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Abstract In high mountain environments, microbial commu-
nities are key players of soil formation and pioneer plant col-
onization and growth. In the last 10 years, many researches
have been carried out to highlight their contribution. Bacteria,
fungi, archaea, and algae are normal inhabitants of the most
common habitats of high altitude mountains, such as glacier
surfaces, rock wall surfaces, boulders, glacier waters, streams,
and mineral soils. Here, microbial communities are the first
colonizers, acting as keystone players in elemental transfor-
mation, carbon and nitrogen fixation, and promoting the min-
eral soil fertility and pioneer plant growth. Especially in high
mountain environments, these processes are fundamental to
assessing pedogenetic processes in order to better understand
the consequences of rapid glacier melting and climate change.
This review highlights the most important researches on the
field, with a particular view on mountain environments, from
glaciers to pioneer plant growth.
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Introduction

The ecological research of ecosystem development in the fore-
land of a receding glacier represents a pivotal topic to high-
light the primary successional stages. Since a glacier

chronosequence is characterized by a set of sites with the same
parent material and substrates (Walker et al. 2010), time is
substituted by space, and the distance from the retreating gla-
cier is used as a proxy for soil age. Under this vision, the
mineral soil closer to the glacier terminus is usually vegetation
free and heterogeneously composed of distinct geological and
pedological morphotypes, i.e., recent sandy deposit, exposed
rock materials, erosion channels, floodplains, and mudslides
with low amounts of carbon, nitrogen and other nutrients. Up
until a few years ago, plant establishment was normally con-
sidered the first step of primary succession (Odum 1969;
Connell and Slatyer 1977; Chapin et al. 1994). Now it is well
known that a rich microbial community is able to colonize
freshly exposed substrates, a long time before lichens, non-
vascular, and vascular plants (Sigler et al. 2002; Sigler and
Zeyer 2002, 2004; Nicol et al. 2005; Bardgett et al. 2007;
Nemergut et al. 2007; Schmidt et al. 2008). Hence, microbial
colonization is the first step of a cascade of processes that deal
with the formation of a fertile soil where complex vegetation
communities grow and develop (Fig. 1). Consequently, bac-
teria, archaea, fungi, and algae are crucial and fundamental
actors capable of enrichingmineral soil of nitrogen and carbon
(Jumpponen et al. 2002; Nicol et al. 2006; Zumsteg et al.
2012; Frey et al. 2013). On the other side, microbial respi-
ration, methanogenesis, denitrification and anammox act as
opposite processes, leading to a loss of nutrients and or-
ganic matter. In this complex equilibrium, microorganisms
have to continuously answer to the habitat change and to
the inter-kingdom and trans-kingdom intra-species compe-
tition, through their ecological behavior and developmental
strategies. Here we review the processes of primary suc-
cession on high mountain environments in temperate re-
gions from the viewpoint of microbial communities, and
in particular, their contribution in the colonization of min-
eral soil and pioneer plants.
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Colonization of glacier surface by microorganisms

Glacier surfaces can easily be colonized by microorganisms
from the atmosphere by water precipitation (rainfall, snow-
fall), water deposition (clouds, fog, icy crystals), wind or even
dust deposition (Sattler et al. 2001; Jumpponen 2003; Segawa
et al. 2005). The presence of an active bacterial community in
clouds has been shown, where bacteria can be present at den-
sity of 1500 cells/cm3 (Sattler et al. 2001). These microorgan-
isms can persist at the above-ground level, as shown at high
altitude sites by Bowers and coworkers (2012). Bacterial
abundances and community compositions of airborne micro-
organisms varied significantly according to the season. A
richer community with bacteria normally associated with
leaves and soil surfaces was found in spring and autumn,
due to the input from the surrounding areas at lower altitude.

Snowflakes can contain up to about 10,000 bacterial cells/cm3

(Sattler et al. 2001). An additional important input of micro-
organisms is from far territories, such as the arid Sahara desert
in the case of the European Alps (Kellogg and Griffin 2006).
Sandy storms from the Sahara to alpine glaciers carry several
types of microbial cells, both in viable and quiescent form
(Chuvochina et al. 2011, 2012). These cells are physically
attached to and protected by microparticles of clay-sized min-
erals, such as illite and smectite. Strains affiliated with
Actinobacteria, α-Proteobacteria, Deinococcus-Thermus,
Cyanobacteria, and Bacteroidetes widely distributed in the
Sahara desert were able to adapt themselves to the alpine
environment on Monte Bianco Glacier (Chanal et al. 2006).

Even highmountain lakes could act as direct interceptors of
airborne bacteria (Hervàs and Casamayor 2009). After a Sa-
haran storm event in June 2004, the bacteria inhabiting the top
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of the air–water interface in a remote highmountain lake in the
Pyrenees were more similar to the collected airborne bacteria
than those of the underlying waters. Other important vectors
of bacteria on glacier surfaces, especially in the Alps and other
strongly human-impacted glacier areas, are humans (tourism)
and livestock (mostly sheep and goat farming) (Lee et al.
2011), but these sources have not been well documented up
to the present. And similarly, the contribution of wild animals
crossing glaciers areas, such as birds, insects and other ani-
mals, is not well studied.

Surveillance, growth and activities
of microorganisms on glaciers

Once on a glacier surface, microbial cells have to forego ex-
treme environmental conditions, which can also change great-
ly during the daytime and along the seasons. Extremely cold
temperatures chill microbial cells, causing injuries in the cell
wall and in membranes, provoking cell lysis. Consequently,
ice cores have been shown to harvest microbial communities
(Branda et al. 2010; Lutz et al. 2015) that differ from those of
the surrounding liquid water (Psenner and Sattler 1998; Priscu
and Christner 2004). Due to the presence of solutes, glacier
melt waters have a lower freezing point compared to pure
water, resulting in a reticulate network of micron-sized liquid
water veins embedded in the ice core. The size of the veins
decreases with decreasing temperature. On Earth, it ranges
from ~10 μm at −2 to ~1 μm at −50 °C (Price 2000). When
rocky particles are also embedded, a layer of liquid water is
formed on the mineral surface, including microbial cells at-
tached to the particle. The freezing point of aqueous solutions
is lower than that of pure water; therefore, most of the solutes
during the process of formation of ice are left out from the
crystal reticulate, resulting in a higher concentration. This is a
favorable environment for microorganisms to survive and me-
tabolize in, although at a lower rate. The range of microorgan-
isms found in ice melt water is between 104 and 1010 CFU/ml
(Price et al. 2010). Liquid water on glacier surface also derives
from rock surface warming. Under sunlight, rock surfaces can
reach relatively high temperatures, promoting snow and ice
melt. For instance, in Antarctica, summer temperatures nor-
mally range between −15 and 0 °C, but temperatures beneath
rock particles can reach 17–20 °C many hours per day (Mevs
et al. 2000). In this habitat, microorganisms must forego dif-
ficulties due to UV irradiation, which may damage macromol-
ecules and cause the cell to die, as well as nutrient scarcity.
However, somemicrobial species seem to be able to resist into
the glacier core, or even to answer to the harsh environmental
constraints by growing and propagating in glacial ice or in soil
permafrost. Such microorganisms have very limited sources
of nutrients and it has been hypothesized that they use the
resources almost entirely to repair macromolecular damages,

enabling them to survive for several hundreds of thousands of
years (Miteva et al. 2004; Miteva and Brenchely 2005; Price
2007; Dieser et al. 2010; Buzzini et al. 2012; Hamilton et al.
2013). On the other side, bacterial cells are protected from
chilling by the covering snow, since snow cover assures con-
stant and not-extremely cold temperatures (Schmidt and
Lipson 2004). Finally, glacier surfaces can have a sized habitat
where nutrients, such as organic dust brought by wind (Okin
et al. 2004; Duarte et al. 2006; Thevenon et al. 2009) or by
animals, or ancient carbon pools (Bardgett et al. 2007; Singer
et al. 2012; Hågvar and Ohlson 2013; Hood et al. 2015), are
more available.

Temperatures below 0 °C pose one main challenge to life:
the availability of liquid water, and the concentration of sol-
utes in the cytosol resulting from the sequestration of water
molecules to ice crystals. The resulting effect of lower water
activity, ionic imbalance and desiccation leads to cell death
(Russell et al. 1990). Cold denaturation of proteins occurs at
temperatures below −15 °C (Franks 1994). Low temperatures
are perceived by microorganisms as an increased rigidity of
the membrane, and in the last instance, as an upregulation of
genes for cold-shock proteins, fatty acid desaturase (which
increase membrane fluidity, increasing unsaturation of the hy-
drophobic tails of the lipidic double layer), cold-active en-
zymes, catalase, superoxide dismutase and several other en-
zymes or proteins involved in replication, transcription and
translation (Shivaji and Prakash 2010). An interesting adapta-
tion of psychrophilic bacteria is their ability to produce pro-
teins that protect them from the formation of ice crystals in the
cytosol and the immediate extracellular environment
(Kawahara 2002). Another key role is played by exopolymers
(EPS), which are involved in the mechanism of attachment to
mineral particles, and in protection from dehydration and low/
high temperatures exposure, and are constituted primarily by
high molecular weight exose and pentose sugars. EPS are
secreted as mucous slime and create a suitable environment
for living, and such slime has been found in high abundance in
Arctic and Antarctic (Krembs et al. 2002; Mancuso Nichols
et al. 2005).

If microbial cells survive on glacier surfaces after environ-
mental selection, they can grow and metabolize. It has been
shown that ice cores from Tsanfleuron Swiss Glacier had a
bacterial charge evaluated at between 9.3×105 and 5.9×
106 CFU/ml (Sharp et al. 1999), while for Guliya Glacier
(China), charges were between 1×104 and 5×105 CFU/ml
(Christner et al. 2000). The growth rate of microorganisms
in the glacier system is strongly affected by temperature, ox-
ygen and nutrient availability. Microclimatic factors can im-
pact the efficiency of colonization success (Lipson 2007). For
instance, UV radiation and freeze-thaw cycles can select mi-
croorganisms able to produce protective secondary metabo-
lites such as pigmentations (Sterflinger et al. 2012; Selbmann
et al. 2014).
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Several taxa of specialized psycrophilic microorganisms
have been often found on glacier surfaces, even in an active
form, showing that glaciers are far from being only passive
deposits, and that after ice melting, glacier waters are already
enriched with a complex microbial community (Branda et al.
2010; Margesin and Miteva 2011; Buzzini et al. 2012;
Schmidt et al. 2012; de Garcia et al. 2012; Turchetti et al.
2013). Of course, spore formers can be found in the surveil-
lance, but non-spore-forming microorganisms can also be fre-
quently found. For instance, the psychrophilic bacterial spe-
cies Cryobacterium psychrophilum, Variovorax paradoxus
and Janthinobacterium lividum are specialized members of
the snow biota,distributed worldwide in polar environments
and high mountains (Segawa et al. 2005). An increasing num-
ber of psychrophilic yeasts strains has recently been reported
in the Antarctic and non-Antarctic cryosphere (Jumpponen
2003; Buzzini et al. 2012; Schmidt et al. 2012; Selbmann
et al. 2014).

Many polar and alpine cryospheric areas, such as Green-
land (Lutz et al. 2014), Svalbard (Müller et al. 2001), the
European Alps (Remias et al. 2005), the Rocky Mountains
(Thomas and Duval 1995), Antarctica (Fujii et al. 2010;
Remias et al. 2013), Alaska (Takeuchi 2013) and the
Himalayas (Yoshimura et al. 2006), are colonized by colorful
snow algae that are also primary support for other snow and
ice microbial communities as carbon and nutrient sources
(Lutz et al. 2014). Using a high-throughput sequencing ap-
proach for microbial communities of all major Icelandic gla-
ciers (Lutz et al. 2015), a limited number of snow algal taxa
(Chloromonas polyptera, Raphidonema sempervirens and
two uncultured Chlamydomonadaceae) were detected as
supporting a rich community comprised of other micro-eu-
karyotes, bacteria and archaea.

Moreover, on the glacier surface there are several different
habitats where microorganisms can survive, grow and multi-
ply. Of the most interesting are the cryoconite holes; namely,
cylindrical melt holes on the glacier surface filled by liquid
water and small stones. Cryoconites are enriched for hydro-
carbons and other nutrients, as well as nitrogen compounds
and rock mineral elements, helping the development of a rel-
atively rich microbial community. Cryoconite microbial com-
munities could act as efficient recyclers of allochthonous car-
bon and nutrients similar to microbe–mineral aggregates from
other icy environments (Varin et al. 2010). Edwards et al.
(2013), provided the first metagenomic study of alpine
cryoconite microbial diversity of Rotmoos Glacier in the Aus-
trian Alps. The cryoconite microbial community was domi-
nated by Proteobacteria, Bacteroidetes and Streptophytes.
Functional gene analysis of N, Fe, S and P cycling showed
an acquisitive trend and a nitrogen cycle based upon efficient
ammonia recycling. Carbon cycles are also dominated by
anoxygenic photosynthetic bacteria, oxyphototrophic
Cyanobacteria and eukaryotic microalgae, which easily

colonize cryoconite holes (Kaštovská et al. 2007) as well as
patches of snow (Sawstrom et al. 2002; Stibal et al. 2008a, b).
This kind of complex community can even sustain the growth
and reproduction of animals, as demonstrated for Tardigrada,
cold-resistant animals often found in these habitats
(Kaczmarek et al. 2012).

Since it is well known that mountain glaciers are collectors
of persistent pollutants such as pesticides, herbicides, haloge-
nates and artificial radionuclides (Tieber et al. 2009), glacier
environments are getting more attention from different points
of view. The high natural mineral content (usually heavy
metals or natural radioactive elements) led to the selection of
bacteria resistant to metals and other toxic elements, thanks to
cellular efflux pumps. Truly, antibiotic resistant bacteria can
be easily found in glacier environments, associated with
cryoconites (Brusetti et al. 2008) or ice cores (Segawa et al.
2013). In particular, while Brusetti et al. (2008) found
uncharacterized ampicillin-resistant bacterial isolates in the
Midtre Lowenbreen Glacier cryoconites (Svalbard Islands),
Segawa and coworkers showed a great variability of antibiotic
resistance genes from both clinical and agricultural origins in
at least 17 glaciers worldwide.

Another important and dynamic sink of microorganisms in
high-altitude environments, which can be referred to as glacier
habitats both for microbial colonization and processes, are the
ice covers and snowpacks on mountain lakes (Felip et al.
1999). The bacterial communities of the slush layers of
an alpine lake (Redon, Pyrenees) in winter during growth
of the snowpack, and in spring during the melting phase,
were characterized. In winter, the microbial community
was especially related to the autochthonous planktonic
bacteria beneath the ice, whereas in spring, the microbial
community was more similar to those from the cryosphere
and probably were derived by remote aerosol deposition
(Llorens-Marès et al. 2012).

Colonization of rock surface by microorganisms

High mountain landscapes are dominated by boulders, small
stones and mountain rock faces. These are normally distribut-
ed surroundings, on and below glaciers. Rains and melt waters
flow down rock surfaces, wetting microbial biofilms and
weathering the lithic substrate. Detached minerals as well as
mobilized ions flow down, enriching the downstream mineral
soil or watercourse. When bare rocks are colonized, the mi-
crobial community composition varies according to the type
of rock substrate (Marnocha and Dixon 2014). These micro-
organisms live in a biofilm form. On solid mineral surfaces
exposed to the atmosphere, a biofilm creates suitable condi-
tions for the life of microorganisms (Gorbushina 2007). With-
in biofilms, there are consortia of different prokaryotic phyla,
but also eukaryotes such as algae and fungi. Biofilm formation

46 Ann Microbiol (2016) 66:43–60



leads to the creation of microenvironments suitable for bacte-
rial growth. Usually, environmental niches within the biofilm
may be quite different from the ambient condition: a different
pH, different aerobic conditions, and a relatively favorable
temperature and humidity. This allows for the development
of complex microbial communities that increase the rate of
rock weathering and soil formation, favoring the establish-
ment of pioneer macro-organisms such as mosses and lichens
(Gorbushina 2007). Such organisms eventually constitute the
dead organic matter that will be decomposed by decomposers
in the mineral soil.

Indeed, temperature on a stone surface is strongly depen-
dent on the surface exposure (north or south), weather (cloudy,
cloudiness, rainy, etc.), season, and on the day/night cycle
(McFadden et al. 2005). For example, in November 2001 at
4500 m a.s.l. on the southern face of Zumstein Peak (Italy/
Switzerland), the maximal andminimal temperatures recorded
by rock surface sensors were +17 and −20 °C, respectively.
On the other hand, on the northern face of the same peak,
temperatures were −6 and −22 °C, respectively (Gruber
et al. 2003). Temperature fluctuations are also important; daily
temperature fluctuations on rock surfaces are often twice that
of the air temperature fluctuations (McFadden et al. 2005),
reaching to even about 30 °C or more (Gruber et al. 2003;
McFadden et al. 2005). Moreover, the daily fluctuations de-
pends on the rockmineral composition and color, i.e., blackish
rocks such as oxidized iron rocks, black rock varnish or mica
phyllosilicates minerals can absorb more light energy,
reaching relatively high temperatures under the sun (Mevs
et al. 2000). Rock varnish is a dark-red or blackish colored
coating that is formed on the surfaces of the rocks (Potter and
Rossman 1977). There is little knowledge about this geolog-
ical formation: it involves iron and manganese oxide precipi-
tate that forms deposits on the surfaces of rocks, together with
clay and small particulate matter. Up to now, the role of mi-
crobial communities in the formation of rock varnish is a
matter of debate (Dorn 2007). Siliceous acidic boulders in
Match Valley (Italy), coated with an iron and manganese-
rich rock varnish or totally uncoated, hosted Cyanobacteria,
Chloroflexi, Proteobacteria and, along with minor taxa,
Solirubrobacterales, Conexibaxter and Rhodopila. Taxa like
Edaphobacter sp. had a marked spatial variation according to
the sampling site. A highly oxidative Fe and Mn-rich varnish
environment seemed to favor an anoxigenic autotrophy on
rock coating (Esposito et al. 2015). Despite the harsh environ-
mental conditions of high mountain rock surfaces, autotrophs
(Duc et al. 2009a, b) and heterotrophs (Tscherko et al. 2003;
Bardgett et al. 2007) may follow a succession, playing crucial
roles in ecosystem development. Microorganisms can carry
out mineral bioweathering of bedrock surfaces (Gorbushina
and Broughton 2009) due to enzymatic reactions, pH reduc-
tion or release of oxalate, cianide, gluconic acid, siderophores,
and chelating molecules, which react with the rocks (Mavris

et al. 2010; Styriakova et al. 2012). Free living fungi and
growing lichens could carried out mineral bioweathering due
to mechanical actions of the lithic substrates (Gorbushina
2007). It should be mentioned that not all those processes
are deterministic. Sometimes, microorganisms secrete those
compounds just as a by-product of their metabolism, and
sometimes a siderophore/chelating molecule secreted by a mi-
croorganism could be used by cells of other species. This
results in a very complex network of interactions that can
end up with the dissolution of rock and the development of
biofilms on its surface. Bacterial strains belonging to
Arthrobacter, Janthinobacterium, Leifsonia and Polaromonas
or isolated from biofilms on rock substrates were able to dis-
solve granite, plagioclase and feldspar, thanks to oxalic acid
excretion. Oxalic acid is highly corrosive against mineral
rocks, dissolving the metal ligands by acidification of the
mineral surface (Welch et al. 1999; Welch and Ullman
1999). Oxalic acid can be also accumulated in large amount
when microorganisms are organized in biofilm, reducing the
pH; free ions can wear oxygen away from minerals, weaken-
ing the chemical bond between the metal ion and the rock
surface. The dissolved elements were incorporated in the bio-
film matrix, which become a hotspot of nutrients on the bare
bedrock. Moreover, cryptoendolithic Cyanobacteria could im-
prove bioweathering during the process of photosynthesis,
because of the substrate alkalization (Budel et al. 2004).

There is evidence of the pivotal role of cyanobacteria with-
in endolithic microecosystems of acid biofilms on granite
rocks in extreme environments such as Antarctica (de los Ríos
et al. 2003), as well as the biogenic weathering role exerted by
lithobiontic bacteria on deglaciated granite of Damma Glacier
(Central Alps) (Frey et al. 2010; Lapanje et al. 2012). Inde-
pendent of existing pores or fissures, homogeneous carbon-
ates rocks could be colonized by algae and ascomycetes,
which act as lithobiontic organisms favoring endolithic pro-
cesses (Hoppert et al. 2004).

Three pioneering fungal species, isolated from granitic sed-
iments in the forefields of Damma Glacier, have the capability
to exude citrate, malate, and oxalate to dissolve granite pow-
der, increasing the concentration of macro and micro nutrients
(Ca, Mg, P, Fe, Mn) in solution (Brunner et al. 2011). A
follow-up batch of experiments showed a different pattern of
organic acid release dependent on various carbohydrate
sources in the same study area, including glucose, cellulose,
pectin, pollen, and cell remnants of cyanobacteria, fungi, and
algae (Brunner et al. 2014).

All these microbial activities facilitate the release of mineral
cations essential for microbial growth. Of course, the activity of
microorganisms is strongly influenced by humidity and tem-
perature. Environmental fluctuations can exert a strong pressure
on microbial communities influencing enzymatic activities.
Chemical composition and acidity of the bedrock (Mummey
et al. 2005) are also important for the accessibility of mineral
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elements that favor microbial life. Siliceous rocks, broken as a
result of the combination freeze-thaw cycle (McFadden et al.
2005), release mineral elements such as apatite (phosphorous
source) useful for microbial growth, whereas calcareous rocks,
dissolved by chemical weathering, usually do not release useful
elements for microorganisms. Microbial community composi-
tion in a natural alpine apatite deposit (Piatto della Miniera,
Switzerland) showed a specific bacterial community dominated
by Acidobacteria, Chloroflexi, Actinobacteria, Rhizobiales and
Firmicutes, while the non-apatite samples surroundings had a
higher relative abundance of Actinobacteria and Chloroflexi
(Ragot et al. 2013). The different bacterial compositions could
also be explained by the different bioavailable elements from
the surfaces.

Recently through 454 pyrosequencing, a great number
of lithoautotrophic bacteria, autotrophic methane producing
archaea and heterotrophic eukarya in the subglacial envi-
ronment of Robertson Glacier (Canada) were found,
allowing the researchers to suggest their active contribu-
tion to the global carbon cycle over extended periods of
time (Hamilton et al. 2013).

Pioneer colonization of mineral soils and sediments
by microorganisms

Whatever the mechanism behind stone and bedrock degrada-
tion, mineral elements and microfragments are deposited in
what will be converted in an oligotrophic soil. Water from
glacier, from springs, or from atmospheric precipitations bring
more nutrient and wet the system. Of course, soil moisture and
texture that affect water and gas fluxes could be responsible
for nutrient availability. During the warmer seasons, water
may come out through the glacier moraine springs. This water
may have different properties according to its underground
path. A long storage in an aquifers usually results in an en-
richment of ions due to the contact of water with the inner
surface, leading to weathering of the bedrock (Blaine
McCleskey et al. 2012). Different bedrock may enrich water
with different ions, leading to different chemical properties in
the corresponding water spring. Water springs in high moun-
tains constitute a hotspot for conservation issues. This is due
to the unique nature of their three dimensional ecotones,
which makes them very sensitive to environmental changes
(Barquin and Scarsbrook 2008). Several studies have been
done on high alpine water springs, but very seldom have those
studies focused on prokaryotes. Most of the microorganisms
studied are eukaryotes (diatoms andmacroinvertebrates above
all) or cyanobacteria (Cantonati et al. 2006). The change of
chemical parameters influences the rate of organic matter orig-
inating from a terrestrial versus a microbial source (Hood et al.
2005; Judd et al. 2006). Glacier retreat alters the relative con-
tribution of melt water to the streams: as glacier runoff

decreases, the water inputs from ground water increase. Even-
tually, the whole nutritional state of the high mountain envi-
ronment will change.

In this system, microorganisms are the key players of sed-
iment fertilization and soil neogenesis, thanks to several differ-
ent metabolic activities. Respiration, dehydrogenase activity,
dimethylsulfoxide reduction and ammonification generally in-
crease along a chronosequence from the youngest to the oldest
soil, and higher values are usually seen at the end of growing
seasons, indicating distinct seasonal changes (Hofmann et al.
2013). When relatively high temperatures are also available on
the soil surface, a noticeable methanogenic activity can be
observed. In this sense, archaea can be considered an important
group in these environments, but unfortunately they have not
been thoughtfully studied. Few studies have been done,
underlining that methane release is generally low in the prima-
ry soil, but it increases slightly as soil formation proceeds,
reaching higher values at the end of the growing seasons.
But, in general, in mature mineral soils, methanotrophy greatly
exceeds methanogenesis, and the net methane consumption
distinctly increases along the chronosequence (Hofmann
et al. 2013).

Organic carbon may come from ancient deposits under ice
cover (Bardgett et al. 2007), glacier water (cryoconites, melt-
water, biofilms) or rock surfaces (biofilms, varnish), but it
may come from elsewhere, such as wind deposition of alloch-
thonous organic matter, i.e., plant and algal litter, organic de-
position from living invertebrates and animals, natural or an-
thropogenic soot, pollution, or even dead animals and plants
(Hodkinson et al. 2003). Unfortunately the contribution of
such kinds of organic carbon inputs has never been studied
with a multidisciplinary approach. Another carbon source is
represented by both fungal and algal biomass (Frey et al.
2013). It has been recently been shown that some strains of
Flavobacterium sp., Acidobacteria, and Proteobacteria can be
fed by this source of nutrients (Zumsteg et al. 2013).
Acidobacteria seem to be negatively related to the carbon
mineralization process, and they are thought to be essential
actors in the balance of the carbon cycle in high mountain
environments (Zumsteg et al. 2013).

Nitrogen fixation by microorganisms and nitrogen deposi-
tion by the atmosphere (rain, pollutants, dust) are the only two
processes to improve the amount of available nitrogen in the
sandy moraines. Nitrogen fixation activity is low during the
earliest pre-plant stages (Duc et al. 2009a, b), as confirmed by
the low abundance of the marker gene nifH found in those
environments. Nevertheless, nitrogen deposition, and decom-
position and mineralization of the organic matter could be the
most important nitrogen transformation process (Brankatschk
et al. 2011).

Mineral soils and glacier stream sediments host a re-
markably high microbial diversity, as shown in several
researches (Nicol et al. 2005; Branda et al. 2010; Buzzini
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et al. 2012; Frey et al. 2013; Wilhelm et al. 2013).
Among the most common bacterial phyla, Acidobacteria
seem to be more common in mineral soil with low carbon
and nitrogen content, and neutral or alcaline pH, whereas
Bacteroidetes seem to colonize acidic soil with organic
matter supplied by mosses. Moreover, Acidobacteria seem
to decrease their genetic diversity by function of the alti-
tude (Bryant et al. 2008). High mountain mineral soils
host new taxa, sometimes strictly correlated to the carbon
and nitrogen cycles (Ganzert et al. 2011). Some of these
phyla can constitute significant percentages of the overall
diversity, such as the bacterial phylum AD3 on the Tibet-
an Plateau between 4042 and 4477 m a.s.l. (Wang et al.
2015). Surprisingly, these authors also found also an ex-
traordinary percentage of archaeal ribosomal genes (up to
80 % of the total archaeal communities) belonging to the
marine group MBGA. Interestingly, this finding can be
explained with the very recent uplifting of the Tibetan
Plateau from the ocean (less than 7 million years ago).
If this hypothesis is true, the past history of the bedrock
(in terms of lithology and of microbiology) is also impor-
tant. The past history of mineral soil substrate is also
important for fungal colonization: soil fungal communities
of Lyman Glacier from sites adjacent to the glacier termi-
nus (very young substrate) and from sites adjacent to the
terminal moraine (old substrate) were analyzed
(Jumpponen 2003). Stochastic events and airborne spore
deposition seem to strongly influence the diversity and
distribution of the early fungal communities dominated
by three fungal phyla, whereas old-substrate-hosted fungi
were widely distributed among Ascomycetes and
Hymenomycetes. But authors noted a significant unexpect-
ed presence of biotrophic fungi such as Taphrinomycetes,
Urediniomycetes (the rust fungi), Ustilaginomycetes (the
smut fungi), and other unknown groups, due to random
aerial deposits or to dormant spore banks already present
in the older substrate.

Cyanobacteria and eukaryotic microalgae may also
be a significant source of organic carbon not only in
arctic environments (Mataloni et al. 2000; Freeman
et al. 2009), but also in alpine glacier forefields (Frey
e t a l . 2013 ) . S i gn i f i c an t d i f f e r e n c e s i n t h e
cyanobacterial and green algal communities according
to three different successional stages of the Damma
Glacier forefield were found (Frey et al. 2013).
Oscillatoriales dominated in bare soils, whereas Nostoc
sp. dominated in sparsely vegetated soils. The algal
phylotypes of the Trebouxiophyceae, living as symbiot-
ic partners in lichens, had widespread distribution in all
the sites. Moreover, both cyanobacteria and microalgae
represented a source of organic matter and were con-
tributors of carbon in the nutrient-deficient deglaciated
soils (Frey et al. 2013).

Microbial communities in primary vegetation
successions

According to the vegetation succession theory, pioneer
plants are the first colonizers of incoherent mineral soil,
and, through a complex dynamical process, they lead to
a plant community stable association. This process is
based on an orderly and continuing replacement of
one plant community by another one. The ecological
development is affected by several environmental and
physical factors, such as local microclimate changes,
mudslides, and anthropogenic modifications. An ecolog-
ical succession is mainly due to two contrasting physi-
ological behaviors: r-selection and K-selection. The r/K
selection theory is based on the Verhulst model of pop-
ulation dynamics where the two parameters r (maximum
growth rate of a population N) and K (carrying capacity
of the environmental site) are important and have con-
sequences on the rate of population growth dN/dt
(Odum 1963) through the formula dN/dt=rN(1-N/K).
Ecologists typically distinguish r-strategists and K-strat-
egists: The first case is composed of species that accen-
tuate growth rate, producing a great amount of offspring
and exploiting less competitive niches, whereas K-
strategists maximize K, with a more careful use of the
natural resources and a stronger adaptability to live in
highly competitive niches and invest more time and
energy in fewer offspring.

While the r/K theory is well known in plant and animal
ecology, in microbial ecology it is rarely studied due to the
extraordinary complexity of microbial cell behavior. Surveil-
lance, growth and reproduction are affected by different envi-
ronmental factors and by the presence of competitors. Never-
theless, microbiologists consider microbial species able to
growth in laboratory conditions on carbon-rich media as a r-
strategists, while K-strategists are microbial species rarely iso-
lated or intrinsically not culturable (Garland et al. 2001; Sigler
and Zeyer 2002). Consequently, bacterial genera such as
Bacillus and Pseudomonas are believed to be r-strategists,
while Acidobacteria and most of the Actinobacteria are con-
sidered K-strategists (Philippot et al. 2013).

Microbial ecologists tried to apply the r/K selection theory
to the primary succession in high mountain environments.
Ohtonen et al. (1999) firstly used molecular techniques to
study microbial community composition in unvegetated sites,
and in mycorrhizated and non-mycorrhizated pioneer plants
from 20-year-old to 80-year-old soils in a primary succession
along the forefield of Lyman Glacier (Washington, United
States). Theymeasuredmicrobial biomass with three indepen-
dent methods. Biomass increased over the successional time
from unvegetated soil to vegetated soils, due to a different
community composition and to a community shift from
bacterial-dominated to fungal-dominated communities.
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Hence, during the early stages of succession, the microbial
community is not able to incorporate all the carbon substrate
into its biomass, and thereby it increases the respiration pro-
cess. The later-stage microbial community is not able to reach
high rates of respiration, being mostly linked to K-strategy,
and remains in an Benergy-saving state^, accumulating carbon
in the biomass. In this case, fungi are K-strategists acting as an
important carbon-sink of this habitat. These results had been
confirmed by Jumpponen et al. (2002), who obtained impor-
tant evidence on the soil fungal community in non-vegetated
areas of the Lyman Glacier forefield. On Damma Glacier and
Rotfirn Glacier (Switzerland), the development of microbial
populations from the youngest to oldest soil wasmainly due to
the increase in microbial abundance and activity, confirming
the previous result of Ohtonen et al. (1999) on Lyman Glacier
(Sigler and Zeyer 2002). Following a different model of mi-
crobial community succession, the composition of all the mi-
crobial communities from Damma Glacier were significantly
different, whereas on the Rotfirn Glacier moraine, the diver-
sity of microbial communities was quite similar. Moreover,
the authors applied the ecological r/K selection to the micro-
bial succession, labeling microbial culturability as r-strategy
(Garland et al. 2001). Opportunistic microorganisms able to
grow on non-selective medium were dominant during the
first 10 years of succession due to stress tolerance strategies
against the harsher environmental conditions (Sigler and Zeyer
2004). Microbial activity increased to a maximum in the
70-year soil, while it decreased or reached a plateau in
the 100-year soil. A shift from r-strategists to K-strategists
occurred in the late successional stages, and a metabolically
more efficient population that invests few resources into
reproduction was settled (Ohtonen et al. 1999; Schipper
et al. 2001; Sigler and Zeyer 2004).

Other studies about the same alpine environment were con-
ducted, and they highlighted different aspects of the primary
colonization. The bacterial community composition of miner-
al soils from siliceous or calcareous parental materials seems
not to be determined by bedrock type, being otherwise dom-
inated by ubiquitous bacterial taxa, generally adapted to the
oligotrophic conditions (Lazzaro et al. 2009). This was con-
firmed by transplantation experiments of siliceous soil to cal-
careous soils to assess possible shifts in bacterial community
structure and diversity (Meola et al. 2014). The natural growth
dynamics of the bacterial populations did not change after the
transplantation, and bacterial communities from bare soil, de-
spite their simple species composition, could efficiently and
dynamically answer to the changed environmental conditions.
α-Proteobacteria were not affected by seasonal dynamics and
the related physico-chemical variations, while Actinobacteria
and Firmicutes showed marked changes in abundance and
composition.

Bacterial, archaeal, fungal, and algal communities on rock
substrates from fine granite sand near the glacier terminus, to

the well-developed soils covered with complex vegetation,
were studied to have a simultaneous picture of the microbial
population (Nemergut et al. 2007; Schütte et al. 2009). The
Shannon diversity index for Bacteria was high and constant
along the forefield according to Schütte et al. (2009), but was
in contrast to Nemergut et al. (2007), who detected increasing
diversity along the chronosequence. Different factors such as
climatic conditions, soil texture, bedrock composition and soil
age could influence the bacterial community structure.
Proteobacteria, Actinobacteria, Firmicutes and Cyanobacteria
were abundant in young soil, whereas Acidobacteria colo-
nized especially old soils. To assess the dynamics of bacterial
populations that could be limited by selection processes along
the gradients of chemical and biological parameters, two-
dimensional sampling was performed in the same oligotrophic
forefields (Hammerli et al. 2007). Sites of different age and
vegetation showed significant differences in soil properties,
such as pH, ammonium concentration, and total organic car-
bon, although those variations were not particularly high, as
expected. Strains of the genus Pseudomonas were tested for
adaptation in transfer experiments from young to old soils and
vice versa. The isolated strains did not show a significant
specific interaction with their local environment with a limited
local expansion of soil bacteria. Environmental constraints,
such as exclusion due to competition, different migration be-
havior of bacteria from young and old soil, or the ability of
early colonizing bacteria to survive under the glacier ice,
could be effective factors for the lack of local adaptation
(Hammerli et al. 2007).

Along an age gradient of 20 years of an early successional
soil in Southeastern Peru, evenness, phylogenetic diversity
and number of phylotypes increased up to the oldest soil
(Nemergut et al. 2007). Moreover, during the first 4–5 years
of the succession, photosynthetic and nitrogen-fixing bacteria
dramatically increased the amount of nutrients and organic
matter many years before the occurrence of mosses, lichens
and vascular plants (Schmidt et al. 2008). At 0 m from the
g l a c i e r t o n g u e , s amp l e s w e r e d om i n a t e d b y
Comamonadaceae, which probably came from glacier ice be-
cause they are widely distributed in cold environments such as
glacier ice core (Sheridan et al. 2003) and Antarctic ice
(Gordon et al. 2000). Some of those genera were N-fixing,
but most were heterotrophs. In this case, microbial hetero-
trophs seemed to be the first colonizers and they were
probably influenced by the same environmental factors
that control other microbial communities.

In terms of cyanobacterial diversity, along a
chronosequence from initial (0–10 year) and transient soils
to the developed soils (110–120 year), transient and de-
veloped soils are quite heterogeneous in view to the eco-
logical niches (Frey et al. 2013), whereas the developed
soils host cyanobacteria ubiquitous in soil, rhizosphere,
freshwater, mountain and endolithic habitats (Heath et al.
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2010; Jungblut et al. 2010; Wong et al. 2010; Schmidt
et al. 2011).

The differences could be explained by the spread of vege-
tation cover and by the physico-chemical characteristics of the
soils. The developed soils present a finer texture, and conse-
quently a higher store of organic matter, water contents and
nutrient concentrations, than the initial bare soils or the tran-
sient sparsely vegetated soils (Frey et al. 2013). The vegeta-
tion cover results in less light for phototrophic microorgan-
isms, and competition with vascular plants and root-associated
microorganisms for nutrients. About algae, there are no sig-
nificant differences in diversity along the chronosequence,
maybe because recurring floods events due to melt-waters in
summer cause the dispersal of algal cell across different soils.

Another alpine glacier recently studied is the forefield of
theWeisskugel Glacier inMatsch Valley (Italy). A first insight
into the bacterial communities associated with different envi-
ronmental matrices showed distinct variations among sites:
Acidobacteria mostly found in mineral soil; Proteobacteria
in sediments, biofilms, and lichens; Cyanobacteria on rock
surfaces; and Firmicutes and Bacteroidetes in biofilms
(Esposito et al. 2013). Among the different environmental
matrices of higher Matsch Valley, mineral soil showed the
highest bacterial diversity in terms of taxa, even accounting
for nitrogen fixing bacteria (Ciccazzo et al. 2014b).

All these overall data show that mineral soil of high moun-
tain environments, before being reached by plant seeds, al-
ready has a high potential for soil fertilization and plant
growth promotion. An extraordinary high diversity is locally
available and strong environmental factors drive the final
combination of the microbial taxa in each site at a microscopic
scale. Once a seed randomly reaches the site, depending on the
combination of microorganisms and of the chemical charac-
teristics, it can germinate or be inhibited.

Microbial growth dynamics after pioneer plant
growth

When the vegetation appeared along a primary succession, it
could be influenced by environmental factors, ecological com-
petition and mineral nutrient stress (Grime 2001). In this con-
text, plants could be distinguished as competitors (low stress
and low disturbance), stress tolerators (high stress, low distur-
bance), and ruderals (low stress, high disturbance).

Pioneer plants could play a crucial role in soil development
with alteration of parent materials, slope stabilization, accu-
mulation of litter and rhizodeposition. Microorganisms can
convert rhizodeposits in other organic substrates, which can
improve soil water retention capability to hold water and nu-
trients (Philippot et al. 2013). Moreover, plants supply sugars
to microorganisms, which in turn supply fixed nitrogen to
plants, and bioavailable phosphate. Plant growth promoting

rhizobacteria can also improve plant growth and health,
protecting it from parasites (Singh et al. 2004). On the other
hand, phytopathogenic microorganisms could be also selected
by the plant, increasing their pathogenic efficiency, thanks to
nutrients and minerals available in the rhizosphere.

Studies about the effect of pioneer plants on rhizobacterial
community in alpine ecosystems were especially focused on
single plants along a chronosequence, while studies about the
effect of the overall plant cover regarded different ecological
niches and pointed out the higher significance of environmen-
tal parameters on the microbial communities. Regarding single
plants in high mountain environment, most of the studies have
been conducted on pioneer autochthonous plants in Europe
and in Northern America. Overall, these studies showed the
rhizosphere effects exerted by each single plant species on their
respective rhizobacterial communities, even if some contrast-
ing results can be found. For instance, along the
chronosequence of the Rotmoos Glacier in Austria, the first
pioneer plants appeared within 14–20-year-old soils due to
the specific adaptations to the environmental conditions. Plants
in stable symbiosis with diazothrops occurred late up to the 48-
year-old soils, due to the scarcity of phosphorous, essential for
the nitrogen cycle.Moreover, the energy required for the main-
tenance of symbiosis is usually very high, and this is why
stable symbiosis is more rare under critical environmental con-
ditions (Merbach et al. 1999). Woody plants occasionally col-
onize very young soils, but, due to the low growth rates, they
are often replaced by more competitive perennial herbs. Dur-
ing the succession, when the vegetation cover and plant diver-
sity increase, heat stress affecting soil microorganisms is re-
duced, while soil moisture is maintained. Nutrient availability
and root exudation increase microbial root colonization. The
organic matter accumulates and K-strategists are favored
against r-strategists. Moreover, the abundance and the activity
of microorganisms increase during the succession due to the
soil age and to the shift from annual vegetation to perennial
vegetation. Actually, perennial plants are known to be able to
exude more carbon, increasing the nutrient availability in the
late successional stages (Bardgett et al. 1999).

In a recent work (Brown and Jumpponen 2014), the fungal
and bacterial successions along the glacier forefield
chronosequence of Lyman Glacier were studied through
high-throughput sequencing, comparing establishing vegeta-
tion soils of four plant species with diverse mycorrhizal ecol-
ogies (Abies lasiocarpa, ectomycorrhizal; Luetkea pectinata,
arbuscular mycorrhizal; Phyllodoce empetriformis, ericoid
mycorrhizal; Saxifraga ferruginea, nonmycorrhizal) and
non-vegetated soils. The biomass, the diversity and the distri-
bution of both fungi and bacteria within the microbial com-
munities were strictly related to the distance from glacier ter-
minus. There were evidences of different drivers for fungal
and bacterial trajectories. The presence of plants and not the
plant species itself played a crucial role in structuring bacterial
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communities along the chronosequence, and a minor role in
structuring the fungal communities. Moreover, while only
bacterial communities appeared to taxonomically con-
verge during assembly (hence supporting determinism),
fungal communities appeared to act oppositely, although
many fungal taxa were non randomly distributed across
the glacier foreland.

During the early succession, plant species could not select
specific rhizobacterial communities, whereas pioneer plants
on 15-year-old soils in Glacier Bay (Alaska) could select for
specific rhizobacterial communities (Bardgett and Walker
2004; Knelman et al. 2012). In Glacier Bay, the vegetation
succession is faster due to a different developmental pattern
based on different climates (Matthews 1992). After 75 years, a
plant species effect on the rhizobacterial communities was
observed because of the increasing range of plant exudation
patterns, which favors the selection of specific microbial com-
munities characterized by higher microbial diversity. The pe-
rennial pioneer plant Leucanthemopsis alpina, characterized
by extensive root development and longevity (Körner 1999),
was chosen to assess the influence of a pioneer plant on the
rhizobacterial community along a chronosequence of soil de-
velopment (5, 50, and 70 years) in the forefield of the Damma
Glacier (Edwards et al. 2006). The pioneer plant colonization
creates hotspots where microbial growth and activity resulted
to be higher than in adjacent bare soil of the same age. Inter-
estingly, K-strategist bacteria colonized more efficiently the
young soil where the plant was growing, while the r-
strategists were commonly found in non-young soils, espe-
cially in the 50-year-old and 70-year-old soils. This was may-
be due to the increased concentrations of labile nitrogen and
carbon. The rhizobacterial communities associated with
L. alpina depend on soil age and were clearly different from
the interspace community in the young soils, but these
differences tended to disappear in the older soils. The
relative similarity of the profiles strongly reflected labile
carbon and nitrogen availability. Variable results on
L. alpina were found when Miniaci et al. (2007) studied the
impact on biological and chemical–physical soil parameters of
the pioneer plant within isolated patches. In this case, L. alpina
rhizosphere could influence bacterial communities even
20 cm away from a plant. Different results were obtained
when assessing the influence of Poa alpina on the soil micro-
bial community in primary succession along four different
stages of grassland development on the Rotmoos Glacier. In
the pioneer stage, the rhizobacterial community was deter-
mined by the environmental conditions, whereas in the later
stages, plants were selected for a specific microbial commu-
nity related to soil properties and carbon supply (Tscherko
et al. 2004). The selective role of pioneer plants, which coun-
teracts resource scarcity of bare soils, was clearly confirmed
by some studies about pioneer plants in high elevation alpine
environments (Roy et al. 2013; Ciccazzo et al. 2014a, b).

Along an elevation gradient (2000–3000m a.s.l.), the cush-
ion pioneer plant Silene acaulis affected the microbial com-
munities modifying soil properties on calcareous and siliceous
bedrocks in the French Alps (Roy et al. 2013). The bedrock
type outside the cushions strongly influenced the bacterial
communities, whereas inside the cushions, the bacterial com-
munities were highly similar in both types of bedrock. The
fungal communities showed an opposite behavior. Outside the
cushion, they were weakly influenced by the different bedrock
types and inside the cushions, they varied with bedrock, ele-
vation, soil nutrients, and water availability. In this case, by
buffering soil pH and enhancing soil nutrient availability, the
pioneer plant S. acaulis exerted a strong action opposite to
lithology, to rock chemistry and to oligotrophy.

The same selective behavior was observed in S. acaulis and
eleven other pioneer plant species when compared to bare soil
samples in the alpine forefield of Weisskugel Glacier in Italy
(Ciccazzo et al. 2014a, b). Within a sampling area of similar
environmental parameters, the pioneer plants act as hotspots
that counteract resource limitation and the harsh environmen-
tal conditions of the near bare soils, as confirmed by the
rhizobacterial community structure being extremely different
from those of the bare soils. The study also highlighted a clear
plant species effect on the associated rhizobacterial communi-
ty. Different plant species selected specific rhizobacterial com-
munities (Ciccazzo et al. 2014b) mainly composed of
Acidobacteria and Proteobacteria, while bare soils were char-
acterized by a lower bacterial diversity with a predominance
of Acidobacteria and Clostridia. Even the fungal communities
of the rhizosphere of different alpine species were strictly
related to the host identity for Taraxacum ceratophorum,
Taraxacum officinale, and Polemonium viscosum (Becklin
et al. 2012).

On the other hand, very little has been done to understand if
the rhizosphere effect of single plants continues in more def-
inite vegetation patches. This is possible studying safe-sites,
i.e., little soil areas surrounded by boulders where few plant
individuals can grow together, or vegetation plots. The study
of the microbial communities associated with safe-sites
showed another evidence of rhizobacterial community selec-
tion in a high altitude alpine environment. This has been em-
phasized by Ciccazzo et al. (2014a) for different floristic com-
munities colonizing three safe-sites. The communities were
composed of pioneer plants able to colonize niche where the
soil formation processes happened thanks to the mitigated
environmental conditions. The nitrogen and carbon content
confirmed the different soil developmental stages of the three
safe-sites. In this situation, not only were the rhizobacterial
communities significantly different from the bare soils both
in structure and diversity, but a gradient of increased diversity
was also found according to the different safe-site develop-
mental stages. The capability of individuals of the same pio-
neer plant species to select specific and highly similar
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rhizobacterial community can be confirmed even if the plants
grow strictly together with plants of different species.

Moving to vegetation patches in moraine environments, to
the best of our knowledge, the only available data derive from
Antactica. Here, along a latitudinal gradient, bacterial, fungal
and nematode diversities of dense vegetation from different
locations were comparable, whereas microbial diversity of
Bfell-field^ vegetation decreased with increasing of latitude
(Yergeau et al. 2007a, b). In permafrost vegetated soils char-
acterized by meadow, steppe or desert steppe soil moisture, C/
N ratio and pH were main driving factors of the microbial
diversity (Zhang et al. 2012). In high elevated arid grassland,
a strong plant effect was demonstrated for the perennial
bunchgrasses Stipa, Hilaria and for the invading annual grass
Bromus (Kuske et al. 2002).

Microbial role in nutrient cycling in high mountain
environments

Bacteria of mountain soils are key players in biogeochemical
cycles on rock surfaces, incoherent sands, mineral soil, and
pioneer plant rhizosphere. Particularly in plant rhizosphere,
the exchange taking place between plants and microorganisms
at the soil-root interface leads to stone micro-particles
bioweathering and lisciviation, nitrogen and carbon enrich-
ment, plant organic compound decomposition or mineraliza-
tion, and soil pH modification. In an alpine oligotrophic envi-
ronment, bacteria drive symbiotic or non-symbiotic nitrogen
fixation, due to the nitrogenase enzyme able to reduce atmo-
spheric nitrogen into soluble ammonium.

The most studied microorganisms involved in nitrogen fix-
ation are rhizobia, often symbiotic nitrogen-fixing bacteria,
commonly associated with legume host plants. Other bacteria
of the genus Frankia sp. have an actinorrhizal symbiosis with
nodular rhizosphere of plants such as Alnus,Myricae, Betula,
or Coriaria (Benson and Silvester 1993; Kennedy et al. 1997;
Simonet et al. 1999). There are also bacteria that can fix ni-
trogen in non-symbiotic association with plant. A great num-
ber of non-symbiotic bacteria help plant growth by feeding
plant individuals a significant amount of nitrogen. β-
Proteobacteria such as Burkholderia and Herbaspirillum are
often associated with nitrogen fixation, although several
strains can act as plant or even human pathogens (Hayat
et al. 2010). The free-living diazotrophs Azotobacter sp. are
more common in mature soils, where a significant amount of
reduced sugars is available. Other non-symbiotic nitrogen-
fixers are some strains of Clostridium (Kennedy et al. 2004)
more common in anaerobic soils, such as high-mountain
marshlands, ponds, and wet soils, which need a higher C/N
ratio. Azospirillum is usually found in close associations with
the family of Graminaceae (Kennedy et al. 2004), where it
provides plants of nitrogen, but also promotes plant root-

growth by increasing water, mineral and nutrient uptake from
the surrounding soil. Such asymbiotic nitrogen-fixers could be
considered to be potential key players in nitrogen accumula-
tion after glacier retreat, when mineral soil without pioneer
plants has to be enriched with nutrients. Cyanobacteria are
considered to be one of the most important bacterial taxa in
deglaciated oligotrophic environments, since they can provide
mineral soil with both fixed nitrogen (through nitrogen reduc-
tion) and fixed carbon (through oxygenic photosynthesis)
(Fritzsheridan 1988; Chapin et al. 1991; Davey and Clarke
1991; Kaštovská et al. 2005). Due to the low concentration
of nitrogen, which is not part of the mineral composition of the
initial soil, the foreland of a retreated glacier also represents a
unique habitat to study the asymbiotic nitrogen fixation to
assess which are the main actors.

The first investigation of asymbiotic diazotrophic diversity
in high altitude alpine soil was carried out by Duc et al.
(2009a, b). Acetylene reduction tests showed nitrogen fixation
along the chronosequence with higher activity in the rhizo-
sphere, according to previous studies of the influence of rhi-
zosphere on the associated bacterial community, that showed
how exudation and reduction of environmental stress (i.e.,
plant cover effect) help bacterial diversity (Miniaci et al.
2007; Tscherko et al. 2004). Nitrate reductase activity in the
early successional stage in Rotmoos Glacier moraine was
found to be 23-times higher in rhizosphere of P. alpina than
in bare soil (Deiglmayr et al. 2006). In the rhizosphere of
P. alpina, with increase of soil age, the amount of nitrate
decreased while ammonium increased. The authors explained
that this observation was maybe due to nitrate immobilization
by root or by microorganisms, rather than nitrification activi-
ties. Nitrifying microorganisms could be inhibited by hetero-
trophic bacteria in N-poor environments such as the glacier
foreland (Bengtson and Bengtsson 2005), while nitrogen fix-
ation and ammonification could guarantee the ammonium
amount in these soils.

Although nitrogen fixation is a complex process that re-
quires several proteins, the basis of the process is the nitroge-
nase reductase (nifH) gene. The highly conserved amino acid
sequence of nifH protein allows the nifH gene to be a useful
marker gene to assess diazotroph diversity in the environment.
The diversity of nifH genes was generally found to be higher
and with a broader environmental distribution in glacier mo-
raines than in forest and agricultural soils (Widmer et al. 1999;
Poly et al. 2001; Rösch and Bothe 2005). Actually in forest
soils or in agricultural soils, nifH diversity was mainly due to
Proteobacteria only. New nifH clusters or nifH genes referred
to in Firmicutes were widely distributed in 8-year-old
unvegetated soils in polar environments (Deslippe and Egger
2006). The most common nifH sequences were related to
Geobacter sp., a taxon able to perform both oxic and anoxic
metabolisms. Its physiologic plasticity is very useful to answer
to environmental fluctuation between aerobic and anaerobic
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conditions during wet periods (snow melting, rainfall). The
nitrogen cycle of the glacial forefield on Anvers Island (Ant-
arctic Peninsula) was dominated by heterotrophic diazotrophs
and not by Cyanobacteria (Strauss et al. 2012), whereas pre-
vious studies on the Arctic environment showed the crucial
role of Cyanobacteria species in nitrogen fixation (Zielke et al.
2002). The relative importance of Cyanobacteria, however, is
still debated, since in many cases they represent only a minor
part of the overall bacterial communities in mineral soils, even
if the mineral soil is fully exposed to light (Esposito et al.
2013). Cyanobacterial communities of the Damma Glacier
moraine were quite similar to the ones found in the biological
soil crusts of the Chihuahuan Desert, but in Damma they were
found to be not shaped in well-organized crusts. Maybe in this
type of high-mountain environment, Cyanobacteria are main-
ly symbionts of mosses or lichens, as frequently occurrs in
vegetation patches of mountain forelands (Solheim et al.
2004).

Comparing contrasting climatic conditions (wetter vs
drier) of a chronosequence at Cordillera Darwin (Tierra
del Fuego), Arróniz-Crespo et al. (2014) found that the
epiphytic cyanobacteria genera, hosted by mosses, were
correlated to the different stages of ecological succession
rather than host species identity, and were capable of high
rates of nitrogen fixation. Under wetter conditions, the
moss-cyanobacteria associations at very early sites after
glacier retreat (4–7 years) showed the highest N-fixation
rates, whereas in drier climate, N-fixation on the same
associations was also high, but reached the maximum at
intermediate-aged sites (26–66 years).

Moreover, the nitrogen cycle in rhizosphere soil of
L. alpina was characterized by quantifying functional
genes involved in nitrogen fixation and mineralization, ni-
trification and denitrification at two time points along a
chronosequence transect in Damma Glacier Valley (Töwe
et al. 2010). The functional gene abundance did not
change between time points, but they were more abundant
in rhizosphere than in unvegetated soils. Since plants
grown on 10-year-old soils were able to accumulated large
amounts of nitrogen, plants on young soils were strongly
more dependent on asymbiotic nitrogen fixation. The re-
sults were confirmed in situ by Brankatschk et al. (2011),
who observed that early and transient successional stages
were mostly dominated by N-fixation and organic matter
mineralization, while nitrification and the following deni-
trification, which cause nitrogen loss, were increased in
later successional stages, when plant cover and microbial
associations were fully established.

Among macronutrients, the absence of phosphorus af-
fects plant growth and productivity (Plassard and Dell
2010) remarkably. Nitrogen and phosphorus are linked to
each other because nitrogen fixation depends on the avail-
able P and the P-solubilization processes depend strictly

on the type of carbon source, nitrogen availability and
temperature. The bioavailable form of phosphate is gener-
ally very low, due to P interactions with the soil. A large
proportion of phosphate is quickly sequestered in insoluble
forms. There are evidences of P-solubilizing microorgan-
isms able to convert the insoluble phosphorus, such as the
mineral P sources, to soluble forms by acidification, che-
lation, exchange reactions and polymeric substances for-
mation (Delvasto et al. 2006). In a high mountain envi-
ronment, the presence of P-solubilizing bacteria is gener-
ally less abundant, due to the natural harsher environmen-
tal conditions. In cold environments, psychrophilic bacte-
rial species with optimal cold temperature ranges of P-
solubilization processes have been recently isolated and
characterized. For instance, from Himalaya, P-solubilizer
psychrophilic strains belonging to Kluyvera intermedia
(Pallavi and Gupta 2013) Pseudomonas corrugata (Pandey
et al. 2002), Pseudomonas putida (Pandey et al. 2006),
Pseudomonas fragi, Pantoea dispersa, Exiguobacterium
acetylicum, and Serratia marcenscens (Selvakumar et al.
2008a, b, 2009a, b) have been isolated from acid oligo-
trophic soils. Although a comprehensive study of pheno-
typic behavior of P-solubilizing bacteria in mountain envi-
ronment has never been attempted, the effect of tempera-
ture on P-solubilizing skills of naturally occurring
psychrotolerant strains of Pseudomonas fragi (Selvakumar
et al. 2009a) has been reported.

In many respects, the sulfur cycle parallels the nitrogen
cycle, except for the input source, which for this element is
volcanic rocks. In glacier forefields, bacteria could mobilize S
from mineral substrates and make it bioavailable (Borin et al.
2010; Mapelli et al. 2011). This process could lead to an ex-
ceptional primary production in spots where abundant sulfur
rocks are present.

Iron is an essential micro-element for life, and iron
cations are present in the environment with two oxidation
states: trivalent (ferric) and divalent (ferrous); at
circumneutral pH, the divalent cation is more stable. In
acidic environment, the bacterially mediated oxidation of
ferrous iron prevails over the molecular oxidation, which
normally occurs at circumneutral pH (Helmann 2014). Re-
cent findings have disclosed the mechanisms that regulate
iron uptake from bacteria. It appears that iron metabolism
is regulated by manganese concentration (Puri et al. 2010).
This finding highlights the interconnection among the cy-
cles of different elements (Puri et al. 2010).

Microbial cycling of other elements as components of geo-
chemical budgets is not yet well described, especially in cold
climates (Marnocha and Dixon 2014). It should be pointed out
that cycles of different elements are connected to each other.
Some elements may be essential in the processes of transfor-
mation of other elements; for example, Mn and Fe are essen-
tial ions in photosynthesis (Vitousek et al. 2002).
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Conclusions and perspectives

A number of studies have recently been published to highlight
the colonization of microorganisms in highmountain environ-
ments, and the consequential contribution in soil formation
and pioneer plant growth. Bacteria, archaea, fungi, and algae
have been revealed as major biological factors in driving these
processes, influenced by environmental factors such as soil
pH, moisture and temperature. Once pioneer plants have
grown, they can determine the shape of the rhizospheric mi-
crobial communities, driving their activities.

Unfortunately most of the high mountain areas are still not
studied.Most of the data come fromEuropeanAlps or U.S.A.,
while a quite limited number of papers consider Himalaya or
the Andes. Several other mountain ranges have been rarely
considered, such as Karakorum, Urals, Caucasus or Pamir in
Asia, Southern Alps in New Zealand, Atlas and Kilimanjaro
in Africa, and so on. Adding these areas will give us a broader
vision of the environmental processes at the world scale, giv-
ing important information for the climate change
consequences.

Moreover, very little is known on the functionality of these
communities, especially for Acidobacteria and other common
key players. Analysis of active microbial communities has
rarely been done, due to the difficulties in extracting function-
al RNA from mineral soils and other kind of matrices. If the
carbon and the nitrogen cycles in these environments have
been studied by some research group, even if not fully con-
sidered, other cycles have never been investigated. In this
context, the archaeal contribution is still poorly considered,
and the contribution of several rare bacterial and archaeal
phyla to biogeochemical cycles is completely unknown.
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