
214 Oreonebria.castanea c   0.35 0.2568 

  

? - Ω- 

  

+   

   
+ 

        
215 Oreonebria.diaphana c   0.18 0.6411 

 

- Ω+ - Ω 

  

+ X 

            
?? Oreonebria.lombarda c   

 
  X 

       

  

            
216 Oreonebria.soror.soror c   0.989 0.0671 

 

- 

 

- 

 

? U +   

            
?? Oreonebria.soror.tresignore c   

 
  X 

       

  

            
217 Platynus.teriolensis c   -15.242 0.9796 

  

- + Ω - 

 

+   

            
218 Pterostichus.cribratus c   -15.255 0.9833 

   

Ω 

  

+ +   

            
219 Pterostichus.lombardus c   -0.456 0.4727 

       

+   

            



230 
 

220 Pterostichus.multipunctatus c   -1.763 0.0163     Ω-   Ω - Ω + X                         

221 Acantholycosa.pedestris s   -0.963 0.0739 - 

 

Ω+ + 

  

- +   

 

- - - 

        
222 Anguliphantes.monticola s   0.693 0.1774 

  

+ 

 

U- 

  

+   

            
223 Centromerus.pabulator s   -15.255 0.9833 

  

- 

  

- 

 

+   

            
224 Coelotes.pickardi.pastor s   -15.233 0.9802 

   

? Ω 

  

+   

            

225 Coelotes.pickardi.tirolensis 
s 

  -0.124 0.7085 

  

Ω+ 

   

+ +   

     
+ 

 

- 

Ω

+ 

   
226 Coelotes.rudolfi s   -15.243 0.9848 

  

- 

    

+   

            
227 Diplocephalus.helleri s   -1.221 0.1009 

 

- 

   

+ - +   

            
228 Drassodex.heeri s   -0.872 0.2478 

  

Ω+ 

     

  

            
229 Entelecara.media s   -0.965 0.3603 

  

Ω+ Ω- 

   

+   

            
230 Gnaphosa.petrobia s   -15.242 0.9824 

  

Ω + 

 

+ + +   

            
231 Meioneta.rurestris s   2.678 0.0010 

    

Ω+ 

  

+   

            
232 Mughiphantes.brunneri s   2.252 0.0000 

 

+ 

     

+   

            
233 Mughiphantes.handschini s   -1.131 0.1296 

 

- 

 

- 

   

+   

            
234 Mughiphantes.variabilis s   1.053 0.0780 

  

+ 

    

+   

            
235 Oedothorax.agrestis s   4.231 0.0000 

  

- Ω+ - 

   

  

            
236 Pardosa.blanda s   -15.255 0.9833 

  

Ω ? 

  

- +   

            
237 Pardosa.nigra s   1.356 0.0000 

 

+ 

  

+ Ω 

 

+   

    
+ 

 

+ 

    
+ 

238 Pardosa.oreophila s   -15.242 0.9796 

     

- + +   

            
239 Pardosa.saturatior s   3.177 0.0000 

 

+ 

 

Ω+ 

    

  

            
240 Robertus.truncorum s   -0.681 0.3713 

  

- 

   

Ω +   
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241 Sitticus.longipes s   0.56 0.2324 

     

+ 

 

+   

            
242 Tenuiphantes.jacksoni s   -15.249 0.9840 

   

Ω Ω 

  

+   

            
243 Walckenaeria.capito s   -15.249 0.9840 

       

+   

            
244 Xysticus.desidiosus s   -15.256 0.9811 

  

Ω- ? - + 

 

+   

            
245 Xysticus.alpinus s   -1.152 0.0169     +       Ω+ + X                         
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4.3  Ecosystem Birth Near Melting Glaciers: A Review on the 

Pioneer Role of Ground Dwelling Arthropods 
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Chapter 5 

 

Conclusions and perspectives 
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5.1  CONCLUSIONS AND PERSPECTIVES 

This PhD project contributed to the knowledge of glacial and periglacial biological communities with 

a multi-taxa approach, following two different and complementary approaches: analysis and synthesis, 

fundamental for understanding both specific variability and global trends, in a monitoring perspective. 

The obtained knowledge on biological communities by analysing their occurrence and distribution in 

relation to environmental parameters constituted a powerful tool for finding global trends and predicting 

glacial and periglacial biodiversity responses to climate change. In this perspective, an important feature 

of this PhD consisted in the collaboration with Natural, Regional and National Parks (Ampezzo 

Dolomites Natural Park, Natural Park of Maritime Alps, Adamello-Brenta Natural Park)  in 

investigating all this biological and geological diversity. 

An important part of glacial biodiversity is still taxonomically unknown, especially in the peripheral 

mountains (Gobbi et al., 2021). Thus, the descriptive effort focused especially on these areas, currently 

already very close to a complete loss of the existing glaciers, that represent a hotspot of biodiversity 

because of their biogeographic position during glacial and/or interglacial periods. Studying these glacial 

sites, I highlighted how part of this high-altitude biodiversity is cold-adapted and strictly linked to ice 

which, probably, acts as a local refugium for these species. In the future it will be necessary to apply 

these information for monitoring projects and, possibly, for conservation projects that are difficult to 

plan at global scale but can be planned at more local scale (e.g ex situ breeding, reduction of human 

mountain activities impact).  

Another important result of this PhD project regards the contribute to the knowledge of ice-dwelling 

cryophilic springtails (Collembola: Isotomidae), a taxonomically almost neglected taxon on European 

Alps. Nevertheless, their ecological and trophic importance in pioneer glacial communities was evident 

in the last years and also the urgency of describe and monitor these organisms as biological indicators 

of these vanishing habitats. I described with a great detail ice-dwelling cryophilic springtails from all 

the Alps and the Apennines, giving the basis for the first biogeographic consideration on this taxon 

(paper 3.3, 3.4). To the two known taxa of ice-dwelling springtails, three new species have been 

discovered and described with integrative taxonomy and one previously described have been suggested 

as invalid name. A first record of a genus of debris-dwelling springtail has been reported for European 

Alps. The distribution of ice-dwelling species reflects the most important biogeographic classification 

of the Alps (Western Alps and Eastern Alps) and responds to potential local isolation of some glacier 

and, maybe, other glacial dynamics that still need to be clarified in relation to ice-fluxes during 

Pleistocene glaciations and to glacier fluctuations occurred throughout the Holocene. Springtails, thanks 

to their sensitivity to microhabitats and cold biomes are good candidates for becoming biological 

indicators for glacial and periglacial habitat monitoring. 

In conclusion, from this PhD project it emerges how is important to combine small and large scale 

sampling plans, traditional and molecular approaches - being integrative taxonomy, by now, the only 

complete way for clarifying springtail diversity and distribution (Potapov et al. 2020)- and a multitaxa, 

multidisciplinary approach for studying glaciers and rock glaciers ecology. These habitats are a good 

test field for combine all these disciplines, having a relatively reduced biodiversity, but extremely 

specialised and threatened. 
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Chapter 6 

 

Curriculum vitae of the PhD 
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Activities of the PhD 

Barbara Valle  

 

Study stays in other institutions  

2022 Pavol Jozef Šafárik University in Košice (Slovakia), in ÚBEV - Institute of 

Biology and Ecology, for collaborating on the project of supraglacial 

springtails (two months).  

 

 

2021 University of Siena (Italy), in Evolutionary and Systematic Zoology 

Laboratory, for collaborating on the project of supraglacial springtails (two 

months, in different periods) 

 

 

Conference attendances and organization 

 

16-18 Jun. 2022 Member of scientific and organization committee of the 55th Congress of 

SISV - Vegetation science and global changes: scenarios, challenges and 

innovation.  

Oral presentation:  Valle B, Di Musciano M, Gobbi M, Invernizzi A, 

Caccianiga M: “Not only plants: multi-taxa approach to plant community 

studies in harsh environments” 

 

20-23 Sep. 2021 63° International Association for Vegetation Sciences (IAVS) Symposium.  

Poster: Gigante D, Angelini F, Angiolini C, S. Bagella S, Bonini F, 

Caccianiga M, De Simone N, Gabellini A, Rivieccio G, Valle B, Garabini M: 

“Natural Intelligence for robotic monitoring of Annex I Habitats: first steps in 

an unexplored world” 

 

26-27 Mar. 2021 Congresso Botanica Sudalpina 2020 (Società Botanica Ticinese)  

Poster: Valle B, Gobbi M, Seppi R, Borgatti M Tognetti M, Bernasconi 

M, Caccianiga M:  Primary succession on carbonate glacier forelands : the 

case study of three dolomitic glaciers” 

 

9 Oct. 2020 Member of scientific and organization committee 

Workshop of Società Italiana di Scienze della Vegetazione (SISV): “Dalla 

fitosociologia al monitoraggio degli Habitat: specie caratteristiche, specie  

diagnostiche, specie tipiche  

 

6-7 Feb. 2020 CYBO: Congress of young Botanists 

Oral presentation: Valle B, Tognetti M, Caccianiga M 

“Ecological features of supraglacial plant communities along the Alps and the 

role of Debris-covered glaciers as refugia for cold-stenotherm species” 

 

16-20 Sep. 2019 19° European Carabidologist Meeting  

Poster: Valle. B, Ambrosini R., Caccianiga M,  Gobbi M.: “Nebria germari 

Heer, 1837 – insight about the distribution and ecology of a climate-sensitive 

species of the Eastern Alps” 

 

 

http://www.upjs.sk/prirodovedecka-fakulta/ustav/ubev/
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Grants application and project cooperation 

 

2021-present Collaborator for the project H2020  “Natural Intelligence for robotic 

monitoring of habitats (NI)” – Code H20_RIA21MCACC_01 

 

2022 Speaker and organizer of EMBO Practical Course “Integrating traditional 

and molecular approaches in ecology of glacial habitats (ICME11)” 

https://icme11-embo.readthedocs.io/en/latest/index.html 

 

2022  

 

Participation as springtail expert to a project for PRIN financing  grant 

(“projects of significant national interest” of Italian Ministry of University 

and Research). Title of the project “Cold Case: structure and functioning of 

the disappearing glacier biodiversity - (project under review) 

 

2021 Participation as springtail expert to a project for Biodiversa+ financing 

grant. Title of the project: “Vanishing habitats: conservation priorities for 

glacier-related biodiversity threatened by climate change” (PrioritIce). 

(project under review) 

 

2020 Partecipation as springtail expert to a grant proposal for Polish National 

Science Centre entitled "Unrecognized HOtspots for gLacial MEtazoanS – 

effects of  physicochemistry, thermal regime and climate on animals 

assemblages across glacier zones and habitats (HOLMES)" (not founded) 

 

2019-2020 Collaboration at MUSE- Museum of Trento for the project “azioni volte alla 

valorizzazione degli elementi geomorfologici, della flora  e fauna degli 

ambienti glaciali e proglaciali del gruppo del Sorapiss”, for dissemination 

actions about glacial and proglacial environments of Sorapiss glaciers 

(Dolomites) 

 

2019-2020 Collaboration at University of Milano for studying plant and arthropod 

proglacial communities in Maritime Alps (Clapier e Peirabroc). 

 

2019 Application for National Geographic Exploration Grants ~ NGS Grantee 

Community (not founded). 

Title of project: “Alpine springtails on the last glaciers: almost unknown 

but already threatened” 

 

Awards 

 

2022 
Prize Sandro Ruffo 2022, Museo di Storia Naturale di Verona. Project: Taxonomic 

identification, computerized cataloging and logistical reorganization of the Collembola 

collection of the Natural History Museum 

 

 

2019 
 

Best poster prize at the 19° European Carabidologist Meeting: Valle. B, Ambrosini R., 

Caccianiga M,  Gobbi M.: “Nebria germari Heer, 1837 – insight about the distribution 

and ecology of a climate-sensitive species of the Eastern Alps” 

 

 

 

 

https://icme11-embo.readthedocs.io/en/latest/index.html
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Published papers 

 

2022 Valle B, Gobbi M, Tognetti M, Borgatti MS, Compostella C, Pantini P, Caccianiga M 

(2022) Glacial biodiversity of the southernmost glaciers of the European Alps (Clapier 

and Peirabroc, Italy). Journal of Mountain Science 19(8). 

https://doi.org/10.1007/s11629-022-7331-8 

 

2022 Valle B, Di Musciano M, Gobbi M,  (2022) Biodiversity and ecology of plants and 

arthropods on the last preserved glacier of the Apennines mountain chain (Italy). The 

Holocene. 32 (8): 853-865. https://doi.org/10.1177/09596836221096292 

 

2022 Lunghi E, Valle B, Guerrieri A, Bonin A, Cianferoni F, Manenti R, Ficetola GF (2022)  

Environmental DNA of insects and springtails from caves reveals complex processes of 

eDNA transfer in soils, STOTEN,  DOI: 10.2139/ssrn.3989492 

 

2021 Valle B, Cucini C, Nardi F, Caccianiga M, Gobbi M, Di Musciano M, Carapelli A, 

Ficetola GF, Guerrieri A, Fanciulli PP (2021) Desoria calderonis sp. nov., a new species 

of alpine cryophilic springtail (Collembola: Isotomidae) from the Apennines (Italy), 

with phylogenetic and ecological considerations. European Journal of Taxonomy, 

787(1): 32-52. https://doi.org/10.5852/ejt.2021.787.1599 

 

2021 Bonari G, Fantinato E, Lazzaro L, Sperandii MG, Acosta ATR, Allegrezza M, Assini S, 

Caccianiga M, Di Cecco V, Frattaroli A, Gigante D, Rivieccio G, Tesei G, Valle B (* 

corresponding author) et al, (2021) Shedding light on typical species: implications for 

habitat monitoring, Plant Sociology, DOI 10.3897/pls2020581/08 

 

2021 Gobbi M, Ambrosini R,  Casarotto C, Diolaiuti G, Ficetola GF, Lencioni V, Seppi R, 

Smiraglia C, Tampucci D., Valle B, Caccianiga M, (2021) Vanishing permanent 

glaciers: climate change is threatening a European Union habitat (Code 8340) and its 

poorly known biodiversity, Biodiversity and Conservation,  

 

2020 Valle B., Ambrosini R, Caccianiga M, Gobbi M (2020) Ecology of the cold-adapted 

species Nebria germari (Coleoptera: Carabidae): the role of supraglacial stony debris 

as refugium during the current interglacial period, Acta Zoologica Academiae 

Scientiarum Hungaricae 66 (Suppl.), pp. 199–220, 2020, DOI: 

10.17109/AZH.66.Suppl.199.2020 

 

2020 Hågvar, S.; Gobbi, M.; Kaufmann, R.; Ingimarsdóttir, M.; Caccianiga, M.; Valle, B.; 

Pantini, P.; Fanciulli, P.P.; Vater, A. (2020) Ecosystem Birth Near Melting Glaciers: A 

Review on the Pioneer Role of Ground-Dwelling Arthropods. Insects 2020, 11, 644 

 

2019 Valle B., Ambrosini R, Caccianiga M, Gobbi M (2019) Nebria germari Heer, 1837 – 

insight about the distribution and ecology of a climate-sensitive species of the Eastern 

Alps, ARPHA Conference Abstracts 2: e37074. https://doi.org/10.3897/aca.2.e37074  

 

2019 Bernasconi M, Borgatti M.S., Tognetti M., Valle B., Caccianiga M., Gobbi M., 

Casarotto C., (2019) Checklist ragionata della flora e degli artropodi (Coleoptera: 

Carabidae e Arachnida: Araneae) dei ghiacciai Centrale e Occidentale del Sorapiss 

(Dolomiti d’Ampezzo), Frammenti, Parco Nazionale delle Dolomiti Bellunesi. (non-ISI 

journal) 

 

 

https://doi.org/10.1007/s11629-022-7331-8
https://doi.org/10.1177/09596836221096292
https://doi.org/10.5852/ejt.2021.787.1599
https://doi.org/10.3897/aca.2.e37074
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Paper submitted and in submission 

 

2022 Ornaghi S, Valle B. (* corresponding author), Caccianiga M, Seppi R, Gobbi M 

Sex-ratio and body size plasticity in two cold-adapted ground beetles (Coleoptera: 

Carabidae) co-occurring in a periglacial area of the European Alps.. Fragmenta 

Entomologica - submitted 

 

2022 Fugazza D., Valle B., Caccianiga M., Gobbi M., Traversa G., Tognetti M., Senese A. An 

empirical melt model of a small Alpine debris-covered glacier: the case study of the 

Amola Glacier (Italy). Cold Regions Science and Technology – in submission 

 

Paper in preparation 

 

•  Valle B, Gobbi M, Boschi S, Cucini C, Nardi F, Barbon G, Ficetola GF, Kovač L, 

Ambrosini R, Buda J, Franzetti A, Zimmer A, Caccianiga M. Glacier fleas” 

(Hexapoda: Collembola) from supraglacial environment of European Alps: taxonomy, 

ecology and biogeography 

 

•  Gobbi M, Brambilla M, Tampucci D, Caccianiga M. Global scenario, local approach: 

challenges for alpine plants, insects and spiders in a warming world 

 

•  Valle B, Skarżyński D, Porco D,  Zeni M, Caccianiga M, Rodriguez Prieto A, Gobbi 

M. Alpine “blooming” of collembola: a focus on snow-active species and description 

of a new species of Hypogastrura Bourlet, 1839 

•  Valle B, Gobbi M, Caccianiga M, Comparison among different sampling methods for 

studying springtails in glacial lithosols 

 

•  Valle B, Gobbi M, Di Musciano M, Dalle Fratte M, Cerabolini BEL, Caccianiga M. 

Functional characterization of glacial and periglacial plant and arthropod 

communities 

 

•  Valle B, Gobbi M, Invernizzi A., Ligi O, Ornaghi S., Caccianiga M. Plant and 

arthropod communities (Vascular plants, bryophytes, ground beetles, spiders and 

springtails) of two Alpine rock glaciers with contrasting lithology (Cima Uomo and 

Lazaun, Eastern Alps)  

 

Contribution to scientific volumes 

 

2022 Preparation of the chapter “Cave Collembola of Italy” for the international 

Encyclopaedia Biospeologica 

 

Teaching activity 

 

2022 Speaker and organizer of EMBO Practical Course “Integrating traditional 

and molecular approaches in ecology of glacial habitats (ICME11)” 

https://icme11-embo.readthedocs.io/en/latest/index.html English 

 

https://icme11-embo.readthedocs.io/en/latest/index.html
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2022 Teacher of Botanic for the course “Fauna and Flora of Orobian 

meadow-pastures”organized by the Orobie bergamasche Park for the project 

C.ORO - CAPITALE OROBIE founded by Cariplo  

 

2022 Seminar “ life in harsh environments: studying glacial and periglacial 

habitats” 

For the Institute of Biology and Ecology (Pavol Jozef Šafárik University in 

Košice, Slovakia). English 

 

2020 and 2021 Seminar “Botanical sampling”  

For the course Approaches to the Study of Ecological Systems for the Master in  

Environmental Science and Policies (University of Milan, Italy). English 

 

2022 and 2021 Teaching assistant for Systematic Botany for Bachelor course in Natural 

sciences (University of Milan, Italy). Italian 

 

2021 Teaching assistant for Botany for Bachelor course in Natural sciences 

(University of Milan, Italy). Italian 

 

 

Theses supervised 

Anna Invernizzi, 

Master Thesis 

Caratterizzazione tassonomica e funzionale di una comunità 

vegetale di rock glacier Alpino/Taxonomic and functional 

characterization of an Alpine rock glacier plant community 

 

Graduated: 

11 Apr. 2022 

Simone Ornaghi, 

Master Thesis 

Comunità di Carabidi (Coleoptera: Carabidae) di due rock glacier 

alpini/ Community of Carabidae (Coleoptera: Carabidae) of two 

alpine rock glaciers 

 

Graduated  

19 Oct. 2021 

Olga Ligi,  

Master Thesis 

Comunità briofitiche di due rock glacier alpini di differente 

litologia/ 

Bryophyte communities of two alpine rock glaciers of different 

lithology 

 

(Apr. 2023) 

Asia Biassoni, 

Bachelor Thesis 
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Viva il collembolo 

bestia ideale, 

il più simpatico d’ogni animale! 

 

Il podurino 

vive tranquillo nella foresta: 

viva il collembolo, 

bestia modesta! 

 

L’onychiurino 

passeggia placido col bianco manto: 

viva il collembolo, 

bestia di vanto! 

 

L’isotomino 

per ritrovarlo ti basta un niente: 

viva il collembolo, 

bestia frequente! 

 

L’entomobryno 

saltella allegro, snello e svettante: 

viva il collembolo, 

bestia elegante! 

 

Lo sminthurino 

sui prati in fiore forma il suo regno: 

viva il collembolo, 

bestia d’ingegno! 

 

Viva il collembolo 

bestia ideale, 

il più simpatico d’ogni animale! 

 

 

Ermanno Malatesta 

 
 

 

 


