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Summary

� Lichens play crucial roles in sustaining the functioning of terrestrial ecosystems; however,

the diversity and ecological factors associated with lichenised soil fungi remain poorly under-

stood.
� To address this knowledge gap, we used a global field survey including information on fun-

gal sequences of topsoils from 235 terrestrial ecosystems.
� We identified 880 lichenised fungal phylotypes across nine biomes ranging from deserts to

tropical forests. The diversity and proportion of lichenised soil fungi peaked in shrublands and

dry grasslands. Aridity index, plant cover and soil pH were the most important factors associ-

ated with the distribution of lichenised soil fungi. Furthermore, we identified Endocarpon,

Verrucaria and Rinodina as some of the most dominant lichenised genera across the globe,

and they had similar environmental preferences to the lichenised fungal community. In addi-

tion, precipitation seasonality and mean diurnal temperature range were also important in

predicting the proportion of these dominant genera. Using this information, we were able to

create the first global maps of the richness and proportion of the dominant genera of

lichenised fungi.
� This work provides new insight into the global distribution and ecological preferences of

lichenised soil fungi, and supports their dominance in drylands across the globe.

Introduction

Lichenised fungi, those that live symbiotically with green algal
and/or cyanobacterial partners, account for c. 20% of total fungi
worldwide (Wang et al., 2014). These organisms usually have
slow growth rates, and occupy a range of terrestrial environments
(Bowker et al., 2016; Wang et al., 2020). Most lichen symbiosis
pursues similar lifestyles to those of plants as they can perform
photosynthesis by autotrophic carbon dioxide fixation of symbi-
otic partners (Will-Wolf et al., 2004). These lichens are also
important components of biocrusts, where they play vital roles in
mediating terrestrial ecosystem functions such as nutrient cycling,
hydrology, habitat provision, soil stability and aggregation, and
climate regulation (Rosentreter et al., 2016; Asplund & Wardle,
2017; Moreno-Jim�enez et al., 2020). Previous studies had
reported the distribution and ecology of lichenised soil fungi in
some regions of the world (Will-Wolf et al., 2004; Grube &
Wedin, 2016; Chiva et al., 2019); however, the major environ-
mental factors associated with the global-scale distributions of
these important organisms remain poorly known. Given their
importance for structuring lichens and therefore moderating
ecosystem functions and processes, a better understanding of

global distribution of lichenised soil fungi is required if we are to
prioritise ecosystem-level conservation and management efforts.

Exploring ecological drivers of lichenised soil fungi is essential
to improve our prediction of these important organisms, and
therefore preserve their ecosystem functions. Regional studies
have suggested that the diversity and distribution of lichenised
soil fungi could be regulated by multiple ecological factors such
as climate, topography, soil properties, and competition with vas-
cular plants (Will-Wolf et al., 2004; Bowker et al., 2016; Sahu
et al., 2019). Temperature and precipitation are considered the
key drivers that structure soil-inhabiting lichenised fungi (Alatalo
et al., 2017; Van�curov�a et al., 2018; V�etrovsk�y et al., 2019;
Vo�r�ı�skov�a et al., 2019). For example, the timing, frequency, and
size of precipitation events had been shown to affect the diversity
of lichenised fungi (Bowker et al., 2016; Barnes et al., 2018).
These climate changes ultimately regulate moisture availability,
which is particularly important for the development of lichen
symbiosis (Bowker et al., 2016; Ding & Eldridge, 2020). How-
ever, despite a general understanding of climate effects on
lichenised soil fungi, we still have a poor understanding of how
climate drives the distribution of these soil organisms at the large
global scale.
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Lichenised soil fungi are also known to be influenced by soil
physical and chemical properties (Ochoa-Hueso et al., 2011;
Payette & Delwaide, 2018). Numerous studies have suggested
the importance of soil texture, pH and nutrient availability in
driving the distribution patterns of lichenised soil fungi at small
or regional scales (Bowker et al., 2006; Li et al., 2017; Kubiak &
Osyczka, 2020). For example, lichen communities are found
widely in soils with pH ranging from neutral to alkaline. Con-
versely, lichens could influence underlying soil properties, which
in turn feed back upon lichenised soil fungi (van Zuijlen et al.,
2020). In addition, adjacent vascular plants can also influence
lichen symbiosis through their effects on soil properties and
lichen development, and competition for resources (e.g. space
and light) (Armstrong & Welch, 2007; O’Bryan et al., 2009;
Bowker et al., 2016; Gauslaa et al., 2020). Increasing plant litter
cover could reduce light that reaches the soil surface and therefore
the available lichen habitat (Bowker et al., 2005). Together, these
ecological factors may alter the spatial distribution of lichenised
soil fungi, but the relative importance of these factors for their
global occurrence has not been well explored.

Our study aimed to explore the distributional patterns and
ecological drivers of lichenised fungi in soil at a global scale. To
achieve this aim, we used data from a global field survey of 235
natural ecosystems from nine biomes across six continents. The
sampling sites included a wide range of vegetation, climate and
soil types, and covered c. 73% of the environmental conditions
found on Earth (Delgado-Baquerizo et al., 2020). We expected
to detect distinct patterns of lichenised soil fungal distribution,
driven by various environmental parameters, across different
biomes worldwide. To do this, we characterised the distribution
of lichenised fungal diversity in the soil across the globe using
internal transcribed spacer (ITS) amplicon sequencing. We then
explored the relationship among diversity, relative abundance
and environmental factors. Finally, we identified dominant gen-
era across global soils and potential predictors of their distribu-
tion. The associations among lichenised soil fungi and ecological
drivers allowed us to predict how their diversity and relative
abundance might change, and therefore create global maps of
their richness and the distribution of main genera.

Materials and Methods

Study areas and environmental conditions

We used a dataset from a global field survey (Egidi et al., 2019)
(https://figshare.com/s/9772d31625426d907782) to identify the
distribution and ecological drivers of lichenised fungi in soils
worldwide. Briefly, composite bulk soils (0–7.5 cm depth) under
the dominant vegetation were collected from 235 sites (Support-
ing Information Fig. S1) located in 18 countries across six conti-
nents and nine biomes (temperate, tropical and dry forests, cold,
temperate, tropical and arid grasslands, shrubland and boreal
forests). The selected sites represented a wide range of environ-
mental gradients including climate, soil and vegetation types. For
example, mean annual temperature and precipitation seasonality
in these locations ranged from �11.4°C to 26.5°C and 7–127%,

respectively. Here we mainly targeted lichenised soil fungi from
different biomes across the globe. Although lichens may not be
present in every single soil samples, the species associated with
lichenised fungi in the soil were analysed. The composite soil
samples were comprised of 10–15 soil cores. Collected soils were
homogenised and sieved through an ethanol-cleaned 2.0 mm
sieves. One subsample was stored at �20°C for molecular analy-
sis, and the rest of the soil was air dried for physicochemical anal-
yses. Soil pH was measured with a pH meter in a 1 : 2.5 (w/w)
soil : water mixture. Soil organic carbon (SOC) was measured
according to the potassium dichromate oxidation method
(Anderson & Ingram, 1993). Climate variables including mean
annual temperature, precipitation seasonality and mean diurnal
temperature range were collected from the WorldClim database
(https://www.worldclim.org). The aridity index (precipitation/
potential evapotranspiration) for each location was obtained from
the Global Potential Evapotranspiration database (Zomer et al.,
2008), using interpolations from the WorldClim database. Lower
values of aridity index indicated more hot/dry conditions, and
higher values indicated cool/wet conditions. Plant cover (2001–
2015) was obtained by remote sensing data from the Moderate
Resolution Imaging Spectroradiometer at a c. 1 km resolution
(Hijmans et al., 2005).

Analyses of lichenised soil fungal community

Total microbial DNA was isolated from freeze-dried soil using
the MoBio Power Soil DNA Isolation Kit (MoBio Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Soil fungal communities were analysed by targeting ITS
region 2 using primers FITS7 (GTGARTCATCGAATCTTTG)
and ITS4 (TCCTCCGCTTATTGATATGC) and an Illumina
MiSeq platform (29 300 PE). The primers were modified with
unique 8-bp Multiplex Identifier (MID) tags and adaptors.
Bioinformatic processing was performed using a combination of
USEARCH and UNOISE as previously described (Egidi et al., 2019).
Operational taxonomic units (OTUs) were partitioned at 97%
similarity thresholds using UNOISE (Edgar, 2013). Fungal taxon-
omy was then annotated against the UNITE fungal database
(v.7.2) and produced an OTU (phylotype) table (K~oljalg et al.,
2005). Lichenised fungal communities were identified based on
the resulting OTU table using the FUNGuild database (http://
www.stbates.org/guilds/app.php) (Nguyen et al., 2016). We only
included the lichenised fungal OTU (phylotype) with single
trophic mode for downstream analyses, as the majority of mixed
trophic modes (lichenised fungi and parasite) were unclassified. A
complete list of the potential lichenised fungal phylotype in soils
can be found in Table S1. The relative abundance of the
lichenised fungi was calculated using the rarefied OTU table, as
the sum of the relative abundance (%) of all the fungal
sequences.

Statistical analyses

We used random forest models to identify those statistically sig-
nificant (P < 0.05) predictors (Archer, 2016) of the richness of
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lichenised fungi and the proportion of dominant genera across
the globe. This approach enabled us to identify the importance
of each predictor variable by evaluating the decrease in prediction
accuracy as previously described (Delgado-Baquerizo et al.,
2018a,b). Increases in the percentage of mean squared error
(MSE) were calculated to estimate the importance of factors con-
tributing to the richness and relative abundance of the dominant
lichenised fungal genera. Greater values of MSE% indicated a
greater importance of variables. These analyses were conducted
using the RFPERMUTE package of the R statistical software (http://
cran.r-project.org/). The variables included in the models were
spatial (spatial dissimilarity and elevation), climate (mean annual
temperature, aridity index, mean diurnal temperature range and
precipitation seasonality), soil properties (pH, SOC and texture),
and vegetation (ecosystem type and plant cover). The most com-
mon vegetation types (forests and grasslands) were included in
the model as categorical variables with two levels: 1 (a given
ecosystem type, that is forests or grasslands) and 0 (remaining
ecosystem types). We also conducted Spearman correlation anal-
yses to evaluate the associations between climate, vegetation, soil
properties and the richness and relative abundance of the domi-
nant lichenised fungal genera (top 10% in the relative abundance
and occur in > 30% of all the surveyed locations). In parallel, we
conducted a permutational multivariate analysis of variance to
evaluate the effect of these environmental variables on the com-
munity structure of lichenised fungi using the adonis2 function
in the VEGAN package of R with 1000 permutations.

Mapping the global distribution of lichenised fungi in soil

We used the prediction-oriented regression model Cubist to
define the potential distribution of the richness and main genera
of lichenised soil fungi across the globe, and these analyses were
conducted using R package CUBIST (Kuhn et al., 2016). The
Cubist model uses a regression tree analysis to generate a set of
hierarchical rules using information on environmental covariates
from the 235 sampling locations. Covariates in our models
included the 12 environmental parameters that were used in the
analyses of random forest and correlations as described above.
Global predictions of the distribution of lichenised fungal rich-
ness and the proportion of dominant genera were done on a
259 25 km resolution grid. Soil properties for this grid across
the globe were obtained from Soil Grids (Hengl et al., 2017).
Global information on vegetation types in this study (grasslands
and forests) was obtained using the Globcover2009 map from
the European Space Agency. Global climate parameters were
obtained from the WorldClim database (www.worldclim.org)
and NASA satellites (https://neo.sci.gsfc.nasa.gov).

Results

Diversity and distribution of lichenised soil fungi across the
globe

Based on amplicon sequencing of ITS markers and subsequent
functional predictions of obtained fungal OTUs, we identified a

total of 880 fungal phylotypes as lichenised soil fungi in our
global survey. Almost all (99.8%) of lichenised fungi belonged to
Ascomycota, with a few Basidiomycota. Lichenised fungal orders
with the highest relative abundances included Verrucariales, fol-
lowed by Caliciales and Teloschistales (Fig. 1a). We detected the
presence of lichenised soil fungi at 95% of surveyed locations
(Fig. 1b), with substantial variation in richness across the sites.
Most locations had a small number of lichenised fungal phylo-
types, but some exhibited high levels of richness. Furthermore,
shrublands (mostly drylands) and dry grasslands had much
greater richness and relative abundance compared with other
biomes (Fig. 1c,d). Conversely, less diverse lichenised fungi were
detected in the soil of cold forests or boreal forests. The distribu-
tion of lichenised fungi in soils differed markedly across conti-
nents (Figs S2, 3a,b), although the average proportion in the
global soils was relatively low (2.21% of all the fungal sequences).
Consistently, the highest richness and relative abundance were
found in Africa.

Ecological factors associated with the global distribution of
lichenised soil fungi

Our random forest analyses indicated that aridity index, soil pH
and plant cover were the most important predictors of lichenised
fungal richness, although other ecological factors such as spatial
scale, ecosystem type and soil property, were also important
(Fig. 2a). Furthermore, we found that the richness of lichenised
soil fungi had significant environmental preferences. For exam-
ple, richness was strongly negatively related to aridity index and
plant cover, but positively related to soil pH (Fig. 2b). We also
observed significant associations among the richness of lichenised
fungi and other environmental parameters such as elevation,
mean diurnal temperature range and ecosystem type (forests and
grasslands) (Table S2). In particular, most of the ecological fac-
tors associated with the richness were also correlated with the rel-
ative abundance of the lichenised soil fungi. Moreover, we
observed significant effects of environmental parameters on the
community composition of lichenised soil fungi (Fig. S4), with
aridity index and plant cover as the most important factors
explaining variations.

Dominant genera of lichenised fungi in the soil

We identified Endocarpon, Verrucaria and Rinodina as the glob-
ally dominant lichenised fungal genera (top 10% in relative
abundance, and occurring in > 33% of all sites) (Fig. 3a). These
dominant genera were affiliated with the families Verrucariaceae
and Physciaceae of Ascomycota, and comprised 27% of the total
fungal sequences classified as lichenised fungi. We found distinct
proportions of the dominant genera across both biomes and con-
tinents (Fig. 3b,c), with the greatest relative abundance in dry
grassland and Africa, respectively. However, the relative abun-
dance of the three dominant genera varied across biomes and
continents (Fig. S5a,b). For example, we found higher propor-
tions of Endocarpon and Verrucaria in drylands (dry forests, dry
grasslands and shrublands) compared with those in boreal and
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cold forests. We then sought to identify the potential predictors
of the distribution of dominant lichenised fungal taxa using a
combination of random forest and correlation analysis. The
results consistently indicated that pH was the most important
factor associated with the relative abundance of Verrucaria, while
seasonal precipitation was the only significant predictor of the rel-
ative abundance of Rinodina (Fig. S6a). There were no significant
predictors of Endocarpon based on the random forest analysis;
although their relative abundance was significantly correlated
with multiple soil properties and climatic attributes (Fig. S6b). In
addition, the relative abundance of the dominated lichenised gen-
era had significant associations with aridity index, pH and plant
cover (Fig. 4). This information allowed us to map the global dis-
tribution of the richness and proportion of dominant lichenised
soil fungi (i.e. Verrucaria and Endocarpon) (Fig. 5). Our results
were in accordance with results of those of our multivariate analy-
ses, and identified drylands as the most important hotspots of
lichenised fungal biodiversity.

Discussion

A large body of knowledge indicates that soil lichenised soil fungi
play important roles in sustaining multiple terrestrial ecosystem
functions (Bowker et al., 2016; van Zuijlen et al., 2020; Wang
et al., 2020), but the drivers of their global distribution are poorly
known. Our study presents a novel assessment of the global dis-
tribution of lichenised soil fungi based on high-throughput
sequencing of ITS markers. Our results indicated that aridity, soil
pH and plant cover are the most important factors influencing
their global distribution, allowing us to generate the first global

maps of the richness and of the dominant genera of lichenised
fungi in soil. We therefore deciphered the major environmental
factors at a global scale associated with distributions of lichenised
soil fungi. Our identified environmental preferences and pre-
dicted maps pave the way for a greater understanding of the
global diversity and major drivers of this important group of
organisms on Earth.

Consistent with our current understanding of fungal commu-
nity composition, lichenised soil fungi were dominated by
Ascomycota, the most ubiquitous fungal taxa globally (Tedersoo
et al., 2014; Egidi et al., 2019). In addition, we identified major
orders and genera of lichenised fungi in soil at a global scale that
could be key drivers of the ecosystem functions they sustain.
Important, we characterised their distribution across different
biomes and continents, and found that the global distribution of
lichenised soil fungi was highly variable. Our results are in accor-
dance with previous studies indicating the relatively high richness
of lichenised fungi in Europe and Africa, but relatively low rich-
ness in South America (Will-Wolf et al., 2004; Bowker et al.,
2016; Rodriguez-Caballero et al., 2018). Disjunct global distri-
bution patterns of lichenised soil fungi are likely to be related to
distinct climatic characteristics across continents (Will-Wolf
et al., 2004; Tedersoo et al., 2014; Alatalo et al., 2017; Smith
et al., 2020). For example, Africa had relatively high annual mean
temperature and aridity (i.e. low aridity index, Fig. S7), which
may promote a more diverse lichen flora that generally prefers
arid conditions or relies on nonrainfall inputs of moisture (dew)
for survival (Lalley & Viles, 2008; Asplund & Wardle, 2017;
Rodriguez-Caballero et al., 2018). This is also supported by the
strong negative associations between aridity index and the
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Fig. 1 Diversity and distribution of lichenised
soil fungi. (a) Taxonomic information on the
proportions (relative to total fungal
sequences) of orders across all sites.
(b) Distribution of the richness of total
lichenised fungi from the 235 ecosystems
surveyed. (c) Mean values (� SE) for the
richness of lichenised fungi across nine
biomes, including shrublands (n = 15),
drylands (n = 42), dry forests (n = 60),
tropical forests (n = 7), cold grasslands
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(n = 27). (d) Mean values (� SE, with the
same sample number as used for the richness
calculation) for the relative abundance
(relative to total fungal sequences) of
lichenised fungi across different biomes.
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richness and relative abundance of lichenised soil fungi, based on
our combined analyses of random forest and correlation (Fig. 2;
Table S2). Strikingly, we observed extremely low diversity of
lichenised soil fungi in humid areas (e.g. aridity index greater
than 0.5), and this was consistent with the sporadic distribution
of the dominant genera in areas of high rainfall. High aridity
could limit the development of vascular plants, giving lichen
symbiosis a competitive advantage over vascular plants, unlike
the humid areas where lichens are unable to cope with high levels

of litter cover (Ding & Eldridge, 2020). Our observations were
also consistent with the results of recent studies of the habitat
preferences of dominant Ascomycota and cyanobacteria in dry-
lands (Egidi et al., 2019; Cano-D�ıaz et al., 2020). Consequently,
there were more diverse lichenised soil fungi and greater cover in
drylands (shrublands and dry grasslands) compared with those in
boreal forests. Arid and semiarid environments typically have a
greater cover of bare soil, which provides opportunities for lichen
colonisation and development. Furthermore, sparse plant cover

(a)

(b)

** ** **

Fig. 2 Environmental factors associated with
the richness of lichenised fungi. (a) Random
forest (RF) analyses identifying the
importance of potential predictors of
lichenised fungal richness. RF Importance =
Increase in % mean square error. Coloured
and white columns represent P < 0.05 and
P > 0.05, respectively. MAP, mean annual
precipitation; MAT, manual mean
temperature; MDR, mean diurnal
temperature range; PSEA, temperature
precipitation seasonality; SOC, soil organic
carbon; TSEA, temperature seasonality. The
aridity index, precipitation/potential
evapotranspiration, and lower values of
aridity index indicate higher aridity.
(b) Relationships between main
environmental predictors and the richness of
lichenised fungi in soils across the globe.
**, P < 0.01.
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in drylands allows sites to receive more sunlight, which would
probably support a lichenised fungal community through
enhanced photosynthesis of their symbiotic partners (Sahu et al.,
2019). Finally, relatively less plant litter in arid environments
would have a lower suppressive effect (e.g. reducing light expo-
sure) on lichen functions such as respiration (Ding & Eldridge,
2020). Together, this evidence provides strong support for the
notion that aridity plays a significant role in influencing the
global distribution of lichenised soil fungi. We acknowledge,
however, that alternate wetting and drying may also be important
for lichen development (Rogers, 1971). As aridity is a measure-
ment of temperature and precipitation patterns, changes in arid-
ity, predicted by current global change models suggest that the
distribution of lichenised soil fungi is likely to change over the
next century. Given the relationship between aridity and vascular
plant cover (Fig. S8), we might expect interactive effects on
lichenised soil fungi due to a combination of altered climate and
vascular plant vegetation.

Our combined analyses indicate an overriding importance of
soil properties as global drivers of lichenised fungi. Of particular
importance was soil pH, specifically high pH, which is probably
the most important soil variable regulating their richness and rel-
ative abundance (Bowker et al., 2016). Our results are consistent
with numerous studies highlighting the crucial role of soil pH in
regulating the geographic distribution of both biocrusts and soil
microbial communities (Root & McCune, 2012; Tedersoo et al.,
2014; Bowker et al., 2016; Fierer, 2017; Cano-D�ıaz et al., 2020).
This effect might be related to the physiology of lichenised fungi
(Ochoa-Hueso et al., 2011), although underlying mechanisms
are yet to be fully explored. In addition, soil texture is an impor-
tant predictor of global distribution of lichenised soil fungi, and

is consistent with the results of recent studies conducted at small
spatial scales (Bowker et al., 2016; Ding & Eldridge, 2020).
However, soil carbon could play a relatively less important role in
driving the distribution of lichenised soil fungi due to
autotrophic photosynthesis of their symbiotic partners. These
findings advance our understanding of the roles of soil properties
in global distribution of lichenised soil fungi.

Our study also indicated that the distribution of the lichenised
fungi in soil was correlated with vegetation, although the mecha-
nisms underpinning this relationship are likely to be complicated.
The observed environmental preferences of lichenised soil fungi
suggested the potential role of plant cover in regulating their rich-
ness and relative abundance. More diverse and abundant
lichenised soil fungi mainly occurred in the sites with less than
30% plant cover (Figs 2, 4). These observations were consistent
with previous studies highlighting the negative effects of plant
canopies on soil lichens through changing microenvironments
such as light, moisture and temperature (Bowker et al., 2016).
For example, increasing plant litter may reduce light exposure
and suppress lichenised fungal metabolisms (e.g. photosynthesis
and respiration) (Ding & Eldridge, 2020). However, recent stud-
ies have indicated that small amounts of litter may advantage
lichenised fungi by buffering environmental stress (e.g. drought
and heat) (Serpe et al., 2013; Belnap et al., 2016). Plant cover
also plays roles in sustaining soil stability and fertility (Maestre,
2003; O’Bryan et al., 2009; Bowker et al., 2016) and, therefore,
has positive effects on the development of lichenised symbiosis.
Conversely, an extensive cover of lichen-forming biocrusts may
benefit adjacent vascular plants by increasing the availability of
runoff water and by reducing evaporation (Eldridge et al., 2020).
Consequently, the net effect of competition and facilitation is the

**

**

** ** **

** **

** **

Fig. 4 Environmental preferences (aridity,
pH, and plant cover) of dominant lichenised
fungal genera in soil. Significant (P < 0.05)
Spearman correlation coefficients are shown
in the upper part of each panel. **, P < 0.01.
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co-occurrence of lichen symbiosis and vascular plants. Competi-
tive effects are important for structuring lichen communities at a
global scale, as lichen symbiosis may confer a competitive advan-
tage and promote stability (Rogers, 1971; Bowker et al., 2016;
van Zuijlen et al., 2020; Veres et al., 2020). However, drought
conditions may favour lichen development over vascular plants in
drylands and give greater tolerance by lichens to extreme dryness,
light and temperature (Belnap, 2006; Ding & Eldridge, 2020).
We also noted that plant cover was related to plant type, suggest-
ing the important of ecosystem type (e.g. forests and grassland)
for the occurrence of lichenised soil fungi, as observed in this
study. Compared with grasslands and shrublands, there would be
greater competition for light in forests, thereby negatively affect-
ing lichenised fungi in soil.

Our work identified the major environmental factors associ-
ated with the richness and proportion of lichenised soil fungi at a
global scale. This predictive knowledge allowed us to generate the
first global atlas of the distribution of lichenised soil fungi world-
wide. Our maps highlighted locations from Western America,
Chile and Bolivia, Southern Spain, North and South Africa,
China and Australia as major hotspots for the diversity of

lichenised soil fungi. All these locations have previously been
highlighted as important regions supporting lichen communities
(Will-Wolf et al., 2004; Bowker et al., 2016). However, a stan-
dardised global map highlighting the global distribution of these
organisms has until now been unavailable. Our results suggested
that the dominant lichenised fungal genera had similar ecological
preferences as the whole lichenised fungal community across the
globe. Consistently, aridity, soil pH and plant cover could be
important factors associated with the global distribution of these
dominant taxa. These results were in agreement with most previ-
ous studies suggesting that the dominant taxa parallel patterns of
whole soil microbial communities (Delgado-Baquerizo et al.,
2018a,b). However, our results do not provide high-resolution
information on the fine-scale distributions of lichenised soil
fungi, which could be affected by factors not included in our
analyses, such as microclimatic variations. More detailed infor-
mation can be found in the map uncertainties (Fig. S9). There-
fore, future work should identify more potential environmental
factors associated with lichenised soil fungi worldwide.

The relative abundance of the dominant lichenised soil fungi
sharply increased along elevated aridity (i.e. index lower than
0.5), which could be related to their physiological tolerance to
harsh conditions. For example, Endocarpon was found to have
genes involved in homothallic reproduction and drought toler-
ance based on the genomic analysis (Wang et al., 2014), and
Verrucaria can develop a strategy for overcoming extreme envi-
ronments through its endolithic growth (Garvie et al., 2008).
However, the results of random forest analysis revealed distinct
predictors for the different dominant genera. For example, pH is
important in predicting the relative abundance of Verrucaria and
Endocarpon, but not Rinodina. We found that precipitation sea-
sonality is a potential predictor of Rinodina, suggesting that it is
sensitive to changes in seasonal precipitation, similar to lichenised
fungi in general (Bowker et al., 2016; Veres et al., 2020). While
fluctuations in seasonal precipitation might favour some
lichenised taxa (Lange, 1953; Rogers, 1971), high levels of hydra-
tion, particularly at high temperatures, are known to reduce pho-
tosynthetic levels of lichen symbiosis despite their high
respiration (Rogers, 1971). Such knowledge advances our under-
standing of the ecological drivers of dominant lichenised fungi
worldwide and, therefore, helps to improve our predictions and
management of these organisms across the globe.

Our survey is based on topsoil samples from across the globe,
which enabled us to characterise the diversity and community
composition of lichenised soil components at a global scale.
However, this study also has some limitations including the fact
that we only measured the lichenised soil fungi or that we used
FUNGuild to identify lichenised fungal taxa, which relied on
well described taxa. Further analyses including new taxonomic
information will expand our understanding of the classification
through DNA marker sequencing. In addition, our results could
not exclude free-living fungi in the soil, although lichenised fungi
are obligate symbiotic associations with their partners (Abed
et al., 2013). We also noted that the results from statistically anal-
yses may not reflect a real association of lichenised soil fungi with
environmental parameters. Therefore, future work needs to be
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done to clarify the effects of these factors on the distribution of
lichenised soil fungi, especially in the regions that are less well
studied such as Russia, China and Africa.

Collectively, our work provides novel insights into the global
diversity and distribution of lichenised soil fungi. We identified
environmental preferences of the richness and relative abundance
of major taxa of lichenised fungi across the global, which allowed
us create the first global maps of their distribution. In particular,
we underline the fact that aridity plays vital roles in driving the
prevalence of lichenised soil fungi at a global scale. Consequently,
projected global increases in aridity are likely to have profound
effects on their distribution and ecosystem functions. These
results also illustrate how environmental changes, including vege-
tation and soil properties, may substantially modify the commu-
nity diversity and distribution of global lichenised soil fungi. Our
work may have implications on improving the management of
lichenised fungi by identifying specific biomes and locations
where these taxa are an important component of the soil biodi-
versity.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (41877120). We also thank the Funda-
mental Research Funds for the Central Universities (programme
nos. 2662019PY010 and 2662019QD055), Natural Science
Fund of Hubei Province (2019CFA094). MD-B is supported by
a Ram�on y Cajal grant from the Spanish Government (agreement
no. RYC2018-025483-I). Microbial colonisation and distribu-
tion research in the BKS laboratory is supported by the Aus-
tralian Research Council (DP 190103714).

Author contributions

Y-RL and MD-B planned and designed the research. MD-B, JW,
BKS and X-MZ performed experiments and analysed the data.
The manuscript was written by Y-RL, DJE and MD-B with con-
tributions from all co-authors.

ORCID

Manuel Delgado-Baquerizo https://orcid.org/0000-0002-
6499-576X
David J. Eldridge https://orcid.org/0000-0002-2191-486X
Yu-Rong Liu https://orcid.org/0000-0003-1112-4255
Brajesh K. Singh https://orcid.org/0000-0003-4413-4185

References

Abed RMM, Al-Sadi AM, Al-Shehi M, Al-Hinai S, Robinson MD. 2013.

Diversity of free-living and lichenized fungal communities in biological soil

crusts of the Sultanate of Oman and their role in improving soil properties. Soil
Biology & Biochemistry 57: 695–705.

Alatalo JM, J€agerbrand AK, Chen S, Molau U. 2017. Responses of lichen

communities to 18 years of natural and experimental warming. Annals of
Botany 120: 159–170.

Anderson J, Ingram J. 1993. Tropical soil biology and fertility. A handbook of
methods, 2nd edn. Wallingford, UK: Oxford University Press.

Archer E. 2016. rfPermute: estimate permutation p-Values for random forest
importance metrics. R package v.1.5.2 [WWW document] URL https://cran.r-

project.org/web/packages/rfPermute/rfPermute.pdf [accessed 16 April 2021].

Armstrong RA, Welch AR. 2007. Competition in lichen communities. Symbiosis
43: 1–12.

Asplund J, Wardle DA. 2017.How lichens impact on terrestrial community and

ecosystem properties. Biological Reviews 92: 1720–1738.
Barnes CJ, van der Gast CJ, McNamara NP, Rowe R, Bending GD. 2018.

Extreme rainfall affects assembly of the root-associated fungal community. New
Phytologist 220: 1172–1184.

Belnap J. 2006. The potential roles of biological soil crusts in dryland hydrologic

cycles. Hydrological Processes 20: 3159–3178.
Belnap J, Weber B, B€udel B. 2016. Biological soil crusts as an organizing

principle in Drylands. In: Weber B, B€udel B, Belnap J, eds. Biological soil crusts:
an organizing principle in drylands. Cham, Switzerland: Springer, 3–13.

Bowker MA, Belnap J, Davidson DW, Phillips SL. 2005. Evidence for

micronutrient limitation of biological soil crusts: importance to arid-lands

restoration. Ecological Applications 15: 1941–1951.
Bowker MA, Belnap J, Davidson DW, Goldstein H. 2006. Correlates of

biological soil crust abundance across a continuum of spatial scales: support for

a hierarchical conceptual model. Journal of Applied Ecology 43: 152–163.
Bowker MA, Belnap J, B€udel B, Sannier C, Pietrasiak N, Eldridge DJ, Rivera-

Aguilar V. 2016. Controls on distribution patterns of biological soil crusts at

micro-to global scales. In: Weber B, B€udel B, Belnap J, eds. Biological soil crusts:
an organizing principle in drylands. Cham, Switzerland: Springer, 173–197.

Cano-D�ıaz C, Maestre FT, Eldridge DJ, Singh BK, Bardgett RD, Fierer N,

Delgado-Baquerizo M. 2020. Contrasting environmental preferences of

photosynthetic and non-photosynthetic soil cyanobacteria across the globe.

Global Ecology and Biogeography 29: 2025–2038.
Chiva S, Garrido-Benavent I, Moya P, Molins A, Barreno E. 2019.How did

terricolous fungi originate in the Mediterranean region? A case study with a

gypsicolous lichenized species. Journal of Biogeography 46: 515–525.
Delgado-Baquerizo M, Fry EL, Eldridge DJ, de Vries FT, Manning P, Hamonts

K, Kattge J, Boenisch G, Singh BK, Bardgett RD. 2018. Plant attributes

explain the distribution of soil microbial communities in two contrasting

regions of the globe. New Phytologist 219: 574–587.
Delgado-Baquerizo M, Oliverio AM, Brewer TE, Benavent-Gonz�alez A,

Eldridge DJ, Bardgett RD, Maestre FT, Singh BK, Fierer N. 2018. A global

atlas of the dominant bacteria found in soil. Science 359: 320–325.
Delgado-Baquerizo M, Reich PB, Bardgett RD, Eldridge DJ, Lambers H,

Wardle DA, Reed SC, Plaza C, Png GK, Neuhauser S et al. 2020. The
influence of soil age on ecosystem structure and function across biomes. Nature
Communications 11: 4721.

Ding J, Eldridge DJ. 2020. Biotic and abiotic effects on biocrust cover vary with

microsite along an extensive aridity gradient. Plant and Soil 450: 429–441.
Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial

amplicon reads. Nature Methods 10: 996–998.
Egidi E, Delgado-Baquerizo M, Plett JM, Wang J, Eldridge DJ, Bardgett RD,

Maestre FT, Singh BK. 2019. A few Ascomycota taxa dominate soil fungal

communities worldwide. Nature Communications 10: 2369.
Eldridge DJ, Reed S, Travers SK, Bowker MA, Maestre FT, Ding J, Havrilla C,

Rodriguez-Caballero E, Barger N, Weber B et al. 2020. The pervasive and
multifaceted influence of biocrusts on water in the world’s drylands. Global
Change Biology 26: 6003–6014.

Fierer N. 2017. Embracing the unknown: disentangling the complexities of the

soil microbiome. Nature Reviews Microbiology 15: 579–590.
Garvie LA, Knauth LP, Bungartz F, Klonowski S, Nash TH. 2008. Life in

extreme environments: survival strategy of the endolithic desert lichen

Verrucaria rubrocincta. Naturwissenschaften 95: 705–712.
Gauslaa Y, Goward T, Pypker T. 2020. Canopy settings shape elemental

composition of the epiphytic lichen Lobaria pulmonaria in unmanaged conifer

forests. Ecological Indicators 113: 106294.
Grube M, Wedin M. 2016. Lichenized fungi and the evolution of symbiotic

organization.Microbiol Spectrum 4: FUNK-0011-2016.

New Phytologist (2021)
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist8

https://orcid.org/0000-0002-6499-576X
https://orcid.org/0000-0002-6499-576X
https://orcid.org/0000-0002-6499-576X
https://orcid.org/0000-0002-2191-486X
https://orcid.org/0000-0002-2191-486X
https://orcid.org/0000-0002-2191-486X
https://orcid.org/0000-0003-1112-4255
https://orcid.org/0000-0003-1112-4255
https://orcid.org/0000-0003-1112-4255
https://orcid.org/0000-0003-4413-4185
https://orcid.org/0000-0003-4413-4185
https://orcid.org/0000-0003-4413-4185
https://cran.r-project.org/web/packages/rfPermute/rfPermute.pdf
https://cran.r-project.org/web/packages/rfPermute/rfPermute.pdf


Hengl T, Mendes de Jesus J, Heuvelink GBM, Ruiperez Gonzalez M, Kilibarda

M, Blagoti�c A, Shangguan W, Wright MN, Geng X, Bauer-Marschallinger B

et al. 2017. SoilGrids250m: global gridded soil information based on machine

learning. PLoS One 12: e0169748.
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high

resolution interpolated climate surfaces for global land areas. International
Journal of Climatology 25: 1965–1978.

K~oljalg U, Larsson K-H, Abarenkov K, Nilsson RH, Alexander IJ, Eberhardt U,

Erland S, Høiland K, Kjøller R, Larsson E et al. 2005. UNITE: a database

providing web-based methods for the molecular identification of

ectomycorrhizal fungi. New Phytologist 166: 1063–1068.
Kubiak D, Osyczka P. 2020. Non-forested vs forest environments: the effect of

habitat conditions on host tree parameters and the occurrence of associated

epiphytic lichens. Fungal Ecology 47: 100957.
Kuhn M, Weston S, Keefer C, Coulter N, Quinlan R. 2016. Cubist: rule-and
instance-based regression modeling. R package v.0.0.19. [WWW document]

URL https://cran.r-project.org/web/packages/Cubist/index.html [accessed 16

April 2021].

Lalley JS, Viles HA. 2008. Recovery of lichen-dominated soil crusts in a hyper-

arid desert. Biodiversity and Conservation 17: 1–20.
Lange OL. 1953.Hitze- und Trockenresistenz der Flechten in Beziehung zu ihrer

Verbreitung. Flora oder Allgemeine Botanische Zeitung 140: 39–97.
Li XR, Song G, Hui R, Wang ZR. 2017. Precipitation and topsoil attributes

determine the species diversity and distribution patterns of crustal communities

in desert ecosystems. Plant and Soil 420: 163–175.
Maestre FT. 2003. Small-scale spatial patterns of two soil lichens in semi-arid

Mediterranean steppe. Lichenologist 35: 71–81.
Moreno-Jim�enez E, Ochoa-Hueso R, Plaza C, Ace~na-Heras S, Flagmeier M,

Elouali FZ, Ochoa V, Gozalo B, L�azaro R, Maestre FT. 2020. Biocrusts buffer

against the accumulation of soil metallic nutrients induced by warming and

rainfall reduction. Communications Biology 3: 325.
Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, Schilling JS,

Kennedy PG. 2016. FUNGuild: an open annotation tool for parsing fungal

community datasets by ecological guild. Fungal Ecology 20: 241–248.
O’Bryan KE, Prober SM, Lunt ID, Eldridge DJ. 2009. Frequent fire promotes

diversity and cover of biological soil crusts in a derived temperate grassland.

Oecologia 159: 827–838.
Ochoa-Hueso R, Hernandez RR, Pueyo JJ, Manrique E. 2011. Spatial

distribution and physiology of biological soil crusts from semi-arid central

Spain are related to soil chemistry and shrub cover. Soil Biology and
Biochemistry 43: 1894–1901.

Payette S, Delwaide A. 2018. Tamm review: The North-American lichen

woodland. Forest Ecology and Management 417: 167–183.
Rodriguez-Caballero E, Belnap J, B€udel B, Crutzen PJ, Andreae MO, P€oschl U,

Weber B. 2018. Dryland photoautotrophic soil surface communities

endangered byglobal change. Nature Geoscience 11: 185–189.
Rogers RW. 1971. Distribution of the lichen Chondropsis semiviridis in relation

to its heat and drought resistance. New Phytologist 70: 1069–1077.
Root HT, McCune B. 2012. Regional patterns of biological soil crust lichen

species composition related to vegetation, soils, and climate in Oregon, USA.

Journal of Arid Environments 79: 93–100.
Rosentreter R, Eldridge DJ, Westberg M, Williams L, Grube M. 2016.

Structure, composition, and function of biocrust lichen communities. In:

Weber B, B€udel B, Belnap J, eds. Biological soil crusts: an organizing principle in
drylands. Cham, Switzerland: Springer, 121–138.

Sahu N, Singh SN, Singh P, Mishra S, Karakoti N, Bajpai R, Behera SK,

Nayaka S, Upreti DK. 2019.Microclimatic variations and their effects on

photosynthetic efficiencies and lichen species distribution along elevational

gradients in Garhwal Himalayas. Biodiversity and Conservation 28: 1953–1976.
Serpe MD, Roberts E, Eldridge DJ, Rosentreter R. 2013. Bromus tectorum litter

alters photosynthetic characteristics of biological soil crusts from a semiarid

shrubland. Soil Biology & Biochemistry 60: 220–230.
Smith RJ, Jovan S, McCune B. 2020. Climatic niche limits and community-level

vulnerability of obligate symbioses. Journal of Biogeography 47: 382–395.
Tedersoo L, Bahram M, P~olme S, K~oljalg U, Yorou NS, Wijesundera R, Ruiz

LV, Vasco-Palacios AM, Thu PQ, Suija A et al. 2014. Global diversity and
geography of soil fungi. Science 346: 1256688.

Van�curov�a L, Muggia L, Peksa O, �R�ıdk�a T, �Skaloud P. 2018. The complexity of

symbiotic interactions influences the ecological amplitude of the host: a case

study in Stereocaulon (lichenized Ascomycota).Molecular Ecology 27: 3016–
3033.

Veres K, Farkas E, Csintalan Z. 2020. The bright and shaded side of duneland

life: the photosynthetic response of lichens to seasonal changes is species-

specific.Mycological Progress 19: 629–641.
V�etrovsk�y T, Kohout P, Kopeck�y M, Machac A, Man M, Bahnmann BD,

Brabcov�a V, Choi J, Mesz�aro�sov�a L, Human ZR et al. 2019. A meta-analysis

of global fungal distribution reveals climate-driven patterns. Nature
Communications 10: 5142.

Vo�r�ı�skov�a J, Elberling B, Priem�e A. 2019. Fast response of fungal and

prokaryotic communities to climate change manipulation in two contrasting

tundra soils. Environmental Microbiome 14: 6.
Wang Y-Y, Liu B, Zhang X-Y, Zhou Q-M, Zhang T, Li H, Yu Y-F, Zhang X-L,

Hao X-Y, Wang M et al. 2014. Genome characteristics reveal the impact of

lichenization on lichen-forming fungus Endocarpon pusillumHedwig

(Verrucariales, Ascomycota). BMC Genomics 15: 34.
Wang Y, Wei X, Bian Z, Wei J, Xu J-R. 2020. Coregulation of dimorphism and

symbiosis by cyclic AMP signaling in the lichenized fungus Umbilicaria
muhlenbergii. Proceedings of the National Academy of Sciences, USA 117: 23847–
23858.

Will-Wolf S, Hawksworth DL, McCune B, Rosentreter R, Sipman HJ. 2004.

Lichenized fungi. In: Mueller GM, Bills GF, Foster MS, eds. Biodiversity of
fungi: inventory and monitoring methods. Elsevier Academic Press, 173–195.

Zomer RJ, Trabucco A, Bossio DA, Verchot LV. 2008. Climate change

mitigation: a spatial analysis of global land suitability for clean development

mechanism afforestation and reforestation. Agriculture, Ecosystems &
Environment 126: 67–80.

van Zuijlen K, Roos RE, Klanderud K, Lang SI, Asplund J. 2020.Mat-forming

lichens affect microclimate and litter decomposition by different mechanisms.

Fungal Ecology 44: 100905.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Global survey including the 235 locations used in this
study.

Fig. S2 Distribution of the relative abundance of total lichenised
fungi in soils across the 235 ecosystems surveyed.

Fig. S3Mean values for the richness and proportion of lichenised
soil fungi across different continents globally.

Fig. S4 Canonical correspondence analysis between lichenised
fungal community and environmental variables.

Fig. S5 Distribution for dominant lichenised fungal genera
across nine biomes and continents.

Fig. S6 Associations between environmental factors and the pro-
portion of lichenised soil fungi.

Fig. S7 Mean annual temperature and aridity index in the differ-
ent continents.

Fig. S8 Relationship between aridity index and plant cover across
the six contents.

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

New Phytologist (2021)
www.newphytologist.com

New
Phytologist Research 9

https://cran.r-project.org/web/packages/Cubist/index.html


Fig. S9Map uncertainties for our global survey.

Table S1 A complete list of the potential lichenised fungal phylo-
types.

Table S2 Spearman correlation coefficients between environmen-
tal factors and the proportion of lichenised soil fungi.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Foundation, a not-for-profit organization
dedicated to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews and
Tansley insights.

Regular papers, Letters, Viewpoints, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are 
encouraged. We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View –  
our average time to decision is <26 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

New Phytologist (2021)
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist10


