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Abstract
Because of their steep gradients in abiotic and biotic factors, mountains offer an ideal
setting to illuminate the mechanisms that underlie patterns of species distributions
and community assembly. We compared the composition of taxonomically and functionally diverse fungal communities in soils along five elevational gradients in mountains of the Neo- and Palaeotropics (northern Argentina, southern Brazil, Panama,
Malaysian Borneo and Papua New Guinea). Both the richness and composition of
soil fungal communities reflect environmental factors, particularly temperature and
soil pH, with some shared patterns among neotropical and palaeotropical regions.
Community dynamics are characterized by replacement of species along elevation
gradients, implying a relatively narrow elevation range for most fungi, which appears
to be driven by contrasting environmental preferences among both functional and
taxonomic groups. For functional groups dependent on symbioses with plants (especially ectomycorrhizal fungi), the distribution of host plants drives richness and
community composition, resulting in important differences in elevational patterns
between neotropical and palaeotropical montane communities. The pronounced
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compositional and functional turnover along elevation gradients implies that tropical
montane forest fungi will be sensitive to climate change, resulting in shifts in composition and functionality over time.
KEYWORDS
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I NTRO D U C TI O N

studies have been conducted in mountains in temperate regions
on the distribution of specific fungal functional groups along ele-

Montane ecosystems generally are recognized as biodiversity

vation gradients: phyllosphere fungi (Coince et al., 2014; Cordier

hotspots as well as areas of high endemism (Lomolino, 2001).

et al., 2012), bryophyte-associated fungi (Davey et al., 2013), wood-

Despite representing about one-eighth of the world's land area out-

inhabiting fungi (Meier et al., 2010), arbuscular mycorrhizal (AM)

side Antarctica, mountains harbour about one-third of all terrestrial

fungi (Gai et al., 2012), foliar endophytes (Bowman & Arnold, 2018;

species (Antonelli, 2015; Spehn et al., 2012). Since the early scien-

Siddique & Unterseher, 2016) and ectomycorrhizal (ECM) and other

tific studies of Darwin, Wallace and von Humboldt on mountain

root-associated fungi (Bahram et al., 2012; Bowman & Arnold, 2018;

biota, documentation of changes in species richness and commu-

Bueno et al., 2021; Coince et al., 2014; Javis et al., 2015; Miyamoto

nity composition have been central to ecological and biogeograph-

et al., 2014; Nouhra et al., 2012; Rincón et al., 2015; Schön et al.,

ical studies (Lomolino, 2001; McCain & Grytnes, 2010). Mountains

2018; Truong et al., 2019). On the other hand, species richness and

provide unique opportunities to test various ecological hypotheses,

composition of fungal communities in tropical mountains remain

such as those relevant to climate change, as they are characterized

scarcely known. There have been a few studies on fungi along trop-

by gradients of abiotic factors such as temperature and available

ical elevational gradients based on sporocarps (Gómez-Hernández

moisture (Guo et al., 2013). However, in most organismal groups, we

et al., 2012; Rojas-Jimenez et al., 2016; Shearer et al., 2015) or envi-

lack answers to fundamental questions regarding diversity, distri-

ronmental DNA (Geml, 2017; Geml et al., 2014, 2017; Merckx et al.,

butional patterns and community composition in montane systems

2015; Oita et al., 2021), each mostly limited to one region of interest.

(Guo et al., 2013; Lomolino, 2001; Perrigo et al., 2020).

Despite these important advances, we still lack a synthetic view of

Numerous abiotic factors that shape biological communities

the ways in which species richness and composition of fungal com-

change more or less predictably with increasing elevation. Among

munities shift with elevation: are similar factors important for dif-

these, temperature is the most predictable, with an average decrease

ferent functional guilds and for montane systems in neotropical and

of ~0.6°C per 100 m increase in elevation (Barry, 2008). In contrast,

palaeotropical forests? This gap in our knowledge seems particularly

changes in precipitation along elevation gradients generally are less

concerning because fungi are major drivers of the diversity and com-

predictable due to complex relationships of regional climate and

position of plant communities in tropical forests (e.g., Bagchi et al.,

topography (Barry, 2008). In mid- and high latitudes, precipitation

2014) and because fungi, through their interactions with plants, con-

tends to increase with elevation, whereas tropical mountains typ-

tribute to ecosystem services such as the provision of clean water,

ically show little variation in rainfall along an elevation gradient or

food and air (Bakker et al., 2019).

exhibit a moderate midelevation peak (McCain & Grytnes, 2010).

In this study, we compared the community composition and rich-

Related environmental factors vary with temperature and precip-

ness of diverse functional groups of fungi in forest soils along ele-

itation to determine biological productivity, including solar radia-

vation gradients in five tropical mountain areas: Andean Yungas in

tion, cloud cover, edaphic properties, as well as habitat surface area

northwestern Argentina, Atlantic Forests in southern Brazil, Central

due to geometric constraints (Rosenzweig, 1995; Stevens, 1992).

American forests in western Panama, Bornean forests in Sabah,

Because organisms occupy niches along elevation gradients accord-

Malaysia, and Oceanian forests in Papua New Guinea. The aims of

ing to their physiological requirements and their interactions with

this work were to (i) assess the compositional dynamics of soil fungal

other species, changes in community composition with increasing

communities along elevational gradients in neotropical and palae-

elevation have been a focal point for ecological and evolutionary

otropical mountains; (ii) compare elevation patterns of richness in

research, providing insight into spatial patterns of biodiversity and

taxonomic and functional groups of fungi in tropical montane sys-

their underlying mechanisms.

tems; and (iii) evaluate the possible influence of climatic and edaphic

On a global scale, most studies of species richness along eleva-

factors on fungal community composition in tropical mountains.

tion gradients have focused on vascular plants and animals (e.gCar-

We hypothesized that elevation gradients would primarily struc-

delús et al., 2006; Ghalambor et al., 2006; Grau et al., 2007; Grytnes

ture fungal communities through changes in temperature and to a

et al., 2008; Liew et al., 2010; Nor, 2001; Parris et al., 1992; Wood

smaller extent in precipitation and via their effects on soil edaphic

et al., 1993). Fungi represent one of the largest groups of living or-

variables and plant community composition. Fungal richness and dis-

ganisms with key roles in the functioning of ecosystems. Several

tribution on a global scale are strongly influenced by mean annual

|
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temperature (MAT), mean annual precipitation (MAP), soil pH and,

elevational types: piedmont forest, montane forest and montane

in the case of ECM fungi, by the diversity and abundance of host

cloud forest (Brown et al., 2001, 2005). In Brazil, we focused on the

plants (Tedersoo et al., 2014; Větrovský et al., 2019). Therefore,

Atlantic Forest biome, a world-renowned biodiversity hotspot. We

we expected MAT, MAP and soil pH to be the strongest drivers of

sampled the southern Atlantic Forest, where at least two recognized

fungal community composition along the sampled elevation gra-

biogeographical subregions can be found: wet coastal forests and

dients irrespective of geographical region (Hypothesis 1). We also

high-elevation mixed temperate forests characterized by Araucaria

hypothesized that elevational patterns of composition would differ

angustifolia (Neves et al., 2017; Ribeiro et al., 2011; Veloso, 1992).

among functional groups, reflecting different environmental optima

Panama and neighbouring countries in Central and South America

corresponding to distinct life strategies and resulting in proportional

represent a biodiversity hotspot that is one of the richest in the

differences of functional groups in the community among elevation

world. With respect to trees alone, at least 2300 species are known

zones (Hypothesis 2). For example, given the high turnover of plant

to occur in Panama (Condit et al., 2011). The Caribbean side of the

community with increasing elevation in tropical mountains (McCain

isthmus and the central mountains receive more than 3000 mm pre-

& Grytnes, 2010), we expected that fungi intimately associated with

cipitation per year. The Pacific side tends to be somewhat drier, but

plants, such as ECM, plant pathogens, root-associated fungi and

there is greater regional variation in rainfall, resulting in a mosaic of

wood decomposers, would be affected more strongly by elevation

wet (>3000 mm per year), moist (1500–3000 mm per year) and dry

than those with indirect associations with plants (i.e., animal patho-

(<1500 mm per year) forests (Condit et al., 2011). From Southeast

gens, mycoparasites and generalist saprotrophs). As a result, we

Asia to Oceania, the tallest mountains are found in Borneo and

predicted greater changes in richness and community composition

Papua New Guinea: Mt Kinabalu (4095 m asl) in Malaysian Borneo

for plant-associated fungi along the elevation gradients (Hypothesis

and Mt Wilhelm (4509 m) in Papua New Guinea. These reach above

2a). Finally, we expected negative relationships between elevation

the tree line, encompassing a full elevation gradient of forests. The

and species richness of animal pathogens, plant pathogens, wood

vegetation of Borneo and Papua New Guinea generally is described

decomposers and generalist saprotrophs due to higher host and sub-

as lowland forests, lower montane forests and upper montane for-

strate richness at low to midelevations (McCain & Grytnes, 2010;

ests (Beaman & Anderson, 2004; Beaman & Beaman, 1990; Hope,

Nouhra et al., 2018; Rahbek, 2005) and more energy available for

1976; Kitayama, 1992).

decomposition (Hypothesis 2b).

2
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M ATE R I A L S A N D M E TH O DS

2.1 | Sample collection and molecular analyses
Soil samples were collected in 2011 and 2013 in Jujuy, Salta and

We analysed data from five data sets corresponding to three

Tucumán provinces of Argentina; in 2016 in Santa Catarina, Brazil,

Neotropical and two Palaeotropical regions. Elevation, localities, ge-

and in Bocas del Toro, Chiriquí, Colón and Panamá provinces of

ographical coordinates and environmental variables of the sampling

Panama; in 2012 in Sabah, Malaysian Borneo; and in 2011 in the

sites are shown in Table S1 and on maps corresponding to the five

Eastern Highlands and Morobe provinces of Papua New Guinea. The

sampling regions (Figures S1–S5). Three of these are new data sets

sampling sites represent the entire elevation range of forests in the

prepared for this paper, i.e., data from Brazil, Panama and Malaysian

respective regions.

Borneo, except for a small subset of the data representing ECM fungi

In Argentina, Brazil and Borneo, 40 soil cores, 2 cm in diame-

from Malaysian Borneo published by Geml et al. (2017). These were

ter and ~20 cm deep, were taken at each sampling site (~10 × 25 m)

combined with the Yungas data set from northwestern Argentina

after carefully removing the litter layer. Cores were collected ~2 m

from Geml et al. (2014), which is re-analysed here. In addition, from

from each other to minimize the probability of sampling the same

the global study of Tedersoo et al. (2014), we extracted sequences

genet repeatedly. In Panama, 10 soil cores of the above dimensions

and distribution data of fungal operational taxonomic units (OTUs)

were collected in each site (~4 × 5 m). In Papua New Guinea, 40 soil

from selected Papua New Guinea sites representing lowland, lower

samples were taken from a circular area of ~2500 m2 (for details, see

montane and upper montane forest. For these, we provide an up-

Tedersoo et al., 2014). Soil cores taken at a given site were pooled,

dated functional assignment and novel analyses as detailed below.

resulting in a composite soil sample for each site. For samples col-

In Argentina, the Yungas comprise tropical and subtropical

lected in Argentina, Brazil and Panama, ~20 g of each sample was

humid montane forests on the eastern slopes of the Andes, which

kept frozen until lyophilization ~2 weeks later. For samples collected

are influenced by orographic rains. The flora and fauna of the Yungas

in Borneo, and Papua New Guinea, the more remote location and

have been relatively well studied and are very diverse and rich in

lack of laboratory equipment in the field led us to air-dry samples

endemics (e.g., Blake & Rougés, 1997; Brown et al., 2001; Lavilla

immediately at 25–35°C. Because differences in field preservation

& Manzano, 1995; Ojeda & Mares, 1989). Together with adjacent,

of soils is expected to have limited effect on the fungal commu-

seasonally dry piedmont forests, the Yungas constitute the south-

nity composition (Castaño et al., 2016; Delavaux et al., 2020), we

ern limit of the Amazonian biogeographical domain (Cabrera, 1976;

regard the data set as being representative for each sampled area.

Prado, 2000). Forests in this region are classified into three major

However, because of the differences in sampling design and field

|
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preservation, we conservatively chose to conduct statistical anal-

To minimize artefactual OTUs that may have been generated during

yses for each region separately. We consider the total number of

the molecular work, in subsequent analyses we only included OTUs

OTUs to be of relatively marginal importance, as our main goal was

that occurred in at least two samples.

to observe and compare trends in richness and community composi-

We assigned fungal OTUs to putative functional guilds using the
curated FungalTraits database (Põlme et al., 2020). We recognize the

tion among elevation zones and regions.
For the newly generated data from Brazil, Panama and Borneo,

limitations of functional inference based on partial ITS sequences,

we used the same protocol used previously for the Argentinian sam-

and here use these guilds as hypothetical functional groups. For

ples, which are described in detail in Geml et al. (2014). Namely, ge-

the statistical analyses, we focused only on the functional groups

nomic DNA was extracted from 0.5 g of dry soil from each sample

with a relatively high number of OTUs. Although AM fungi are

with the NucleoSpin soil kit (Macherey-Nagel Gmbh & Co., Düren,

ecologically important in tropical forests as symbiotic partners of

Germany) according to manufacturer's protocol. For each sample,

most trees as well as diverse nonwoody plants, we were only able

two independent DNA extractions were carried out and the ex-

to analyse their composition in three regions, because their num-

tracts were pooled. We used 1 µl of DNA template with DNA con-

ber of OTUs were too low for comparison in data from Brazil and

centration normalized for all samples from that region and followed

Papua New Guinea. This may partly be caused by primer bias or by

the PCR (polymerase chain reaction) and sequencing methodology

the above-mentioned sampling differences among regions. Overall,

in Geml et al. (2014). The ITS2 region (~250 bp) of the nuclear ri-

functional assignments were made for 66.76% ± 6.2% of fungal

bosomal DNA repeat was amplified via PCR with primers fITS7

OTUs obtained in our study. The quality-filtered data set contained

(Ihrmark et al., 2012) and ITS4 (White et al., 1990). The ITS4 primer

8720, 2828, 4498, 7829 and 4305 fungal OTUs in the samples

was labelled with sample-specific Multiplex Identification DNA-

from Argentina, Brazil, Panama, Borneo and Papua New Guinea,

tags (MIDs). The amplicon libraries were normalized for the quan-

of which 5917, 1698, 2896, 5078 and 3301 OTUs were assigned to

tity of DNA and were sequenced at Naturalis Biodiversity Center

functional groups, respectively. Sequence data corresponding to

(Naturalis) with an Ion 318 Chip and an Ion Torrent Personal Genome

the study regions have been deposited at DDBJ/EMBL/GenBank as

Machine (Life Technologies). Chemical analyses of soil samples from

Targeted Locus Study projects under accessions KDPX00000000

Argentina, Borneo and Papua New Guinea were carried out as de-

(Argentina), KEXW00000000 (Brazil), KDPY00000000 (Borneo)

scribed in Geml et al. (2014), Geml et al. (2017), and Tedersoo et al.

and KDPZ00000000 (Panama). The versions described in this paper

(2014), respectively. Samples from Brazil and Panama were analysed

are the first versions, namely KDPX01000000, KEXW01000000,

by the Empresa de Pesquisa Agropecuária e Extensão Rural de Santa

KDPY01000000 and KDPZ01000000, respectively. The OTU se-

Catarina and the Instituto de Investigación Agropecuaria de Panamá,

quences for the Papua New Guinea samples can be downloaded

respectively. Climate data were obtained from the WorldClim data-

from Tedersoo et al. (2014).

base (www.worldclim.org) based on the geographical coordinates of
the sampling sites.

2.3 | Statistical analyses

2.2 | Bioinformatics

All analyses were done in the R 3.6.3 statistical environment (R
Core Team, 2020). For each biogeographical region, we normalized

Sequences were sorted according to samples, and adapters (iden-

the OTU table for subsequent analyses by rarefying the number of

tification tags) were removed in

(https://main.g2.bx.psu.

high-quality fungal sequences per sample to the smallest library size

edu/root). Primer sequences were removed and poor-quality ends

in that region (14,241 reads for the Argentinian Yungas, 7442 for

were trimmed based on a 0.02 error probability limit in geneious pro

Brazil, 2000 for Panama, 24,812 for Borneo and 1441 for Papua

5.6.1 (BioMatters). Sequences were filtered with

version

New Guinea). Rarefying data, while sometimes problematic in mi-

8.0 (Edgar, 2010) with the following settings: all sequences were

crobial surveys (e.g., McMurdle & Holmes, 2014), was appropriate

galaxy

usearch

truncated to 200 bp and sequences with expected error >1 were

in this case because our analyses do not centre on comparing rela-

discarded. For each sample, identical sequences were collapsed into

tive abundance of OTUs among regions. In each geographical region,

unique sequence types while preserving their counts. The quality-

OTU richness, proportional richness and proportional abundance of

filtered sequences from all samples were grouped into OTUs at 97%

functional groups were tested for correlation with elevation using

sequence similarity in

quadratic regressions.

usearch,

and global singletons and putative

chimeric sequences were removed. We assigned sequences to taxo-

To compare community composition along the sampled eleva-

nomic groups based on pairwise similarity searches against the cu-

tion gradients, we used the vegan package (Oksanen et al., 2015)

rated UNITE + INSD fungal ITS sequence database (version August

to run global nonmetric multidimensional scaling (GNMDS) ordina-

22, 2016), containing identified fungal sequences with assignments

tions on the Hellinger-transformed abundance table and a second-

to Species Hypothesis groups based on dynamic similarity thresh-

ary matrix containing environmental variables mentioned above.

olds (Kõljalg et al., 2013). We excluded OTUs with <80% similarity or

Ordinations were run separately for functional groups as well as for

<150-bp pairwise alignment length to a fungal reference sequence.

all fungi in each geographical region with the metaMDS function,

2048
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which uses several random starts to find a stable solution. Data were

all environmental variables, their second-order component (if the

subjected to 999 iterations per run with the Bray–Curtis distance

scatterplots showed unimodal response) and first-order interactions

measure. Pearson correlation coefficient (r) values and statistical sig-

were included. Model selection was based on backward elimination

nificance between environmental variables and fungal community

using deviance analysis (Faraway, 2005, 2006). The importance of

composition were calculated with the envfit function, and vectors

variables was analysed by type-II analysis of variance using Wald's

of variables with statistically significant correlations were plotted in

Chi2 test of the Anova function of the car package (Fox & Weisberg,

ordinations. Environmental variables included were MAT, MAP, soil

2019). All models were implemented in the lme4 package (Bates

pH, soil organic matter content (OM), soil nitrogen content (N), soil

et al., 2015). Pseudocoefficients of determination of the fixed ef-

carbon to nitrogen ratio (C/N) and soil phosphorus content (P). We

fects (marginal effects) were calculated with the MuMIn package

plotted isolines of elevation on the GNMDS ordinations with the or-

(Bartoń, 2019). Normality and homoscedasticity of the model resid-

disurf function.

uals were verified visually.

We estimated the relative importance of environmental (continuous) variables as sources of variation in fungal community
composition by permutational multivariate analysis of variance
(PERMANOVA) for all fungi and each functional group with the
adonis function in vegan. Statistical tests of the equality variances

3

|

R E S U LT S

3.1 | Environmental drivers

via the betadisper function indicated no significant difference in multivariate homogeneity of group dispersions in any region. To account

Abiotic environmental variables were correlated with elevation to a

for correlations among environmental variables, we performed a

varying degree in the sampled regions. As expected, MAT was corre-

forward selection of parameters, including only significant envi-

lated negatively with elevation in all regions. In addition to MAT, soil

ronmental variables in the final model. In addition, we used partial

pH and soil OM showed consistent elevational trends across biogeo-

Mantel tests in vegan to differentiate the effects of spatial distance

graphical regions: with increasing elevation, soil pH tended to de-

and abiotic environmental variables, standardized with the scale

crease and OM tended to increase (Figure S6). The other measures

function, on community composition.

considered here (soil N content and C/N) did not vary consistently

To better understand the roles of replacement (i.e., the substitu-

with elevation across the regions studied here (data not shown).

tion of a species by a different one) and nestedness (where a poor

GNMDS ordinations revealed strong structuring of fungal com-

community is the strict subset of a richer one) in community dynam-

munities according to elevation in all regions, with Pearson's correla-

ics along the elevation gradients, we used Sørensen dissimilarity as

tions values (all p < .001) of r2 = .8633 in Argentina, r2 = .94130 in

total beta diversity and estimated the replacement (Simpson dissimi-

Brazil, r2 = .9661 in Panama, r2 = .9406 in Borneo and r2 = .7851

larity) and nestedness components based on presence/absence data

in Papua New Guinea (Figure 1). With respect to abiotic variables,

using the betapart R package (Baselga & Orme, 2012). Relationships

MAT and soil pH were correlated strongly with fungal community

between replacement, nestedness and total beta diversity and

composition in all cases (all p < .005), whereas other climatic and

pairwise differences in elevation were explored with quadratic

edaphic variables differed in their importance among regions. Partial

regressions.

Mantel tests showed strong correlations among fungal community

To identify pantropical trends shared among neotropical and

composition and environmental variables when spatial proximity

palaeotropical montane regions, relationships between the richness

was controlled: r = .636 in Argentina, r = .706 in Brazil, r = .576

of the main fungal groups (all fungi, ECM fungi, plant pathogens,

in Panama, r = .444 in Borneo and r = .261 in Papua New Guinea

saprotrophs and wood decomposers; treated as response variables)

(all p < .001). When abiotic variables were accounted for in partial

and environmental variables were explored by general linear mixed

Mantel tests, fungal communities only showed significant spatial au-

models (GLMMs; Zuur et al., 2009). The explanatory variables avail-

tocorrelation in Brazil (r = .301, p = .025) and Papua New Guinea

able for all sites were MAT, MAP, pH, OM, N and C/N. In all models,

(r = .293, p < .001).

Gaussian error structure was assumed for the response variables. To

In PERMANOVAs, MAT and pH tended to explain the greatest

fulfil the normality condition of the model residuals, some response

variation in the total fungal community composition and remained

variables were transformed (logarithmic for ECM fungi, square-

significant contributors in the combined model in all regions when

root for saprotrophs and wood decomposers). All environmental

correlation among parameters was accounted for (Table 1). In ad-

variables were standardized for zero mean and variance before the

dition, MAP, C/N, OM and P explained significant proportions of

analysis. Elevation was excluded from the environmental variables

variation of fungal community composition in the combined models

because it was correlated strongly with MAT (r = −.88). For all other

in at least two regions, although the contributions differed among

environmental variables, the absolute values of the intercorrelations

geographical regions and functional groups (Table 1). These results

were lower than 0.6 (Table S2). Because the main purpose was to

are consistent with Hypothesis 1, particularly with respect to MAT,

identify common trends among regions, we treated region as a ran-

pH and to a lesser extent MAP, as drivers of soil fungal community

dom factor. Scatterplots between the response and environmental

composition. MAT always and pH mostly correlated with elevation,

variables were checked before model selection. In the full model,

yet both remained significant in the combined model in four of the

|
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F I G U R E 1 Global nonmetric multidimensional scaling (GNMDS)
ordination plots of fungal communities in the sampled regions
based on Hellinger-transformed data, with elevation displayed as
isolines. Localities and descriptions of the sampling sites are given
in Table S1. Vectors of environmental variables with significant
correlation with ordination axes are displayed. The darker the circle,
the higher the elevation of the site. Abbreviations: CN, carbon to
nitrogen ratio; MAP, mean annual precipitation; MAT, mean annual
temperature; N, soil nitrogen content; OM, soil organic matter
content; P, soil phosphorus content; pH, soil pH [Colour figure can
be viewed at wileyonlinelibrary.com]
five regions, highlighting their complementarity in explaining fungal
community composition.
When beta diversity was partitioned into replacement and
nestedness components, we observed that replacement accounted
for most of the observed beta diversity, with nestedness being
negligible in all regions (Figure 2). Quadratic regressions indicated
significant positive relationships between pairwise differences in replacement and elevation difference in all regions, with high replacement values being prevalent at <1000 m of elevation difference and
increasing moderately thereafter. Conversely, nestedness were generally low even within the same elevation zone and decreased with
increasing difference in elevation in all regions except Brazil, probably due to the relatively small number of samples from this latter
region (Figure 2).

3.2 | Elevational patterns of fungal
functional groups
All functional groups exhibited significant (p < .05) differences in
community composition along the sampled elevation gradients,
consistent with our general Hypothesis 2. The GNMDS ordinations
of the four largest functional groups in terms of OTU richness are
shown in Figure 3, with richness of taxonomic orders displayed as
vectors. We did not find support for greater elevational community
turnover in plant-associated than in nonplant-associated functional
groups, in contrast to our expectations in Hypothesis 2a.
Elevational differences in richness also were observed in all functional groups in at least one region (Figure 4). Total fungal richness
was generally similar along the gradients, except in Panama, where we
observed a significant midelevation peak. The richness of plant pathogens and wood decomposers was generally correlated negatively with
elevation in the sampled regions (Figure 4; Figure S7). ECM fungi and
nonmycorrhizal root-associated fungi tended to be most diverse in
mid- to high elevations, while richness of animal pathogens, mycoparasites and generalist saprotrophs did not differ significantly along
elevation gradients except in Panama. Greater elevational differences
observed in plant-associated fungi compared to nonplant-associated
guilds were consistent with richness patterns of their hosts as phrased
in Hypothesis 2a, despite the lack of such differences in community
turnover rates among functional groups, as mentioned above.
Richness, proportional richness and proportional abundance of
plant pathogens and wood decomposers tended to decrease with
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TA B L E 1 Proportion of variation (%) in fungal community composition explained by environmental variables calculated independently
with permutational multivariate analysis of variance, based on the rarefied and Hellinger-transformed fungal community matrix
All fungi

Animal
path.

AM
fungi

ECM
fungi

Mycoparasites

Plant
path.

Root
fungi

Saprotrophs

Wood
decomp.

19.91

24.72

17.13

15.01

12.37

17.26

9.76

15.84

15.31

Argentina
Elevation
MAT

15.97*

22.85

12.49

11.95

11.80*

15.77

8.48*

14.04

13.82*

MAP

13.18

24.39*

14.51*

12.90*

14.86*

17.47*

7.83

15.21*

12.95*

pH

18.56*

16.48

10.63

12.03

8.57

11.97

6.91

11.40

12.10

OM

13.29

10.04

9.35

6.44

5.69

6.93

3.51

7.49

6.21

N

12.72

11.15

10.64

7.07

6.59

7.78

3.56

8.01

6.71

C/N

4.52

5.12

5.81

5.10

5.74

5.34

3.88

5.31

4.88

P

9.41

10.67

5.22

5.80

6.59

7.37

3.64

7.26

5.44

Brazil
Elevation

24.98

24.86

—

14.35

35.01

32.15

18.02

24.31

18.13

MAT

23.94*

22.93

—

15.23

35.34*

30.02*

15.28

22.06*

17.41*

MAP

21.68

19.69

—

15.87*

32.24

26.99

14.92

19.29

15.83*

pH

22.42*

25.04

—

11.17

28.63

22.98

30.37

26.09*

15.07

OM

22.15

23.44

—

11.87

32.49*

28.27*

25.52

22.92*

17.66*

N

19.95

19.32

—

12.17

33.98

24.55*

12.31

19.04

15.71

C/N

15.06

12.51

—

10.34

17.57

15.69

31.22*

17.35

11.75

P

13.56

10.14

—

12.08

28.36

12.47

10.29

14.28

11.38

20.32

32.53

19.17

13.96

21.58

23.38

13.63

21.44

17.20

Panama
Elevation
MAT

20.31*

33.17*

19.45*

14.09*

22.72*

23.50*

13.69*

21.47*

17.07*

MAP

11.11

11.84

11.05

7.34

13.44

11.21

8.92

10.99

10.34

pH

12.03

14.40

10.25

9.42

13.33

11.66

10.57

12.63

9.11

OM

17.65

23.94

20.13

13.54

18.50

20.36

13.42*

18.48

15.87

N

8.32

5.30

11.66

8.60

5.58

7.61

8.87

8.79

8.17

C/N

8.04

10.78

11.41

7.80

8.04

7.96

7.01

8.54

8.31

P

16.17

27.56

16.01

12.01

21.99

17.84

12.11*

16.11

13.81

Malaysian Borneo
Elevation

19.38

31.55

17.19

15.03

24.32

23.37

13.72

20.54

14.77

MAT

19.11*

32.12*

17.78*

15.40*

23.08*

23.20*

12.94*

20.09*

14.32*

MAP

6.91

6.43

12.81

6.67

6.06

6.55

7.66

7.23

5.89

pH

14.32*

14.02

13.18

10.06

15.14

15.66

13.86*

15.36

13.28

OM

8.18

5.99

11.58

8.59*

13.16

7.61

9.15*

8.51

6.79

N

7.34

6.36

12.66

7.69

7.54

7.25

9.07

7.69

5.71

C/N

10.64

9.77

11.85

8.19

15.75

10.53

12.68

11.01

9.97

7.53

—

7.38

8.92

11.76

8.29

10.25

6.96

Papua New Guinea
Elevation

10.04

MAT

9.91*

7.31

—

7.33*

9.16*

11.55*

8.22*

10.11*

6.96*

MAP

8.82

5.95

—

7.91*

7.03

9.61

7.46

9.14*

6.59

pH

7.18*

8.17

—

5.91

9.15*

7.24*

6.13*

7.18*

4.88*

OM

4.69

5.71

—

4.06

4.67

6.58

4.82

4.39

3.82

N

4.78

5.47

—

3.75

3.59

6.88*

4.08

4.59

4.04

C/N

6.96*

9.31*

—

6.48*

10.52*

6.72

6.39*

6.79*

4.34

Notes: Significant results are in bold. Climatic and edaphic variables that remained significant in the final composite model (without elevation) for
each fungal group are shown with an asterisk (*).

GEML et al.

F I G U R E 2 Correlation of total beta diversity and its replacement and nestedness components of fungal communities with pairwise
differences in elevation among the sites, with 95% confidence intervals indicated by grey shading. All relationships, except that of
nestedness in Brazil, are significant
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F I G U R E 3 Global non-metric multidimensional scaling (GNMDS) ordination plots of fungal functional groups in the sampled regions
based on Hellinger-transformed data, with elevation displayed as isolines. Vectors of environmental variables and taxonomic orders with
significant correlation with ordination axes are displayed. The darker the circle, the higher the elevation of the site. Abbreviations: CN,
carbon to nitrogen ratio; MAP, mean annual precipitation; MAT, mean annual temperature; N, soil nitrogen content; OM, soil organic matter
content; pH, soil pH; P, soil phosphorus content [Colour figure can be viewed at wileyonlinelibrary.com]

elevation, largely consistent with Hypothesis 2b. In contrast, ECM

positive relationships with elevation (e.g., ECM or root-associated

fungi, mycoparasites and nonmycorrhizal root-associated fungi

Agaricales,

showed mixed patterns. For example, in Argentina and Panama,

Sebacinales and Thelephorales). In Borneo, vectors of richness for

the highest richness of ECM fungi was observed at high elevations,

most taxonomic orders of ECM and root-associated fungi were di-

but they showed a midelevation peak in Borneo and a similar, albeit

rected towards the midelevation sites, except for Sordariales and

nonsignificant, pattern in Brazil and Papua New Guinea (Figure 4;

Thelephorales with highest richness at low and Helotiales at high

Figures S7 and S8).

elevations (Figure 3).

Eurotiales,

Helotiales,

Hysteriales,

Russulales,

Vectors representing the richness of most taxonomic groups of

3.3 | Elevational patterns of taxonomic groups

plant pathogenic fungi (e.g., in plant pathogenic Botryosphaeriales,
Cantharellales,

Diaporthales,

Hypocreales,

Ophiostomatales,

Polyporales, Rhizophydiales and Xylariales) correlated negatively
In the Neotropics, all taxonomic orders of ECM and root-associated

with elevation, whereas putatively pathogenic Helotiales were

fungi that correlated significantly with the ordination axes showed

richer in midelevation (Borneo) or high-elevation sites (Panama).

GEML et al.
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F I G U R E 4 Quadratic regressions of elevation and richness of functional groups in the five sampled tropical montane regions, with 95%
confidence intervals indicated by grey shading. Significant relationships are marked with an asterisk (*)
Orders of saprotrophic fungi that were richer in forests at lower

each with significant Pearson's correlation values in at least two re-

elevations included Agaricales, Eurotiales, Geastrales, Hypocreales,

gions. In contrast, vectors for saprotrophic Archaeorhizomycetales,

Kickxellales, Saccharomycetales, Sporidiobolales and Sordariales,

Chaetothyriales, Helotiales and Sebacinales indicated higher

|
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richness in montane forests. Among wood decomposers, Helotiales

harbour more tree species than montane forests (Aiba & Kitayama,

consistently showed highest richness in forests at higher elevations,

1999; Brown et al., 2001; McCain & Grytnes, 2010), we did not find

and wood decomposer Agaricales and Xylariales at lower elevations

substantial differences in soil fungal richness along the elevation

(Figure 3).

gradients in most sampled regions. The lack of a strong elevational
pattern in fungal richness is similar to the lack of latitudinal differ-

3.4 | Pantropical relationships between fungal
richness and environmental variables

ences in fungal richness on a global scale (Větrovský et al., 2019, but
see Tedersoo et al., 2014). Panama was the only exception, where
the midelevation peak in fungal richness is concordant with vascular
plant richness in Central American mountains (Cardelús et al., 2006;

In the combined GLMM analyses including all sampled regions, total

Prada et al., 2017).

fungal richness was weakly explained by the environmental varia-

Overall, in all functional groups and in all regions, community

bles considered here (R 2 = .025), with only pH showing a significant,

composition appears to be driven by elevation and the resulting en-

but weak, positive effect on richness (Table 2). However, richness

vironmental filtering according to contrasting climatic and edaphic

values of specific functional groups (ECM fungi, plant pathogens and

conditions, and associated differences in plant communities. Our

wood decomposers) had much stronger relationships to environ-

data suggest that generally an elevation difference of 700–8 00 m of

mental variables. ECM fungal richness showed significant negative

results in a high turnover of soil fungal communities, indicating that

correlations with pH and with the interaction of MAT and N content.

most fungi prefer a certain elevation zone along these gradients.

Plant pathogen richness was most strongly explained by pH, with

This may be explained by the fact that organisms at a given elevation

additional positive effects of MAT. Richness of saprotrophs showed

in the tropics are subjected to a lower variation in temperature than

a strong positive correlation with the interaction of pH and OM.

organisms in temperate mountains and thus are more likely to have a

Wood decomposer richness showed a strong unimodal response

relatively narrow elevation range (Janzen, 1967).

with MAT, with additional positive responses to pH and OM, and a
negative response to N.

4
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4.1 | Environmental drivers of community
composition

DISCUSSION

Variation in fungal community composition and richness as a funcFungal biodiversity in tropical forests remains little known, and op-

tion of elevation is mediated by abiotic and biotic factors driven

portunities to compare data from similar guilds across diverse tropi-

either directly or indirectly by differences in temperature, which

cal forests at local and global scales are rare. The data presented

strongly influences relative humidity, soil moisture and soil chemi-

here show that composition of the total fungal community in soil,

cal processes. Consequently, forests found at different elevations

as well as that of all functional groups, is strongly structured ac-

have distinct mesoclimatic and edaphic conditions. Moreover, high-

cording to elevation in both the Neo-and Palaeotropics. In contrast

elevation habitats generally cover smaller areas than lower eleva-

to vascular plants, where forests at low to midelevations typically

tion ones and habitat area often is correlated positively with species

TA B L E 2 Parameters of general linear mixed models on the richness of the functional groups (as response variables) in the combined
analysis of all five sampled tropical montane regions
All fungi

ECM fungi

Plant pathogens

Saprotrophs

Wood
decomposers

.025

.106

.260

.099

.145

MAT

—

0.01; 0.57ns

2.84; 3.58*

—

0.45; 14.51***

MAT2

—

—

—

—

−0.19; 4.34*

R2
Environmental variables

pH

23.01; 4.35*

−0.31; 5.46*

10.75; 35.05***

0.82; 8.87**

0.42; 7.25**

OM

—

—

—

1.27; 4.55*

0.47; 4.95*

N

—

−0.15; 1.87ns

—

−0.53; 3.75m

−0.35; 3.41m

MAT:N

—

−0.29; 11.64***

—

—

—

pH:OM

—

—

—

0.48; 7.18**

—

2

Notes: For each fungal group, only variables included in the final model are displayed. R : pseudocoefficient of determination of the fixed factors
(marginal effect). Environmental variables: MAT, mean annual temperature; MAT2, second order of MAT; N, soil nitrogen content; OM, soil organic
matter content; pH, soil pH. The first parameter of the variables is the model estimate, the second one is the χ 2 value. The significance of the
variables is indicated as: ***p < .001; **p < .01; *p < .05; m p < . 1.
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richness in many taxonomic groups (Gotelli, 1998). However, for

all four major functional groups (Table 2). The relatively weak cor-

fungi, the decreasing habitat area with increasing elevation does

relation of pH with total fungal richness seems to be explained by

not seem to offer a satisfying explanation for the observed rich-

its negative correlation with ECM fungi, which counterbalanced the

ness patterns: there were no statistical differences in total fungal

positive relationship with plant pathogens, saprotrophs and wood

richness between lowland and upper montane forests in any region,

decomposers. With respect to saprotrophs, the positive effect of

even though lowland forests cover much larger areas (Figures S1–

the significant interaction between pH and OM on richness sug-

S5). Although some functional groups decreased in richness with in-

gests that saprotrophs may benefit more from the available organic

creasing elevation, other groups showed the opposite trend. Thus, it

carbon under less acidic conditions. This may partly be explained

appears that climatic and edaphic factors, as well as the composition

by lower levels of competition with ECM fungi for nutrient acqui-

of biological communities, are far more influential drivers of fungal

sition, i.e., “the Gadgil effect” (Fernandez & Kennedy, 2016; Gadgil

richness in mountains than habitat area alone.

& Gadgil, 1971), given the observed negative relationship between

Our results indicate that MAT and pH are the most influential

pH and ECM fungal richness. While the negative effect of available

drivers of fungal community composition across elevational gradi-

N on ECM fungal richness is well known (Lilleskov et al., 2002), in

ents in neotropical and palaeotropical regions, while the roles of

our analyses it was only evident at lower elevations, as shown by

other variables seem to be more region-dependent (Figures 1 and

the strongly significant negative effect of the interaction between

2, Table 1). In the pantropical GLMM analyses, MAT and pH also

MAT and N on ECM richness. Overall, our observations suggest that

emerged as the main drivers of richness in most functional groups,

despite the correlation with elevation, pH, N and OM play important

followed by N and OM (Table 2). These findings differ somewhat

roles in shaping fungal communities in tropical mountains in ways

from global drivers of fungal diversity and community composition:

that are not explained by MAT.

the influence of MAP in the sampled tropical montane forest tends
to be specific to functional groups and to regions. Despite being the
most influential climatic predictors of fungal richness and community composition on a global scale (Tedersoo et al., 2014), MAP did

4.2 | Elevational dynamics of fungal
functional groups

not contribute significantly to any final models explaining richness
of various fungal groups in the pantropical analyses. On the other

The results presented here show that fungi with different life strat-

hand, MAP was the strongest contributor to the explained vari-

egies are favoured by different environmental conditions. Even in

ation in community composition of most of the functional groups

functional groups with no significant differences in richness over the

in Argentina and had moderately strong contribution in Brazil and

elevational gradients studied here, we observed strong differences

Papua New Guinea, while it remained marginal or insignificant in

in composition as a function of elevation. Similar elevational differ-

Borneo and Panama. Except for Argentina, these trends do not seem

ences in richness and composition also have been observed in vari-

to be explained by interregional differences in precipitation season-

ous functional groups of plants and animals (Cardelús et al., 2006;

ality based on data from WorldClim (data not shown). Instead, MAP

Guo et al., 2013; McCain, 2009; McCain & Grytnes, 2010).

seems to be more important in regions where it was lower and/or
had greater altitudinal variation (Figure S6).

With respect to ECM fungi in tropical mountains, the patterns
reported here differ from those observed in temperate mountains,

Soil pH plays an important role in shaping below-ground fungal

where ECM fungal richness tends to decrease monotonically with

communities at both regional and global scales (e.g., Coughlan et al.,

increasing elevation (Bahram et al., 2012; Nouhra et al., 2012; but

2000; Geml, 2019; Geml et al., 2014; Glassman et al., 2017; Lauber

see Bowman & Arnold, 2018). Based on the data presented here

et al., 2008; Porter et al., 1987; Rousk et al., 2010; Tedersoo et al.,

and on previous studies on tree community richness and compo-

2014). Because many fungal species have a relatively wide pH op-

sition of the sampled forests (e.gAiba & Kitayama, 1999; Malizia

timum (e.g., Nevarez et al., 2009; Wheeler et al., 1991), it is likely

et al., 2012), ECM fungal richness appears to mirror host richness

that the observed correlation of pH with community composition is

and density along the elevation gradients studied here in both the

mainly indirect, such as by altering nutrient availability and competi-

Neo- and Palaeotropics (as has been reported on a global scale;

tive interactions between soil fungi and bacteria (Rousk et al., 2010)

Tedersoo et al., 2014). This coupling of ECM fungi and host trees

and other soil biota. In all regions, we observed some decrease in

also results in important differences in the elevational patterns of

pH and increase in OM with elevation, and it is difficult to disen-

ECM fungi between the Neo- and Palaeotropics. In the neotropical

tangle their effects from that of MAT. However, along with MAT,

mountain ranges from Mexico to Argentina, high-elevation forests

pH remained significant in explaining compositional differences of

tend to harbour the highest density of trees that form ectomycor-

total fungal communities in four of the five sampled regions, and OM

rhizal associations (e.g., Alnus acuminata as the principal ECM host

contributed significantly to the combined model for some functional

in the Yungas in Argentina, and Alnus acuminata and several Quercus

groups in three regions (Table 1). The effect of pH on richness ap-

spp. in the mountains of southern Costa Rica and northern Panama)

pears to be similarly strong: it was the only environmental variable

(Kappelle, 2016; Malizia et al., 2012; Nouhra et al., 2018; Wicaksono

that was correlated significantly with total fungal richness at a pan-

et al., 2017). These findings agree with sporocarp-based studies in

tropical scale, and with significant contribution to the final model in

other areas of the wet Neotropics that reported the highest richness

2056

|

GEML et al.

of ECM fungi in montane forests (Gómez-Hernández et al., 2012;

temperate forests, Sordariomycetes (including common orders such

Mueller et al., 2006). The Atlantic Forests in Brazil are different be-

as Chaetosphaeriales, Diaporthales, Glomerellales, Hypocreales,

cause they lack these ECM tree genera of northern origin, and native

Sordariales and Xylariales) is the dominant class of plant endo-

ECM trees and shrubs are relatively rare and little known (Sulzbacher

phytic fungi in tropical lowland forests (e.g., Arnold & Lutzoni,

et al., 2013, 2019; Vanegas-León et al., 2019). These differences in

2007; see also Oita et al., 2021), in agreement with their prevalence

diversity and abundance of ECM hosts probably drive the differ-

in soil at low elevations. In a similar manner, the higher richness of

ences in proportional richness and abundance of ECM fungi, which

Leotiomycetes, particularly Helotiales, at high elevations is appar-

can reach 10% and 30% in Panama, 5% and 10% in Argentina, com-

ent in several functional groups, such as root-associated fungi, plant

pared to 1% and 2% in Brazil, respectively. In Borneo, the richness

pathogens, saprotrophs and wood decomposers. Helotiales appears

and density of ECM trees are high in low- and midelevational for-

to be the most diverse order of ascomycetes in arctic tundra eco-

ests, particularly Dipterocarpaceae and Fagaceae, respectively. ECM

systems (Semenova et al., 2015), and the above trend confirms that

tree richness declines with further increases in elevation, which is

many Helotiales taxa thrive in relatively colder climates. The fact

reflected here and is discussed in detail by Geml et al. (2017). At high

that habitat preference can be observed at the level of taxonomic

elevations, ECM host Leptospermum recurvum (Myrtaceae) tends to

ranks, often irrespective of functional guild, suggests shared physio-

be dominant in ultramafic soils, occurring in lower abundance on

logical constraints and environmental optimum for certain phyloge-

granite (Aiba & Kitayama, 1999). In Papua New Guinea, ECM trees

netic lineages of fungi.

are relatively diverse and abundant throughout the elevation gradient, representing Dipterocarpaceae, Fagaceae, Nothofagaceae,
Myrtaceae and Gnetaceae among others (Hope, 1976).

4.3 | Conclusions

The richness of plant pathogenic and wood decomposer fungi
often correlates positively with temperature (Gómez-Hernández

This is the first study comparing the community composition of

et al., 2012; Tedersoo et al., 2014). In our study, the richness (both

fungi along elevation gradients in the Neotropics and Palaeotropics.

proportional and absolute) of wood decomposers, and to some ex-

Climate, particularly temperature, and soil pH appear to be the

tent plant pathogenic fungi, was predictably higher at lower eleva-

driving factors shaping the distribution of fungi along elevational

tions and correlated positively with MAT. However, saprotrophs did

gradients in a variety of ways, such as by affecting microbial pro-

not show a consistent elevational pattern and lacked any significant

cesses (e.g., decomposition), vegetation, nutrient availability and

relationship with MAT in the pantropical analysis. In all regions, the

other edaphic factors, and by altering species interaction dynamics.

lowest proportional richness of saprotrophs always coincided with

Montane forests are among the most vulnerable terrestrial ecosys-

the highest proportional richness of ECM fungi, possibly partly be-

tems to climate change and warming will undoubtedly affect fun-

cause of “the Gadgil effect” mentioned above. We note that some of

gal communities in these ecosystems. Given the contrasting habitat

the fungi identified under the functional guilds of plant pathogens

preferences of several taxonomic groups and the possible functional

and saprotrophs may prove to be endophytes, raising an interesting

differences among them within the broad functional guilds, future

direction for future study and highlighting an ongoing challenge with

communities at a given site may differ considerably from current

estimating functional modes based on barcode sequences alone.

ones not only in composition, but also in functionality. The habitat

Our work suggests that given the ecological and phylogenetic over-

specificity exhibited by many fungi offers possibilities for monitoring

lap of endophytic, saprotrophic and pathogenic taxa in terms of ITS

and habitat characterization, and we advocate incorporating fungi

sequences, endophytes will broadly follow the patterns described

in biodiversity assessments and conservation efforts. With the ac-

here. A recent study by Oita et al. (2021) confirms these expecta-

cumulating spatial data points for fungal taxa from metabarcoding

tions, highlighting the importance of climate (MAT and MAP) and

studies, it will be possible, in the near future, to determine the cli-

seasonality in shaping endophyte communities across an elevation

matic niches and model the suitable habitats for many fungi.

gradient in Panama.
Regardless of differences in richness, the strong compositional
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