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ABSTRACT

Climate change has a disproportionally large impact on alpine soil ecosystems, leading to pronounced changes in soil
microbial diversity and function associated with effects on biogeochemical processes at the local and supraregional scales.
However, due to restricted accessibility, high-altitude soils remain largely understudied and a considerable heterogeneity
hampers the comparability of different alpine studies. Here, we highlight differences and similarities between alpine and
arctic ecosystems, and we discuss the impact of climatic variables and associated vegetation and soil properties on
microbial ecology. We consider how microbial alpha-diversity, community structures and function change along altitudinal
gradients and with other topographic features such as slope aspect. In addition, we focus on alpine permafrost soils,
harboring a surprisingly large unknown microbial diversity and on microbial succession along glacier forefield
chronosequences constituting the most thoroughly studied alpine habitat. Finally, highlighting experimental approaches,
we present climate change studies showing shifts in microbial community structures and function in response to warming
and altered moisture, interestingly with some contradiction. Collectively, despite harsh environmental conditions, many
specially adapted microorganisms are able to thrive in alpine environments. Their community structures strongly correlate
with climatic, vegetation and soil properties and thus closely mirror the complexity and small-scale heterogeneity of alpine
soils.
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INTRODUCTION

Mountains cover 25% of the world’s land surface and are dis-
tributed across all latitudes and longitudes (Barry 2008a). They
are an important water source, providing 60%–80% of the world’s
fresh water supply. Mountainous regions are also of significant
economic interest, harboring major forest reserves and min-
eral resources and enabling the production of hydropower (Huss
2011). Moreover, because they are largely protected from human
influences, owing to restricted accessibility, and encompass a
wide range of climatic gradients within a small area, moun-
tain areas are hotspots of biodiversity (Körner 2003; Pauli et
al. 2015). Alpine ecosystems are largely characterized by low
temperatures and comprise various habitats including soils,

bare rocks, permafrost, glaciers and snow. In mountain envi-
ronments, microbes play a crucial role in soil development and
all major elemental cycles affecting plant establishment, growth
and survival at the local scale, as well as the greenhouse gas bal-
ance at the global scale. Microbial activity and diversity strongly
depend on temperature and other climatic variables, which are
projected to be significantly altered by the end of this century
as part of ongoing global change (Bardgett et al. 2008; Classen
et al 2015). However, owing to difficulties with access and trans-
port logistics, high mountains remain largely understudied with
regard to microbial ecology. In this review, we focus on the alpine
and nival vegetation zones, defined as terrain above the treeline,
and hereafter refer to these two zones collectively as ’alpine’.
Taking into account similarities and differences between alpine
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and arctic ecosystems, we discuss (i) geographical and pedolog-
ical features shaping mountainous soil ecosystems as microbial
habitats in the context of climate change, (ii) current literature
on alpine microbial ecology and (iii) climate change studies on
the alpine soil microbiome, highlighting current experimental
approaches.

CLIMATE CHANGE IN THE ALPINE
ENVIRONMENT

Geographical controls on mountain climate

In order to study the impact of climate change on the soil micro-
biome in mountain regions and to compare findings with arc-
tic environments and between different mountain areas, it is
crucial to understand the main drivers of mountain climate.
Mountain regions are distributed all over the world and har-
bor a complex topography, leading to considerable heterogene-
ity of mountain climate, both across regions and locally within a
region (Gruber and Haeberli 2009). An overview of geographical
controls on mountain climate is given in Fig. 1. One important
factor influencing mountain climate is latitude, with lower tem-
peratures and less solar radiation at high latitudes than at lower
latitudes, as well as varying seasonal and diurnal patterns of
incoming solar radiation across different latitudes (Barry 2008b;
Margesin 2012). These latitudinal effects account for the main
climatic differences between high latitude arctic habitats and
cold high altitude mountain habitats located in temperate or
equatorial regions. However, there is an overlap between arctic
and alpine ecosystems, and as mountains exist across all lati-
tudes they should be contemplated along latitudinal gradients
rather than in discrete zones. Another geographical con-
trol on mountain climate is related to altitude. Air temper-
ature decreases with altitude by 6◦C per 1000 m on aver-
age (Barry 2008b), whereas UV-radiation radiation increases
by roughly 10% per 1000 m (Calbo et al. 2005; Schulz et al.
2013). Due to this altitude-dependent temperature decrease,
alpine regions, similar to arctic regions, are largely com-
prised of low-temperature dominated ecosystems. In alpine
regions, however, sharp altitudinal gradients lead to the pres-
ence of a large range of climatic conditions on a small
spatial scale (Haeberli and Gruber 2009). Thus, a 1000 m
increase in altitude occurring over a horizontal distance of
few kilometers roughly corresponds to the same tempera-
ture change as a 1000 km increase in latitude (Diaz, Grosjean
and Graumlich 2003; Nagy and Grabherr 2014). In addition,
soil temperature is strongly influenced by the presence of
snow cover, which insulates the ground from fluctuations in
air temperature (Geiger, Aron and Todhunter 2003; Phillips
and Schweizer 2007). Precipitation also increases with alti-
tude, although this trend may be reversed above the cloud
zone and may be controlled by other more complex relation-
ships in the tropics (Barry 2008b; Nagy and Grabherr 2014).
Local mountain climate is also strongly influenced by topo-
graphic effects related to slope aspect and angle and depres-
sions versus ridges, which affect incoming solar radiation, air
flow, heat transfer, precipitation and hydrological processes
(Geiger, Aron and Todhunter 2003; Barry 2008b). Owing to oro-
graphic enhancement, the windward side of mountain regions
receives more precipitation than lowlands, whereas a rain
shadow effect leads to reduced precipitation on the leeward
side, for example on the Tibetan Plateau (Browning and Hill
1981). A large amount of precipitation is another main climatic

feature of many mountain regions that is in contrast to the Arc-
tic, which typically receives less than 500 mm per year (Serreze
and Barry 2005).

Projected change in alpine climate

With climate change, global temperatures have risen by
0.85◦C during the period from 1880 to 2012 (Hartmann et al.
2013). By 2100, another increase by 1◦C–3.7◦C is expected on
average, with stronger warming over land than over ocean
(Collins et al. 2013). In the Arctic, warming is projected to
amount to 2.2–2.4 times the global average (Collins et al.
2013). Similarly, an increased sensitivity of mountain regions
to climate change has been proposed (Diaz, Grosjean and
Graumlich 2003; Schröter et al. 2005), with some stud-
ies reporting stronger warming at high than at low alti-
tudes, although the reverse relationship or no difference
has been reported elsewhere (Rangwala and Miller 2012).
Precipitation is projected to increase with warming on a
global average, but with large spatial variation reinforcing
contrasts between humid and arid regions (Collins et al.
2013). In the Arctic, precipitation is expected to increase
significantly (IPCC 2013), whereas no consistent patterns
of precipitation change are expected to occur in mountain
regions. However, both in the Arctic and in high altitude
regions, snowfall is expected to decline with warming and
be replaced by rain, implicating significant impacts on soil
temperature due to modification of thermal insulation by snow
(Phillips and Schweizer 2007). All these climatic alterations
will have profound effects on the biotic components of alpine
ecosystems. Microbial activity and diversity have been shown
to depend on both temperature and moisture (Bardgett et al.
2008; Zumsteg et al. 2013; Classen et al. 2015). Thus, by affecting
the structure and functioning of soil microbial communities,
climate change will lead to changes in all major element cycles,
implicating changes in soil nutritional status and productivity,
plant survival and biotic interactions.

ALPINE SOILS, MICROBIAL LIFE AND
IMPLICATIONS FOR C- AND N-CYCLING

Soil formation in alpine environments

As in lowland ecosystems, the main drivers of soil develop-
ment in alpine environments are climate, biological factors, par-
ent material, topography and time. Similar to in arctic envi-
ronments, soil development in mountain regions is largely
restricted by harsh climatic conditions (Townsend, Vitousek and
Trumbore 1995; King et al. 2011). Climatic variables such as tem-
perature and moisture affect weathering type and rate. While in
cold and arid areas physical fracturing of rocks is dominant, a
warmer and moister climate is more favorable for chemical and
biological processes (Thorn et al. 2001, 2011). Mountain regions
harbor a complex topography, which influences soil formation
processes. On the one hand, microclimatic conditions related to
topography strongly affect biological activity as well as physical
and chemical processes (Bridges and Van Baren 1997). On the
other hand, slope angle and length have a critical control on
soil development: most mountain soils develop from material
transported along slopes rather than directly from the bedrock
underneath. Thus, soils on steep slopes are prone to erosion,
while soils on gentle slopes rather experience deposition from
steeper areas. Soil stability largely depends on comprehensive
vegetation cover forming a tight root network (Körner 2003).
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Figure 1. Geographical controls on mountain climate. Mountain climate is controlled by a complex combination of global geographical drivers such as latitude (1)
and continentality (2) as well as mountain-specific topographic effects. The latter include altitude (3), orographic enhancement versus rain shadow (4) as well as
microclimatic effects (5) associated with for example ’slope aspect and angle’, ’exposure to wind’ and ’elevation versus depression’. Climate is an important driver

of soil formation processes and strongly influences the ecology of plants and microorganisms. Thus, the heterogeneity of mountain climate is closely mirrored in
vegetation patterns, soil properties and microbial community structures. Map from maps.google.com

Due to unfavorable climatic conditions, relatively young geo-
logical age and interruption of soil-forming processes by ero-
sion, most mountain soils are developed incompletely. The for-
mation of well-defined soil horizons is the consequence of sta-
ble conditions over a long period, which rarely occurs in moun-
tains. Thus, mountain soils typically are shallow, rocky, infer-
tile and immature with poorly developed horizons (Price and
Harden 2013). Mountain soils, as opposed to lowland soils, fea-
ture a very high local-scale heterogeneity that closely reflects
the complex topography associated with different microclimatic
regimes present in these environments (Whittaker et al. 1968;
Messerli 1973). Major soil types occurring in the alpine and
nival zones of mid-latitude mountains include Entisols, Incep-
tisols, Mollisols, Histosols and permafrost affected soils (Price
and Harden 2013).

A considerable part of high-alpine soils is affected by per-
mafrost (ground that remains frozen for at least two consecutive
years). Alpine permafrost covers an area of 3.3 million km2 and
high latitude permafrost covers 23 million km2, corresponding
to 2.3% and 15% of the earth’s land surface, respectively (Bock-
heim and Munroe 2014). Compared with arctic permafrost soils,
alpine permafrost soils have a deeper active layer (mostly >2 m),
higher mean annual soil temperatures (>−2◦C) (Christiansen et
al. 2010; Zhao et al. 2010; Vaughan et al. 2013) and a much lower
density of soil organic carbon (SOC) (Hugelius et al. 2014), as
well as a smaller water content, which significantly influences
soil temperature (Bockheim and Munroe 2014; Bockheim 2015).
However, 30% of mountain permafrost soils can be classified as
cryosols, defined by an active layer <1 m and occurring mostly
at latitudes >55◦N or 55◦S or at high altitudes (e.g. 5100 m on
the Tibetan Plateau and 4900 m in the central Andes). A detailed
comparison of alpine and arctic permafrost soils is depicted in
Fig. 2.

Alpine glaciers are disintegrating rapidly in response to
climate change, exposing large expanses of barren bedrock
(Vaughan et al. 2013). Chronosequences along successively

exposed glacier forefields have been widely used as a model
for soil formation, as the different stages of soil development
are present simultaneously within a relatively short spatial
gradient (Walker et al. 2010; Schulz et al. 2013; Bradley, Sin-
garayer and Anesio 2014). Glacier forefields thus represent the
best studied alpine habitat with regard to microbial ecology.
Recently deglaciated soils are poor in organic C (less than
10 mg g−1 (Bradley, Singarayer and Anesio 2014) and nutrients
and are completely plant free. Thus, C- and nutrient cycling
solely depend on microorganisms that acquire C and N from
ancient organic matter (OM), deposition and fixation (Bardgett
et al. 2007). Microbial activity eventually forms soil that is suffi-
ciently fertile for plant colonization, which increases along the
chronosequence. Plant establishment shapes further ecosys-
tem development by interacting with the soil microbiome and
allocating OM in the form of litter and root exudates (Schulz
et al. 2013). The speed of soil development, and thus primary
succession, in glacier forefields varies strongly across differ-
ent latitudes, altitudes and climate systems. For example, in
Patagonia a glacier forefield was forested after less than fifty
years (Fernández-Martı́nez et al. 2016), while high-latitude and
high-altitude glacier forefields may still be completely devoid
of plants after more than 100 years (Kazemi, Hatam and Lanoil
2016). An overview of microbial succession and soil formation in
glacier forefields is given in Fig. 3.

Microbial life in alpine environments

Similar to in arctic regions, low temperatures that frequently
drop below 0◦C and snow cover for most of the season cru-
cially limit biological, chemical and physical processes and thus
microbial life in mountain soils (Zumsteg et al. 2013). For a
long time, microbes were thought to be inactive at subzero
temperatures. However, microbial activity has been shown to
occur at temperatures as low as −39◦C (Panikov et al. 2006),
and several mechanisms of adaptation to low temperatures
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Figure 2. Comparison of arctic and alpine permafrost soils. Owing to differences in prevalent climatic regimes and topographic effects influencing heat flow and water

run-off, arctic and alpine permafrost soils have pronounced differences in their properties. Compared with alpine permafrost soils, arctic permafrost soils have a
shallower active layer, lower temperatures and higher water content. They are therefore subjected to intensive cryoturbation, leading to the accumulation of large
amounts of OM deep in the permafrost layer. Alpine permafrost soils, on the other hand, are mostly well drained and less cryoturbated and therefore feature much
smaller amounts of OM. Despite subzero temperature conditions, both arctic and alpine permafrost soils harbor a considerable microbial diversity. The fundamentally

different soil properties in arctic and alpine permafrost are associated with different research interests with regard to microbial ecology: for arctic permafrost soil, a
major focus lies on the microbial degradation of OM, which becomes increasingly bioavailable with permafrost thaw and might lead to high emissions of greenhouse
gases. For alpine permafrost soil, the potential release of pathogens from thawing permafrost, as well as the exploitation of a large unknown, cold-adapted microbial
diversity for biotechnological purposes, are paramount. Abbreviations: GHG = Greenhouse gas, SOC = soil organic carbon

have been identified (De Maayer et al. 2014; Nikrad, Kerkhof and
Häggblom 2016). These mechanisms encompass a variety of spe-
cially adapted cellular components ensuring that cellular mem-
branes remain fluid, that enzymes function with low thermal
energy available and that damage to the cell by ice nuclei is pre-
vented (Bakermans 2008; Jansson and Tas 2014). Liquid water is
essential as a solvent for enzymes and membranes as well as for

enabling substrate diffusion (Bakermans 2008), and thus micro-
bial activity in frozen systems such as permafrost or glacier ice
is limited to small unfrozen amounts of water often containing
high concentrations of salts, exopolymeric substances and/or
particulate matter (D’Amico et al. 2006).

As plant life is increasingly restricted by climatic condi-
tions at higher altitudes, organic matter decreases strongly with
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Donhauser and Frey 5

Figure 3. Microbial succession and soil formation in glacier forefields. As glaciers increasingly retreat with climate change, barren bedrock is exposed and colonized
by pioneer microorganisms. This process gives rise to soil formation in a successional manner (1), with an increase in organic matter (OM), fine soil fractions (2) and

vegetation cover (3). Bacterial colonizers arise mainly from endogenous glacial sources (4) whereas for fungi, the assemblage of which is driven more by environmental
filtering, an unambiguous provenance has not been identified. Microbial colonizers (5), such as metabolically versatile bacteria and psychrophilic yeasts, contribute
to the initial build-up of biomass, using C and N from ancient OM, deposition (6) and by fixation (7). Further nutrients may be obtained from weathering. In the initial

stages, microbial communities undergo a fast succession (8) that is stabilized in later stages with the establishment of plants (9) and is shaped by interactions within
the rhizosphere of plants. In these stages microbial communities are characterized by bacteria and fungi able to degrade complex, plant-derived organic compounds
(10). Photo credit: Beat Stierli, WSL
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increasing altitude (Egli et al. 2004, 2009). Thus, high-alpine
soil microorganisms have to cope with oligotrophic, severely
nutrient-limited conditions. Moreover, coarse-textured, shallow
soils with a low water retention capacity and limited plant cover
provide little protection against environmental stressors, such
as high UV-radiation and fluctuations in temperature and mois-
ture, that might influence microbial community structures (Cic-
cazzo et al. 2014; Rime et al. 2015). Despite these hostile environ-
mental conditions, many specially adapted microorganisms are
able to thrive in mountain environments (Margesin 2012; Rime
et al. 2015, Rime, Hartmann and Frey 2016a). As a mechanism
of protection against the above-named environmental stressors
and in order to enable biological weathering and nutrient acqui-
sition, microbes in alpine environments with limited vegetation
are frequently aggregated in biofilms, leading to the formation
of biological soil crusts (Schulz et al. 2013).

The significance of microbial life for C- and N-cycling in
alpine environments

Soil microorganisms contribute critically to biogeochemical
cycles, both at the regional and at the supraregional scale
(Schimel and Schaeffer 2012; Rousk and Bengtson 2014).
Recently, mountain regions have received increasing attention
with regard to their contribution to terrestrial C-storage (Hage-
dorn et al. 2010a; Chang et al. 2014; Liu et al. 2016). As key players
in all major element cycles, microbes are indispensable in the
equation of global C-budgets. With enhanced rates of warming
in mountain regions compared with the global average, similar
to in the Arctic, biogeochemical cycles might be more critically
altered in mountain regions compared with in lowland areas
(Theurillat and Guisan 2001; McGuire et al. 2009). As a direct
response to elevated temperature, all biogeochemical reactions
can be expected to be accelerated leading to an increase in both
ecosystem input and output (e.g. photosynthesis and respira-
tion). However, besides temperature, microbial reactions depend
on a plethora of environmental factors such as other climatic
variables (e.g. moisture), substrate availability, nutrient avail-
ability, biotic interactions and soil physicochemical properties.
All these factors are expected to covary with temperature or
to be indirectly modulated by temperature effects. Thus, net C-
and N-budgets depend on complex interactions and feedbacks
between biological, physical and chemical factors (Davidson and
Janssens 2006). In a comprehensive global study on warming
experiments, Crowther et al. (2016) found a strong dependence
of the warming response of SOC stocks on the initial SOC con-
centration irrespective of climate and soil properties. Based on
the results from this study, nival zone soils containing very low
C-stocks (Ohtsuka et al. 2008) can be expected to become C-sinks
with warming. This hypothesis is further supported by space
for time substitution studies where increased primary produc-
tion outweighs increases of respiration and increased losses by
leaching (e.g. Guelland et al. 2013). Conversely, in alpine grass-
land soils, SOC density mostly lies in the range projected to
become a C-source (Ohtsuka et al. 2008; Yang et al. 2016a; Chen
et al. 2017). Nonetheless, Chen et al. (2017) reported an increase
in SOC in alpine grassland on the Tibetan plateau with global
warming between 2002 and 2011. For N-cycling, in a global meta-
study, Bai et al. (2013) reported increased net N-mineralization
and nitrification with a concurrent increase of soil inorganic and
plant N-pools in response to warming. These warming impacts
varied strongly across different ecosystems but are generally in

accordance with a study in an alpine treeline ecosystem report-
ing increased N-mineralization and an increase of plant avail-
able N upon warming (Dawes et al. 2017). Similar to C-cycling, for
extremely oligotrophic alpine environments, chronosequence
studies suggest that total soil N will increase with warming
owing to increased primary production in the long term. How-
ever, precise, reliable predictions about the amount and the tem-
poral progression of C- and N-cycling changes in response to
warming can be only made understanding the complex biotic
and abiotic interactions concurring with direct warming effects
of which microbial ecology is an indispensable component. An
overview of C- and N-cycling in alpine environments in response
to global warming is given in Fig. 4.

STRUCTURAL AND FUNCTIONAL DIVERSITY
OF THE ALPINE SOIL MICROBIOME

Microbial diversity and function along altitudinal
gradients

Despite harsh environmental conditions, similar to arctic soils,
mountain soils harbor a considerable microbial diversity (Rime
et al. 2015; Frey et al. 2016). While plant and animal diversity
decreases with increasing altitude, owing to the extreme cli-
matic conditions at higher altitudes, microbes seem to be more
versatile and adapted to growing in these inhospitable, cold
habitats and thus follow different distribution patterns than
plants and animals along altitudinal transects (Bryant et al. 2008;
Fierer et al. 2011; Shen et al. 2014). In the Arctic, mainly latitudi-
nal gradients have been used to study the effect of the prevalent
climate on soil microbial alpha-diversity, community structures
and function (Sjögersten et al. 2003; Yergeau et al. 2007). Con-
versely, in the alpine and nival zone of mountain environments,
most studies have been conducted along altitudinal transects in
order to elucidate the patterns of species distributions and func-
tional diversity in relation to altitude-dependent climatic vari-
ation, which crucially shapes alpine ecosystems. An overview
of studies on microbial ecology in alpine ecosystems is given in
Table 1a, and Fig. 5 shows a summary of main findings along
climatic gradients in alpine environments. Some of these stud-
ies involved investigations of bacterial (Lipson 2007; Shen et al.
2013; Yuan et al. 2014; Lazzaro, Hilfiker and Zeyer 2015; Shen et al.
2015; Wang et al. 2015), archaeal (Singh, Takahashi and Adams
2012; Wang et al. 2015) or fungal (Lazzaro, Hilfiker and Zeyer 2015;
Liu et al. 2015) community structure, abundance or phylogenetic
relationships. Others focused on specific functional groups such
as autotrophs (Guo et al. 2015), ammonia oxidizers (Zheng et al.
2014; Yuan et al. 2015) and denitrifiers (Zheng et al. 2014) or on
total functional diversity using GeoChip (Yang et al. 2014; Yue et
al. 2015).

Investigating microbial diversity based on phylogenetic
marker genes, Liu et al. (2015) reported a decreasing alpha-
diversity of arbuscular mycorrhizal fungi with increasing alti-
tude (4149–5033 m a.s.l.) on the east slope of Mt. Mila, Tibetan
Plateau, China, while no trend was observed on the west slope.
Similarly, Shen et al. (2015) found a decreasing alpha-diversity
of bacteria with increasing altitude along a 2000–2500 m a.s.l.
transect on the north slope of Changbai mountain, China. For
archaea, Singh, Takahashi and Adams (2012) reported a peak in
alpha-diversity at mid-altitudes along a 1000–3760 m a.s.l. gradi-
ent on Mt. Fuji, Japan. Wang et al. (2015) reported that the ratio of
bacterial to archaeal gene copy numbers decreased with altitude
on Mt. Shegyla, Tibetan Plateau, China (3106–4479 m a.s.l. tran-
sect), while gene copy numbers of bacteria and archaea showed
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Table 1. Overview of studies on soil microbial ecology in mountain ecosystems.

Geographical
location Altitude (m) Climate Soil

Sampling sites
and approaches

Microbial
parameters Main findings Reference

(A) Soil microbial ecology studies in mountain ecosystems (since 2006)

Colorado Rocky
Mountains

3500 near 0 ◦C (soil) pH 4.3–5.3, SOC
5%–30%

alpine tundra
wet meadow
soil, seasonal
sampling,
depth profile

Bacteria,
archaea;
T-RFLP; cloning
and Sanger
sequencing

Shift of
communities
with depth;
high
abundance of
uncultivable
Chloroflexi

Costello and
Schmidt (2006)

Peruvian Andes 5000 −5 to 25 ◦C
(surface soil T);
1000 mm (P)

Bare soils, 0 to
20 years old;
SOC 0.1%

Glacier forefield Bacteria;
cloning and
Sanger
sequencing,

Bacterial
community
structure
changed with
soil age; Coma-
monadaceae
dominated
youngest soils
and N2-fixing
cyanobacteria
at all stages

Nemergut et al.
(2007)

Scandes,
Sweden

980 −2◦C (T);
850 mm (P)

– Alpine tundra,
seasonal
sampling

PLFA Shift of PLFA
patterns with
snowmelt;
decrease of
fungi:bacteria
ratio; second
shift across
growing season

Björk et al. (2008)

Colorado Rocky
mountains

2460–3380 13.7 to 21.6 ◦C
(soil T in July)

pH 5.5–7.0; SOC
2.0%–3.9%
(2–4 cm depth)

Elevation
gradient

Acidobacteria;
cloning and
Sanger
sequencing

Bacterial
diversity
decreases from
lowest to
highest
elevations

Bryant et al.
(2008)

Peruvian Andes 5000 −5 to 25 ◦C
(surface soil T;
1000 mm (P)

Bare soils, 0
and 4 years old;
SOC 0.1%; pH
7.5

Glacier forefield Bacteria;
cloning and
Sanger
sequencing,
enyzmes, SIR

Diverse
cyanobacterial
community
dominated
early stages of
soil formation

Schmidt et al.
(2008)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
2400 mm (P)

pH 4.7–4.9; SOC
0.1%–8.0%
(0–10 cm depth)

Glacier forefield Diazotrophic
communities;
cloning and
Sanger
sequencing of
nifH genes

Soil age and the
presence of
pioneer plants
influence the
composition of
free-living
diazotrophs

Duc et al. (2009)

Colorado Rocky
mountains,
Nepal

3800 (Colorado);
5500 (Nepal);

– SOC: 1.9%–3.3%
(10 cm depth)

Unvegetated
soils

Fungi; cloning
and Sanger
sequencing

Chytridiomycota
dominate
fungal
communities in
high-elevation
soils

Freeman et al.
(2009)

Austrian Alps 2300–2530 −3.8 to −2.1 ◦C
(air T); 2.8 to 6.8
◦C (soil T); 1915
to 2250 mm (P)

pH 4.4–5.9
(5 cm depth)

Aspect; soils at
south and
north slopes

Bacteria, fungi,
PLFA, culturing,
dehydrogenase
activity

Microbial
activity
decreases with
altitude;
number of cells
decrease with
altitude

Margesin et al.
(2009)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

French Alps 3200 – SOC 8.7%–15.7%
(10 cm depth;

Alpine tundra
soils

Bacteria, fungi;
cloning and
Sanger
sequencing

Strong
heterogeneity
in community
structures;
spatial
variations are
stronger than
seasonal
variations

Zinger et al.
(2009)

Tianshan
Mountains,
China

3523 5 ◦C max. T in
summer;
36 mm (P)

– Alpine tundra
soils

xylanase genes;
cloning and
Sanger
sequencing

High xylanase
gene diversity
related to
Actino- and
Proteobacteria

Wang et al. (2010)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
1900 mm (P)

pH 4.0–6.2; SOC
0.1%–8.0%
(0–10 cm depth)

Glacier forefield Bacteria, fungi,
archaea;
T-RFLP, PLFA

Microbial
communities
change along
chronose-
quence

Bernasconi et al.
(2011)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
2400 mm (P)

pH 4.0–6.2; SOC
0.1%–8.0%
(0–10 cm depth)

Glacier forefield N-cycling
communities;
N-cycling genes
(e.g. nifH),
qPCR, enyzmes

High
abundance of
nifH genes in
transient soils
(50–70 soil age);
nitrification
and
denitrification
activity high at
older soils
where plants
dominated

Brankatschk et al.
(2011)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
1900 mm (P)

pH 4.0–6.2; SOC
0.1%–8.0%
(0–10 cm depth)

Glacier forefield Bacteria;
Bacterial
growth rates
(leucine
incorporation)

Bacterial
growth in older
soils was
limited by the
lack of C

Göransson,
Venterink and
Baath (2011)

Mountains of
Ladakh, India

3700–5970 – pH 6.4–8.8, SOC
1.7%–3.3%, TN
0.6–1.0%

Altitudinal
gradient

Phototrophic
microbial
communities,
epifluorescene
microscopy

Phototrophs
dominated by
cyanobacteria;
28
morphotypes;
communities
depend on
altitude,
mountain
range,
vegetation and
soil properties

Řeháková,
Chlumská and
Doležal (2011)

French Alps 2227–2818 – pH 4.8–8.0; SOC
2.8%–34.8%
(10 cm depth;

Alpine tundra
soils

Bacteria,
archaea, fungi;
cloning and
Sanger
sequencing

Microbial
communities
exhibit
non-random
spatial patterns

Zinger et al.
(2011)

Swiss Alps 2100 July–August:
7.9–11.1 ◦C (T)

pH 6.9–7.4; SOC
0.1–6.0 (0–5 cm
depth)

Glacier forefield T-RFLP, cloning
and Sanger
sequencing;
Bacteria

Actinobacteria
and Firmicutes
show seasonal
changes in
abundance and
composition

Lazzaro,
Brankatschk and
Zeyer (2012)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

Different
regions
(Himalayas,
Rocky, Andes)

3660–6330 – pH 4.2–7.2; SOC
0.03%–1.9%
(0–4 cm depth)

Plant-free
high-alpine
soils

Fungi; cloning
and Sanger
sequencing

Diversity is
little at high
altitudes with
some yeasts
(Filobasidiales)
and Doth-
ideomycetes;
zoosporic fungi
(e.g. Spizel-
lomycetales)
are dominant
after snow melt

Schmidt, Naff
and Lynch (2012)

Mount Fuji,
Japan

1000–3760 – – Elevation
gradient;
different
vegetation
zones;
mountain
summit at
north face

Archaea; 454
pyrosequenc-
ing

Archaeal
diversity
decreases with
elevation;
mesophilic
archaea
common at
high altitude

Singh, Takahashi
and Adams
(2012)

Tibetan Plateau 3000–3600 2.0 to 4.0 ◦C (T);
850 mm (P)

pH 5.8–6.6
(0–25 cm
depth); SOC
4.2%–17.4%

Elevation
gradient;
grassland

Microbial
biomass,
enzyme activity

Soil thawing
increases
microbial
biomass;
collapse of
soluble organic
nutrient pool
with decline of
enzymatic
activity

Tan et al. (2012)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
1900 mm (P)

pH 4.0–6.2; SOC
0.1–8.0
(0–10 cm depth)

Glacier forefield Bacteria, fungi,
archaea;
T-RFLP, cloning
and Sanger
sequencing

Bacterial
diversity does
not change
with soil age;
Euryarchaeota
dominate
young soils
while Thau-
marchaeota
dominate older
soils

Zumsteg et al.
(2012)

Robson Glacier,
Canada, glacier
forefield

3954 1.0 ◦C (T);
881 mm (P)

pH 6.9–7.4; SOC
0.07–4.73
(0–7.5 cm
depth)

Glacier forefield Bacteria, fungi;
PLFA,
respiration,
enzymes

No change of
PLFA profiles
along
chronose-
quence; fungal
activity
increases with
time since
deglaciation

Hahn and
Quideau (2013)

Tibetan Plateau 5300–5900 – pH 7.5–8.5; SOC
2.0%–12.0%
(2–4 cm depth)

Elevation
gradient;
biological soil
crust; alpine
and subnival
zone

Cyanobacteria;
Microscopy

High
phototrophic
biomass in the
biological soil
crusts

Janatkova et al.
(2013)

Changbai
Mountains,
China

530–2200 −4.8 to 2.9 ◦C
(T); 632 to
1154 mm (P)

pH 3.9–5.4
(0–10 cm
depth); SOC
4.0%–11.0%

Elevation
gradient

Bacteria; 454
pyrosequenc-
ing

No bacterial
diversity
gradient with
elevation

Shen et al. (2013)

Norway Alps 1230 – SOC 9.9%–32.6% Environmental
gradient from
ridge to
snowbed

Fungi; 454
pyrosequenc-
ing

Distinct
gradient in
fungal
community
structure

Yao et al. (2013)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

Tibetan Plateau 3400–4813 −1.7 ◦C (T);
560 mm (P)

pH 6.1–7.4
(0–15 cm
depth); SOC
9%–21%

Altitudinal
gradient;
grassland

C- and
N-cycling
genes;
Geo-Chip (DNA)

Microbial
communities
are structured
by altitude, C, N
and pH; high
functional gene
diversity (e.g.
carbon
degradation)

Zhang et al.
(2013b)

Italian Alps 2400 7.3 ◦C (T
growing
season),
550 mm (P)

pH 4.3; SOC
0.6%–19%, TN
0.05%–0.98%

Glacier
forefield;
Rhizosphere
and bulk soil;
protected sites
versus barren
soil

bacteria, DGGE,
ARISA

Floristic
composition
structures
bacterial
communities
along transect;
plant species
effect on
bacterial
communities

Ciccazzo et al.
(2014)

Swiss Alps 400–2535 – – Elevation
gradient;
grassland; large
scale study (213
locations)

Fungi; 454
pyrosequenc-
ing

Fungal richness
and shannon
diversity index
increase with
elevation

Pellissier et al.
(2014)

Southern
Patagonia

7–615 – SOC 4%–7%, TN
0.8%–1.4%

Altitudinal
transect at
upper and
lower border of
three
vegetation belts

Soil microbial
community
structures and
biomass (PLFA
and SSCP)

Increase of C:N
ratio induces
shift from
bacteria-
dominated to
fungal-
dominated
communities

Thébault et al.
(2014)

Tibetan Plateau 3200–3800 −1.7 ◦C (T);
560 mm (P)

pH 7.4 (0–10 cm
depth)

Altitudinal
gradient;
grassland

C- and
N-cycling
genes;
Geo-Chip (DNA)

Microbial gene
diversity
changes with
elevation;
increase of cold
stress genes
with elevation

Yang et al. (2014)

Tibetan Plateau 4400–5210 −1.6 to 3.7◦C
(T); 227 to
420 mm (P)

pH 5.4–7.0
(0–20 cm
depth); SOC
1.1%–17.1%

Altitudinal
gradient along
south-facing
slope;
grassland and
steppe

Bacteria;
T-RFLP, cloning
and Sanger
sequencing

Precipitation
change rather
than
temperature
change was the
main driving
force of
community
structure

Yuan et al. (2014)

Tibetan Plateau 3650 1.2 ◦C (T);
672 mm (P)

pH 5.3 (0–15 cm
depth); SOC
7.1%–14.1%

Grassland Ammonia-
oxidizers (AOB,
AOA) and
denitrifiers;
cloning and
Sanger
sequencing,
qPCR

Grazing
increases AOB
and AOA
abundance

Xie et al. (2014)

Tibetan Plateau 3105–4556 −4.6 to 4.0 ◦C
(T); 1134 mm (P)

pH 3.9–5.4
(0–15 cm
depth); SOC
2.6%–9.2%

Altitudinal
gradient along
south-facing
slope;
grassland

Bacteria, fungi;
PLFA, CLPP

Microbial
biomass
decreases with
elevation;
fungi:bacteria
ratio decreases
with elevation

Xu et al. (2014)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

Tibetan plateau 4628 continental
highland
climate

pH 7.9–8.7; SOC
1.8%–3.3%

different types
of alpine
meadow

Bacteria; 454
pyrosequenc-
ing

Different
community
structures
among
different
meadow types;
Proteobacteria
and
Acidobacteria
dominated

Zhang et al. (2014)

Tibetan Plateau 4400–5100 −1.6 to 3.7 ◦C
(T); 227 to
420 mm (P)

pH 5.3–7.0
(0–10 cm
depth); SOC
1.6%–10.7%

Elevation
gradient;
grassland

Autotrophic
communities;
T-RFLP, cloning
and Sanger
sequencing of
cbbL genes and
Rubisco activity

CbbL gene
abundance and
Rubisco
enzyme activity
increased with
elevation; CbbL
community
structures
shifted along
the transect
with soil
temperature,
water content,
nutrients and
plant diversity
as the main
drivers

Guo et al. (2015)

Swiss Alps 1930–2519 1.2 ◦C (T);
1600 mm (P)

pH 3.8–6.5
(0–15 cm
depth); SOC
5.7%–27.5%

Elevation
gradient; alpine
meadows;
glacier
forefield;
seasonal
variations for
14 months

Bacteria, fungi;
T-RFLP;
Illumina MiSeq

Season has a
strong impact
on microbial
community
structures

Lazzaro, Hilfiker
and Zeyer (2015)

Tibetan Plateau 4149–5033 −1.5 ◦C (T);
444 mm (P)

pH 4.1–5.1
(0–15 cm
depth); SOC
3.1%–10.2%

Elevation
gradient;
eastern and
western slope;
mountainous
grassland

AMF fungi;
cloning and
Sanger
sequencing

52 OTUs;
elevation
patterns of
AMF diversity

Liu et al. (2015)

Swiss Alps
Damma glacier

2100 1.8 ◦C (T);
1900 mm (P)

pH 4.0–6.2; SOC
0.1%–8.0%
(0–10 cm depth)

Glacier forefield Bacteria,
archaea, fungi;
454 pyrose-
quencing

Contrasting
microclimatic
conditions
along the depth
gradient in
unvegetated
soils;
convergence of
depth-related
differences of
community
structures in
later stages
(homogeniza-
tion due to the
impact of
plants)

Rime et al. (2015)

Changbai
Mountain,
China,

2000–2500 −4.8 ◦C (T);
1154 mm (P)

pH 5.5 (0–10 cm
depth); SOC
4.0%–11.0%

Elevation
gradient

Bacteria; 454
pyrosequenc-
ing

Bacterial
communities
differ with
elevation;
richness
decreases with
elevation

Shen et al. (2015)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

Tibetan Plateau 3106–4479 −4.6 to 4.0 ◦C
(T); 1134 mm (P)

pH 4.6–6.4
(0–10 cm
depth); SOC
1.8%–6.6%

Elevation
gradient along
three vertical
climate zones,
grassland

Bacteria,
archaea; 454
pyrosequenc-
ing

Decreasing
diversity
patterns along
elevation
gradient; ratio
of bacterial to
archaeal gene
abundance is
negatively
correlated with
elevation

Wang et al. (2015)

Tibetan Plateau 4400–5200 −1.6 to 3.7 ◦C
(T); 227 to
420 mm (P)

pH 5.4–7.0
(0–20 cm
depth); SOC
1.1%–17.1%

Elevation
gradient;
grassland;
different soil
depths (surface,
subsoils)

Ammonia
oxidizers (AOB,
AOA), amoA
genes; cloning
and Sanger
sequencing

Bacterial amoA
genes increase
with altitude,
whereas
archaeal amoA
genes on
surface soils
decrease with
altitude

Yuan et al. (2015)

Tibetan Plateau 4600–5900 −8.2 ◦C (T); 50
to 80 mm (P)

pH 7.5–8.9; SOC
2.0%–3.9%
(2–4 cm depth)

Soil crusts; arid
cold desert

Cyanobacteria;
eukaryotic
microalgae;
culturing;
Sanger
sequencing

soil P and Mg
are the most
important
predictors for
community
composition
with elevation

Capkova et al.
(2016)

California
(White
mountains)

3100–3800 −1.7 to 0.9 ◦C
(T); 327 to
456 mm (P)

pH 5.9–6.2; SOC
1.7%–2.6%

subalpine to
alpine meadow

Bacteria,
archaea;
Illumina MiSeq

Native range
expansions
(sagebrush)
affect soil
microbial
communities

Collins et
al.(2016)

Swiss Alps 2960 −3.0 ◦C (T);
2500 mm (P)

pH 4.6–7.4; SOC
<0.1%

Active layer
and permafrost
soils on
southern and
northern slopes

Bacteria,
archaea, fungi,
Illumina MiSeq

Alpine
permafrost
harbours a
diverse and
largely unchar-
acterized
microbiome;
members of the
bacterial
candidate
superphylum
Patescibacteria
are
characteristic
for permafrost
soils

Frey et al. (2016)

Carpathians
and Alps

2200–2700 – pH 4.5–6.8; SOC
1.2%–2.0%

Alpine
grasslands;
acidic versus
calcareous
grassland

Bacteria, Fungi;
Ilumina MiSeq

Plant as a
driver of fungal
communities;
influence of
human activity
on microbial
assemblages

Geremia et al.
(2016)

Yukon, Canada; 2214 −7.3 ◦C (T);
155 mm (P)

pH 7.8–8.9; SOC
0.6–35.3
(0–10 cm depth)

Glacier forefield Bacteria; Ion
Torrent
sequencing

Deterministic
assembly;
drastic change
from subglacial
to proglacial
environments

Kazemi, Hatam
and Lanoil (2016)
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Table 1. Continued

Geographical
location

Altitude (m) Climate Soil Sampling sites
and approaches

Microbial
parameters

Main findings Reference

Tibetan Plateau 4500 −2.1 ◦C (T);
406 mm (P)

pH 7.6–8.9
(0–10 cm
depth); SOC
2.0%–4.2%

Grassland Bacteria, fungi;
Ilumina MiSeq

Grazing altered
bacterial and
fungal
community
structures and
relative
abundance of
pathogenic
fungi; shift to
Doth-
ideomycetes

Li et al. (2016b)

Italian Alps 2705–3054 – pH 5.2–6.4
(0–10 cm
depth); SOC
0.3%–11.8%

Alpine
meadows
(patterned
ground);
elevation
gradient

Bacteria,
archaea, fungi;
DGGE, cloning
and Sanger
sequencing,
qPCR

Lowest
bacterial and
archaeal
abundance in
highest
elevation;
lithology
affects
community
structure

Mania et al.(2016)

European Alps 2000 2.4 ◦C (T);
1050 mm (P)

pH 4.1 (0–10 cm
depth); SOC
30%

Altitudinal
gradient from
submontane to
alpine
vegetation
zones

Bacteria,
archaea, fungi;
Ilumina MiSeq

Bacterial and
fungal relative
abundance
increases with
altitude

Siles and
Margesin (2016)

Tibet 3368 8 ◦C (T),
608 mm (P)

– Fire-affected
alpine meadow

Microbial
communities,
PLFA, Biolog
EcoPlate

Fire affects
C-utilization
patterns,
increase in
total PLFAs and
bacterial PLFAs
in burnt soil

Wang et al. (2016)

Colorado Rocky
mountains

3500 −3.7 ◦C (T) pH 4.5–5.5; SOC
86–138 mg g−1;
TN 7.3–10.9 mg
g−1

N- and
P-fertilization
along plant
species and
moisture
gradient

Bacteria;
Ilumina MiSeq

Plant richness
and P and N
treatment drive
microbial
community
structures;
impact of N on
microbes via
direct and
indirect (plant,
pH) effects

Yuan et al. (2016)

Tibetan Plateau 5210–6029 – pH 7.0–8.5
(0–10 cm
depth); SOC
0%–5%

Elevation
gradient; alpine
and subnival
zone

Cyanobacteria;
microscopy

Plant diversity
decreases
whereas
cyanobacteria
abundance
increases with
elevation;
cyanobacteria
are generally
more abundant
and diverse in
bare than
vegetated soils

Řeháková et al.
(2017)
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Table 1. Continued

(B) Climate change experiments (e.g. soil transplantation, OTCs, heating cables, laboratory incubation) on microbial ecology in mountain ecosys-
tems

Geographical
location Altitude (m) Climate Soil

Experimental
approach

Microbial
parameters Main findings Reference

Scotland Low-alpine 4.3 ◦C (air T),
5.3 ◦C (soil T),
980 mm (P)

pH 4.3; SOC
14.3%, TN
0.56%, TP, 1.09%
(2–8 cm)

Warming
(OTCs),
N-deposition,
fire in factorial
design;
low-alpine
heath for 22
months

Litter
decomposition
(native and
standard litter)
enzymes,
bacterial and
fungal diversity
by T-RFLP

Changes of
litter
decomposition,
enzyme
activity, and
microbial
community
structures in
response to
treatments;
coupling
between plant
and microbial
communities

Papanikolaou
et al. (2010)

Tibetan Plateau 3200 −2.0 ◦C (T);
500 mm (P)

pH 7.6 (0–10 cm
depth); SOC
7.3%–8.6%

Simulated
warming by
infrared heater
for 3 years;
grassland

Methanotrophs
(pmoA gene
fragments);
cloning and
Sanger
sequencing

Warming does
not change
community
composition;
methane
oxidation
activity
increases

Zheng et al. (2012)

Swiss Alps,
Damma glacier

2100 1.8 ◦C (T);
1900 mm (P)

pH 5.5–7.1; SOC
0.08%–0.12%
(0–10 cm depth)

Reciprocal soil
transfer for 16
months; glacier
forefield

Bacteria, fungi;
T-RFLP, cloning
and Sanger
sequencing;
growth rates,
enzymes

Microbial
activity
responds from
warmer to drier
site; bacterial
and fungal
communities
respond in both
directions

Zumsteg et al.
(2013)

Tibetan Plateau 4635 −3.8 ◦C (T);
221 mm (P)

pH 8.0 (0–15 cm
depth); SOC
7.8%–8.8%

Infrared
heaters
aboveground
for 15 months
(soil warming
+1 and +2◦C);
grassland

Bacteria; 454
pyrosequenc-
ing

Short-term
warming leads
to shifts in
community
structure;
Actinobacteria
increase while
Acidobacteria
decrease

Xiong et al. (2014)

Tibetan Plateau 3200–3800 0.4 to 4.0 ◦C (T);
500 mm (P)

pH 7.4 (0–10 cm
depth); SOC
11.3%

2-year
reciprocal
elevation
translocation
(upward and
downward);
grassland

Ammonia-
oxidizers (AOB,
AOA) and
denitrifiers;
clone library
and Sanger
sequencing

AOB react more
sensitively to
warming than
AOA
(abundance
increase by
warming)

Zheng et al. (2014)

Tibetan Plateau 3000–3600 3.0 ◦C (T);
850 mm (P)

pH 5.3–5.8
(0–10 cm
depth); SOC
4.5%–15.0%

Soil
transplantation
along transect;
temperature
increase, air:
2.0 ◦C; soil:
1.5 ◦C

Microbial
biomass,
enzyme activity
in different soil
depths

Warming has
stronger effects
on microbial
biomass in the
organic than
mineral layer

Guo et al. (2015)

Tibetan Plateau 3200–3800 −1.7 ◦C (T);
570 mm (P)

pH 7.2–8.0
(0–10 cm depth)

Soil
transplantation
downward and
upward along
elevation
gradient;
grassland

Bacteria; 454
pyrosequenc-
ing

Warming leads
to change of
origin
community;
communities
become similar
to destination
communities

Rui et al. (2015)
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Table 1. Continued

(B) Climate change experiments (e.g. soil transplantation, OTCs, heating cables, laboratory incubation) on microbial ecology in mountain ecosys-
tems

Geographical
location

Altitude (m) Climate Soil Experimental
approach

Microbial
parameters

Main findings Reference

Tibetan Plateau 3200–3800 −1.7 ◦C (T);
570 mm (P)

pH 7.3 (0–20 cm
depth)

Soil
transplantation
along elevation
gradient;
grassland

C- and
N-cycling
genes;
Geo-Chip

Decrease of C-
and N-cycling
genes with
warming

Yue et al. (2015)

Tibetan Plateau 3200–3800 −3.8 ◦C (T);
291 mm (P)

pH 7.9 (0–20 cm
depth), 8.8%
SOC

Laboratory
incubations;
temperature
increase from
10 to 40◦C for
28 days;
grassland

Bacteria; MiSeq
sequencing,
enzymes, CLPP,
turnover rates

Increased
turnover rates;
change in
bacterial
community
structure, CLPP
and enzymes
with increased
temperature

Wu et al. (2015)

Tibetan Plateau 4500–4750 −3.8 ◦C (T);
383 mm (P)

pH 7.4 (0–15 cm
depth); SOC
2.5%–5.0%

OTCs for 3
years (approx.
1.4 C warming
on average);
grassland /
steppe

Bacteria, fungi;
PLFA profiles at
different soil
depths

Soil
depth-related
changes of
microbial
biomass and
community
structures

Zhang et al.
(2015a)

Tibetan Plateau 3200 −2.0 ◦C (T);
500 mm (P)

pH 7.4 (0–20 cm
depth); SOC
7.3%–8.6%

Infrared
heaters for 3
years;
grassland

Bacteria; 454
pyrosequenc-
ing

Warming
increases
alpha-diversity;
composition is
resistant to
warming after 3
years

Li et al. (2016a)

Tibetan Plateau 4500–4750 −4.0 ◦C (T);
620 mm (P)

pH 7.4 (0–5 cm
depth); SOC
2.5%–6.0%

OTCs for 3
years (approx.
2.0 C warming
on average);
enhanced
rainfall (+ 20%);
grassland,
steppe

Bacteria, fungi;
Ilumina MiSeq

Enhanced
rainfall rather
than warming
reduces
microbial
diversity;
alpine steppe
more resistant
than alpine
meadow

Zhang et al.
(2016a)

Tibetan Plateau 3200 −1.8 to −0.8 ◦C
(T); 351 mm (P)

pH 7.8 (0–5 cm
depth); SOC
9.2%–11.1%

Infrared
heaters for 1
year (approx.
2.0 C warming
on average);
grassland

Bacteria, fungi;
454 pyrose-
quencing

Short-term
warming did
not change
bacterial
community
structures
(relative
abundance of
Betaproteobac-
teria
increased)

Zhang et al.
(2016b)

Abbreviations: T = Annual mean temperature; P = Annual mean precipitation; OTC = Open top chamber; SOC = Soil organic carbon; PLFA = Phospholipid fatty acids;
T-RFLP = Terminal restriction fragment length polymorphism; DGGE = Denaturing gradient gel electrophoresis; SSCP = Single strand conformation polymorphism;
ARISA = Automated ribosomal intergenic spacer analysis; CLPP = Community-level physiological profiles; SIR = Substrate induced respiration; AMF = arbuscular
mycorrhizal fungi; pmoA = particulate methane monooxygenase gene; amoA = ammonia monooxygenase gene; nifH = nitrogen reductase gene; AOB = Ammonia

oxidizing bacteria; AOA = Ammonia-oxidizin archaea; Rubisco = ribulose-1,5-bisphosphate carboxylase/oxygenase; cbbL = gene coding for RubisCO large subunit; TN
= Total nitrogen; qPCR = quantitative polymerase chain reaction
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no clear trend along the transect. Lazzaro, Hilfiker and Zeyer
(2015) observed the lowest bacterial and fungal gene copy num-
bers at the highest site of an altitudinal transect in the Swiss
Alps (1930–2519 m a.s.l.).

All studies assessing bacterial, fungal or archaeal commu-
nity structures revealed distinct compositions along altitudinal
transects, which mostly spanned 500–1500 m of altitudinal dis-
tance (Table 1a). Hence, microbial community structures mirror
the drastic change in environmental conditions related to alti-
tude that occur over short distances in mountain environments.
Both climatic variables such as temperature and precipitation
and soil and vegetation properties were identified as drivers of
microbial community structures. The former can be expected to
exert direct effects on the microbial communities, while the lat-
ter two can be expected to be related with climatic variables and
among each other via biological and chemical feedbacks. As the
main environmental drivers of bacterial community composi-
tion along such transects, soil physicochemical properties (total
C (Shen et al. 2015), total N (Shen et al. 2015), C:N ratio (Shen
et al. 2015), dissolved organic C (Shen et al. 2015), pH (Shen et al.
2013)), nutrients and moisture (Shen et al. 2013), temperature
(Rui et al. 2015), precipitation (Yuan et al. 2014) and vegetation
(species and biomass (Rui et al. 2015)) were identified. Likewise,
fungal community structures were shown to be strongly driven
by soil organic matter content, pH, soil nutrients, plant diver-
sity and temperature (Lazzaro, Hilfiker and Zeyer 2015; Liu et al.
2015). For archaea, pH, clay, SOC, cation-exchange capacity, total
N, moisture, NH4

+, potassium and NO3
− were identified as pre-

dictors of community structures (Singh, Takahashi and Adams
2012; Wang et al. 2015).

As soil properties and thus nutrient cycling and C-dynamics
change with climatic conditions, recently, increasing attention
has been directed towards changes in microbial functional diver-
sity with altitude (Yang et al. 2014; Zheng et al. 2014; Guo et al.
2015; Yuan et al. 2015; Yue et al. 2015). Similar to findings for phy-
logenetic marker genes, functional gene abundance and func-
tional gene alpha- and beta-diversity were shown to vary with
altitude in these studies. The reactions catalyzed by the func-
tional genes discussed in the following section are depicted in
Fig. 4. Yang et al. (2014) addressed the functional diversity at four
sites along an altitudinal gradient in the Tibetan grassland using
the functional gene microarray tool GeoChip 4.0. They identi-
fied distinct functional communities along the gradient, with
substantial variation in stress genes (e.g. cold shock genes) as
well as N- and C-cycling genes: amoA (ammonia monooxygenase
A, involved in nitrification, catalyzing oxidation of ammonium
nitrite that can be converted to nitrate in a subsequent reac-
tion) was decreased at higher altitudes, consistent with lower
amounts of the substrate of this reaction (ammonium). Genes
involved in denitrification (reduction of nitrate via nitrite and
nitrous oxide) as well as the substrate NO3

− showed the reverse
trend. Abundance of the Rubisco (ribulose-1,5-bisphosphate car-
boxylase/oxygenase, involved in CO2-fixation) gene as well as
several genes involved in starch and cellulose degradation was
lower at the lowest site compared to the other sites which might
indicate lower CO2-fixation activities as well as lower degrada-
tion of organic matter. However, care should be taken making
inferences about processes, as functional genes detected at the
DNA level are not necessarily active. Soil pH, temperature, NH4

+

and vegetation diversity accounted for 81.4% of all microbial
community variation. Out of this,15.8%, 16.4% and 19.9% were
explained by climatic variables, soil properties and vegetation
properties alone, respectively. Using the altitudinal transect as
a proxy for warming, the authors predicted that climate change

will affect microbial community structure and function with a
particularly large impact on microbial N-cycling genes and thus
N-dynamics. The importance of N-cycling in alpine soils was fur-
ther highlighted in a study by Yuan et al. (2015), where archaeal
amoA (ammonia monooxygenase A) abundance decreased with
increasing altitude in the surface soil but remained stable at
lower depths along a transect from 4400–5200 m a.s.l. in the
Nyainqentanglha mountains on the Tibetan Plateau. Conversely,
bacterial amoA increased with increasing altitude at all depths
indicating lower transformation rates of ammonium to nitrate
by archaea and higher transformation rates by bacteria at higher
altitudes. The environmental factors best explaining patterns of
bacterial and archaeal amoA abundance and community com-
position were soil pH and precipitation. Guo et al. (2015) hypoth-
esized that microbial autotrophic CO2-fixation plays a critical
role in C-cycling in alpine environments with limited vege-
tation. Therefore, the authors investigated cbbL (ribulose bis-
phosphate carboxylase large chain) gene abundance and diver-
sity along an altitudinal gradient on the Tibetan Plateau. They
found increasing gene copy numbers and Rubisco enzyme activ-
ity with increasing altitude pointing towards increased CO2-
fixation activities at higher altitudes. CbbL community struc-
tures shifted along the transect, and this change was driven
by changes in soil temperature, water content, nutrients and
plant diversity. These communities were dominated by bacterial
autotrophs affiliated with Rhizobiales, Burkholderiales and Acti-
nomycetales. In agreement with these findings several authors
detected increasing phototrophic biovolume with increasing
altitude in the Himalaya (Řeháková, Capková and Dvorsky 2011;
Janatkova et al. 2013; Capkova et al. 2016).

In addition to investigating altitudinal patterns, several stud-
ies addressed the impact of topography, such as slope aspect,
on microbial diversity (Zumsteg et al. 2013; Liu et al. 2015; Frey
et al. 2016). These studies revealed that microbial community
structures, as well as their relationship with altitude, may vary
drastically with slope aspect within short distances (Table 1a).
Similarly strong contrasts were found among a moisture gradi-
ent in an alpine meadow (Yuan et al. 2016). Thus, these find-
ings highlight that the complex topography and consequently
the considerable small-scale heterogeneity of mountain soils is
reflected in microbial alpha- and beta-diversity. Furthermore,
the strong mutual influence between microbes and plants was
stressed in alpine environments (Ciccazzo et al. 2014; Geremia
et al. 2016; Collins at al. 2016) that might be particularly pro-
nounced in these nutrient poor ecosystems that are exposed
to strongly fluctuating environmental conditions (Ciccazzo et al.
2014; Rime et al. 2015). Moreover, soil microbial functional as well
as structural diversity was shown to vary fundamentally with
soil depth (Costello and Schmidt 2006; Rime et al. 2015; Yuan et al.
2015), but this information has barely been taken into account in
other existing studies. Furthermore, seasonal variation has been
shown to exert a substantial influence on alpine soil microbial
communities (Costello and Schmidt 2006; Lipson 2007; Gou et al.
2015; Lazzaro, Hilfiker and Zeyer 2015) yet this remains another
understudied topic in alpine soil microbial ecology.

Collectively, soil microbial community structures in alpine
environments closely mirror the complexity and heterogene-
ity of these habitats. Due to the scarcity of studies, limitations
in methodology and the pronounced heterogeneity of environ-
mental conditions in these habitats (both from a local and from
a global point of view), soil microbial alpha- and beta-diversity
and especially the significance of diversity with regard to biogeo-
chemical processes and microbial ecosystem services remain
poorly understood.
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Figure 4. Top part: With global warming the activity of alpine microorganisms will increase leading to profound alterations in all reactions of the C- and N-cycle, respec-
tively: Microbial activity will lead to elevated mineralization of SOM but also assimilation of SOM by plants as well as C- and N-fixing microbes might be enhanced

under warming conditions (Addition to the SOM-pool is depicted with green arrows, depletion or transformation is depicted in black with anaerobic reactions in
peach-colored; environmental conditions favoring anaerobic reactions rarely occur in alpine environments. Anaerobic reactions are therefore represented with thin-
ner arrows; microbial enzymes discussed in the section on current literature in microbial ecology are depicted in petrol-blue next to the reaction they catalyze). All
N-cycling reactions can be expected to be accelerated with warming including N2- fixation and nitrification among aerobic reactions as well as dissimilatory nitrate

ammonification, denitrification and anammox (anaerobic ammonium oxidation) among anaerobic reactions. As mountain environments are subject to considerable
hydrological activity, significant amounts of both C and N drain with the soil solution, which might be reinforced by warming. Mineralization of organic matter,
methanogenesis and denitrification lead to the emission of the GHG CO2, CH4 and N2O, which is counteracted by photosynthesis, methane oxidation and reduction of
N2O to N2, respectively. With the current state of knowledge, it is not possible to conclusively evaluate how the balance among different C- and N-cycling reactions and

thus uptake and emission of greenhouse gases will shift in response to climate change in alpine environments. Direct warming impacts on alpine soil microorganisms
will be modulated moreover by concurrent changes in moisture and snow cover regimes, changes in soil physicochemical properties, substrate availability as well
as changes in biotic and abiotic interactions. In addition, increasing microbial mineralization of SOM will lead to a shift in SOM quality towards more recalcitrant
compounds accompanied by a shift of microbial degrader communities. Thus, net uptake and emission of CO2 may not follow a linear relationship with increasing

temperature. Bottom part: Based on space for time substitution approaches such as along altitudinal gradients or glacier forefield chronosequences, alpine environ-
ments as a whole can be expected to act as C and N-sink due to increased plant productivity under warmer conditions. This especially holds true for barren or sparsely
vegetated soils with low C and N content where increased plant growth and primary production clearly outweigh increases in soil respiration. For densely vegetated
soils such as alpine meadow also both primary production and soil respiration are expected to increase with warming which might roughly compensate each other.

However, due to the complex interactions driving C- and N-cycling under warming that are described above, the exact outcome of shifts in C- and N-fluxes remains
unclear in densely vegetated soils. Conversely, soils sequestering large amounts of organic material which is largely protected from microbial degradation under cur-
rent climatic conditions such as permafrost or peat soils, are expected to become significant sources of GHG. However, such soils hardly occur in alpine environments

and can be therefore considered rather insignificant in terms of supraregional C and N-budgets. Abbreviations: SOM = soil organic matter, DOC = dissolved organic
carbon, DON = dissolved organic nitrogen, GHG = greenhouse gas, amoA = ammonia monooxygenase A, nirK, NirS = nitrite reductase K, S, narG = nitrate reductase
G, nosZ = nitrous oxide reductase Z, nifH = nitrogenase H, ureC = urease C, gdh = glutamate dehydrogenase, pmoA = particulate methane monooxygenase A, pcc =
Propionyl-CoA carboxylase, cbbL (Rubisco) = ribulose bisphosphate carboxylase large chain

Mountain permafrost soils

Arctic permafrost sequesters large C-stocks that might become
subject to microbial degradation under warmer conditions, trig-
gering a positive feedback to climate change due to the release
of greenhouse gases arising from mineralization of organic mat-
ter (Schuur, McGuire and Schadel 2015). Therefore, recently,
increasing effort has been put into investigating the arctic per-
mafrost microbiome and its response to thaw using a variety
of omics tools (Yergeau et al. 2010; Mackelprang et al. 2011; Hult-
man et al. 2015). The extent of alpine permafrost is much smaller
and organic matter is mostly confined to the upper 30–40 cm

of the soil profile, which is part of the active layer and not the
permafrost layer (Bockheim and Munroe 2014). Hence, concern
about the emission of high levels of greenhouse gases with per-
mafrost thaw is much less valid for alpine soils, and thus they
have received far less attention than arctic soils.

The majority of studies on alpine permafrost has been
conducted on the Tibetan Plateau in China, which harbors
the largest area of mountain permafrost. Microbial studies on
Chinese permafrost have been reviewed by Hu et al. (2015).
They reported large cell numbers (up to 107–109 cells per g
soil), detected by epifluorescence microscopy, that decrease
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Figure 5. Shift in microbial community structures, soil properties and plant diversity with altitude and aspect. Microbial community structures and functions vary
along altitudinal gradients, which are associated with strong changes in climatic regimes (A). Simultaneously, vegetation patterns and soil properties (texture, organic
matter content and pH) have been identified as important drivers of microbial community structures. Topographic features and their related microclimatic regimes

similarly have strong effects on the soil microbiome, which is shown here for the example of slope aspect on the mountain ridge ‘Muot da Barba Peider’ located at
2960m a.s.l. in the Swiss Alps (B). Here, within less than 50 m horizontal distance, C- and N-content, pH and texture vary fundamentally between the northwest- and the
southeast-exposed sides. These differences are closely reflected in contrasting bacterial and fungal community structures between the two expositions. Abbreviatons:
B.d.l. = below detection limit; cbbL = ribulose bisphosphate carboxylase large chain; amoA = ammonia monooxygenase gene A, OM = organic matter

with increasing depth, and they documented a wide spec-
trum of isolates from Chinese permafrost that are compara-
ble with those from permafrost in the Arctic. Moreover, stud-
ies assessing the non-culturable diversity in Chinese permafrost
revealed substantially different bacterial community composi-
tion across different geographical regions, with the most fre-
quently detected phyla being Proteobacteria, Actinobacteria, Fir-
micutes, Acidobacteria and Bacteroidetes, as well as several
candidate phyla (Hu et al. 2015). Bacterial and fungal commu-
nity structures varied across different permafrost-affected habi-
tats, which could be related to various environmental param-
eters such as vegetation type, moisture, C:N ratio and pH
(Zhang et al. 2013a; Zhang et al. 2014). Bacterial isolates affiliated
with Actinobacteria, Firmicutes, Proteobacteria and Cytophaga-
Flavobacterium-Bacteroides (CFB) phylum were found in alpine
permafrost (Hu et al. 2015). Bai et al. (2006) analyzed the cul-
tural bacterial diversity in a 3-m alpine permafrost core from the
Tianshan mountains, China, recovering 91 isolates. The isolates
grew on oligotrophic medium and were mostly psychotrophs
(cold-tolerant with growth optimum >15◦C) comprising only
two psychrophils (growth optimum <15◦C). This is in agree-
ment with temperature adaptation in various arctic and antarc-
tic permafrost isolates, which are mostly psychrotrophic rather
than psychrophilic (Gilichinsky 2003; Steven, Niederberger and

Whyte 2009). These findings are also in line with the hypothe-
sis that bacteria mostly have a growth optimum well above the
annual mean temperature (Rousk and Baath 2011). The most
abundant and diverse isolates in alpine permafrost culturable
populations belong to the genera Arthrobacter (Bai et al. 2006;
Zhang et al. 2007). Arthrobacters are ubiquitous in many low
temperature environments (Margesin et al. 2004; Frey et al. 2010;
Lapanje et al. 2012). The dominance of Actinobacteria, to which
Arthrobacter belongs, in permafrost soil has been attributed to
their ability to form resting stages, the so-called cysts (Soina
et al. 2004). Zhao et al. (2011) moreover isolated novel bacterial
strains from permafrost in the Tianshan mountains China that
may represent new species within the genus Chryseobacterium.

Ollivier et al. (2014) investigated bacterial diversity along a
depth gradient in the active layer of two permafrost soils and
one seasonally frozen soil as a model of future climatic condi-
tions in permafrost soils on the Tibetan Plateau using T-RFLP
profiling and quantitative PCR. Depth-related changes in diver-
sity, which could mainly be related to C- and N-content, were
much more pronounced in the seasonally frozen ground than in
the active layer of the permafrost-affected soil. The authors con-
trasted these results with findings about permafrost soils from
Siberia, where depth-associated changes in bacterial diversity
occurred (Wagner, Kobabe and Liebner 2009), and argued that
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these differences might be associated with waterlogged condi-
tions present at the Siberian permafrost table but not at the
Tibetan Plateau permafrost table.

The only study addressing microbial diversity in moun-
tain permafrost outside of China was conducted recently in
the European Alps by Frey et al. (2016). Here, on the moun-
tain ridge ‘Muot-da-Barba-Peider’ in the eastern Swiss Alps,
a unique experimental design was applied comparing a per-
mafrost soil on the north-western (NW) slope of the ridge
to the active layer as well as to a non-permafrost soil at
the same depth on the south-eastern (SE) side, thus account-
ing for depth-related effects. Microbial community structures
in the NW permafrost soil differed drastically both from the
NW top soil and from the SE soil. Strikingly, from the per-
mafrost soils, besides some well-established phyla such as
Proteobacteria, Verrucomicrobia and Acidobacteria, the bacte-
rial candidate phyla OD1, TM7, GN02 and OP11 forming the
superphylum Patescibacteria were recovered, comprising one-
third of the community (Frey et al. 2016). Likewise, fungi
exhibited considerable taxonomic diversity, notably compris-
ing 14% of sequences that could not be assigned beyond the
kingdom level, indicating an undercharacterized fungal com-
munity in these permafrost environments. Among fungi, cold-
adapted yeasts and lichenized fungi, in particular basidiomyce-
tous Rhodotorula, Cryptococcus, Mrakia and Leucosporidium, as
well as the ascomycetous Lecidea, Acarospora and Umbilicaria
have been recovered. These fungal groups are common in
permafrost-like habitats (Margesin and Miteva 2011; Zucconi
et al. 2012; Zalar and Gunde-Cimerman 2014) and are known to
undergo structural and functional adaptations to survive and
be metabolically active under subzero, nutrient-poor conditions
(Ozerskaya et al. 2009; Buzzini et al. 2012).

Overall, as with arctic permafrost soils, mountain per-
mafrost soils harbor a surprisingly high diversity of microbes
equipped with a variety of adaptation mechanisms to
survive in harsh subzero, oligotrophic conditions (Mar-
gesin and Miteva 2011; Jansson and Tas 2014), although
the number of existing studies is still very limited. The
recovery of a large unknown bacterial and fungal diver-
sity in alpine permafrost (Frey et al. 2016) points towards a
limited understanding of the metabolic processes taking
place in these environments and highlights the need for fur-
ther studies exploring the genomic potential of permafrost
soils, with regard to both ecological functions and possible
biotechnological applications.

Mountain glacier forefields

Serving as a paradigm for soil formation in mountain regions,
the forefields of receding glaciers remain the best-studied
alpine habitat with regard to soil microbial ecology. With
the rapid disintegration of alpine glaciers due to climate
change, large expanses of barren bedrock are exposed
where new ecosystems develop. In order to understand
the contribution of glacier forefield ecosystems to both
local and global C- and nutrient budgets, the study of
microbial alpha- and beta-diversity as well as function is
essential. Microbial ecology and soil development along glacier
forefields have been recently reviewed by Schulz et al. (2013) and
Bradley, Singarayer and Anesio (2014). Thus, this review will
not go into detail on the topic of microbial ecology in glacier
forefields but instead briefly summarize the main points and
complement with some more recent findings. An overview is
depicted in Fig. 3.

After retreat of a glacier, microbes constitute the initial col-
onizers of the exposed bedrock (Zumsteg et al. 2012; Rime et
al. 2015). Microbial life is considered fundamental in stabi-
lizing soils and shaping the physical and biological develop-
ment of these ecosystems (Bernasconi et al. 2011). Microbes
contribute importantly to the initial build-up of biomass, with
potential sources of C and N being allochthonous deposition,
input from landslides and avalanches, faunal and vegetal debris,
ancient organic matter stored in the ground and autotrophic
fixation (Schmidt et al. 2008; Brankatschk et al. 2011). The rela-
tive contributions of these different sources remain a matter of
ongoing debate in both arctic and alpine glacier forefields (Stibal
et al. 2008; Duc et al. 2009; Zumsteg et al. 2012; Frey et al. 2013;
Rime, Hartmann and Frey 2016a; Rime et al. 2016b). Other nutri-
ents, such as phosphorus and sulfur, may be obtained from the
bedrock by weathering (Frey et al. 2010).

Microbial communities and soil geochemical properties
were found to change in tandem along glacier forefields
(Bernasconi et al. 2011). Microbial community compositions
were reported to shift in response to increasing C-content
in soils, decreasing soil pH and plant establishment (Zum-
steg et al. 2012). Plant establishment was identified as a
main driver of community structure by several authors (e.g.
Blaalid et al. 2012; Knelman et al. 2012; Brown and Jump-
ponen 2014). Comparing bacterial and fungal compositions
along the forefield of Lyman Glacier, Washington, USA, Brown
and Jumpponen (2014) observed distinct succession patterns
for bacteria and fungi. They highlighted that the presence rather
than the type of vegetation influenced the soil microbiome,
with a stronger impact in structuring soil bacterial communities
compared with fungal communities. However, Kazemi, Hatam
and Lanoil (2016) reported stabilization of microbial commu-
nity structures already before the establishment of plants at
Duke River Glacier, Yukon, Canada. The authors found that sites
along two transects perpendicular to the glacier snout clustered
into three main stages, with an early and an intermediate stage
devoid of vegetation and a third stage coinciding with the advent
of plants.

In addition to documenting spatiotemporal patterns along
a chronosequence, Rime et al. (2015) addressed the vertical
distribution of microbial communities along a chronosequence
in the forefield of the Damma glacier, Switzerland. The authors
observed strong depth-related differences of microbial com-
munity structures in recently deglaciated soils, while soils
became increasingly homogenous along the depth-profile with
increasing soil age. This pattern was hypothesized to be gov-
erned by analogous changes of environmental conditions with
depth along the chronosequence, respectively: the surfaces
of unvegetated soils are strongly exposed to environmental
stressors such as UV-radiation producing a strong contrast
between the surface and deep soil that is alleviated in more veg-
etated soils due to protection of the soil surface by plant cover.
Microclimatic conditions as an important driver of microbial
community structures in glacier forefields were also pointed
out by Lazzaro, Gauer and Zeyer (2011) as well as Zumsteg et al.
(2013). Moreover, in vegetated soils, interactions with the rhizo-
sphere rather than inherent soil properties and microclimatic
conditions might be the primary driver of microbial community
structures. In accordance with this interpretation, the surface
of barren and sparsely vegetated soils was characterized by
species able to resist high UV-exposure and fluctuations in
temperatures and soil moisture, such as Phormidium sp.
(Cyanobacteria), Sphingobacteriales sp. (Bacteroidetes) and
Rhodotorula sp. (Basidiomycota). Conversely, more densely
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vegetated stages of soil development were marked by bacterial
representatives able to use complex C-compounds (e.g. Can-
didatus Solibacter sp.), specialist lignocellulolytic ascomycetes
(e.g. Geoglossum sp.) and ectomycorrhizal basidiomycetes (e.g.
Laccaria sp.) in all depths. These findings additionally stress
the significance of plants in structuring microbial communities
in glacier forefields. Besides soil physicochemical properties
and vegetation cover, bedrock mineralogy was also found to
significantly impact microbial community structures in recently
deglaciated soils (Carson et al. 2007; Lazzaro, Abegg and Zeyer
2009).

A major breakthrough in understanding the initial colo-
nization of proglacial areas was achieved by Rime, Hartmann
and Frey (2016a). The authors identified endogenous glacial
habitats as the main source of bacterial colonizers, while exoge-
nous sources (snow, wet and dry deposition) played a minor
role. As opposed to bacteria, fungal communities exhibited
very distinct community structures among all habitats when
community structures in these potential precursor habitats
were compared with recently deglaciated soils. From the
observed patterns, the authors postulated that bacte-
rial community assembly in recently deglaciated soils is
driven by stochastic events and priority effects, while fungal
community assembly is more controlled by determinis-
tic processes associated with a low dispersal capacity and
environmental filtering (Brown and Jumpponen 2014; Rime,
Hartmann and Frey 2016a). Moreover, in a stable isotope
probing approach, Rime et al. (2016b) showed that prokaryotic
C-utilizers were similar among distinct stages of soil develop-
ment, indicating that differences in environmental conditions
do not influence the composition of the active prokaryotic C-
utilizer populations during soil development. Conversely, fungal
populations involved in the utilization of organic C-sources dif-
fered clearly among different stages of soil development. These
findings support the hypothesis of stochastic versus determin-
istic assemblage patterns along proglacial chronosequences for
bacterial and fungal communities, respectively.

Glacier forefields constitute the first alpine microbial habi-
tat where comprehensive interdisciplinary studies have been
conducted, allowing for elucidation of larger ecological relation-
ships between microbial and plant succession as well as bio-
geochemical cycles (Bernasconi et al. 2011; Schulz et al. 2013;
Bernasconi 2014). A major knowledge gap has been identified in
the microbial succession on freshly deglaciated soils, especially
in the context of the initial build-up of microbial biomass and
the utilization of potential C- and N-sources. Moreover, glacier
forefields are characterized by a profound geomorphological
heterogeneity, and unconsolidated rock material is reworked
frequently by glacial advances, landslides and streams, the
effect of which has been largely neglected in studies on micro-
bial ecology using a chronosequence approach (Bernasconi et al.
2011; Bradley, Singarayer and Anesio 2014). In addition, as for all
alpine environments, studies on glacier forefields are restricted
to very few sites, and biogeographical approaches might help to
understand overall ecological patterns at a supraregional scale
in the context of global gradients such as climatic latitudinal
gradients. Finally, as considerable expanses of glaciated areas
become exposed with climate change (Vaughan et al. 2013), in
parallel with a substantial increase in biological activity, micro-
bial ecology in glacier forefields should in future be studied more
thoroughly with regard to the balance of uptake and losses of C
and N.

THE EFFECT OF CLIMATE CHANGE ON THE
ALPINE SOIL MICROBIOME

Experimental approaches to study the impact of
climate change

Current approaches to study the effect of climate on soil micro-
bial diversity and function can be divided into field-based and
laboratory microcosm studies. As a field-based approach, com-
parative studies of soils along natural climatic gradients and
related topographic features, including gradients of altitude, lat-
itude, precipitation and stages of permafrost thaw, may be con-
ducted (Dunne et al. 2004; Bryant et al. 2008; Wang et al. 2015; Siles
and Margesin 2016). Moreover, in order to study soil ecosystem
development after glacial retreat, a chronosequence approach is
applied frequently. As the glacier retreats successively over time,
spatial patterns along a transect perpendicular to the glacier
snout are assumed to reflect temporal changes in response to
glacial retreat and thus global warming (Walker et al. 2010). A
more manipulative approach frequently applied in plant ecology
but also used in a few soil microbial studies is to transplant soil
along such gradients in order to analyze adaptation of the soil
microbiome to the environmental conditions at the target site
and to reveal the driving forces behind that adaptation (Zum-
steg et al. 2013). Moreover, temperature and other climatic vari-
ables can be manipulated directly in the field. For instance, tem-
perature has frequently been elevated passively by the use of
open top chambers (OTC) that trap natural heat (Bokhorst et al.
2011; Lamb et al. 2011; Yergeau et al. 2012; Zhang et al. 2015a;
Rousk, Michelsen and Rousk 2016). Alternatively, temperature
may be actively manipulated by the use of underground heating
wires or infrared radiators (Aronson and McNulty 2009; Hage-
dorn, Mulder and Jandl 2010b; Schindlbacher et al. 2011). Precip-
itation can be reduced by the use of roofs or increased by the
use of sprinklers (Beier et al. 2012). Increased snow accumula-
tion can be achieved using snow fences to trap drifted snow
(Morgado et al. 2016; Ricksetts et al. 2016) or reduced by shov-
eling manually or by the application of a warming treatment,
for instance by the use of dark cloth covers (for a review, see
Wipf and Rixen 2010). Laboratory incubation experiments, on
the other hand, permit analyses of climatic parameters under
controlled conditions, avoiding the confounding effect of natu-
ral fluctuations (Wu et al. 2015). However, as a disadvantage, lab-
oratory incubations implicate largely artificial conditions only
partially reflecting the natural environment. In microcosms,
the impact of climate-related parameters such as temperature,
moisture, light regime and freeze-thaw cycles can be analyzed.
An overview of climate change studies in alpine environments
is given in Table 1b. Approaches to study the impact of climate
change in alpine environments are summarized and discussed
in Table 2.

Soil transplantation experiments along natural climatic
gradients

As climatic parameters such as temperature and precipitation
change with altitude, altitudinal transects may be used to study
the effect of climate on the soil microbiome. Indeed, tempera-
ture and precipitation have been identified as important drivers
of microbial community structures along altitudinal gradients
(Yuan et al. 2014; Liu et al. 2015; Rui et al. 2015; Ren et al. 2018).
Thus, assuming that altitudinal patterns along transects reflect
temporal changes with global warming, one might hypothe-
size that the differences in microbial community structures and
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Table 2. Experimental approaches to study the impact of climate change on soil microbial ecology

Field approaches: Field approaches reflect best natural conditions, but are associated with covarying environmental variables such as e.g. cli-
matic variables and soil physicochemical properties (natural gradients) and subject to natural fluctuations obscuring treatment effects (natural
gradients, experimental manipulation)

Method Figure/Description Pro Contra

Studies along natural
gradients

Descriptive comparison: Most simple approach, but most complex to separate target climatic variable from covary-
ing factors
Temperature gradients Transects along

temperature gradients
(e.g. altitudinal,
latitudinal, slope aspect)

� Little effort
� Gradients over large

range possible
� Multiple sampling

points along gradient
enable investigation of
gradual response

� Covarying
environmental factors

� Natural fluctuations
� Indirect approach,

assumes that spatial
gradient reflects
development over time

Chronosequences Space for time
substitution (e. g. after
glacier retreat, used
extensively to study soil
ecosystem development)

Moisture gradients

Soil transplantation: More direct approach compared to descriptive approach, actively exposing soils to presum-
able future conditions, but still associated with complex covariation patterns; Relatively cheap and easy to perform
in remote environments
Intact cores or monoliths � Active exposure of

soils to “future
conditions”

� Preserves soil
structure and
vegetation

� Conditions at target site
subject to fluctuations

� Immigration of microbes
from target site

� Artefacts (different
conditions within core)

Loose soil � Active exposure of
soils to “future
conditions”

� Easy to obtain soil
� Easy to transport soil

in bags

� As for core
transplantation

� Strong creation of
artefacts (disruption of
soil structure, removal
of plants =>suitable
controls indispensable)

Field manipulation of
climatic parameters

Temperature manipulations

Open top chambers
(trapping natural heat)

� Cheap, easy to install
� No energy supply

needed

� Small temperature
increase

� Warming depends on
ambient temperature

� Artefacts (e. g. change of
gas concentrations)

Overhead infrared lights � Reflects best “natural”
warming (heating
from above)

� Controlled amount of
heating

� Expensive
� Energy supply needed

(especially difficult in
remote areas)
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Table 2. Continued

Field approaches: Field approaches reflect best natural conditions, but are associated with covarying environmental variables such as e.g. cli-
matic variables and soil physicochemical properties (natural gradients) and subject to natural fluctuations obscuring treatment effects (natural
gradients, experimental manipulation)

Method Figure/Description Pro Contra

Soil warming cables � Relatively cheap
� Controlled amount of

heating

� Heating from below,
temperature gradient
away from cable

� Disturbance of soil
installing cables

� Energy supply needed

Moisture manipulations
Roofs (=>reduction of
precipitation input)

� Cheap, easy to install
� No energy supply

needed

� Treatment effect
depends on ambient
conditions

� Accumulation of water
from roofs in adjacent
plots

Irrigation Installation of sprinklers � Controlled amount of
water added

� Expensive
� Complex system,

difficult to install in
remote areas

Snow cover manipulation
Snow fences
(accumulation of snow)

� Cheap, easy to install
� No energy supply

needed

� Treatment effect
depends on natural
snowfall

Warming treatments OTCs, infrared lights, soil
warming cables or dark
cloth covers

� See warming
treatments

� See warming treatments

Removal or accumulation
with shovels

� Cheap, easy to
perform

� Site needs to be
accessible under harsh
winter conditions

� Frequent access needed

Laboratory approaches: Laboratory microcosm studies allow for investigation of the impact of climatic factors under very controlled conditions
where only one variable at a time is modulated. However, it is questionable how well laboratory studies reflect field conditions and thus can
be used to make predictions about natural ecosystems.
Laboratory approaches: Temperature incubations In incubators or climate

chambers microcosm
experiment can be set up
and used to study the
impact of climatic
variables in a constant or
cyclic treatment

� No expensive field
campaigns needed
once samples are
collected

� One parameter
manipulated at a time

� Defined amount of
temperature /
moisture / etc.
manipulations

� Proximity to
laboratory facilities

� Massive change
compared to field
conditions (disruption of
soil structure, removal
of plants unless intact
cores are used, no
diurnal or seasonal
temperature cycles, light
input => change of
primary production. . . )

Temperature cycles
Freeze-thaw cycles
Moisture manipulation
etc.
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function discussed above are similar to those that warming
will cause in high alpine soils. In this scenario, high-altitude
soil microbial communities would be expected to increasingly
resemble those present at lower sites.

In merely descriptive studies, climatic variables such as tem-
perature and precipitation covary with plant diversity and soil
physicochemical properties, and associations are based solely
on correlations. In order to corroborate the impact of preva-
lent environmental conditions on the soil microbiome, trans-
plantation of soil along altitudinal gradients has been used as
a more direct approach (Budge et al. 2011; Lazzaro, Gauer and
Zeyer 2011; Zheng et al. 2014; Gou et al. 2015; Rui et al. 2015; Yue
et al. 2015). In such studies, soils become experimentally exposed
to their presumed future conditions. Zumsteg et al. (2013) used
a reciprocal soil transplantation approach in an unvegetated
glacier forefield to investigate adaptation of the soil microbiome
to microclimatic conditions associated with contrasting slope
aspects in a valley bottom (Table 1b). These studies revealed sig-
nificant shifts in microbial community structures and functions
in response to soil transplantation (Budge et al. 2011; Zumsteg
et al. 2013; Zheng et al. 2014; Gou et al. 2015; Rui et al. 2015; Yue
et al. 2015) that can be hypothesized to be induced in a simi-
lar manner by climate change. Similar to in descriptive stud-
ies of altitudinal gradients, temperature, moisture and vege-
tation patterns were identified as important drivers of micro-
bial community structures and function in soil transplantation
studies (Zumsteg et al. 2013; Zheng et al. 2014; Rui et al. 2015).
For instance, in reciprocal soil transplantation experiment along
an altitudinal gradient from 3200–3800 m a.s.l. on the Tibetan
plateau, Rui et al. (2015) found that 13.6% of the variation in
microbial community structures could be attributed, to temper-
ature alone, 11.4% to soil properties alone and 7.9% to tempera-
ture, soil properties and plant biomass. Thus, these studies point
out the importance of climatic parameters and thus the consid-
erable effect of climate change on alpine soil microbial commu-
nities.

Soil transplantation experiments have also been used to
study the impact of warming on microbial functional genes
(Zheng et al. 2014; Yue et al. 2015). The reactions catalyzed
by the functional genes discussed in the following section
are shown in Fig. 4. Yue et al. (2015) mimicked warming by
downward transplantation of soil along an altitudinal gradi-
ent in the Qilian mountains (Tibetan Plateau, China) ranging
from 3200 to 3800 m a.s.l. Using GeoChip, they observed a
decrease in C-degradation genes, especially such that are asso-
ciated with degradation of recalcitrant substrates, e.g. cellobi-
ase and exochitinase while the pcc gene (Propionyl-CoA carboxy-
lase, involved in C-fixation) increased. This could be interpreted
as lower degradation of organic matter with a simultaneous
increase of CO2-uptake from the atmosphere upon downward
transplantation. The majority of N-cycling genes decreased with
the exception of narG (nitrate reductase G, reduces nitrate to
nitrite) and gdh (glutamate dehydrogenase). Decrease of gdh
with concurrent increase of ureC (urease C) could point towards
increased release of ammonia from organic matter. Concomi-
tantly, total organic C, total N and ammonia as well as vegetation
biomass increased upon warming. An increase of total N how-
ever cannot be explained by the observed changes in N-cycling
genes at the DNA level as abundance of the N-fixation gene
nifH (nitrogenase H) decreased upon warming, while at the same
time N2O emissions increased. Collectively, from their findings,
the authors concluded that the alpine grassland soils harbor a
negative feedback mechanism to increased microbial mineral-
ization due to warming, thereby keeping the balance between

C- and N-uptake and release constant despite warming. This
interpretation was supported by relatively stable C-stocks in
Tibetan grassland, whereas warming has been shown to cause
C-loss due to enhanced microbial mineralization in other north-
ern soils (Yue et al. 2015). As microbial N-cycling is expected to be
significantly altered by climate change, Zheng et al. (2014) stud-
ied the abundance and diversity of N-cycling genes in response
to reciprocal soil transplantation along an altitudinal gradient
spanning 600 m of vertical distance in the Qilian mountains
(Tibetan Plateau, China). They reported a significant increase in
the abundance of the bacterial amoA gene (ammonia monooxy-
genase A, function: See above) upon downward soil transplan-
tation, while the abundance of the archaeal amoA gene was less
affected by soil transplantation. Moreover, the abundance of nirK
(nitrite reductase K, converts nitrite to nitrous oxide, part of den-
itrification) was lower in the control transplants at the higher
altitude and decreased upon upwards transplantation but did
not react to downward transplantation. The abundance of nirS
(nitrite reductase S) and nosZ (nitrous oxide reductase Z, con-
verts nitrous oxide to molecular nitrogen, part of denitrification)
remained unaffected. This could indicate enhanced transforma-
tion of NH4

+ to NO3
− in downward transplants but at the same

time an increase of denitrification.
To the best of our knowledge, no transplantation experi-

ments along altitudinal gradients have been conducted in the
Arctic to date. However, the effects of transplantation along
500–1000 m altitudinal gradients on soil microbial community
structures and function in alpine regions are comparable to the
effects of soil transplantation along a latitudinal gradient from
northern to southern Finland (Vanhala et al. 2011), indicating
similarities in the responses of alpine and arctic microbial com-
munities to climate change. Altitudinal gradients are associated
with similar changes in climatic regime in the Arctic compared
with in alpine regions and would therefore constitute a useful,
easily applicable set-up for the study of climate change in arc-
tic regions. Topographic effects, such as slope aspect, associated
with changes in incoming solar radiation throughout the day are
smaller in the Arctic compared with in temperate and tropical
mountain regions because of smaller diurnal variations (Barry
2008b) but might still be used effectively to study adaptation of
the soil microbiome to particular climatic conditions.

The number of soil transplantation studies in alpine envi-
ronments is still very limited and mostly restricted to altitu-
dinal gradients. Consequently, microbial community structures
and function should be studied more intensively among con-
trasting topographic features in order to obtain a comprehensive
understanding of alpine microbial ecology and associated bio-
geochemical fluxes (Zumsteg et al. 2013). To this end, soil trans-
plantation constitutes a suitable experimental approach allow-
ing assessments of adaptation to given environmental condi-
tions. Moreover, contrasting slope aspects on mountain ridges
provide an interesting experimental set-up to study climatic
effects, as sharp microclimatic contrasts may be present over a
very short distance, reducing the variability of other soil-forming
factors compared with the variability occurring within gradients
over larger spatial intervals such as altitudinal gradients (Frey
et al. 2016). In addition, relative to slopes and valleys, ridges and
summits are less affected by landslides and do not receive input
from transported rock material, further stressing their suitabil-
ity for climate studies with minimal confounding effects (Pauli
et al. 2015).
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Soil warming experiments

To avoid the confounding effects of covarying environmental
variables along altitudinal transects, several studies have used
experimental warming applied directly in the field (Zheng et al.
2012; Xiong et al. 2014; Zhang et al. 2015a; Zhang et al. 2015b; Li
et al. 2016a; Zhang et al. 2016) or in a laboratory setting with a
controlled climate (Wu et al. 2015). Warming treatments have
been applied for between one and three years with the use of
OTCs (Papanikolaou et al. 2010; Zhang et al. 2015a) or overhead
infrared radiators (Xiong et al. 2014; Li et al. 2016a; Zhang et al.
2015b; Zhang et al. 2016). As climate change might also involve
changes in precipitation regimes, Zhang et al. (2016) addition-
ally manipulated (increased and decreased) precipitation. Most
of these studies reported shifts in microbial (bacterial and fun-
gal) community structures in response to warming (Papaniko-
laou et al. 2010; Xiong et al. 2014; Li et al. 2016a). However, Zhang
et al. (2016) found that warming only had an effect on bacte-
rial communities when combined with reduced or enhanced
precipitation after one year; these changes were shown to be
driven by changes in moisture, while fungi remained unaf-
fected by warming, precipitation and combined treatments.
These findings highlight that, besides warming, climate change
may induce altered precipitation, which may critically affect the
soil microbiome in arid mountain ranges such as the Tibetan
Plateau. Moreover, Li et al. (2016a) proposed that microbial com-
munity structures will become more homogeneous over space
in response to climate change, as they observed such patterns
in response to experimental warming in the Qilian mountains
(Tibetan Plateau, China). Direct effects of increased temperature,
as well as indirect changes in soil and plant properties, have
been revealed as drivers of microbial diversity in warming exper-
iments (Xiong et al. 2014).

Besides diversity, microbial function and thus dynamics of
nutrient cycling and greenhouse gas budgets might be strongly
altered in response to climate change. Therefore, Zheng et al.
(2012) investigated the methanotrophic community in response
to infrared-induced warming in an alpine meadow soil at 3200 m
a.s.l. on the Tibetan Plateau, China for three years. The abun-
dance of the pmoA gene (particulate methane monooxygenase
A, key enzyme involved in the oxidation of methane) and
the potential CH4-oxidation increased following warming treat-
ment, while pmoA abundance was negatively correlated with
moisture and NH4-N-content. Conversely, methanotrophic com-
munity compositions were not affected by warming. These
results suggest that enhanced methane oxidation might effi-
ciently counteract a potential warming-induced increase in
CH4-emissions in these ecosystems. Another study on micro-
bial function was conducted by Papanikolaou et al. (2010). The
authors assessed enzyme activity and litter degradation as
microbial functional traits in a low-alpine heath ecosystem in
Scotland, revealing that these parameters were hardly affected
after 22 months of warming by OTCs.

Functional warming responses of soil microbial communi-
ties have been also assessed in arctic environments, although
studies are similarly scarce as in alpine environments. With
regard to microbial C-cycling, most studies were conducted in
organic matter rich, permafrost affected soils either in thaw-
experiments or in anoxic incubations of water-logged active
layers that result from permafrost thaw – soil properties as
they are rarely found in alpine ecosystems complicating com-
parability of findings. Such studies reported increased CH4-
and CO2-emission upon warming going along with shifts of
microbial functional gilds involved in degradation of organic

matter, methanogenesis and methane oxidation as analyzed
using Geochip or metagenomics/metatranscriptomics (Tveit
et al. 2015; Yang et al. 2016b; Yang et al. 2017). Lamb et al. (2011)
conducted a long-term (16 years) field warming and fertilization
experiment in tundra soils in the Canadian High Arctic using
OTCs. Warming increased vegetation cover but surprisingly
greenhouse gas fluxes, soil properties (SOC, dissolved organic
nitrogen, NH4

+, NO3
−) as well as abundance of the microbial N-

cycling genes amoA (ammonia monooxygenase A, function: see
above) and nosZ (nitrous oxide reductase Z, function: see above)
remained stable. In an N-fertilization treatment of geother-
mally warmed soils in subarctic Iceland, Daebeler et al. (2012)
found that archaeal amoA was higher in fertilized and warmed
plots, respectively, compared to the control plots, indicating
that nitrification plays a more important role in the warmed
and fertilized plot, respectively. However, soil physicochemical
properties including NH4

+-content did not change significantly
and amoA community structures were better explained by pH
and clay than warming and fertilization. This highlights the
importance of intrinsic soil properties in driving microbial func-
tional gilds and thus determining warming responses. Incubat-
ing these soils in microcosms at different temperatures, the
authors reported that soils with warmer in-situ temperatures
exhibited higher gross nitrification with a higher temperature
optimum, with in-situ soil temperature and gross nitrification
being strong predictors of archaeal amoA communities at the
RNA level (Daebeler et al. 2017). Also N-fertilization as well as
interactions between in-situ temperature and fertilization influ-
enced N-transformation rates highlighting that prediction of
N-cycling responses to warming requires the consideration of
complex, dynamic interactions between intrinsic environmen-
tal conditions and adaptation of the soil microbiome. The only
existing microcosm study on the effect of warming on alpine soil
microbial communities was conducted by Wu et al. (2015). They
applied a temperature gradient from 10◦C to 40◦C for 28 days on
alpine meadow soils from sites at 4635 m a.s.l. on the Tibetan
Plateau. After this period, pronounced changes were observed
in bacterial community structures and C-utilization patterns (as
assessed by the use of Ecoplate) at all temperatures. In addi-
tion, a subset of temperature treatments was sampled at several
points throughout the incubation period, revealing that shifts in
microbial community structures in response to elevated temper-
atures occurred in gradual manner over time.

Collectively, studies using experimental warming have sug-
gested that the alpine soil microbiome might react significantly
in response to global warming. In many studies, rather sub-
tle changes were reported in response to temperature increase,
which might be attributed to the relatively short duration of the
experiments. For example, in arctic environments it has been
shown that global warming affects soil microbial functions only
on a decadal scale rather than in short-term experiments (Rin-
nan et al. 2007; Lamb et al. 2011). Similarly, alpine ecosystems
might not react significantly over short time frames.

FUTURE PERSPECTIVES

Microbes have been shown to exhibit a surprisingly high diver-
sity in cold alpine environments under harsh conditions where
plant growth is largely restricted due to climatic restrictions and
the paucity of nutrients (Bryant et al. 2008; Fierer et al. 2011; Rime
et al. 2015). Thus, in these habitats microorganisms are the main
ecosystem engineers governing C- and nutrient cycling. Micro-
bial diversity and function have been shown to respond sensi-
tively to warming (e.g. Rui et al. 2015; Li et al. 2016a) leading to
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an acceleration of C- and N-cycling possibly associated with net
losses from the system (Hagedorn et al. 2010a; Dawes et al. 2017).
Conversely, for instance Yue et al. (2015) reported that some
alpine grassland soils possess a feedback mechanism counter-
acting increased mineralization in response to warming ulti-
mately keeping C- and N-stocks stable. Warming directly affects
microbial activity and diversity, but simultaneously soil proper-
ties, quality of organic matter, soil nutrient status, vegetation
properties and biotic interactions change, partially as they are
directly affected by warming and partially in response to altered
microbial activity. Such co-occurring effects and feedback mech-
anisms likely explain contrasting results with regard to C-stock
changes and N-dynamics in response to warming in alpine envi-
ronments. Microbial dynamics are an important component in
this equation and a deeper understanding of microbial ecology
will contribute to elucidate patterns of biogeochemical cycling
in response to warming at the ecosystem level. With warm-
ing increased activity of microbial pioneers will likely facilitate
expansion of plants to higher altitudes analogously to plant col-
onization along a glacier forefield chronosequence. Cryospheric
microbial habitats such as glacial ice or permafrost soils are
currently characterized by very low cell numbers and activity.
Once these inhospitable habitats diminish, increasing microbial
growth, activity and subsequent establishment of plants will
likely lead to increased primary production as well as accel-
erated biogeochemical cycling on considerable land expanses.
Environments currently dominated by ice and snow as well as
harsh environmental conditions might become more hospitable
and thus more similar to lowland environments, reducing the
richness of microbial niches. Thus, reduction of the cryosphere
could signify a considerable loss of microbial diversity such as
observed for plant diversity in alpine environments with warm-
ing (Pauli, Gottfried and Grabherr 2003). Besides ecological con-
sequences, melting of cryospheric components of alpine ecosys-
tems also potentially entails the risk of releasing pathogens, and
indeed potentially pathogenic microbes have been recovered
from cold environments (Butinar, Spencer-Martins and Gunde-
Cimerman 2007; Petrova et al. 2008; Legendre et al. 2014). This
potential global change impact is especially relevant for alpine
environments, as they are often closely associated with human
populations that might be reached via air circulation or through
hydrological processes.

To date microbial studies are extremely scarce and do not
yet make it possible to draw comprehensive conclusions about
large-scale ecological patterns and biogeochemical cycles. Espe-
cially if one considers the heterogeneity of alpine habitats that
exist across all latitudes and climate systems, with regard to
topography, climate, soil forming processes, vegetation patterns
and microbial diversity, large datasets and studies with a fine
spatial resolution are required if results should be upscaled to
the supraregional level or compared with other cold-dominated
environments such as the Arctic. Biogeographical approaches
could be used to elucidate large-scale distribution and mecha-
nisms of adaptation to the local ambient conditions in alpine
habitats (Pellissier et al. 2014). Seasonality and depth-related
patterns are further important factors shaping alpine micro-
bial ecology that have been largely neglected to date. Changes
in alpine soil microbial diversity and function in response to
climate change occur in tandem with changes in soil physico-
chemical properties and vegetation patterns. Therefore, com-
prehensive interdisciplinary studies are needed to obtain a
process-based understanding of microbial ecology at the ecosys-
tem level and to disentangle covarying variables (Bernasconi

2014). Moreover, investigating shifts of symbiotic or competi-
tive interactions among microorganisms in response to envi-
ronmental conditions by the analysis of co-occurrence patterns
could yield a more mechanistic understanding of microbial feed-
backs to warming impacts (Foster and Bell 2012; Gokul et al.
2016). To date, most studies on alpine microbial diversity have
used amplicon sequencing of phylogenetic marker genes pro-
viding information on microbial identity and community struc-
tures but not on microbial function. The application of metage-
nomic and metatranscriptomic approaches which have been
successfully applied in arctic environments (Coolen and Orsi
2015; Hultman et al. 2015; Johnston et al. 2016), could signifi-
cantly contribute to the identification of important microbial
functional traits shaping ecosystem functioning in alpine envi-
ronments. Thus, these techniques could help to corroborate
the link between the microbial functional potential and biogeo-
chemical dynamics. The high diversity of microbial taxa found
in high-alpine soils opens a new and exciting microbial resource
that might be exploited for biotechnological purposes. Cold-
adapted enzymes from psychrophilic microorganisms require
low thermal energy and catalyze biochemical reactions at low
temperature with rates comparable to mesophilic enzymes at
their optimum temperature. Of these properties, advantage
could be taken in industrial processes providing environmen-
tally friendly, energy-saving solutions avoiding the use of aggres-
sive chemicals. Such approaches have been already successfully
applied e.g. producing detergents or in food industry (Huston
2008). In addition, secondary metabolites from fungi are widely
used e.g. as antibiotics, to date however mostly from warm envi-
ronments (Frisvad 2008). Exploration of cold environments such
as the Arctic and alpine regions could significantly extend the
reservoir of substances with potential pharmaceutical appli-
cations. A particular characteristic of alpine environments are
high levels of UV-radiation against which alpine microorgan-
isms evolved protection mechanisms (Karsten and Holzinger
2014) including protective molecules which are currently tested
for their potential in protecting human skin from UV-damage
(Ariede et al. 2017). To utilize such microbial resources culture-
independent tools such as metagenomics as well as isolation
of cold-adapted microbes could be applied. The development of
new isolation techniques, such as the high-throughput isolation
chip (ichip, Nichols et al. 2010) and the improvement of sequenc-
ing techniques, might facilitate the isolation of microbes from
high-alpine soil samples and thus exploitation of their biotech-
nological potential as well as understanding their ecological
role.

Overall, recognition of the importance of alpine microorgan-
isms has emerged only very recently, and therefore our current
knowledge of alpine microbial ecology remains severely limited.
However, especially in the context of climate change, increasing
attention has been directed towards mountain environments.
With the help of new molecular tools that have already been suc-
cessfully employed in arctic environments, as well as more com-
prehensive large-scale studies, one can be optimistic that our
knowledge about alpine microorganisms will soon grow towards
a comprehensive ecological understanding including biotic and
abiotic interactions at the local as well as at the regional scale.
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