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Mountains are pivotal to maintaining habitat heterogeneity, global biodiversity, ecosystem
functions and services to humans. They have provided classic model natural systems for plant
and animal diversity gradient studies for over 250 years. In the recent decade, the exploration of
microorganisms on mountainsides has also achieved substantial progress. Here, we review the
literature on microbial diversity across taxonomic groups and ecosystem types on global
mountains. Microbial community shows climatic zonation with orderly successions along
elevational gradients, which are largely consistent with traditional climatic hypotheses.
However, elevational patterns are complicated for species richness without general rules in
terrestrial and aquatic environments and are driven mainly by deterministic processes caused by
abiotic and biotic factors. We see a major shift from documenting patterns of biodiversity
towards identifying the mechanisms that shape microbial biogeographical patterns and how
these patterns vary under global change by the inclusion of novel ecological theories,
frameworks and approaches. We thus propose key questions and cutting-edge perspectives to
advance future research in mountain microbial biogeography by focusing on biodiversity
hypotheses, incorporating meta-ecosystem framework and novel key drivers, adapting recently
developed approaches in trait-based ecology and manipulative field experiments, disentangling
biodiversity—ecosystem functioning relationships and finally modelling and predicting their
global change responses.

Key words: biodiversity, drivers, ecosystem
functions, elevational gradients, global
change, manipulated experiments, meta-
ecosystems, microorganisms.

Introduction

Mountains are landforms that rise prominently above their
surroundings (e.g. > 300 m in elevation) and are generally
characterised by steep slopes, a relatively confined summit area
and considerable local relief (Kapos et al., 2000; Antonelli ez al.,
2018). Mountain building, resulting from the interplay of tectonic
and volcanic processes, establishes high topographic heterogeneity
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and steep climatic gradients within a relatively compressed
geographical extent. It also creates highly interacting terrestrial
and aquatic habitats such as soils, streams, rivers and lakes to
maintain high biodiversity and endemism and further ecosystem
services for humans (Rahbek ez 4/, 2019a). Specifically, by
covering just 25% of all land area, mountains host one-third of
the world’s terrestrial plant species and 85% of the amphibian, bird
and mammal species and supply half of the human population with
water (Kérner, 2007; Rahbek ez al., 2019a). Mountain regions are

New Phytologist (2022) 234: 1987-2002 1987
www.newphytologist.com

85U8017 SUOWWOD BAIIe.D 3|gedldde ay) Aq peusenob o sejoie YO ‘8sn Jo S9N 10} AIq1T 8UIUQ A8]IA UO (SUOIPUCD-PUe-SWLBIW0D A8 | Afe.d 1 jBuluoy//:Sdny) SUONIPUOD pue swie 1 8y} 89S *[z20z/2T/zz] Uo Akeiqiauljuo AB[IM ‘UsI BISIBAIUN A TSOBT Ydu/TTTT OT/10p/wod A8 M ARelq puljuoyduy/sdiy wolj pepeojumod ‘9 ‘220z ‘LET869T


https://orcid.org/0000-0001-7039-7136
https://orcid.org/0000-0001-7039-7136
https://orcid.org/0000-0002-5755-2442
https://orcid.org/0000-0002-5755-2442
https://orcid.org/0000-0001-5718-1621
https://orcid.org/0000-0001-5718-1621
https://orcid.org/0000-0001-8274-6196
https://orcid.org/0000-0001-8274-6196
https://orcid.org/0000-0002-8583-3137
https://orcid.org/0000-0002-8583-3137
https://orcid.org/0000-0003-2014-0564
https://orcid.org/0000-0003-2014-0564
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.18051&domain=pdf&date_stamp=2022-03-23

1988 Review Research review

biodiversity hotpots of both large and small organisms that play key
roles in regulating global carbon, nitrogen and water cycles and are
thus fundamental for sustaining life on Earth (Myers ez al., 2000).
The variation in plants and animals across climate zones on
mountainsides is first characterised by Carolus Linnaeus in 1743
(Linnaeus, 1781). Humboldt’s enigma of extraordinarily high
mountain biodiversity has been studied dating back to his famous
vegetation zonation discovery of Mount Chimborazo in the Andes
in 1802 (Morueta-Holme et 4., 2015; Rahbek ez /., 2019b). For
over 250 years, mountains have served as an area for natural
experiments for generations of ecologists to test biodiversity
gradient theory, seek underlying ecological mechanisms and
predict biodiversity loss and ecosystem functioning under global
change for diverse taxonomic groups from higher plants and
animals to microorganisms (Lomolino, 2001; Rahbek ez al,
2019b).

Microbes are abundant and diverse in mountain regions, play an
essential role in virtually all biogeochemical cycling processes and
are an important component of ecosystem response to global
change (Battin ef al, 2016; Cavicchioli et al, 2019; Zhu ez al.,
2022). Mountains offer contrasting ecosystem types and contin-
uous environmental gradients for their biota (e.g. energetics,
resources and stress). For example, temperature and primary
productivity decline with elevation, which leads to increased plant
litter decomposition and soil carbon loss due to not just a kinetic
effect on microbial reaction rates but results from plant inputs
stimulating microbial growth (Nottingham ez al, 2019; Peters
et al., 2019; Albrecht er al., 2021). Unravelling diversity patterns
of microorganisms in parallel with macroorganisms (e.g. plants) is
needed to provide a more unified framework for understanding
biodiversity patterns and predicting system-wide ecological
responses to global change. However, the distribution, character-
istics and diversity of microorganisms along elevational gradients
have been examined only for a decade, as the first study appeared for
soil Acidobacteria in 2008 (Bryant ez /., 2008) followed by stream
bacteria and diatoms (Wang ez a/., 2011). Such studies show that
microorganisms may not always follow the hump-shaped or
decreasing elevational diversity patterns that are traditionally
observed for plants and animals but rather show much more diverse
and nuanced diversity patterns for terrestrial (Bryant ez al., 2008;
Fierer et al., 2011; Shen et al, 2013) and aquatic ecosystems
(Wang er al., 2017). The biogeographical literature comprises
prevalent ecological and evolutionary hypotheses to explain
competing diversity patterns of microorganisms, such as climatic
hypotheses (Grytnes & McCain, 2007), elevational Rapoport’s
rule (Stevens, 1992), mid-domain effect (Colwell & Lees, 2000)
and scale effects (Rahbek, 2005).

Such observations and mechanistic drivers are affected by the
ongoing Anthropocene. Notably, mountains belong to the most
climate-sensitive ecosystems world-wide (Seddon ez 4/, 2016) and
become more urbanised with increasing settlements and transport
networks (Becker & Bugmann, 2001). Mountain diversity is thus
inevitably and strikingly affected by global change, such as climate
change and human activities. For instance, warming is shifting the
fundamental features of species such as elevational range and
optima, driving plant species upwards in elevation, such as on
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Mount Chimborazo over two centuries (Morueta-Holme ez 4l.,
2015), and further affecting global patterns of mountain biodiver-
sity (Rumpf ez al., 2018). Globally, nearly 60% of the mountain-
ous areas are under intense human pressure such as downstream
eutrophication and mountaintop removal, and generally more
extensively in the lower than upper elevations (Elsen ez 4/, 2020).
Climate can modulate the effects of human activities, and their
interacting effects reshape elevational patterns in biodiversity,
including microorganisms, and ecosystem functions at an unprece-
dented pace (Peters et al., 2019).

Despite the long-term interest in mountain biota, a compre-
hensive synthesis of elevational patterns and drivers in biodiver-
sity and ecosystem functions is still lacking for microorganisms
across mountainous ecosystems. In this literature review, we
analyse 152 studies on various microbial taxonomic groups,
including bacteria, fungi, archaea and diatoms, to synthesise our
current understanding of elevational diversity patterns across
terrestrial and aquatic ecosystems (Fig. 1). We further address
the underlying mechanisms that drive these elevational diversity
patterns, that is the relative importance between deterministic
and stochastic processes and the main environmental drivers.
Finally, we identify the important knowledge gaps and propose
21 key questions from seven cutting-edge perspectives to guide
future studies on mountain microbial biogeography under global
change. These perspectives include ecological theories for
decrypting extraordinarily high mountain biodiversity, namely
Humboldt’s enigma, novel drivers underlying biodiversity
change, ecological interactions between terrestrial and aquatic
ecosystems, and biodiversity—ecosystem functioning relationships
and the state-of-the-art approaches, including trait-based ecol-
ogy, manipulative field experiments and modelling approaches to
predict global change responses.

Patterns of global mountain microbial diversity

In recent decades, microbial ecologists and biogeographers have
challenged the Baas Becking hypothesis that states ‘everything is
everywhere, but the environment selects’ (Baas Becking & Nicolai,
1934; O’Malley, 2007) and finds that microorganisms also show
biogeographical patterns on mountainsides in terms of species
richness and community composition (Bryant ez al., 2008; Fierer
et al., 2011; Wang ez al., 2011, 2012b; Shen ez al., 2013). For
instance, a macroecological experiment on mountainsides showed
clear segregation of aquatic bacterial species along elevations or
climatic zones, with community compositions at higher elevations
in subtropical regions being more similar to those in subarctic
regions (Wang e al., 2016) (Fig. 2). Such a phenomenon agrees
with climatic zonation of plants and animals, which was
first documented by Linnaeus in his PhD dissertation in 1743,
showing a compressed and very orderly succession of climate,
vegetative zones and animals along elevational gradients (Linnaeus,
1781; Lomolino, 2001). However, given their high dispersal ability
and high population densities, microorganisms tend to show
weaker elevational segregation in their community composition
and more complex elevational diversity patterns than macro-
organisms.
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Fig. 1 Thestudieson elevational diversity patterns of microorganisms across global mountains. We compiled the data of terrestrial and aquatic ecosystems from
the literature by searching the Web of Science with the following keyword combinations: (microorganism* OR microb* OR bacter* OR archae* OR fung* OR
diatom*) AND (elevation* OR altitud*) AND (diversity OR biodiversity OR richness). Our review only includes the studies that investigate bacteria, fungi,
archaea, diatoms and/or functional groups across more than one elevation. We obtained a total of 238 data sets from 115 mountains reported in 152 studies,
some of which investigate more than one taxonomic group (i.e. bacteria, fungi, archaea and diatoms). The geographic locations of each mountain are shown
with light brown and dark green dots for terrestrial and aquatic ecosystems, respectively, and the number of studies on each mountain is indicated by the dot
size. Inset figure shows the publication trend of papersin the two ecosystems from the first elevational diversity study in 2008 (Bryantet al., 2008) to May 2021.
The full publication list for this review is shown in Supporting Information Table S1.

Here, we present a quantitative review of 238 data sets of
microorganisms from 115 mountains of six continents reported in
152 studies (Fig. 1; Supporting Information Table S1). The
elevational ranges varied substantially, spanning an average of 1479
(£897) m. The minimum and maximum elevational ranges were
152 m in Mountain Kosciuszko and 4350 m in Mountain
Himalaya, respectively. These data sets comprised three biodiver-
sity facets, taxonomic, functional and phylogenetic diversity, the
former of which was dominant in 89.1% of all data sets and
included major microbial taxonomic groups such as bacteria (91),
fungi (83), archaea (12) and diatoms (26). The data sets were
mainly from terrestrial ecosystems (160), whereas only 32.8% of
the data sets originated from aquatic ecosystems, most of which
were from China with 45.0% and 47.4% for these two ecosystems,
respectively (Fig. 1).

Over half of these data sets (152 out of 238) across ecosystems
showed a wide range of elevational patterns in alpha and beta
diversity on a global scale (Fig. 3). Taxonomic alpha diversity (e.g.
species richness and Shannon—Wiener diversity) showed various
patterns with elevation for terrestrial and aquatic microorganisms,
including decreasing, increasing, hump-shaped, U-shaped or no
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discernible trend at all (Figs 3a, S1). Such a variety of patterns has
also been observed for higher plants and animals, the species
richness of which was traditionally thought to simply decline
linearly with elevation and was revealed later to show mostly
hump-shaped patterns (50-63%), while only < 25% followed
monotonically decreasing patterns (Rahbek, 2005). In terrestrial
ecosystems, however, bacteria and fungi typically decreased with
increasing elevation (24.3% and 32.4%, respectively) and, in some
instances, followed alternative patterns such as hump-shaped and
nonsignificant patterns (Figs 3a, S1). By contrast, studies in aquatic
ecosystems, mostly focusing on bacteria and diatoms, have
remained rare (36.8%) and lagged behind terrestrial ecosystems
(Figs 3a, S1). Based on a few freshwater studies, diatoms mainly
showed alternative elevational patterns, including increasing
(27.8%) and nonsignificant patterns (44.4%), rather than a
decreasing pattern (16.7%). Most aquatic bacteria showed a
typically decreasing elevational pattern (34.6%), followed by a
nonsignificant pattern (23.1%) (Figs 3a, S1). It should be noted
that a novel discontinuous pattern with elevational breakpoints is
discovered for microorganisms and attributed to treeline (Li ez /.,
2016) and even suture zone fault (Li ez 2/, 2018; Hu ez al, 2020).
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Fig. 2 The habitatsegregation of microbial species along elevations or climatic zones. Thatis, microorganisms show similar community composition in the same
climatic zone (or vegetation zone). For instance, Balggesvarri Mountain in Norway (0-1270 m) and Laojun Mountain in China (2280-3820 m) are located in
the subarctic and subtropical regions, respectively, along the latitudinal gradient with clear vegetation zones. The bacteria at higher elevationsin the subtropical
mountain are more similar in community composition to those at lower elevations in the subarctic mountain, indicated by the simplified network plot modified
fromfig. S8in Wanget al. (2016). Each mountain is drawn according to the plant species and climate zones along elevational gradients. The circle with microbe
cartoons indicates a local species pool of each elevation, and thicker arrows between cycles refer to higher similarity of species between climatic zones and
regions. More detailed support of habitat segregation of bacteria is shown in Wang et al. (2016).
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Fig. 3 Microbial diversity patterns along elevational gradients in terrestrial and aquatic ecosystems. We considered two facets of microbial diversity: alpha
diversity (a) and beta diversity (b). Alpha diversity pattern analysis only includes the studies that investigate species richness, Chao1, Shannon-Wiener or
Simpson across more than three elevations and that test the significance of alpha diversity patterns along elevational gradients using linear regression or Pearson
correlation analyses. The full list of publications considered for alpha diversity patterns is shown in Supporting Information Table S1. (a) Radar plot shows the
number of data sets with a decreasing (D), increasing (1), hump-shaped (H), U-shaped (U) or no discernible (N) alpha diversity elevational pattern for bacteria,
fungi, archaea and diatoms in terrestrial (light brown) or aquatic (dark green) ecosystems. The percentages of data sets for each pattern are shown in Fig. S1.
(b) Beta diversity indicated by elevational distance—decay relationships for the four taxonomic groups in terrestrial and aquatic ecosystems. The distance-decay
relationship quantifies the increase in compositional dissimilarity between communities with increasing elevational distance, and the linear slopes indicate the
hypothesised trends across taxa and ecosystems based on literature synthesis. The slope is generally the highest for diatoms and the lowest for bacteria, while
unclear for archaea indicated by the dotted line.
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By contrast, there are consistent elevational patterns in microbial
community composition, supported by beta diversity analyses
including ecological uniqueness and distance—decay relationships.
Ecological uniqueness of community composition quantified with
local contributions to beta diversity shows a U-shaped elevational
pattern for biofilm bacteria in mountain streams and lakes, which is
consistent with benthic diatoms or macroinvertebrates along the
same clevational gradients (Teittinen et al, 2017; Wang ez al.,
2020), and suggests higher uniqueness of community composition at
both elevational ends. The elevational distance—decay relationship,
which quantifies the increase in compositional dissimilarity between
communities with increasing elevational distance (Soininen ez al.,
2007), has been repeatedly observed for microorganisms in the
collected 48 data sets from 20 studies. However, there were
substantial variations among various taxonomic groups in a range
of habitats regarding the species turnover rates and strength of
distance—decay relationships, indicated by the slope (Fig. 3b) and
Mantel correlation (Fig. S2), respectively. For example, eukaryotic
organisms like diatoms and fungi show higher elevational turnover
than bacteria (Fig. 3b), perhaps indicative of high dispersal ability
and good adaptability of bacteria to harsh environmental conditions
(Wang er al, 2012b; Vacher er al, 2016). In contrast to soil
environments, the elevational distance—decay pattern may be weaker
in streams (Fig. 3b) due to the greater connectivity and higher
dispersal between sites (Wang ¢¢ /., 2013a). In addition, the strength
of the elevational distance—decay pattern also showed significant
variations among terrestrial and aquatic habitats after accounting for
taxonomic group via a linear mixed-effects meta-regression model (¥
(df = 5) = 6.60, P < 0.001; Fig. S2a,b; Table S2). Although scale
effects usually determine the elevational patterns of species richness
(Rahbek, 2005), such effects were not found for elevational distance—
decay relationships of microorganisms as indicated by the nonsignif-
icant correlations between elevational ranges and the strength of the
relationships (Fig. S2c¢).

Notably, only a few studies about functional aspects of
microorganisms emerged in our review (25 out of 238 data sets),
including the functional groups involved in biogeochemical cycling
(11) and the composition of functional genes (14) (Table S1).
Microbial functional groups relevant to carbon and nitrogen cycles
like nitrifiers, denitrifiers, methanogens and methanotrophs exhibit
significant elevational patterns (Picazo er al., 2020; Kou ez al.,
2021). For instance, the Shannon—Wiener diversity and evenness
of ammonia-oxidising archaea monotonically increase with eleva-
tion, while richness is relatively stable in meadow soils on the
Tibetan Plateau (Zhao et al, 2017). Furthermore, microbial
functional genes also show significant elevational patterns in alpha
diversity and elevational distance—decay relationships in soils (Shen
et al., 2016; Qi et al., 2017) and streams (Picazo et al., 2020). In
the mountainous streams of Eurasia, for example, the Shannon—
Wiener diversity of microbial functional genes involved in carbon,
nitrogen, phosphorus and sulphur cycling shows consistently
declining elevational patterns (Picazo ez al., 2020).

Collectively, consistent with the climatic zonation of higher
plants and animals, microbes showed clear segregation in commu-
nity compositions for both terrestrial and aquatic ecosystems on
mountainsides. They also showed largely consistent elevational
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distance—decay relationships, but terrestrial microbes had higher
species turnover rates across elevations than aquatic microbes.
However, elevational patterns in alpha diversity varied between the
two ecosystems, showing decreasing pattern dominantly in terres-
trial ecosystems while decreasing and nonsignificant patterns in
aquatic ecosystems. These microbial elevational studies from
taxonomic to functional compositions have been continuously
increasing over the past decade (Fig. 1 inset), but there are gaps left
to be fulfilled by future studies regarding ecosystems, geographical
regions and taxonomic groups (e.g. virus). For instance, mountains
in tropical and Arctic regions are still poorly studied, especially for
aquatic ecosystems, where biodiversity and ecosystem functions are
perhaps most vulnerable to global change.

Mechanisms driving elevational patterns in microbial
diversity

The balance between deterministic and stochastic processes
represents plausible explanations for the generation and mainte-
nance of spatiotemporal patterns of biodiversity also along
elevational gradients (Wang ez al., 2013a). Deterministic processes
are driven by local and regional environmental filtering and biotic
interactions, while stochastic processes include dispersal limitation,
diversification, mass effects and random drift (Stegen ez al., 2013;
Wang ez al., 2013a; Zhou et al.,2013,2014). These processes have
been disentangled by approaches shifting from traditional multi-
variate statistical methods and correlation-type analyses to neutral
theory-based models and null model analysis, the latter of which is
becoming more popular and is still under intensive development
(Zhou & Ning, 2017). Current evidences on mountainsides
overwhelmingly support the dominant role of deterministic
processes underlying a broad range of taxa, including bacteria,
archaea, fungi, diatoms and also microbial functional groups, in
both terrestrial and aquatic ecosystems (Fig. 4). Furthermore, we
developed a novel approach to quantify the relative importance of
environmental drivers by calculating their weighted frequency
across the 179 data sets in our review. Specifically, we scored the
three most important drivers for each data set from high to low,
summed the scores for each driver and then normalised the sum
scores as weighted frequency (Fig. 4a). We revealed the environ-
mental drivers to be dominant for the elevational variations in
microbial diversity and composition (Fig. 4a; Table S3): pH
(37.6% of weighted frequency across the data sets), temperature
(35.5%) and plants (33.6%) for terrestrial ecosystems, and
temperature (46.3%), pH (33.8%) and phosphorus (34.5%) for
aquatic ecosystems.

In terrestrial ecosystems, pH has been widely recognised as a
dominant driver influencing mountain biodiversity and commu-
nity composition, especially for bacteria (Singh et 4/, 2012; Shen
et al., 2013; Wang et al., 2015; Zhang et al., 2015). The effects of
pH on microorganisms could stem from its direct influence on
enzyme activity and indirect influence through constraining the
availability of nutrients. Compared with bacteria, fungi are usually
less influenced by soil pH due to the wider pH ranges for their
optimal growth (Rousk ez al., 2010). Furthermore, climate exerts
less influence on soil microorganisms compared with pH (Fig. 4a).
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Fig. 4 Synthesis of ecological mechanisms underlying elevational diversity patterns of microorganisms. (a) The relative importance of main abiotic and biotic
drivers for shaping microbial elevational patterns in the terrestrial or aquatic ecosystems. We developed an approach to quantify their relative importance
measured by weighted frequency across the data sets in the literature with percentages by following three steps: scoring the three most important drivers for
each data set from high to low as the values of 3, 2 and 1, summing the scores for each driver across data sets, and then normalising the sum scores by dividing
three times of the total data set number and multiplying by 100. The higher the percentage value, the higher the weighted frequency of a driver across the entire
data sets. For better visualisation, we show here the top six drivers based on their weighted frequency. Error bars indicate the standard deviation of weighted
frequency for each driver. Details of the general terms of drivers such as temperature and plant for categorising different measured variables are shown in
Supporting Information Table S3. (b) lllustration of the progresses on relative importance of deterministic and stochastic processes and the influences of factors
on ecological processes. We only show the references explicitly considering the two processes. Arrows running near the left suggest that deterministic processes
dominate, while arrows running to the right suggest that stochastic processes may increase with the factors such as disturbances, host association, small
elevational scales and strong mid-domain effect (MDE). The details of the references indicated by the numbers in square brackets are shown in Table S4.

Nevertheless, microtopographic temperature, especially the 5-year
developments of near-ground soil and air temperature, rather than
other environmental factors such as pH, mainly drives soil bacterial
communities responding to elevation on Arctic—alpine mountains
(Frindte ez al., 2019). Evidence from ectomycorrhizal fungi, an
ecologically important group of soil and plant root-associated
symbionts, also shows strong responses to climate on Mount Fuji,
Japan (Miyamoto et 4l., 2015). In addition, precipitation is more
important in arid environments in driving soil bacterial commu-
nities than temperature (Yuan et 4/, 2014). Finally, plants are also
important for structuring microbial communities by determining
the quantity and quality oflitter substrate supply and modifying the
soil physical environment (Zhang et al, 2015). For instance,
bacterial, fungal and plant diversity show congruent patterns on
mountainsides (Nottingham ez a/., 2018), and there are also plant
phylogenetic imprints for the taxonomic compositions of bacteria
(Shen ez al.,2013) and fungi (Yang ¢# a/.,2019), and the functional
gene composition (Shen ez al., 2016).
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However, in mountain aquatic ecosystems, the climate is usually
prominent for shaping microbial diversity, taxonomic and func-
tional compositions (Wang et /., 2016, 2020; Picazo et al.,2020).
For example, the mean temperature of the warmest quarter or the
mean precipitation of the coldest quarter best predicts microbial
functional alpha diversity and community structure at both
mountain and continental scales in the mountain streams of
Eurasia (Picazo et al., 2020). A macroecological experiment on
mountainsides illustrates that temperature jointly with nutrient
enrichment shows direct effects on bacterial diversity and indirect
effects via primary productivity in subtropical and subarctic regions
(Wang ez al., 2016). Among local environmental variables,
phosphorus, an essential nutrient for primary producers, is the
main local environmental variable shaping the alpha diversity of
diatoms and further bacteria (Wang ez al., 2017). Water pH is
associated with the primary productivity of algae in affecting
bacterial community composition (Wang ez /., 2016) and is a key
determinant of aquatic autotrophs such as diatoms and
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cyanobacteria, followed by catchment conditions (Teittinen et al.,
2017; Yeh ez al., 2019).

Notably, the importance of deterministic processes varies with
elevational scales, disturbance events and habitat types, indicating
that stochastic processes are important in shaping mountain
microbial communities under certain conditions (Fig. 4b; Table
S4). For instance, a small elevational scale may increase the
likelihood of dispersal effects through higher connectivity among
sites (i.e. mass effects), leading to stronger stochastic processes that
contribute to microbial elevational patterns (Wang er /., 2013b).
This scale effect has also been noted by Cobian ez al. (2019) who
show that local abiotic conditions do not shape foliar fungal
endophyte communities, possibly due to sampling of too small
elevational gradients on the Island of Hawai’i. Disturbance events
like forest harvesting and habitat fragmentation could also shift the
relative importance of deterministic and stochastic processes, the
former of which dominate microbial community assembly in the
early succession of forest recovery and decrease in the late succession
(Liu et al., 2021). At high elevations with varying harsh environ-
mental conditions, deterministic processes may often dominate, as
indicated by stronger phylogenetic clustering towards high eleva-
tions for bacteria in streams (Wang et 4/, 2012a) and lakes (Li
et al., 2017). Across multiple habitats, deterministic processes
underlying bacterial assemblages are prominent for soils but weak
for host-associated communities like root and leaf endophytes (Cai
et al., 2020).

Key questions and perspectives

Over two and half centuries from the Linnaeus’ and van
Humboldt’s footprints of mountain biodiversity, mountain bio-
geography has evolved from descriptive science to theory develop-
ment. Review papers on mountain biodiversity have summarised
mostly for macroorganisms the major achievements and novel
insights of the elevational diversity patterns (Rahbek, 1995, 2005),
the geological and evolutionary effects for Humboldt’s enigma
(Rahbek ez al., 2019a,b) and the climate change impacts using field
experiments (Tito ez al., 2020). Recently, reviews on mountain
microorganisms and their responses to climate change have
appeared for soils (Donhauser & Frey, 2018; Looby & Martin,
2020), while aquatic environments remain understudied (Battin
et al., 2007; Wang et al., 2017). In the light of classical ecological
hypotheses for biodiversity gradients, we are now facing emergent
objectives for mountain microorganisms in how to advance our
understanding of the patterns in biodiversity and ecosystem
functioning and their responses under global change from
multidisciplinary and multitrophic perspectives across multiple
ecosystems. We identified the key questions and cutting-edge
perspectives of theories, approaches and predictions for future
studies in the following seven topics (Fig. 5; Table S5).

Biodiversity hypotheses

The search for the underlying processes of mountain biodiversity
has identified a list of potential but not mutually exclusive theories
or hypotheses also applicable for microorganisms. These
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hypotheses can be grouped into four primary categories: climatic
hypotheses based on current abiotic conditions, spatial hypotheses
of area and spatial constraints, biotic hypotheses involving biotic
interactions and feedback among communities, and historical
hypotheses invoking processes occurring across evolutionary time
scales (Lomolino, 2001; Grytnes & McCain, 2007). Climatic
hypotheses are mostly documented for mountain microorganisms,
followed by spatial hypotheses, but the other two hypotheses are
rarely tested, especially considering the evolutionary importance of
microbial adaptation across environmental gradients and moun-
tain habitats (Ren & Wang, 2022).

Among the possible environmental drivers of climatic hypothe-
ses, temperature and the associated factors, such as precipitation,
primary productivity and human disturbances, vary predictably
with elevation, while other factors including pH, moisture, cloud
cover, riparian shading, slope and lithology are not elevation-
specific (McCain, 2007; Wang ez al., 2011; Bertuzzo et al., 2016;
Thornton ez al., 2021). Although our collected empirical obser-
vations often result in complicated elevational patterns of microbial
alpha diversity without general rules, we propose that the
environmental drivers identified across terrestrial and aquatic
ecosystems could be grouped into two divergent processes:
physiological tolerance hypotheses and energetic hypotheses. In
terrestrial ecosystems, local environmental factors like pH are
frequently reported in structuring soil microorganisms, while
energetic constraints imposed by climate and resource availability
mainly drive the alpha and beta diversity of aquatic microorganisms
at local and continental scales (Fig. 3). In Eurasian streams, for
instance, climate primarily explains the diversity and community
compositions of microbial functional genes (Picazo ez al., 2020).
Such temperature dependency of diversity gradients is also
supported by the decreasing elevational patterns in sediment
bacterial species richness in microcosm experiments (Fig. 5) and
could be explained by the metabolic theory of ecology that is
primarily caused by the kinetics of biological processes, including
rates of dispersal, species interactions, reproduction, speciation and
evolution, and further ecosystem processes such as organic matter
production and decomposition (Wang ez al., 2016; Zhou ez al.,
2016). The discrepancy between terrestrial and aquatic ecosystems
may stem from their contrasting environmental constraints, for
instance, the varying water availability for terrestrial biota that is
confounded by the high variations of precipitation and local
moisture (McCain, 2007). Nevertheless, our review suggests that
environmental filtering along steep environmental gradients on
mountains dominantly drives microbial assemblages across cli-
matic zones (Fig. 4).

Another alternative explanation is a spatial hypothesis that
focuses on spatial constraints for species distributions, such as
geographical range. The trends in geographic ranges are funda-
mental to our understanding of evolution, range expansion and
contraction, and are also the potential mechanisms underlying at
least two elevational diversity patterns: decreasing and hump-
shaped (Grytnes & McCain, 2007). For instance, the decreasing
richness pattern could be contributed to the more generalist species
at high elevations depicted by Rapoport’s rule, which postulates
that species ranges increase towards higher elevations because
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¢ Are there biodiversity theories specifically for mountain

microbes?

® How can we experimentally disentangle
the direct influence of climate change?

* How can we experimentally quantify the
joint influences of climate and other factors?

¢ How applicable are field experiments from
terrestrial to aquatic ecosystems?

¢ What mechanisms are
underlying the terrestrial-aquatic Y
interactions? /

* How will global change influence  /
terrestrial effects on aquatic /
communities? {

Field

* How can meta-ecosystem experiments

frameworks improve our
understanding of terrestrial-
aquaticinteractions?

* How can we project the global change
consequences using elevational gradients?

* How can we integrate biotic interactions
into models of global change?

¢ To what extent do novel drivers and species
traits improve model accuracy?

¢ How do human activities affect elevational diver-
sity patterns and the underlying processes?

e Can we predict vertical variations in the
assembly of microbial communities?

log,(S)
&
E( kY

e How can we identify microbial traits and
their variability for a practical framework?

* How important are traits in maintaining microbial
diversity and ecosystem functioning?

* What new technologies would advance trait-
based microbial ecology?

* Which geodiversity

variable best explains mountain

\ microbial diversity patterns?
\ * How important is geodiversity
\ compared to well-recognized
drivers?

* * How does geodiversity
= Iaffec.t elevational
. }R \~ diversity patterns?
Novel drivers T

—W,

7

/

* How does biodiversity link ecosystem
functions across elevations?

* How do BEF relationships change across
tropical levels and ecosystem boundaries?

o

Diversity

Functions

* How will interplay of global change drivers
influence BEF relationships?

Fig. 5 Seven primary topics of perspectives and the relevant 21 key questions. These topics (inner ring with a mountain as background) and questions (outer
ring) are proposed to advance future research in mountain microbial biogeography and disentangle elevational patterns in microbial communities and
ecosystem functions and their responses to global change from theories and approaches to predictions. These perspectives include ecological theories for
decrypting Humboldt's enigma, novel drivers underlying biodiversity change, ecological interactions between terrestrial and aquatic ecosystems, and
biodiversity—ecosystem functioning relationships (BEF) and the state-of-the-art approaches, including trait-based ecology, manipulative field experiments and
modelling approaches to predict global change responses. The formula log1(S) o< E(1/kT) above the ‘Theory’ circle indicates metabolic theory of ecology
(MTE), which could assess the temperature dependency of microbial diversity (Wang et al., 2016). Specifically, log-transformed species richness is a linear
function of the inverse absolute temperature; where S is species richness, k is Boltzmann's constant, Tis absolute temperature and E is activation energy (Brown
et al., 2004). More details of key questions are shown in Supporting Information Table S5.

species inhabiting higher elevations are exposed to a wider range of
climatic conditions and thus evolve wider physiological tolerances
and are less affected by climatic variability (Stevens, 1992; McCain
& Bracy Knight, 2013). To date, the Rapoport’s rule is not always
successful such as for the stream bacteria and diatoms on six
mountains in Eurasia (Wang & Soininen, 2017), but is supported
by only one study across New Zealand showing an increased
elevational range size towards higher elevations for stream bacteria
(Lear et al., 2017). By contrast, the hump-shaped pattern could be
explained by a neutral model, namely mid-domain effect, where
species elevational ranges are randomly distributed within a
geometrically constrained domain (Colwell & Lees, 2000).
Specifically, the mid-domain effect can lead to the hump-shaped
pattern because, by chance, more taxa could have elevational ranges
that overlap at mid-elevations, rather than overlap at extremely high
or low elevations, due to the geometrically bounded ends of the
elevation gradient. However, we identified only one study
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supporting this pattern in ectomycorrhizal fungi on Mount Fuji,
which shows the maximum overlap in species ranges in middle
elevations (Miyamoto ez al., 2014). Considering that this is a
special case for plant-associated fungi and that hump-shaped
patterns are often reported for plant diversity, we expect that the
mid-domain effect would be less evident for free-living microor-
ganisms in soils and aquatic environments. The spatial hypotheses
have special implications for aquatic environments such as
mountain streams and rivers, where the dendritic network
organisation and the associated physical unidirectional flows (e.g.
water, matter and biased dispersal) exert strong controls on
metacommunity dynamics and the consequent distribution of
microbial biodiversity (Altermatt, 2013; Tonkin et al, 2018).
Network structure could sufficiently explain large-scale biodiver-
sity or override other typically strong drivers of biodiversity such as
climate for freshwater microorganisms (Tonkin ez 4/, 2018), butit
is needed to be explicitly incorporated for future microbial studies.
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Itis intriguing to see that the discipline of mountain biodiversity
for microorganisms is evolving rapidly, as some hypotheses once
viewed as hot debates are receding. Our synthesis shows that
questions once considered important have still not been clearly
resolved. The focus is, however, shifting in the light of our
improved understanding of mountain microorganisms and the
current practical needs of mountain ecosystem conservation facing
global change. If this perspective on biodiversity hypotheses was
discussed 5 or more years earlier, key questions would be ‘Do the
same elevational patterns in species richness apply to micro- and
macroorganisms, and are they caused by similar ecological
processes?” Today, the consensus is that microorganisms do not
necessarily follow the same richness patterns as higher plants and
animals, but they do have similar elevational succession in
community composition across climatic zones (Fig. 2). The debate
of the relative importance of deterministic and stochastic processes
in structuring microbial assemblages on mountainsides has also
been resolved as deterministic processes have now been found to
dominate (Fig. 4). At the moment, the topical question could be
‘how the diversity gradients and the associated ecological processes

vary under global changes’ (Fig. 5).

Novel drivers underlying biodiversity variations

As an important but largely unanticipated consequence, geodiver-
sity is increasingly recognised as key drivers of current biodiversity
and further ecosystem functions (Knudson ez 2/, 2018; Schrodt
et al., 2019). The term ‘geodiversity’, introduced by Gray (2004),
summarises geological and geographical processes such as geolog-
ical (rocks, minerals and fossils), geomorphological (landforms,
topography and physical processes), soil and hydrological features.
This is especially true for mountain regions, largely because
mountains are created and affected by different geological processes
such as tectonic, volcanic and erosional processes over both
geologically long and short scales and thus form varying topogra-
phies in space and time (Antonelli ez a/, 2018; Rahbek ez al.,
2019a).

Geodiversity has direct impacts on mountain biodiversity by
modifying the rates and properties of speciation, dispersal,
persistence and extinction (Hoorn ez al., 2013; Rahbek ez al,
2019a). Along with mountain building, speciation bursts occur due
to evolutionary adaptation to the new environment. The bio-
diversity of higher plants and animals is often greater at lower
elevations as a result of high speciation and low extinction (Rahbek
et al., 2019a). Compared with macroorganisms, there is a higher
likelihood for microbial species to disperse across elevations with
contrasting geology context due to small size and high dispersal
capacity, and to be more constrained by local contemporary
environmental filtering. Geodiversity can also indirectly shape soil
bacterial diversity by imparting lasting legacies on contemporary
environments (Hu ez al, 2020). Although there is a theoretical
foundation for the links between geological processes and biolog-
ical communities, only a handful of empirical studies and analytical
frameworks have incorporated geological processes into the
understanding of mountain biodiversity patterns. For example,
mountain-building processes, such erosion and

as rates
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heterogeneity of soil types, show prominent links to species
richness of terrestrial tetrapods at regional and global scales
(Antonelli ez al,, 2018). Such links are also profound for soil
bacterial communities and ecosystem functions, generally showing
consistent abrupt changes at the elevation range of 2000-2800 m
that coincide with the Indus-Yalu suture zone fault on the Tibetan
Plateau; parent rock and weathering exert considerable direct
effects on bacterial diversity but indirectly influence ecosystem
functions via interactions with diversity and contemporary envi-
ronments (Hu et al., 2020).

To better understand geodiversity—biodiversity relationships,
more empirical investigations, especially in aquatic ecosystems
based on quantitative methods, are urgently required to unravel
which geodiversity variables are most relevant and how the
interplay of geodiversity and other environments influences
microbial communities. Future studies are encouraged to consider
geodiversity as a parallel framework to biodiversity to better gain
the generality of geodiversity—biodiversity relationships across
different ecosystems and regions. Such a framework may be
facilitated by quantifying the relative importance of different
aspects of geodiversity and by adopting indices and approaches
already employed in ecology.

Ecological interactions between terrestrial and aquatic
ecosystems

Aquatic and terrestrial ecosystems are often studied separately,
while their tight natural links are largely ignored via the fluxes of
matter and organisms (Soininen ez al., 2015). These two fluxes are
associated with the two primary contrasting ecological processes
underlying aquatic microbial assemblages, that is deterministic
processes and stochastic processes, the latter of which is posed
mainly by dispersal effects. For example, catchment variables like
terrestrial productivity (Teittinen et @/, 2017), riparian shading
(Wang ez al., 2017) and soil-type richness (Kirni ez al., 2019)
show significant influences on bacteria and diatoms through
controls on the inputs of materials, energy and light in aquatic
environments. Such catchment effects are strong largely because
regional terrestrial variables reflect long-term environmental
conditions and are more robust than snapshot measures of local
aquatic variables (i.e. water chemistry) for explaining downstream
aquatic diversity patterns (Soininen ez /., 2015). By contrast, the
strong dispersal effects linking a set of local communities, namely
mass effects, could explain downstream microbial community
composition, which are determined by large cell influx rates and
short residence times that limit environmental influence (Ruiz-
Gonzilez et al., 2015).

Notably, global change is altering mountain hydrological and
landscape patterns from high to low elevations, such as glacier retreat
and upward vegetation shifts, thereby influencing microbial eleva-
tional diversity patterns in both terrestrial and aquatic ecosystems.
For example, climate change-induced glacier retreat can increase
microbial species richness in glacier-fed streams via dispersal effects,
especially at lower elevations, due to more diverse sources of
catchment microorganisms upstream (Wilhelm ez 4/, 2013). Fur-
thermore, an upward treeline shift could also foster the strong links
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between terrestrial and aquatic systems via the inputs of terrestrial
organic matter and nutrients to influence lake metabolism and the
dominance of heterotrophic processes (Rofner ez al, 2017). We
therefore expect a higher frequency and magnitude of terrestrial
impacts on aquatic ecosystems towards low elevations, such as in the
light of the river continuum concept and subsequent conceptual
theories for mountain stream networks and surrounding terrestrial
ecosystems (Altermatt, 2013; Tonkin ez al, 2018).

Researchers are encouraged to explore the generality of microbial
elevational patterns in changing environments towards using more
integrated ecosystem approaches in terrestrial and aquatic envi-
ronments. We advocate the meta-ecosystem framework for
achieving this aim, which is defined as a set of ecosystems
connected by spatial flows of energy, material and organisms across
ecosystem boundaries and has the potential to integrate the
perspectives of community and landscape ecology (Loreau ez al.,
2003). This framework could be expanded to explicitly consider
cross-system fluxes of matter and organisms and the inclusion of
cross-system analyses such as remote-sensing applications at
broader spatial extents (Soininen ez al., 2015).

Trait-based ecology

Functional traits are the key properties related to physiology,
morphology or genomic information of an individual organism,
reinforcing a mechanistic understanding of linking microbial
diversity to ecosystem processes and further their responses to
changing environments (Krause ez al., 2014; Zhou ez al., 2015;
Escalas et al., 2019; Yang, 2021). It is reasonable to consider the
species-level perspective for complex microbial communities
largely because each species has a unique physiology and
consequently functional roles. Microbial traits can be inferred
directly from genomes or metagenome assembly, which are referred
to as ‘genomic traits’ (e.g. genome size, rRNA operon copy number
and the presence of functional genes) (Hu ez al,, 2021b; Ren &
Wang, 2021). Some ecologically important traits are referred to as
‘phenotypic traits’ like temperature preferences, maximum growth
rate and substrate use. Phenotypic traits are traditionally measured
only from pure cultures and can now be quantified for natural
communities with novel culture-independent techniques like
quantitative stable isotope probing (qSIP) (Hungate ¢z 4/, 2015).

The use of traits to infer performance (i.e. phenotypic traits),
processes and their responses to environmental changes are often
evaluated in pure cultures in the laboratory (Treseder er al., 2011;
Roller et al., 2016). Nevertheless, a few validations have also been
recently reported for complex microbial assemblages on moun-
tainsides. For example, similarity in species-specific traits such as
growth rates or carbon assimilation rates diminishes as the
elevational environmental conditions become more dissimilar
(Morrissey et al, 2019). Furthermore, genomic traits could
potentially predict ecological performance and its environmental
response in natural habitats, which shifts under different environ-
mental scenarios. For instance, genomic traits such as 16S rRNA
gene copy number and genome size can predict growth rates under
nutrient-amended conditions in soil habitats, while the prediction
is poor under native soil conditions (Li et @/, 2019). Bacterial
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genomic traits such as Kyoto Encyclopedia of Genes and Genomes
orthologues have been recently shown to explain species perfor-
mance responses to environmental changes in mountain soils
quantified by a novel approach ‘effect-size qSIP” (Hu ¢ /., 2021b).

Strong natural environmental gradients on mountains provide a
good opportunity to examine the relative contributions of inter-
and intraspecific trait variations driven by climate and local
environments. We advocate integrating elevational gradients with
the emerging trait-based approaches to advance future mountain
microbial ecology by explicitly developing new approaches to infer
trait values, applying a quantitative strategy concept to select
informative traits and subsequently estimating functional diversity
indices to assess community assembly and predict functional
reorganisation of microbes under global change. However,
simplifying the complexity of microbial traits is required but
challenging (Westoby ez al., 2021). The complexity of hyper-
dimensional traits can be qualitatively simplified by microbial life
history strategies such as oligotrophy—copiotrophy (Fierer et al.,
2007), competitor—stress tolerator—ruderal (C-S-R) (Krause e af.,
2014) and growth yield-resource acquisition—stress tolerance
(Y-A-S) strategies (Malik er 4/, 2020). Different strategies should
be favoured from low to high elevations due to spatial variability in
resource status and environmental stress. For example, at the lower
elevations with high availabilicy of polymeric resources (e.g.
recalcitrant carbon) but fewer simple resources (e.g. simple sugars)
(Dai et al.,2021), A-strategists should outcompete other strategists
by investing in extracellular enzyme machinery, and thus catalyse
polymer decomposition, likely leading to declined microbial litter
decomposition and soil carbon loss with increasing elevations. The
complexity of microbial traits could also be quantitatively simpli-
fied by a newly developed framework into synthetic axes to define a
low-dimensional trait space and to cluster species based on their
traits while identifying those species with unique combinations of
traits (Mouillot et 4/, 2021).

Manipulative field experiments

Inferring climate change impacts on microbial diversity and
ecosystem functions determined by elevation gradient methods is
difficult because we still lack a general understanding of the
confounding influence of indirect factors that covary with elevation
and temperature, such as rainfall, lithology, nutrients and plants
(Korner, 2007). By contrast, manipulative experiments on moun-
tainsides are a promising new technique for disentangling the direct
influence of temperature and/or the interacting influence of
temperature and other environments because they provide explicit
control (Elmendorf ez /., 2015). In terrestrial ecosystems, translo-
cation experiments and field warming experiments are two
approaches widely used to assess direct climate change impacts
(Yang et al., 2014; Donhauser & Frey, 2018). The translocation
experiments could reveal the direct influence of warming, which
causes elevated litter decomposition rates (Salinas e 4/, 2011) and
soil carbon loss (Nottingham ez al., 2019), being mediated by
microbial physiology, such as microbial carbon use efficiency and
extracellular enzyme activity, and shifts in community composi-
tion. Furthermore, the interacting influence of temperature and
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other environments can be disentangled. For example, a trans-
location experiment in which microbial decomposers are deliber-
ately inoculated onto common leaf litter disentangles the effects of
microbial community vs temperature on the litter decomposition
rates and re-evaluates the role of microbial community composi-
tion in its decomposition responses to climate (Glassman ez 4/,
2018).

Compared with terrestrial ecosystems, manipulative field exper-
iments are fewer in mountain aquatic ecosystems, largely because
water transplantation and the continuous heating of flowing water
are challenging. Wang ez a/. (2016) recently established field aquatic
microcosms by including different nutrient levels at each elevation
and allowing microbes from each elevation to colonise into common
sediments, which allows the investigation of interactions between
temperature change and eutrophication and their independent
impacts on bacterial communities.

To predict future climate change impacts, we need to strengthen
the understanding of the potential influences of synergies between
components of climate change (e.g. warming, atmospheric and
hydrological changes) and with other abiotic (e.g. eutrophication)
and biotic interactions (e.g. multitrophic levels). We further
suggest applying the field warming experiments from terrestrial to
aquatic ecosystems such as to continuously heat the flowing water
by employing a long-term mesocosm system (Liboriussen ez al.,
2005) and even at the stream level (Ferreira & Canhoto, 2015).
Finally, we advocate combining manipulative field experiments
with survey data, models and novel tools for a better mechanistic
understanding of climate change impacts. For example, the SIP
approach can be integrated into translocation experiments to
examine species-level growth responses to warming (Purcell ez al.,
2022). The extended ‘effect-size qSIP’ approach has a potential to
directly quantify species-level responses to climate change and
further understand these responses from the perspectives of their
genomic traits (Hu et 4/, 2021b).

Biodiversity and ecosystem functioning relationships

Biodiversity—ecosystem functioning research concerns how pro-
cesses in ecosystems are influenced by species richness and other
facets of biodiversity, and growing studies have revealed compelling
positive relationships between microbial communities and ecosys-
tem functioning (Bardgett & Van Der Putten, 2014). Such
relationships can also be observed on mountainsides. For example,
species richness enhances a set of ecosystem functions related to the
biomass stocks of microbes, plants or animals, and the processes
rates such as pollination, brood parasitism or litter decomposition
across 13 ecosystem types along a broad elevational gradient (850—
4550 m) on Mount Kilimanjaro in Eastern Africa (Albrecht ez 4l.,
2021). Considering species-level effects on ecosystem functioning,
the functional composition represented by the diversity of
microbial traits (i.e. community-level aggregated gene orthologues)
improves the explanatory power of nutrient-induced responses of
growth rates along the C. Hart Merriam elevation gradient in
North America (Hu ez al, 2021b). However, the strength of
diversity effects on ecosystem functioning is strongly context-
dependent, such as environmental heterogeneity (Peters ez al.,
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2019; Albrecht er al, 2021; Hu ez al, 2021a), due to strong
environmental gradients such as climate and ecosystem types on
mountainsides. For instance, Albrecht er 2l (2021) show that
environmental heterogeneity across ecosystem types shapes the
effects of diversity on ecosystem functioning and contributes to the
diversity effects by the increases from explaining 49% to 72% of the
variation in ecosystem functions.

Given that mountain regions are experiencing rapid environ-
mental changes caused by climate change combined with human
activities, it is critical to understand how the interplay of multiple
global change drivers constrains the strength of biodiversity—
ecosystem functioning relationships to determine the consequences
of global change for mountain ecosystems. Hu ez al. (2021a)
performed manipulative field experiments on mountainsides and
showed that the interplay of temperature change and eutrophica-
tion influenced the relationship between microbial composition
and molecular-level metabolite composition (i.e. dissolved organic
matter composition) via the indirect effects of energy supply and
both the diversity and traits of microbes and organic matter.
Elevational gradients are encouraged to integrate with meta-
ecosystem and landscape level to add new dimensions and realism
for the assessment of the functional role of biodiversity by explicitly
considering cross-ecosystem linkages and the multitrophic levels of
biotic interactions. Biodiversity change in one ecosystem can
propagate across ecosystem boundaries to affect the functioning of
other ecosystems, mediated by multiple connecting vectors such as
water, wind, gravitation and organisms (Scherer-Lorenzen ez al.,
2022). Multitrophic diversity can better predict ecosystem func-
tioning than a single trophic level because the functional effects of
taxa from different multitrophic levels may complement or oppose
each other (Soliveres ez al, 2016). Among these multitrophic
levels, indirect biodiversity changes caused by one trophic level or
across different ecosystem boundaries can also influence overall
ecosystem functioning (Eisenhauer ez 4/, 2019). Consequently, we
suggest future biodiversity—ecosystem functioning studies need to
be broadened across ecosystem boundaries to evaluate the general
significance, such as focusing on aboveground-belowground and
terrestrial-aquatic linkages.

Modelling and prediction of global change responses

Model-based approaches have been widely applied in mountain
microbial biogeography, which provides quantitative insights into
the relative contributions of different assembly processes and
predictions of the spatiotemporal dynamics of microbial commu-
nities and associated ecosystem functions under global change.
Traditionally, there are disparate statistical tools for connecting
environmental variables with microbial alpha and beta diversities,
the former of which includes regression-based techniques and
machine learning algorithms, and the latter includes the raw data
approaches like canonical analysis and the distance-based
approaches such as generalised dissimilarity modelling (GDM)
(Legendre et al., 2005). GDM is designed specifically to accom-
modate the nonlinearity and special types of environmental and
biological data such as phylogenetic relationships between species
(Ferrier et al., 2007). Given that elevational gradients offer greater
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changes in abiotic conditions and biotic communities than lateral
distributions, elevation-derived models can be extended to predict
spatiotemporal dynamics of microbial communities at regional or
continental scales. This space-for-time substitution strategy is
widely used to infer past or future trajectories of ecological systems,
with ¢ 72% accuracy as time-for-time predictions (Blois et al,
2013). A recent novel application uses linear regression and GDM
models derived from elevational gradients in Norway, Spain and
China to project functional gene assemblages of stream biofilm
microbes across the Eurasian river network under future climate
change scenarios, and shows the highest sensitivity of alpha
diversity and assemblage composition primarily occurring in
northern and central Eurasian regions in 2061-2080, respectively
(Picazo et al., 2020).

Recent species-level modelling approaches like species distribu-
tion modelling (SDM) have been widely used to explore the
relationship between geographical occurrences of species and
corresponding environmental variables (Norberg et /., 2019). For
example, SDMs in a temperate mountain area show that factors
related to soil (especially pH), climate and/or topography explain
and predict part of the abundance distribution of most bacterial
species and that the extent of predicted bacterial community
changes between current and future environmental conditions
varies as a function of elevation (Mod et 4/, 2021). Since both
abiotic environments and biotic interactions ultimately drive
species distributions, joint species distribution models (JSDMs)
have emerged as extensions of SDMs to simultaneously explore
interspecific interactions and the response of abundance to
environmental variables (Warton et 4/, 2015). JSDMs can also
be extended to community levels by explicitly acknowledging the
multivariate nature of species assemblages to capture more
mechanistic and predictive insights into assembly processes. For
example, the co-occurrences among mycorrhizal fungal species,
especially positive interactions, play an important role in shaping
fungal communities in arctic plant roots along an elevational
gradient ranging from 33 to 479 m (Abrego ez al., 2020).

In summary, we highlight here the current knowledge gaps for
the roadmap of future studies by linking theory, approaches and
predictions based on our comprehensive syntheses of the bio-
diversity patterns, main drivers and underlying mechanisms in the
recent decade of microbial biogeography studies on mountainsides
(Fig. 5). Across mountain terrestrial and aquatic ecosystems,
human activities are increasingly influencing the dwelled biological
communities and the ecosystem properties, processes and services.
Compared with higher plants and animals, we are just scratching
the surface of microbial lives on mountainsides, and thus know far
less about their roles of biogeochemical cycling, their effects on and
feedback responses to anthropogenic global change. Owing to the
increasing demands for models in biodiversity assessments and
biogeochemical cycles on mountainsides, a better mechanistic
model is required for the improvement of prediction accuracy. The
big challenge for projecting microbial responses to future global
change scenarios is to incorporate models with more necessary
local- and landscape-level predictors and biotic information such as
catchment characteristics, geodiversity, interspecific interactions,
species traits and phylogenetic relatedness. We therefore strongly
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encourage future studies to take advantage of elevational gradients
as a ‘natural experiment’ to mechanically understand microbial
diversity patterns and the associated ecosystem functioning in
mountain regions from theoretical and evolutionary perspectives
and further improve our predictions of the species-, community-
and ecosystem-level consequences under global change.
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