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ABSTRACT

Cushion plants are specialized keystone species of

alpine environments that can have a positive effect

on ecosystem structure and function. However, we

know relatively little about how cushion plants

regulate the diversity and composition of soil

microbial communities, major drivers of soil pro-

cesses and ecosystem functioning. Identifying what

factors drive the diversity and composition of soil

microbial communities in high-elevation ecosys-

tems is also fundamental to predict how global

changes will affect their conservation and the ser-

vices and functions they provide. Thus, we sampled

four sites along the southern Andes following the

vegetation belt of Azorella cushion species. The field

sites spread along a latitudinal gradient and had

contrasting levels of aridity, UV-B radiation, mean

temperature and soil properties. Overall, Azorella,

as well as aridity and UV-B radiation, were the

major drivers of the distribution, composition and

diversity of soil microbial communities in the

studied ecosystems of the Chilean Andes. UV-B

radiation affected particularly soil fungi, while soil

properties such as pH, total C and N content,

essential predictors of microbial diversity globally,

had a much lower effect on the composition of soil

microbial communities. Understanding the factors

driving the structure and composition of microbial

communities, particularly the role of cushion

plants and the feedbacks between plant, climate
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and soil is of uttermost importance for the preser-

vation of the functionality of high-elevation

ecosystems threatened by climate change.

Key words: Andes; Atacama; Chile; High moun-

tains; Microbial network; Torres del Paine; UV-B.

HIGHLIGHTS

● Azorella and aridity are the main drivers of soil

microbial community composition in Andean

ecosystems.

● Different clusters of soil microbes associate with

distinct levels of aridity and UV-B radiation.

● The effect of Azorella on structuring soil microbes

is smaller in the most stressful sites.

INTRODUCTION

Mountains cover around 25% of the world surface,

harbor major forests and high biodiversity, provide

up to 80% of the world’s freshwater supply, enable

the production of hydropower and support cul-

tural, religious and recreational services (Körner

2002; Donhauser and Frey 2018). Alpine ecosys-

tems are largely characterized by extreme envi-

ronmental conditions, such as low temperature and

high irradiance, but also by a high diversity of

habitats. As a result of this and of their inaccessi-

bility, alpine ecosystems also represent some of the

last wilderness on Earth (Körner 2002), but they

are severely threatened by global warming (for

example, Pauli and others 2012; Steinbauer and

others 2018).

Soil microbes are crucial for soil development

and nutrient cycling in alpine ecosystems, modu-

lating not only plant establishment and succession

but also greenhouse gas balance at global scale

(Donhauser and Frey 2018). Soil pH, organic mat-

ter, aridity and vegetation are the most important

predictors of soil microbial communities from local

to global scales (for example, Fierer and Jackson

2006; Kivlin and others 2011; Tedersoo and others

2014; Maestre and others 2015; Alfaro and others

2017; Delgado-Baquerizo and others 2019). More-

over, in alpine ecosystems, soil microbial diversity

and abundance are also conditioned by soil

heterogeneity, the presence of rocky shallow olig-

otrophic soils with low water retention capacity,

snow cover, large fluctuations in temperature and

moisture, and high irradiance, specifically UV-B

radiation (Donhauser and Frey 2018 and references

therein).

These harsh environmental conditions are par-

ticularly important in bare soil and rocks, which

occupy large areas of alpine zones, but the presence

of plants provides new habitats for soil microbes,

contributing to their spatial heterogeneity and

increasing beta diversity (Zhang and others 2015;

Geremia and others 2016; Siles and Margesin

2016, 2017; Chen and others 2016; Fernández-

Gómez and others 2019; but see Lazzaro and others

2015).

Plants respond to the harsh alpine environment

with a high degree of specialization, among which

the cushion life form is one of the most charac-

teristic adaptations (Aubert and others 2014).

Cushion plants have a low, compact structure with

a hemispherical, or mat-like, much-branched ca-

nopy (Raunkiaer 1934). The compact cushion form

serves as protection from strong winds and consti-

tutes a heat and litter trap, increasing organic

matter and soil nutrient content under the canopy

(Körner 2002; Chen and others 2014). The ame-

liorated conditions inside and under the cushion

can facilitate the establishment and growth of other

plant species, thus promoting plant diversity (for

example, Cavieres and others 2002; Arroyo and

others 2003; Badano and others 2006; Antonsson

and others 2009; Yang and others 2010; Cavieres

and others 2014; Schöb and others 2013, 2014) and

the abundance of soil fauna and arthropods (Kor-

ner 2002; Molina-Montenegro and others 2006;

Molenda and others 2012; Minor and others 2016).

Consequently, cushion plants are keystone nurse

species in alpine environments with a great impact

on ecosystem diversity and functioning.

Cushion plants can be also a selective force for

soil microbial communities, offsetting the influence

of abiotic factors in community assembly (Roy and

others 2013). Some assessed have studied the effect

of cushion plants on soil microbes (Roy and others

2013; Rehakova and others 2015; Chang and oth-

ers 2018; Wang and others 2020), including

arbuscular mycorrhizal fungi (Casanova-Katny and

others 2011), but more research is needed due to

the large soil heterogeneity of alpine zones and the

phylogenetic diversity of cushion-forming species

(Boucher and others 2016). These studies have also

rendered contrasting results. Silene acaulis, a wide-

spread cushion species, has a stronger effect on soil

bacteria than fungal communities along a gradient

of soil types and elevation (Roy and others 2013).

This cushion species minimizes the effect of bed-

rock type and soil properties on soil bacteria

resulting in similar communities under S. acaulis in

different soil types (Roy and others 2013). How-

ever, the effect on fungal communities was more
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complex and dependent on cushion plant genotype

(Roy and others 2018). On the Himalayas, oppos-

ing results have been found for different cushion

species. Thylacospermum ceaspitosum reduces the

diversity of culturable bacteria in cold, arid Trans-

Himalayan habitats (Rehakova and others 2015),

whereas Arenaria polytrichoides and Chionocharis

hookeri have a positive effect on rhizospheric bac-

terial communities in the Sino-Himalayan region

(Chang and others 2018). Also, a recent study with

T. ceaspitosum showed that this species might be

more important for structuring soil fungal com-

munities than for bacterial communities (Wang

and others 2020). Finally, Azorella madreporica in

the Central Andes increases the abundance of

arbuscular mycorrhizal fungal spores under its ca-

nopy up to six times, with a consequent positive

effect on the mycorrhization of beneficiary plants

(Casanova-Katny and others 2011), but its effect on

other soil microbes is unknown. In fact, the genus

Azorella, in the Andes, contains some of the biggest

and most impressive alpine cushion plants (Pug-

naire and others 2020) and many studies have

shown a positive effect of Azorella species on plant

diversity (for example Arroyo and others 2003;

Badano and others 2006; Cavieres and others

2007), as well as an increase in soil nutrient con-

tent under its canopy (Mihoc and others 2016),

thus acting as a nurse species. Despite this, the ef-

fect of Azorella cushions on the diversity and com-

munity composition of soil microbial communities

in the Andes remains unexplored.

We collected samples in the elevation belt of

Azorella in Chile, in four field sites (Lauca, Ata-

cama, Farellones and Torres del Paine) stretching

along a 3800 km latitudinal gradient in the Andes

to assess the role of different abiotic conditions, the

presence of Azorella and their possible interactions

in driving the abundance, diversity and composi-

tion of soil bacterial and fungal communities. We

hypothesized that (a) Azorella cushion plants will

have a significant effect on structuring soil micro-

bial communities, which will be stronger in sites

with harsher conditions (Roy and others 2013;

Cavieres and others 2014); (b) aridity and UV-B

radiation will be the main abiotic drivers of soil

microbial community composition (Johnson and

others 2002; Maestre and others 2015); and (c) soil

microbial communities will be more specialized and

less diverse in sites with higher aridity and UV-B

radiation (Johnson and others 2002; Maestre and

others 2015).

MATERIALS AND METHODS

Sampling

We selected four sites—Lauca, Atacama, Farellones

and Torres del Paine—following a latitudinal gra-

dient from 18°S to 51°S along the Chilean Andes

(Table 1). Soil samples were collected in the austral

summer between December 2015 and January

2016 in the vegetation belt dominated by cushion-

forming species of the Azorella genus (A. compacta in

Lauca and Atacama, A. madreporica in Farellones

and A. monantha in Torres del Paine). Climatic data

for each site (mean annual temperature [Tmean],

mean minimum temperature [Tmin], mean maxi-

mum temperature [Tmax], annual precipitation

[P]) were obtained from WorldClim version 2

(http://www.worldclim.org). Data for potential

evapotranspiration (ETP) were obtained from “Red

Agrometereológica de Chile” (https://

agrometeorologia.cl/) and were used to calculate

the Aridity Index as 1 − (P/ETP). Data for UV-B

radiation were obtained from “Dirección Meteo-

rológica de Chile” (Sánchez-Cuevas 2009).

In each location, soil samples (top 5 cm) were

collected under five Azorella cushions and in adja-

cent open spaces (bare soil) that were at least 2 m

apart from any plant. Samples to estimate soil wa-

ter content (SWC) and soil organic matter (SOM)

were collected in two separate 15-ml cap tubes,

sealed with parafilm and weighed in the laboratory

immediately after sampling. Samples for biogeo-

chemical characterization were collected, air-dried

and stored in 15-ml cap tubes until processing.

Samples for SWC measurement from Torres del

Paine (Paine hereafter) were damaged during

transport and could not be processed. Samples for

DNA extraction were collected using spades and

corers that were ethanol-disinfected between each

sampling, stored in UV-sterilized paper bags, dried

using silica gel and stored at −80 °C until process-

ing.

Soil Analyses

Gravimetric SWC (g/g soil) was determined by

mass loss after drying at 105 °C for 72 h. SOM (g/g

soil) was determined in the same soil samples by

mass loss after ignition at 450 °C for 20 h. Soil pH

was determined by mixing 5 g of soil in 20 mL of

distilled water with 0.01 mg of dissolved CaCl2
using a glass electrode. Soil carbon (C) and nitrogen

(N) content were estimated in a Carlo Erba NA

2500 elemental analyzer (Lakewood, NJ, USA). All

biogeochemical analyses were carried out at the
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Biogeochemistry Laboratory, LABASI, Pontificia

Universidad Católica de Chile.

DNA Extraction and Quantitative PCR

DNA was extracted from 200 mg of dry soil using

the PowerSoil DNA Isolation Kit (MoBio Labora-

tories Inc., Carlsbad, CA, USA). DNA concentration

was estimated using a NanoDrop 2000c (Thermo

Scientific, Wilmington, USA) and samples were

stored at -80 °C. The abundance of archaea, bac-

teria and fungi was determined via quantitative

PCR, using an Eco Real-Time PCR System (Illu-

mina, San Diego, California, USA) and KAPA

SYBR® FAST qPCR Master Mix Universal (Kapa

Biosystems, Boston, Massachusetts, USA. Bacterial

and archaeal 16S rRNA gene fragments were

amplified and quantified, using 0.5uM of 338F-

518R and, 931F-M1100R primer sets, respectively

(Einen and others 2008). Fungal 18S rRNA gene

fragment was quantified using 1.25uM of each

primer FR1-FF390 (Prevost-Boure and others

2011). Standard curves were prepared using a serial

dilution of a purified PCR product and amplified

from a DNA mix as template. Two independent

qPCRs were performed for each sample. The

specificity of PCR product was evaluated by run-

ning products on a 1% (w/v) agarose gel. The

standard curves had R2 values of 0.997, 0.992 and

0.996, and the amplification efficiency estimated to

101%, 92% and 101% for bacteria, archaea and

fungi, respectively. Microbial abundance was ex-

pressed as copies number per gram of soil.

Barcoded Amplicon Sequencing
and Bioinformatics

The structure of microbial communities was as-

sessed by high-throughput sequencing of the 16S

rRNA gene for archaea/bacteria and internal tran-

scribed spacer marker gene (ITS) for fungi. 16S

rRNA and ITS amplicon sequencing was done using

Earth Microbiome Project standard protocols

(https://earthmicrobiome.org/protocols-and-

standards/) at the facilities of Genyo (Granada,

Spain). Briefly, amplicon PCR was performed in

triplicate on the V4 region of the 16S rRNA gene

using the primer pair 515f-806r and on the ITS1

region with the primer pair ITS1f-ITS2 (Walters

and others 2016). Bar-coded PCR products were

quantified using a Qubit dsDNA (Thermo Fisher

Scientific) instrument and pooled in equal con-

centrations. The multiplexed DNA library was

purified using Agencourt AMPure XP beads

(Beckman Coulter). Amplicon quality and size
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were checked with a High Sensitivity DNA Assay

(Bioanalyzer 2100, Agilent) and sequenced in an

Illumina MiSeq sequencing platform using the

Illumina reagent kit V3 (600 cycles) generating

300-bp pair-end reads. A PCR negative control and

a commercial mock community sample (Zy-

moBIOMICS Microbial Community Standard,

Zymo Research, Irvine, CA, US) were also se-

quenced as controls.

Initial rRNA 16S and ITS sequence processing

and diversity analyses were conducted in Micro-

biome Helper version 0.3. Microbiome Helper is a

virtual box image of the platform QIIME 1.9.1

(Caporaso and others 2010) with additional soft-

ware and databases (Comeau and others 2017).

Raw 16S rRNA pair-end reads were quality

checked with FastQC version 0.11.5 (Andrews

2010). Stitching of pair-end reads was accom-

plished with PEAR version 0.9.10 (Zhang and

others 2014). FASTX-Toolkit version 0.014 (Gor-

don and others 2009) was used to filter out reads

that had a quality score of less than 35 over at least

90% of the bases. Following read filtering, poten-

tially chimeric sequences were screen out using

VSEARCH version 1.11.1 (Rognes and others

2016). OTU picking was carried out with the QIIME

open-reference method using SortMeRNA version

2.0 (Kopylova and others 2012) for the reference-

based step against the SILVA 128 database (Quast

and others 2013) and SUMACLUST version 1.0

(Mercier and others 2013) for the de novo clus-

tering step (using a cutoff of 97% sequence simi-

larity). Processing of ITS reads was accomplished

with the same pipeline described before for the

rRNA 16S reads with some modifications. Taxon-

omy was assigned with mothur version 1.39.5

(Schloss and others 2009) against the fungal ITS

UNITE database version 7 dynamic (Kõjalg and

others 2005).

For both 16S rRNA and ITS OTU tables, a dy-

namic cutoff (as opposed to removing just single-

tons) was employed to filter out OTUs having less

than 0.1% of the total number of sequences, as

previously recommended (Comeau and others

2017). The final OTU tables, containing 4,784,951

and 1,406,247 read counts for 16S rRNA and ITS,

respectively, were normalized by subsampling (or

rarefying) to 41,673 and 17,822 reads per sample.

A total of 7442 OTUs were detected, of which 5990

OTUs were prokaryotes (25 corresponded to Ar-

chaea), and 1452 OTUs were fungi. Rarefaction

curves showed that sampling was adequate for both

prokaryotes and fungi.

The raw reads have been deposited in Sequence

Read Archive (SRA) of the NCBI and are available

under the BioProject ID PRJNA679783.

Data Analysis

Partial least square (PLS) regression was used to

analyze prokaryotic and fungal beta diversity, that

is, differences between sites and microhabitats, and

the relationship with abiotic variables (di Rienzo

and others 2017). Individual PLS were used sepa-

rately for all reads of prokaryotes and fungi, but it

was not possible to build a PLS for all 7442 OTUs

identified for both groups. Microbial communities

have a highly skewed distribution with few domi-

nant species that are expected to be prevalent

across contrasting environments, and constitute

the largest fraction of the microbial biomass. Thus,

we reduced the number of OTUs for further PLS

sequential analyses, retaining OTUs that accounted

for 90% and 70% of the total reads for each group.

In all cases, PLS results were almost identical (Fig-

ure S1), so we used 331 fungal OTUs (90% of the

total fungal abundance) and 806 prokaryotic OTUs

(70% of total prokaryotic OTUs, composed by 99%

bacteria and 1% archaea) to build a joint PLS for

the whole microbial community. GLMs were ap-

plied to test for significant differences between

sites, microhabitats and their interaction using the

information summarized by the two first PLS axes.

Co-occurrence networks were used to identify

the existence of modules of bacterial and fungal

phylotypes (OTU level) that appear together more

than expected by chance. Networks built inde-

pendently for bacteria or fungi rendered similar

results (not shown); therefore, we used networks

including both types of microorganisms. To build

co-occurrence networks, pairwise Spearman’s rank

correlations (ρ) were calculated between the

dominant 806 prokaryotic and 331 fungal OTUs

(see above; PLS analysis). Co-occurrence was con-

sidered robust if the Spearman’s correlation coef-

ficient (ρ) was[0.65 and p\0.01. We calculated

the relative abundance of ecological modules

within our correlation network as the averaged

standardized relative abundance of taxa within

each module. Networks were constructed and

visualized using the ’igraph’ package for R, and

cluster_optimal() was used to identify network

modules (Csardi and others 2006).

We conducted a random forest analysis (Breiman

2001) to identify the main predictors of the iden-

tified network modules. The potential predictors

included in the analysis were abiotic variables

(mean temperature, mean maximum and mean
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minimum temperatures, mean annual precipita-

tion, aridity, UV-B radiation, soil C, soil N, soil C:N

and pH) and Azorella presence/absence. Random

forest is a novel machine learning algorithm that

extends standard classification and regression tree

(CART) methods by creating a collection of classi-

fication trees with binary divisions (Wei and others

2010). Unlike traditional CART analyses, the fit of

each tree is assessed using randomly selected cases

(1/3 of the data), which are withheld during its

construction (out-of-bag [OOB] cases). The

importance of each predictor variable is determined

by evaluating the decrease in prediction accuracy

(that is, increase in the mean square error [MSE]

between observations and OOB predictions) when

data for that predictor are randomly permuted. This

decrease is averaged over all trees to produce a final

measure of importance (van Elsas and others

2012). The accuracy importance measure was

computed for each tree and averaged over the

forest (5000 trees). These analyses were conducted

using the randomForest package (Liaw and Wiener

2002) of the R statistical software, version 3.0.2

(http://cran.r-project.org/). The significance of the

model and the cross-validated R2 were assessed

with 5000 permutations of the response variable

(node in the co-occurrence networks) using the A3

R package for R (Fortmann-Roe 2015). Similarly,

the significance of the importance of each predictor

on module occurrence was assessed by using the

rfPermute package for R (Archer 2013).

The Relative Interaction Index (RII, Armas and

others 2004) was used to further assess the effect of

Azorella on SWC, SOM, soil pH, soil C, soil N, soil C:

N and abundance of microorganisms based on total

DNA concentration and qPCR values. RII was cal-

culated as (value under cushion − value in bare

soil)/(value under cushion?value in bare soil). RII

values range from −1 (largest negative effect of the

cushion compared to bare soil) to?1 (largest posi-

tive effect) where 0 indicates the lack of a net effect

of the cushion compared to bare soil. Using the data

collected under five Azorella cushions and in adja-

cent open spaces (bare soil), we calculated 95%

confidence intervals to determine whether the

obtained RII values were significantly different

from 0.

RESULTS

General Characterization

Overall, bacterial communities were dominated by

Proteobacteria, Actinobacteria, Verrucomicrobia,

Acidobacteria and Bacteroidetes, in decreasing or-

der of relative abundance (Figure 1). These phyla

totaled more than 80% of reads in all sites. Pro-

teobacteria were dominant in all sites with 21–31%

of total reads, except in Paine where the most

abundant phyla were Actinobacteria (32%) and

Verrucomicrobia (18%). Soil fungal communities

were dominated by Ascomycota, with values

ranging from 60% of reads in Farellones to 85% in

Lauca (Figure 1). Basidiomycota was the second

most abundant phylum, varying from 10% of reads

in Lauca to 31% in Atacama. Zygomycota repre-

sented 15–21% of total reads in Paine and Farel-

lones, but had a relative lower abundance in the

more arid sites, Lauca (4.5%) and Atacama (0.7%).

Glomeromycota had a much lower relative abun-

dance, with the highest value in the most mesic

site, Paine (Figure 1).

Drivers of Soil Microbial Communities

Multivariate analysis of soil microbial communities

using PLS clearly separated the four studied sites

following a gradient defined by aridity, UV-B and

mean minimum and maximum temperature (Fig-

ure 2, Table 2, Figure S1). Within each site, the

presence of Azorella cushions was associated with

differences in soil properties and contributed to

further separation of the soil microbial communi-

ties (Figure 2, Table 2, Figure S1). This differenti-

ation between microhabitats was more obvious in

the two mesic sites, Farellones and Paine (Figure 2,

Figure S1).

Correlation networks were used to identify eco-

logical clusters of bacteria and fungi strongly co-

occurring with each other (Delgado-Baquerizo and

others 2018), and random forest modeling was

used to evaluate their ecological preferences (Fig-

ure 3). Ten network modules, formed by microbial

OTUs strongly co-occurring with each other, were

identified and the four major predictors of their

relative abundance were aridity and UV-B (10

modules), mean temperature (7) and Azorella

cushions (7, Figure 3A). Using the most important

predictor for each model, the ten network modules

were classified into seven ecological clusters

according to their environmental preferences (Fig-

ure 3B, Figure S2). However, several covarying

environmental factors were significant for all

modules (Figure 3A). For example, Azorella pres-

ence or absence was the main predictor of the

composition of modules 2 and 3, respectively, but

climatic factors, UV-B, soil C and soil C:N were also

significant predictors for these modules (Fig-

ure 3A). Overall, the most important predictors for

the relative abundance of ecological clusters were

Azorella Cushion Plants and Aridity Are Important Drivers of Soil Microbial Communities in… 1581

http://cran.r-project.org/


0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Lauca Atacama Farellones Paine

other

Firmicutes

Gemmatimonadetes

Planctomycetes

Chloroflexi

Verrucomicrobia

Bacteroidetes

Proteobacteria

Actinobacteria

Acidobacteria

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Lauca Atacama Farellones Paine

Unclassified

Others

Zygomycota

Glomeromycota

Basidiomycota

Ascomycota

Figure 1. Overall relative abundances of the main bacterial and fungal phyla in each studied site.

Figure 2. PLS regression for the dominant OTUs of bacteria and fungi in all samples. For both groups, sites were signif-

icantly separated along axis 1, while a significant interaction between site (Lauca, Atacama, Farellones and Paine) and

microhabitat (beneath Azorella and bare soil) was found along axis 2. This significant site:microhabitat interaction is

further explored in Table 2. Colors represent sites: orange—Lauca; yellow—Atacama; green—Farellones; blue—Paine.

Symbols represent microhabitat: circles—under Azorella; inverted triangles—bare soil.

Table 2. Results of GLM for the Effect of Site and Microhabitat on Separating Samples along Axes 1 and 2 of
the PLS Regression.

Axis 1 Axis 2

Source numDF denDF F-value p-value numDF denDF F-value p-value

Site 3 32 356.11 \0.0001 3 32 15.7 \0.0001

Microhabitat 1 32 14.76 0.0005 1 32 39.01 \0.0001

Site: microhabitat 3 32 1.11 0.3585 3 32 4.76 0.0075
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the presence of Azorella and aridity. The relative

abundance of 52% of the total OTUs was defined

by the presence (34%) or absence (18%) of Azorella

cushions (Figure 3B). Aridity was associated with

the relative abundance of 39% OTUs (11% with

dry ecosystems and 28% with mesic ecosystems)

(Figure 3B). The number of interactions among co-

occurrent taxa was higher in the ecological cluster

associated with Azorella cushions (Figure 3b).

Bacteria and fungi were affected differently by

these main predictors. Over 95% of the OTUs de-

fined by the presence or absence of Azorella plants

were bacteria, but UV-B radiation and mean tem-

perature affected primarily fungal taxa (Figure 3b).

Aridity affected both microbial groups, but a higher

relative proportion of bacterial OTUs was associated

with mesic sites, while a higher proportion of fungi

was associated with dry sites (figure 3b).

The presence of Azorella predicted a higher rela-

tive abundance of Deltaproteobacteria,

Gammaproteobacteria, Rhizobiales (Alphaprote-

bacteria), Blastocatellia (Acidobacteria), Verrucomi-

crobia and Tectomicrobia (Table S1). The fungi

Mortierella alpina was also associated with the

presence of Azorella. On the contrary, Actinobac-

teria and the archaea Thaumarchaeota were asso-

ciated with bare soil (Table S1).

Actinobacteria, such as Gaiellales and

Solirubrobacterales, were far more abundant in

mesic sites, while Proteobacteria, mainly

Alphaproteobacteria, Mehtylobacteriaceae, Acetobac-

teraceae or Sphingomonodaceae, were more abundant

in arid sites (Table S1). The presence of Thelebolus

Figure 3. A Importance of the main predictors on the relative abundance of the ten modules identified in the co-

occurrence network of soil microbial communities after random forest analysis. B Co-occurrence network of soil microbial

communities with colors representing the seven ecological clusters defined by random forest analysis. Dark green: Pres-

ence of Azorella. Light green: Absence of Azorella. Orange: Aridity. Yellow: Mesic ecosystems. Purple: High UV-B. Blue:

Low UV-B. Gray: Tmean. Nodes are sized relative to the number of interactions. The table shows the main predictors,

ecological clusters, the original modules contained in each ecological cluster (in brackets) and the number of bacterial and

fungal OTUs in each ecological cluster.
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globosus (Leotiomycetes) and the yeast Naganishia

friedmannii (Basidiomycota) was also associated

with aridity.

UV-B radiation affected primarily fungal taxa

since only two bacterial OTUs were found in the

modules defined mainly by UV-B (Figure 3b, Ta-

ble S1). These two bacterial taxa were an Acti-

nobacteria, class Thermoleophilia, order Gaiellales

for low UV-B (\250 mW/m2) and an Acidobacte-

ria, family Holophagae, subgroup 10, ABS-19, for high

UV-B ([300 mW/m2). On the other hand, high

UV-B was associated only with fungi from the

Ascomycota, mainly Chaetothyriales like Clado-

phialophora sp. Contrastingly, low UV-B radiation

predicted the abundance of a higher number of

fungal taxa, such as Cistella sp. and Peziza sp. (As-

comycota), Clavaria, Ceratobasidium (Agari-

comycetes) or Mortierella pseudozygospora.

Leotiomycetes (mainly order Heliotiales), Agari-

comycetes (Agaricales and Cantharellales) and

Morterierellomycotina were associated with more

mesic conditions—either mesic sites, presence of

plants or low UV-B radiation—whereas the

Ascomycota Dothideomycetes (mainly Pleospo-

rales) and Eurotiomycetes (mainly order

Chaetothyriales) were defined either by aridity or

high UV-B radiation. Mean temperature affected

fewer microbial taxa: Heliotales and Plesoporales

were the main fungal groups defined by mean

temperature (Table S1).

Effect of Azorella Cushion Plants on Soil
Properties and Microbial Diversity

Azorella cushion plants had a general significant

positive effect on SOM, C, N and SWC in all sites,

while the effect of Azorella on soil total DNA and

overall abundance of soil microbes (as determined

by qPCR) was more important in Farellones and

Paine, the more mesic sites, than in the harsher

locations (Figure 4, Figure S3.1). Azorella had a

significant positive effect on the diversity of six

main bacterial phyla (Acidobacteria, Actinobacte-

ria, Bacteroidetes, Planctomycetes, Proteobacteria

and Verrucomicrobia) in the more mesic sites

(Figure 4). A significant positive effect of Azorella

was also found on the diversity of Glomeromycota

in the two more mesic sites (Figure 4) and mar-

ginally for Ascomycota in Paine and Basidomycota

in Farellones (Figure 4). Similar patterns, with a

larger positive effect in the mesic sites, were found

for the richness and abundance of bacterial and

fungal phyla (Figure S3.2, S3.3). However, Azorella

cushions also had a site-dependent negative effect

on the abundance of Proteobacteria in arid Ata-

cama; and of Actinobacteria, Bacteroidetes, Gem-

matimonadetes and Ascomycota in the mesic sites

(Figure S3.2, S3.3).

DISCUSSION

Our data provide strong evidence that Azorella

cushion plants, aridity and UV-B radiation are the

most important ecological predictors of the distri-

bution of soil bacteria, archaea and fungi in the

studied Andean ecosystems. By contrast, soil

properties such as pH, C or N content, often re-

ferred to as the most important drivers of soil

microbial communities (for example, Tedersoo and

others 2014; Fierer 2017), had a smaller effect on

the overall composition of microbial communities.

Our field sites in the Chilean Andes were primarily

separated by aridity and UV-B radiation levels,

defining a gradient from more extreme conditions

in Atacama to less extreme conditions in Torres del

Paine. Surprisingly, soil properties accounted more

for the differences between microhabitats within

each site than among sites, which could also ex-

plain their lower contribution as predictors of the

soil microbial communities. For example, soil pH,

which has been considered a primary predictor of

the diversity and composition of soil microbial

communities at local (Alfaro and others 2017;

Mandakovic and others 2018) and global scales

(Fierer and others 2009; Fierer 2017), was not a

major factor affecting soil microbial communities in

this study. The relatively small differences in soil

pH values between sites, in spite of the different soil

types sampled, might minimize the often-reported

association between pH and microbes, and reduce

its importance as a predictor of soil microbial

community composition in the studied ecosystems.

Our results confirm the key role of Azorella

cushions as main determinants of soil microbial

communities’ composition and diversity in these

extreme ecosystems, supporting the importance of

cushion plants for microbial community composi-

tion, adding to the work conducted in the Alps

(Roy and others 2013, 2018) and Himalayas (Re-

hakova and others 2015; Chang and others 2018)

with other cushion species. Cushion plants were

not only positively associated with soil microbial

abundance, richness and diversity (as shown by the

RII analysis) but also led to the development of

specific plant-associated microbial communities. In

contrast to a recent report for the cushion species,

Thylacospermum ceaspitosum (Wang and others

2020), the presence of Azorella plants was mainly

associated with bacterial taxa, likely due to the

quicker response and faster growth of bacterial
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communities in response to improved conditions

under plants (Goberna and others 2014). Azorella

cushions were the main predictors of the distribu-

tion of a large number of Acidobacteria, Pro-

teobacteria, Verrucomicrobia and Tectomicrobia

taxa and also had a clear effect on the richness of

the fungal phyla Basidiomycota, Zygomycota and

Glomeromycota. A number of Blastocatellia also

appeared to be driven by either the presence or

absence of Azorella cushions. Most isolated Blasto-

catellia are adapted to nutrient limitation and

drought, showing a broad tolerance range for

temperature (Huber and others 2017). Differences

in Blastocatellia abundance have also been found

between bulk soil and the rhizosphere of other

perennial plants in high-elevation grasslands in

Atacama (Fernández-Gómez and others 2019).

Azorella cushions also increased the richness and

abundance of symbiotic arbuscular mycorrhizal

fungi (Glomeromycota) in the mesic sites, which

might contribute to the facilitative effect of A.

madreporica cushions (Casanova-Katny and others

2011; Montesinos-Navarro and others 2019).

Azorella cushions were positively associated with

SWC, %C and %N. The improvement of soil con-

ditions by nurse plants, and its effect on soil

microorganisms, is well described in the literature

and largely explained by the amelioration of

microclimatic conditions and the accumulation of

litter (for example, Pugnaire and others 2004; Ca-

vieres and others 2007; Goberna and others 2014;

Mihoc and others 2016; Rodrı́guez-Echeverrı́a and

others 2013, 2016). These conditions created by

nurse species result in increases in soil C and water

content, thus promoting microbial growth and,

therefore, microbial abundance (Goberna and

others 2014; Hortal and others 2015; Rodrı́guez-

Echeverrı́a and others 2016; Lozano and others

2017). We expected this positive effect to be more

important in the harsher sites where abiotic con-

ditions may be more limiting for microbial growth.

However, this was not confirmed by the results,

since the effect of Azorella on soil microbes was

clearer and more important in the two mesic sites,

Farellones and Paine. This result might be partially

explained by both arid sites sharing the same

Azorella species, A. compacta, which could have a

lower facilitation effect on soil microbes than the

other two Azorella species (Pugnaire and others

2020). However, the larger overlap between Azor-

ella and bare soil samples in the most arid site,

Atacama, suggests that plant identity is not solely

responsible for the lower effect of Azorella on soil

microbial communities with arid conditions.

Therefore, our data might indicate the existence of

an aridity threshold above which plants cannot

significantly affect microbial communities, and

thus, they do not change significantly between

microhabitats. A similar unexpected pattern was

previously found in the association of plants with

the dominant cushion Thylacospermum caespitosum

in an elevational gradient in a dry Himalayas

ecosystem. Under the harsher conditions, cushions

did not provide a better growth microhabitat

(Dvorský and others 2013). The lower nutrient

content and the little thermal amelioration pro-

vided by the cushions in such extreme environ-

mental conditions, together with a smaller

production of root exudates, can partially explain

this lack of effect of cushions on other plants and

on soil microbial communities. Accordingly, we

found minor differences in N content between bare

soil and cushions in Lauca and Atacama in com-

parison with the two mesic sites. Also, a lower

microbial diversity in the rhizosphere of four

dominant native species than in bulk soil has also

been reported in high-elevation Atacama tussock

grasses (Fernández-Gómez and others 2019). This

could be explained by the strong filter imposed by

the extreme environmental conditions in the more

arid sites which might result in soil microbial

communities well adapted to stress that cannot

thrive in the ameliorated conditions beneath the

cushions (Maestre and others 2015; Neilson and

others 2017).

Although an increase in aridity can decrease

bacterial and fungal abundance and diversity

(Azua-Bustos and others 2012; Maestre and others

2015; Neilson and others 2017), there is a lack of

correlation between precipitation and the diversity

of soil prokaryotic communities along broad cli-

matic gradients (Angel and others 2010). This

might be explained because soil microbe responses

to aridity are not directly related to water shortage,

but mainly driven by reductions in soil organic C

associated with aridity (Maestre and others 2015;

Neilson and others 2017). Still, prokaryotic diver-

sity was limited by the extremely high levels of

aridity in Atacama (Skujins 1984).

Notably, Proteobacteria were clearly associated

with aridity, being the most abundant and diverse

bFigure 4. Relative effect (RII values; mean±CI (95%))

of Azorella cushion plants on soil parameters, total soil

DNA, abundance (qPCR) of microbial groups and diver-

sity of the main bacterial and fungal phyla. The effect of

Azorella is significant when bars do not cross the 0 line.

Data are organized along the X-axis from more arid (Lau

(Lauca), Ata (Atacama)) to more mesic sites (Far (Farel-

lones), Pai (Paine)).
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phylum in Atacama, in contrast to other studies in

the Atacama hyperarid region (Maza and others

2019), while Actinobacteria were dominant in

Paine, the most humid site in our gradient. This

result contrasts with previous reports showing a

higher abundance of Actinobacteria in soils from

arid sites (Neilson and others 2012; see also Man-

dakovic and others 2018 for the Atacama desert),

suggesting that this pattern might not always apply

to high-elevation systems. Our results are, how-

ever, in agreement with a global meta-analysis,

showing that Actinobacteria is the dominant phy-

lum in soils of the Southern Hemisphere (Delgado-

Baquerizo and others 2018). Regarding soil fungi,

Ascomycota was the dominant group in all sites,

with a trend of increasing abundance with aridity.

Mean annual precipitation has been previously

described as the main predictor of fungal diversity

(Tedersoo and others 2014), but a clear effect of

aridity on fungal abundance or diversity was not

found in this study.

Remarkably, the yeast Naganishia friedmannii

(Basidiomycota) which was found associated with

aridity in our study has been reported as the

dominant taxa in eukaryotic communities in vol-

canoes over an altitude of 6000 m in Atacama

(Schmidt and others 2017). The microfungi Thele-

bolus globosus, associated with aridity, as well as the

yeasts Guehomyces pullulans and Mrakia frigida

which were driven mainly by mean temperature,

have also been previously found in Antarctic and

high-elevation soils (Margesin and others 2002;

Furbino and others 2014; Cavello and others 2017).

Interestingly, despite the high UV-B radiation

and aridity levels, bare soils in Lauca presented the

highest values of total soil DNA concentration,

diversity and abundance of the three studied

microbial groups. It is generally accepted that

exposure to high levels of solar UV-B radiation can

have a negative effect on microbial biomass and

activity (Björn 2002; Johnson and others 2002;

Bornman and others 2015), but microorganisms’

susceptibility to UV-B varies greatly; thus, this re-

sult deserves further investigation. UV-B radiation

was a particularly important predictor for fungal

taxa, suggesting a higher sensitivity of fungi than

bacteria to UV-B radiation (Duguay and Klir-

onomos 2000; Björn 2002), although a recent re-

port suggests that UV-B influences bacterial

communities globally (Delgado-Baquerizo and

others 2019). Besides its mutagenic effect, UV-B

radiation also acts as a photomorphogenic clue in

fungi, inducing sporulation in many species (Paul

and Gwynn-Jones 2003) which could explain, at

least partially, our results.

Taken together, our results suggest that Azorella,

along with aridity and UV-B radiation, are the

major drivers of the distribution, composition and

diversity of soil microbial communities in the

studied ecosystems of the Chilean Andes. These

high-elevation ecosystems are unique, vulnerable

habitats that might hold a yet undescribed exclu-

sive diversity of soil microbes. This work con-

tributes to understanding the factors driving the

composition of microbial communities, particularly

the role of cushion plants, which is of utmost

importance for preserving the functionality of

high-elevation ecosystems threatened by climate

change.
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Mihoč MAK, Giménez-Benavides L, Pescador DS, Sánchez AM,

Cavieres LA, Escudero A. 2016. Soil under nurse plants is

always better than outside: a survey on soil amelioration by a

complete guild of nurse plants across a long environmental

gradient. Plant and Soil 408: 31–41.

Minor MA, Babenko AB, Ermilov SG, Khaustov,AA, Makarova

OL. 2016. Effects of cushion plants on high-altitude soil

microarthropod communities: cushions increase abundance

and diversity of mites (Acari), but not springtails (Collem-

bola). Arctic, Antarctic, and Alpine Research 48: 485-500.

Molenda O, Reid A, Lortie CJ. 2012. The alpine cushion plant

Silene acaulis as foundation species: a bug’s-eye view to facil-

itation and microclimate. PLoS One 7: e37223

Molina-Montenegro MA, Badano EI, Cavieres LA. 2006. Cush-

ion plants as microclimatic shelters for two ladybird beetles

species in alpine zone of central Chile. Arctic, Antarctic, and

Alpine Research 38: 224-227.

Montesinos-Navarro A, Valiente-Banuet A, Verdú M. 2019.
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