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Abstract
The cryosphere (i.e. glaciers and permafrost) and its related landforms offer a wide range 
of ecosystem services, thus they have strong relationships with human population. Even 
if these harsh environments have often been regarded as inhospitable, there is a growing 
amount of literature on glacial biodiversity, specifically concerning European mountains. 
Glaciers and permafrost-related landforms (e.g. rock glaciers) host a variety of cold-
adapted taxa, from bacteria to vertebrates. They have been included in the Natura 2000 
network, specifically in the habitat type: Permanent Glaciers (code 8340), but their biodi-
versity is still poorly known. Even if local extinctions and population reductions of cold-
adapted species due to glacier and permafrost shrinking have been already documented, 
none of the species living in this habitat type are listed in the Habitat Directive Annexes. 
With this commentary, we call for urgent actions for an ecological characterization of this 
habitat type in order to plan monitoring and management of the biodiversity hosted by 
them. An increased knowledge of this no longer permanent habitat appears particularly 
urgent, because it is not replaceable and is likely to go extinct in the next decades.
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Commentary

International conventions are a cornerstone of biodiversity conservation, as they allow 
coordinated conservation and enforcement actions in several continents [e.g. CITES 
(1973); IUCN (2012); Council Directive 92/43/EEC (1992)]. The States belonging to 
the European Union have adopted the Habitat Directive [Council Directive 92/43/EEC 
(1992)] as one of the main tools to ensure the conservation of a wide range of rare, threat-
ened and/or endemic plant and animal species and habitats. Over 1000 plant and animal 
species, as well as 233 habitat types listed in the directive’s annexes are protected in vari-
ous ways (https:// ec. europa. eu/ envir onment/ nature/ legis lation/ habit atsdi recti ve/ index_ en. 
htm). The Directive also led to the creation of a continental-scale network of protected 
areas—the Natura 2000 network—for the conservation of species and habitats listed in it. 
Urbanization, habitat alteration, resource consumption and environmental degradation are 
some of the major threats for biodiversity, specifically in mountain areas, which are also 
particularly vulnerable to ongoing climate change (Hock et al. 2019).

Changes of the physiognomy of high altitude landscapes and reduction of the moun-
tain cryosphere (glaciers and permafrost) and its related landforms (Box 1) are among the 
most visible effects of climate change (Beniston et  al. 2018; Adler et  al. 2019; D’Agata 
et  al. 2019). Glaciers are perhaps the most sensitive witnesses of climate change, given 
their fast area reduction (Diolaiuti et al. 2019). Glacier retreat leads to cascade effects on 
surrounding ecosystems, such as altered hydrological, thermal and bio-geochemical cycles 
and changes in the extent of glacier-fed streams and glacier forelands (Finn et  al. 2010; 
Robinson et al. 2014; Hotaling et al. 2017; Brighenti et al., 2019). Permafrost is degrading 
under the effect of climate change as well, for instance through the thickening of the active 
layer and the reduction of its extent (see UNEP 2016; Biskaborn et al. 2019).

https://ec.europa.eu/environment/nature/legislation/habitatsdirective/index_en.htm
https://ec.europa.eu/environment/nature/legislation/habitatsdirective/index_en.htm
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Fig. 1  On the left a vanishing debris-free glacier (Vedretta d’Agola, Brenta Dolomites—Italian Alps); 
on the right a debris-covered glacier with the tongue extending below the treeline (Miage Glacier, 
Mount Blanc Group—Italian Alps) (photos by M. Gobbi)

Box 1: Mountain cryosphere and its related landforms

Glaciers are the most evident cryosphere feature in the European mountains. Accord-
ing to the amount of debris cover on their surface, glaciers can be divided into 
debris-free and debris-covered glaciers (Fig. 1) (Azzoni et  al. 2018; Tielidze et  al. 
2020). Debris-covered glaciers are ice bodies 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 (see Diolaiuti et al. 2019; Fyffe et al. 
2019; Fugazza et al. 2019). Glacier-related landforms include glacier forelands and 
associated landforms (e.g. moraine ridges) and glacier-fed streams, ponds and lakes.

Rock glaciers (Fig. 2) are the most evident and widespread permafrost landform 
in many mountain areas, including the European mountains, particularly where the 
climate is cold and dry. A rock glacier is a lobate or tongue-shaped landform consist-
ing of coarse debris with interstitial ice or ice-core, characterized by creeping move-
ment due to ice deformation (Haeberli et al. 2006; Janke et al. 2013). The occurrence 
of subsurface ice in debris deposits is promoted by the prevalence of coarse blocks 
over the fine matrix, a grain-size distribution causing a cold thermal regime partially 
decoupled from that of the surrounding atmosphere (Juliussen and Humlum 2008; 
Tampucci et al. 2017a; Brighenti et al. 2021).

Fig. 2  A Rock glacier with its 
typical lobate tongue (Lago 
Lungo, Ortles-Cevedale Group, 
Italian Alps; photo by D. 
Tampucci)
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Glaciers and rock glaciers are climate-dependent landforms protected by the Habitat 
Directive by the habitat type “Permanent Glaciers-Code 8340” [Council Directive 92/43/
EEC (1992)]. However, their management is particularly challenging because, as all high 
altitude habitats, they are changing at an unprecedented rate (Hock et  al, 2019) and the 
ecological communities they host are suffering deep alterations due to species reduction, 
turnover and local (or global) extinction. In addition, despite this habitat has been included 
in the Habitat Directive, only a fraction of the surface actually covered by permanent gla-
ciers is protected in the Natura 2000 network, leaving a significant fraction of the Habitat 
8340 unprotected. Currently, the total number of sites, belonging to the European coun-
tries, linked to the habitat code 8340 is 123; specifically, half of them (61) in Italy, 25 in 
France, 12 in Spain, 11 in Austria, 10 in Sweden, two in Germany and two in Slovenia 
(https:// natur a2000. eea. europa. eu/#).

On the base of the most widespread human perception, glaciers and related landforms 
are considered harsh environments not able to host living organisms. In contrast, a multi-
tude of studies, many of them performed on the European Alps (see Brighenti et al. 2021), 
have demonstrated that they are ecosystems in their own right and are a permanent or tem-
porary habitat for a large variety of cold-adapted organisms, from bacteria to vertebrates 
(Fig. 3).

The extreme specialisation of the organisms permanently living in these land-
forms makes them particularly threatened by the ongoing rapid climate warming 

Fig. 3  Schematic representation of the organisms permanently living on a glacier (illustration by B. Valle)

https://natura2000.eea.europa.eu/#
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(Cauvy-Fraunié and Dangles 2019; Anesio and Laybourn-Parry 2012; Rosvold 2016; 
Gobbi and Lencioni 2020; Stibal et  al. 2020). Glaciers are a habitat much more com-
plex and heterogeneous than commonly assumed. Life forms are found on their surface 
(supraglacial habitat), into the ice (englacial habitat), under the ice (subglacial habitat), 
close to them (proglacial habitat) and in glacier-fed streams and proglacial lakes and 
ponds.

The biodiversity hosted by glaciers, rock glaciers and recently deglaciated areas, 
as well as in glacier-fed streams has been investigated generally by local-scale stud-
ies, which often focussed on some taxonomic groups like bacteria, yeasts, algae, plants, 
nematodes, rotifers, tardigrades, collembolans, insects and spiders (see. Gobbi et  al. 
2006; Caccianiga et al. 2011; Franzetti el al. 2013; Turchetti et al., 2013; Azzoni et al. 
2015, Gobbi et  al. 2017; Tampucci et  al. 2017a; Lencioni 2018; Hågvar et  al. 2020; 
Lencioni et al. 2021a; Tolotti et al. 2020; Zawierucha et al. 2019, 2021). However, our 
general knowledge of the biodiversity hosted by glacier environments is still incomplete 
from the taxonomical and biogeographical point of view.

The occurrence of Habitat 8340 is largely determined by climatic factors and is at 
risk due to the rapid ongoing climate warming. Some model projections showed that 
some glaciers are going to be extinct in a few years or decades (Aili et al. 2019; Hock 
et al. 2019), and with them, probably, the associated local biodiversity. The monitoring 
and reporting performed under Article 17 of the Habitat Directive, described the status 
of the Habitat 8340 as unfavourable-bad (U2-the lowermost grade of the Habitat Direc-
tive ranking level) for 2013–2018 in all the European countries where it is present, and 
the same evaluation was given in the previous reporting period (2007–2012). The nega-
tive evaluation was reported for all the indicators of habitat status (range, surface, struc-
ture and function, future prospects) (https:// bd. eionet. europa. eu/ artic le17/ repor ts2012/ 
habit at/ report).

From the conservation point of view, we must be aware that this habitat type is not 
replaceable. Although none of the species living on it are listed in the Natura 2000 
Annexes, most of them deserve to be considered threatened by the Habitat 8340 areal 
reduction due to their (i) small population size, (ii) patchy or restricted distribution (i.e. 
steno-endemic species), (iii) low dispersal ability, and (iv) ability of surviving only 
under a narrow range of temperatures (Hotaling et al. 2017; Gobbi and Lencioni 2020). 
For instance, local extinction of cold adapted aquatic (e.g. the Chironomid Diamesa 
steinboecki) and terrestrial (e.g. the Carabid Nebria germari) insect species typical of 
glacial habitats have been already observed in different areas of the Italian Alps (Len-
cioni et al. 2021a; Gobbi 2020; Valle et al. 2020). Furthermore, several taxa are likely 
still unknown, particularly in the least accessible high-alpine areas or mountain groups. 
In fact, many species living in this habitat probably have a much smaller distribution 
range than generally assumed, due to the presence of cryptic species (e.g. Bálint et al. 
2011), and some endemic taxa are likely still not described and at the risk of extinc-
tion even before being described and having DNA sequences deposited (Lencioni et al., 
2021b).

An ecological characterisation of Habitat 8340 is mandatory before glaciers and per-
mafrost-related landforms become extinct or heavily reduced in Europe, and with them 
most of the associated biodiversity, which belongs to the naturalistic and cultural heritage 
at continental scale. Such characterisation should take into account the different landforms 
included within the Habitat Directive, such as debris-free and debris-covered glaciers, rock 
glaciers, proglacial environment, glacier-fed water bodies. Presently, following the inter-
pretation manual of European Union Habitats (https:// ec. europa. eu/ envir onment/ nature/ 

https://bd.eionet.europa.eu/article17/reports2012/habitat/report
https://bd.eionet.europa.eu/article17/reports2012/habitat/report
https://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_Manual_EU28.pdf
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legis lation/ habit atsdi recti ve/ docs/ Int_ Manual_ EU28. pdf), Habitat 8340 includes “rock and 
true glaciers”. National monitoring guidelines (e.g. Angelini et al. 2016) provide a more 
detailed description of the habitat type, which includes glaciers, debris-covered glaciers 
and rock glaciers, but countries give different interpretations to Habitat 8340. This is evi-
dent from the heterogeneous lists of “typical species” provided by member states to assess 
the parameter of habitat’s “structure and function”. Some countries (e.g. Austria, Italy) 
only list strictly supraglacial organisms (mainly algae), suggesting a narrow correspond-
ence of the Habitat with debris-free glaciers, while other countries (Germany, Spain) also 
include plant species linked to a much wider range of environmental condition, even sub-
alpine shrubs like Rhododendron ferrugineum (http:// cdr. eionet. europa. eu/ help/ habit ats_ 
art17). This highlights the need for a uniform, comprehensive and updated definition of the 
Habitat and of the species living in it.

We would like to draw the attention on glaciers, particularly debris-covered glaciers, 
and on rock glaciers. Debris-free glaciers are mainly colonised by bacteria, algae, arthro-
pods (e.g. Coleoptera Carabidae, Diptera Chironomidae, Plecoptera, Araneae, Acarinae, 
Collembola), and are periodically or seasonally frequented by birds and mammals (Ros-
vold 2016, Gobbi and Lencioni 2020). In addition, whenever present, cryoconite holes 
(water-filled holes on glacial ice surface, in which dark-coloured aggregate of mineral par-
ticles and organic matter is deposited), are biodiversity hotspots where bacteria, algae, and 
several invertebrate taxa (e.g. Tardigrada, Annelida, Copepoda, Rotifera and Collembola) 
live (Zawierucha et al. 2021). Debris-covered glaciers host an even higher biodiversity also 
because their tongue, protected from intense ablation by the debris cover, can reach lower 
altitudes than that of clean-ice glaciers, even below the treeline. Indeed, besides the above-
listed taxa, a diversified moss, vascular plant and invertebrate community is able to live on 
supraglacial debris (Caccianiga et al. 2011; Fickert et al. 2007; Pelfini et al. 2007; Gobbi 
and Lencioni 2020).

Rock glaciers are deeply different from glaciers as they are characterized by peculiar 
processes at their surface and inside them (Haeberli 1985) and by different biocoenoses 
on their surface (Cannone and Gerdol 2003; Burga et al. 2004; Gobbi et al. 2014; Tampu-
cci et al. 2017b). Furthermore, there is an increasing agreement about the role of debris-
covered glaciers and rock glaciers as potential refuge areas, in the present warming period, 
for some cold-adapted species threatened by summit traps in mountain areas (Fickert et al. 
2007; Gentili et al. 2015a, 2015b; Tampucci et al. 2017a; Gobbi and Lencioni 2020).

Habitat 8340 is important also for humans, particularly for provisioning (e.g. tourism, 
industrial activities and “water tower” sensu Immerzeel et al. (2020)) and cultural (includ-
ing recreational, e.g. mountain sport, and theatres of World War I) ecosystem services 
(Stewart et al. 2016; Milner et al. 2017; Palomo 2017). Being mainly a phenomenon due 
to global drivers, it is inconceivable to stop glacial retreat or permafrost thaw through local 
management strategies. To our knowledge, no action has been developed to mitigate the 
effect of climate change on this habitat type since the mechanisms driving its dynamics 
and ecology are still poorly known. Anyway, we cannot continue to ignore the crisis of 
this habitat type and its associated biodiversity, specifically when actions of habitat moni-
toring—in natural reserves—are in the planning phase. The poor knowledge we have of 
this no longer permanent habitat urges to increase the number of studies assessing the sta-
tus and trends of this Natura 2000 habitat type and its connected biodiversity, in order to 
develop a European Glacial Biodiversity Monitoring Programme similar to the ongoing 
Circumpolar Biodiversity Monitoring Programme (see Christensen et al. 2020). Indeed, the 
spatial and temporal dynamics of the species assemblages linked to the Habitat 8340 is 
revealing a rapid turnover of species with the substitution of cold-adapted species with 

https://ec.europa.eu/environment/nature/legislation/habitatsdirective/docs/Int_Manual_EU28.pdf
http://cdr.eionet.europa.eu/help/habitats_art17
http://cdr.eionet.europa.eu/help/habitats_art17
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more eurythermal species (Lencioni 2018; Hagvar et al. 2020). This pattern deserves to be 
monitored for better planning conservation of this habitat type.

Funding GFF is funded by the European Research Council, Horizon 2020 Programme, Grant Agreement 
No. 772284 (IceCommunities).

Data availability Not applicable.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that there are no conflicts of interest regarding the publication of this 
paper.

Ethical approval This article does not contain any studies involving animals performed by any of the authors.

Consent to participate Informed consent was obtained from all individual participants involved in the study.

Consent for publication Informed consent was obtained from all individual participants involved in the study.

References

Adler C, Huggel C, Orlove B, Noline A (2019) Climate change in the mountain cryosphere: impacts and 
responses. Reg Environ Change 19:1225–1228. https:// doi. org/ 10. 1007/ s10113- 019- 01507-6

Aili T, Soncini A, Bianchi A, Diolaiuti G, D’Agata C, Bocchiola D (2019) Assessing water resources under 
climate change in high-altitude catchments: a methodology and an application in the Italian alps. Theor 
Appl Clima 135:135–156. https:// doi. org/ 10. 1007/ s00704- 017- 2366-4

Anesio AM, Laybourn-Parry J (2012) Glaciers and ice sheets as a biome. Trends Ecol Evol 27:219–225. 
https:// doi. org/ 10. 1016/j. tree. 2011. 09. 012

Angelini P, Casella L, Grignetti A, Genovesi P (2016) Manuali per il monitoraggio di specie e habitat di 
interesse comunitario (Direttiva 92/43/CEE) in Italia: habitat. In: Angelini P, Casella L, Grignetti A, 
Genovesi P (eds) Serie Manuali e linee guida. ISPRA, Italy

Azzoni RS, Franzetti A, Fontaneto D, Zullini A, Ambrosini R (2015) Nematodes and rotifers on two alpine 
debris-covered glaciers. Ital J Zool 82:616–623. https:// doi. org/ 10. 1080/ 11250 003. 2015. 10803 12

Azzoni RS, Fugazza D, Zerboni A, Senese A, D’Agata C, Maragno D et al (2018) Evaluating high-resolu-
tion remote sensing data for reconstructing the recent evolution of supra glacial debris: a study in the 
Central alps (Stelvio Park, Italy). Progr Phys Geo 42:3–23. https:// doi. org/ 10. 1177/ 03091 33317 749434

Bálint M, Domisch S, Engelhardt C, Haase P, Lehrian S, Sauer J et  al (2011) Cryptic biodiversity loss 
linked to global climate change. Nature Clim Change 1:313–318. https:// doi. org/ 10. 1038/ nclim ate11 91

Beniston M, Farinotti D, Stoffel M, Andreassen LM, Coppola E, Eckert N et al (2018) The European moun-
tain cryosphere: a review of its current state, trends, and future challenges. Cryosphere 12:759–794. 
https:// doi. org/ 10. 5194/ tc- 12- 759- 2018

Biskaborn BK, Smith SL, Noetzli J, Matthes H, Vieira G, Streletskiy DA et al (2019) Permafrost is warming 
at a global scale. Nat Commun 10:264. https:// doi. org/ 10. 1038/ s41467- 018- 08240-4

Brighenti S, Tolotti M, Bruno MC, Wharton G, Pusch MT, Bertoldi W (2019) Ecosystem shifts in alpine 
streams under glacier retreat and rock glacier thaw: a review. Sci Total Environ 675:542–559. https:// 
doi. org/ 10. 1016/j. scito tenv. 2019. 04. 221

Brighenti S, Hotaling S, Finn DS, Fountain AG, Hayashi M, Herbst D et  al (2021) Rock glaciers and 
related cold rocky landforms: overlooked climate refugia for mountain biodiversity. Glob Chang Biol 
27:1504–1517. https:// doi. org/ 10. 1111/ gcb. 15510

Burga CA, Frauenelder R, Ruffet J, Hoelzle M, Kääb A (2004) Vegetation on alpine rock glacier surfaces: a 
contribution to abundance and dynamics on extreme plant habitats. Flora 199:505–515. https:// doi. org/ 
10. 1078/ 0367- 2530- 00179

https://doi.org/10.1007/s10113-019-01507-6
https://doi.org/10.1007/s00704-017-2366-4
https://doi.org/10.1016/j.tree.2011.09.012
https://doi.org/10.1080/11250003.2015.1080312
https://doi.org/10.1177/0309133317749434
https://doi.org/10.1038/nclimate1191
https://doi.org/10.5194/tc-12-759-2018
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1016/j.scitotenv.2019.04.221
https://doi.org/10.1016/j.scitotenv.2019.04.221
https://doi.org/10.1111/gcb.15510
https://doi.org/10.1078/0367-2530-00179
https://doi.org/10.1078/0367-2530-00179


2274 Biodiversity and Conservation (2021) 30:2267–2276

1 3

Caccianiga M, Andreis C, Diolaiuti G, D’Agata C, Mihalcea C, Smiraglia C (2011) Alpine debris-covered 
glacier as a habitat for plant life. Holocene 21:1011–1020. https:// doi. org/ 10. 1177/ 09596 83611 400219

Cannone N, Gerdol R (2003) Vegetation as an ecological indicator of surface instability in rock glaciers. 
Arct Antarct Alp Res 35:384–390. https:// doi. org/ 10. 1657/ 1523- 0430(2003) 035[0384: VAAEIO] 2.0. 
CO;2

Cauvy-Fraunié S, Dangles O (2019) A global synthesis of biodiversity responses to glacier retreat. Nature 
Ecol Evol. https:// doi. org/ 10. 1038/ s41559- 019- 1042-8

Christensen T, Barry T, Taylor JJ, Doyle M, Aronsson M, Braa J et  al (2020) Developing a circumpolar 
programme for the monitoring of Arctic terrestrial biodiversity. Ambio 49:655–665. https:// doi. org/ 10. 
1007/ s13280- 019- 01311-w

CITES (1973) Convention on International Trade in Endangered Species of wild fauna and flora. Signed at 
Washington, DC, on 3 March 1973. Amended at Bonn, on 22 June 1979. https:// www. cites. org/ eng/ 
disc/ text. php Accessed 7 May 2020

D’Agata C, Diolaiuti G, Maragno D, Smiraglia C, Pelfini M (2019) Climate change effects on landscape 
and environment in glacierized alpine areas: retreating glaciers and enlarging forelands in the Bernina 
group (Italy) in the period 1954–2007. Geol Ecol Landsc 4:71–86. https:// doi. org/ 10. 1080/ 24749 508. 
2019. 15856 58

Diolaiuti GA, Azzoni RS, D’Agata C, Maragno D, Fugazza D, Vagliasindi M et al (2019) Present extent, 
features and regional distribution of Italian glaciers. La Houille Blanche 5–6:159–217. https:// doi. org/ 
10. 1051/ lhb/ 20190 35

Council Directive 92/43/EEC (1992) Council Directive 92/43/EEC of 21 May 1992 on the conservation of 
natural habitats and of wild fauna and flora. https:// eur- lex. europa. eu/ legal- conte nt/ EN/ TXT/ HTML/? 
uri= CELEX: 31992 L0043 & from= EN Accessed 7 May 2020

Fickert T, Friend D, Gruninger F, Molnia B, Richter M (2007) Did debris-covered glaciers serve as Pleisto-
cene refugia for plants? A new hypothesis derived from observations of recent plant growth on glacier 
surfaces. Arct Antarct Alp Res 39:245–257. https:// doi. org/ 10. 1657/ 1523- 0430(2007) 39[245: DDG-
SAP] 2.0. CO;2

Finn DS, Räsänen K, Robinson CT (2010) Physical and biological changes to a lengthening stream gra-
dient following a decade of rapid glacial recession. Glob Change Biol 16:3314–3326. https:// doi. 
org/ 10. 1111/j. 1365- 2486. 2009. 02160.x

Franzetti A, Tatangelo V, Gandolfi I, Bertolini V, Bestetti G, Diolaiuti G et al (2013) Bacterial commu-
nity structure on two alpine debris-covered glaciers and biogeography of Polaromonas phylotypes. 
ISME J 7:1483–1492. https:// doi. org/ 10. 1038/ ismej. 2013. 48

Fugazza D, Senese A, Azzoni RS, Maugeri M, Maragno D, Diolaiuti GA (2019) New evidence of gla-
cier darkening in the Ortles-Cevedale group from Landsat observations. Global Planet Change 
178:35–45. https:// doi. org/ 10. 1016/j. glopl acha. 2019. 04. 014

Fyffe CL, Brock BW, Kirkbride MP, Black AR, Smiraglia C, Diolaiuti G (2019) The impact of supragla-
cial debris on proglacial runoff and water chemistry. J Hydrol 576:41–57. https:// doi. org/ 10. 1016/j. 
jhydr ol. 2019. 06. 023

Gentili R, Hemant K, Badola H, Birks JB (2015a) Alpine biodiversity and refugia in a changing climate. 
Biodiversity 16:193–195. https:// doi. org/ 10. 1080/ 14888 386. 2015. 11170 23

Gentili R, Baroni C, Caccianiga M, Armiraglio S, Ghiani A, Citterio S (2015b) Potential warm-stage 
microrefugia for alpine plants: feedback between geomorphological and biological processes. Ecol 
Complexity 21:87–99. https:// doi. org/ 10. 1016/j. ecocom. 2014. 11. 006

Gobbi M (2020) Global warning: challenges, threats and opportunities for carabid beetles (Coleoptera: 
Carabidae) in high altitude habitats. Acta Zool Academ Sci Hung 66:5–20. https:// doi. org/ 10. 
17109/ AZH. 66. Suppl.5. 2020

Gobbi M, Lencioni V (2020) Glacial biodiversity lessons from ground-dwelling and aquatic insects. In: 
Kanao M, Godone D, Dematteis N (eds) Glaciers and the polar environment. Intech Open, London. 
https:// doi. org/ 10. 5772/ intec hopen. 92826

Gobbi M, De Bernardi F, Pelfini M, Rossaro B, Brandmayr P (2006) Epigean arthropod succession along 
a 154 year glacier foreland chronosequence in the Forni valley (Central Italian alps). Arct Antarct 
Alp Res 38:357–362. https:// doi. org/ 10. 1657/ 1523- 0430(2006) 38[357: EASAAY] 2.0. CO;2

Gobbi M, Ballarin F, Compostella C, Lencioni V, Seppi R, Tampucci D, Caccianiga M (2014) Physical 
and biological features of an active rock glacier of the Italian alps. Holocene 24:1624–1631. https:// 
doi. org/ 10. 1177/ 09596 83614 544050

Gobbi M, Ballarin F, Brambilla M, Compostella C, Isaia M, Losapio G et al (2017) Life in harsh envi-
ronments: carabid and spider trait types and functional diversity on a debris-covered glacier and 
along its foreland. Ecol Entomol 42:838–848. https:// doi. org/ 10. 1111/ een. 12456

https://doi.org/10.1177/0959683611400219
https://doi.org/10.1657/1523-0430(2003)035[0384:VAAEIO]2.0.CO;2
https://doi.org/10.1657/1523-0430(2003)035[0384:VAAEIO]2.0.CO;2
https://doi.org/10.1038/s41559-019-1042-8
https://doi.org/10.1007/s13280-019-01311-w
https://doi.org/10.1007/s13280-019-01311-w
https://www.cites.org/eng/disc/text.php
https://www.cites.org/eng/disc/text.php
https://doi.org/10.1080/24749508.2019.1585658
https://doi.org/10.1080/24749508.2019.1585658
https://doi.org/10.1051/lhb/2019035
https://doi.org/10.1051/lhb/2019035
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:31992L0043&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:31992L0043&from=EN
https://doi.org/10.1657/1523-0430(2007)39[245:DDGSAP]2.0.CO;2
https://doi.org/10.1657/1523-0430(2007)39[245:DDGSAP]2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2009.02160.x
https://doi.org/10.1111/j.1365-2486.2009.02160.x
https://doi.org/10.1038/ismej.2013.48
https://doi.org/10.1016/j.gloplacha.2019.04.014
https://doi.org/10.1016/j.jhydrol.2019.06.023
https://doi.org/10.1016/j.jhydrol.2019.06.023
https://doi.org/10.1080/14888386.2015.1117023
https://doi.org/10.1016/j.ecocom.2014.11.006
https://doi.org/10.17109/AZH.66.Suppl.5.2020
https://doi.org/10.17109/AZH.66.Suppl.5.2020
https://doi.org/10.5772/intechopen.92826
https://doi.org/10.1657/1523-0430(2006)38[357:EASAAY]2.0.CO;2
https://doi.org/10.1177/0959683614544050
https://doi.org/10.1177/0959683614544050
https://doi.org/10.1111/een.12456


2275Biodiversity and Conservation (2021) 30:2267–2276 

1 3

Haeberli W (1985) Creep of mountain permafrost: internal structure and flow of alpine rock glaciers. 
Mitteilungen der Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie 77:1–142

Haeberli W, Hallet B, Arenson L, Elconin R, Humlum O, Kääb A et  al (2006) Permafrost creep and 
active rock glaciers dynamics. Permafr Periglac Process 17:189–214

Hågvar S, Gobbi M, Kaufmann R, Ingimarsdóttir M, Caccianiga M, Valle B et al (2020) Ecosystem birth 
near melting glaciers: a review on the pioneer role of ground-dwelling arthropods. Insects 11:644. 
https:// doi. org/ 10. 3390/ insec ts110 90644

Hock R, Rasul G, Adler C, Cáceres B, Gruber S, Hirabayashi Y, et al. (2019) High Mountain Areas. In: 
Pörtner HO, Roberts DC, Masson-Delmotte V, Zhai P, Tignor M, Poloczanska E, et al. (eds) IPCC 
Special Report on the Ocean and Cryosphere in a Changing Climate pp. 131–202. https:// www. 
ipcc. ch/ srocc/ chapt er/ chapt er-2/. Accessed 24 Aug 2020

Hotaling S, Finn DS, Giersch JJ, Weisrock DW, Jacobsen D (2017) Climate change and alpine stream 
biology: progress, challenges, and opportunities for the future. Biol Rev 92:2024–2045. https:// doi. 
org/ 10. 1111/ brv. 12319

Immerzeel WW, Lutz AF, Andrade MA, Bahl A, Biemans H, Bolch T et  al (2020) Importance 
and vulnerability of the world’s water towers. Nature 577:364–369. https:// doi. org/ 10. 1038/ 
s41586- 019- 1822-y

IUCN (2012) IUCN red list categories and criteria. Version 3.1. 2nd ed. Gland, Switzerland and Cam-
bridge, UK. https:// www. iucnr edlist. org/ resou rces/ categ ories- and- crite ria Accessed 7 May 2020

Janke JR, Regmi NR, Giardino JR, Vitek JD (2013) Rock glaciers. Treatise Geomorphol 8:238–273
Juliussen H, Humlum O (2008) Thermal regime of openwork block fields on the mountains Elgahogna and 

Solen, central-eastern Norway. Permafr Periglac Process 19:1–19. https:// doi. org/ 10. 1002/ ppp. 607
Lencioni V (2018) Glacial influence and stream macroinvertebrate biodiversity under climate change: 

lessons from the Southern Alps. Sci Total Environ 622:563–575. https:// doi. org/ 10. 1016/j. scito 
tenv. 2017. 11. 266

Lencioni V, Franceschini A, Paoli F, Debiasi D (2021a) Structural and functional changes in the mac-
roinvertebrate community in stream networks fed by shrinking alpine glaciers. Fund Appl Limnol 
194:237–258. https:// doi. org/ 10. 1127/ fal/ 2020/ 1315

Lencioni V, Rodriguez-Prieto A, Allegrucci G (2021b) Congruence between molecular and morphologi-
cal systematics of alpine non-biting midges (Chironomidae, Diamesinae). Zool Scr. https:// doi. org/ 10. 
1111/ zsc. 12480

Milner AM, Khamis K, Battin TJ, Brittain JE, Barrand NE, Fureder L et al (2017) Glacier shrinkage driving 
global changes in downstream systems. PNAS 114:9770–9778. https:// doi. org/ 10. 1073/ pnas. 16198 07114

Palomo I (2017) Climate change impacts on ecosystem services in high mountain areas: a literature review. 
Mt Res Dev 37:179–188. https:// doi. org/ 10. 1659/ MRD- JOURN AL-D- 16- 00110.1

Pelfini M, Santilli M, Leonelli G, Bozzoni M (2007) Investigating surface movements of debris-covered 
Miage glacier, Western Italian alps, using dendroglaciological analysis. J Glaciol. https:// doi. org/ 10. 
3189/ 17275 65077 81833 839

Robinson CT, Thompson C, Freestone M (2014) Ecosystem development of streams lengthened by rapid 
glacial recession. Fund Appl Limnol 185:235–246. https:// doi. org/ 10. 1127/ fal/ 2014/ 0667

Rosvold J (2016) Perennial ice and snow-covered land as important ecosystems for birds and mammals. J 
Biogeogr 43:3–12. https:// doi. org/ 10. 1111/ jbi. 12609

Stewart EJ, Wilson J, Espiner S, Purdie H, Lemieux C, Dawson J (2016) Implications of climate change for 
glacier tourism. Tourism Geogr 18:377–398. https:// doi. org/ 10. 1080/ 14616 688. 2016. 11984 16

Stibal M, Bradley JA, Edwards A, Hotaling S, Zawierucha K, Rosvold J et al (2020) Glacial ecosystems are 
essential to understanding biodiversity responses to glacier retreat. Nat Ecol Evol 4:686–687. https:// 
doi. org/ 10. 1038/ s41559- 020- 1163-0

Tampucci D, Azzoni RS, Boracchi P, Citterio C, Compostella C, Diolaiuti G et al (2017a) Debris-covered 
glaciers as habitat for plant and arthropod species: environmental framework and colonization patterns. 
Ecol Complex 32:42–52. https:// doi. org/ 10. 1016/j. ecocom. 2017. 09. 004

Tampucci D, Gobbi M, Marano G, Boracchi P, Boffa G, Ballarin F et al (2017b) Ecology of active rock 
glaciers and surrounding landforms: climate, soil, plants and arthropods. Boreas 46:185–198. https:// 
doi. org/ 10. 1111/ bor. 12219

Tielidze LG, Bolch T, Wheate RD, Kutuzov SS, Lavrentiev II, Zemp M (2020) Supra-glacial debris cover 
changes in the greater caucasus from 1986 to 2014. Cryosphere 14:585–598. https:// doi. org/ 10. 5194/ 
tc- 14- 585- 2020

Tolotti M, Cerasino L, Donati C, Pindo M, Rogora M, Seppi R, Albanese D (2020) Alpine headwaters 
emerging from glaciers and rock glaciers host different bacterial communities: ecological implications 
for the future. Sc Total Env 717:137101. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 137101

https://doi.org/10.3390/insects11090644
https://www.ipcc.ch/srocc/chapter/chapter-2/
https://www.ipcc.ch/srocc/chapter/chapter-2/
https://doi.org/10.1111/brv.12319
https://doi.org/10.1111/brv.12319
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1038/s41586-019-1822-y
https://www.iucnredlist.org/resources/categories-and-criteria
https://doi.org/10.1002/ppp.607
https://doi.org/10.1016/j.scitotenv.2017.11.266
https://doi.org/10.1016/j.scitotenv.2017.11.266
https://doi.org/10.1127/fal/2020/1315
https://doi.org/10.1111/zsc.12480
https://doi.org/10.1111/zsc.12480
https://doi.org/10.1073/pnas.1619807114
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.3189/172756507781833839
https://doi.org/10.3189/172756507781833839
https://doi.org/10.1127/fal/2014/0667
https://doi.org/10.1111/jbi.12609
https://doi.org/10.1080/14616688.2016.1198416
https://doi.org/10.1038/s41559-020-1163-0
https://doi.org/10.1038/s41559-020-1163-0
https://doi.org/10.1016/j.ecocom.2017.09.004
https://doi.org/10.1111/bor.12219
https://doi.org/10.1111/bor.12219
https://doi.org/10.5194/tc-14-585-2020
https://doi.org/10.5194/tc-14-585-2020
https://doi.org/10.1016/j.scitotenv.2020.137101


2276 Biodiversity and Conservation (2021) 30:2267–2276

1 3

Turchetti B, Goretti M, Branda E, Diolaiuti G, D’Agata C, Smiraglia C et  al (2013) Influence of abiotic 
parameters on culturable yeast diversity in two distinct Alpine glaciers. FEMS Microbiol Ecol 86:327–
340. https:// doi. org/ 10. 1111/ 1574- 6941. 12164

UNEP/UNECE (2016) GEO-6 Assessment for the pan-European region (rev. 1). United Nations Environ-
ment Programme, Nairobi, Kenya. The full assessment is available through UNEP Live (uneplive.
unep.org), UNEP website (http:// www. unep. org/ publi catio ns) and as an eBook

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 inter-
glacial period. Acta Zool Academ Sci Hung 66:199–220. https:// doi. org/ 10. 17109/ AZH. 66. Suppl. 199. 
2020

Zawierucha K, Buda J, Fontaneto D, Ambrosini R, Franzetti A, Wierzgoń M, Bogdziewicz M (2019) Fine-
scale spatial heterogeneity of invertebrates within cryoconite holes. Aquat Ecol 53:179–190. https:// 
doi. org/ 10. 1007/ s10452- 019- 09681-9

Zawierucha K, Porazinska DL, Ficetola GF, Ambrosini R, Baccolo G, Buda J et al (2021) A hole in the 
nematosphere: tardigrades and rotifers dominate the cryoconite hole environment, whereas nematodes 
are missing. J Zool 313:18–36. https:// doi. org/ 10. 1111/ jzo. 12832

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1111/1574-6941.12164
http://www.unep.org/publications
https://doi.org/10.17109/AZH.66.Suppl.199.2020
https://doi.org/10.17109/AZH.66.Suppl.199.2020
https://doi.org/10.1007/s10452-019-09681-9
https://doi.org/10.1007/s10452-019-09681-9
https://doi.org/10.1111/jzo.12832

	Vanishing permanent glaciers: climate change is threatening a European Union habitat (Code 8340) and its poorly known biodiversity
	Abstract
	Commentary
	Anchor 4

	References




