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A B S T R A C T

The diversity patterns of plants at large scale are broadly documented, but that of soil fungi remains elusive.
Limited reports on soil fungal biogeography mainly are based on species richness. We carried out a large-scale
field investigation on soil fungi originating from 365 forest plots covering five climate zones in China. We tested
whether and to what degree a range of different fungal diversity estimates are subject to latitudinal constraints
and compared co-occurrence patterns of plants and soil fungi. We found that alpha diversity of plants increased
towards lower latitude, while that of soil fungi only tended to increase. Abiotic but not biotic factors controlled
fungal alpha diversity. Multiple-site and pairwise beta diversity of soil fungi were closely linked to plant com-
munities. Null model revealed an increasing interaction strength between plant species, while there was a hump-
shaped pattern of interaction strength between fungal species from high-latitude towards low-latitude. Our
results allow a deeper insight into the multidimensional distribution of soil fungal diversity and reveal con-
trasting co-occurrence patterns between soil fungi and plants along a latitude gradient, highlighting the need for
more inclusive theories to explain these disparities between micro- and macroorganism communities.

1. Introduction

Community ecology aims to uncover common patterns across ha-
bitats and organism groups. A commonly observed pattern is the in-
crease in biodiversity from the poles to the tropics, the “latitudinal
gradient of diversity” (Hillebrand, 2004). Microbes do not follow a si-
milarly universal latitudinal trend (Fierer and Jackson, 2006; Tedersoo
et al., 2014), and some microbial groups exhibit a lower diversity in the
tropics (Ladau et al., 2013). For a long time, the dominant idea in
microbial ecology was that ‘everything is everywhere, but the en-
vironment selects,’ known as the Baas Becking postulate (Baas-Becking,
1934). We are now aware that microbes experience dispersal con-
straints as well, even if these constraints are generally weaker for mi-
crobes than for macroscopic organisms (Hanson et al., 2012; Tedersoo
et al., 2014; Andam et al., 2016).

Soil fungi play a key role in regulating nutrient cycling in terrestrial
ecosystems. They influence ecosystem function mainly as decomposers
of plant litter and pathogens of terrestrial plants (Zeilinger et al., 2016).
Several fungal taxa also can form mutualistic relationships with plants
to facilitate plant nutrient uptake, known as mycorrhizal symbioses
(Smith and Read, 2008). Studies that link fungal and plant communities
commonly test two key hypotheses (Yang et al., 2017): (1) whether the
production of detritus by plants increases the availability of organic
carbon to fungi and supports a high fungal diversity—the resource
abundance hypothesis; and (2) whether plant communities with high
diversity produce diverse and complex organic substrates that favor
specialization in fungal communities and result in local communities of
high diversity (Waldrop et al., 2006) —the resource diversity hypoth-
esis. A potentially influential factor for both these propositions con-
currently relates to the soil and climatic heterogeneity (Hector et al.,
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2007). For example, high soil pH values decrease the richness of ar-
buscular mycorrhizal (AM) fungi in grassland ecosystems in northern
China (Xu et al., 2016). Christiansen et al. (2017) showed that warming
decreased soil fungal decomposer diversity in dry tundra. Therefore,
large variation in abiotic factors could interrupt the links between plant
and fungal diversity. However, we currently lack comprehensive, di-
rectly comparable empirical evidence at a continental scale (Yang et al.,
2017).

Alpha diversity describes the number of taxa within sites or habi-
tats, whereas beta diversity represents the spatial variation in species
composition across sites or habitats. Most reports assessing latitudinal
gradients in microbes used a single metric of alpha diversity, namely,
species richness. Studies that additionally considered beta diversity
usually characterized dissimilarity indices of microbial taxa (e.g., the
Bray-Curtis dissimilarity) (Xiang et al., 2014; Wang et al., 2016). The
concept of ‘change or dissimilarity in species composition’ relates to
two distinct components: 1) the replacement of some species by others
from site to site, i.e. spatial turnover; and 2) species-poor communities
representing subsets of richer communities (i.e., the richest site has
unique species not present in the poorest site), i.e. nestedness (Baselga,
2010). Separating these components of beta diversity can help disen-
tangle how environmental variation scales for an organism group.
Previous studies reported that the turnover of vascular plant species
increased with decreasing latitude (Rapoport, 1982; Qian and Ricklefs,
2007). This pattern raises the interesting question of whether soil fungi
follow a similar turnover trend, perhaps as a consequence of extensive
interaction between soil fungi and plants. Studies on plant turnover and
nestedness across large scales normally combine multiple collected
datasets (Qian and Ricklefs, 2012). Carrying out comparable studies in
microbes is difficult because the techniques that assign sequences to
molecular taxa are sensitive to sequencing depth and clustering
methods, which differ across studies (Tedersoo et al., 2015). Carrying
out large-scale field investigations, which enable uniform methods of
species identification (e.g., microbial species turnover – Davison et al.,
2015; Tedersoo et al., 2014), is desirable for repeating these types of
analyses in microbes.

Diamond (1975) introduced the concept of using assembly rules to
summarize consistent observations that some species occur together

and others avoid each other. Co-occurrence patterns of species in
communities across large spatial scales can reveal community assem-
blages, such as forbidden species combinations and checkerboard dis-
tributions. The main hypothesis in co-occurrence analysis is that com-
petition and partitioning of the niche results in nonrandom patterns of
species co-occurrences in the community (Diamond, 1975; Chase and
Leibold, 2003). Previous studies demonstrated that nonrandom co-oc-
currence patterns are common in macroorganisms (Sanders et al., 2007;
Yan et al., 2016). Nonrandom co-occurrence has also been observed for
assemblages of microorganisms in multiple ecosystems, suggesting that
some microbial species share a comparable biogeography (Horner-
Devine et al., 2007). Additionally, the degree of co-occurrence differs
among microbial groups (Horner-Devine et al., 2007). The co-occur-
rence patterns of microbes rarely have been studied across multiple
forest habitats along a latitude gradient (Fuhrman, 2009). Considering
that both micro- and macroorganisms are often subject to similar niche
processes such as environmental filtering, we expected the taxon co-
occurrence patterns of plants and fungi resemble each other.

Here, we took soil samples from 365 forest plots spanning 40 study
sites in Eastern China that ranged from tropical rainforests to boreal
forest ecosystems. Plant species richness and community structure were
measured during soil sampling, which provided a chance to compare
diversity and community structure patterns between plants and soil
fungi. We hypothesized that (1) Soil fungal and plant alpha and beta
diversity are positively correlated across forest ecosystems along a la-
titudinal gradient and (2) Strong deterministic processes drive com-
munity assemblages for plant and fungi, and thus we should observe
similar nonrandom co-occurrence patterns of plants and fungi based on
checkerboard scores (C-scores).

2. Materials and methods

2.1. Study sites

The study area spanned from 18.25 ºN to 53.29 ºN and 109.62 ºE to
124.70 ºE in Eastern China. Based on regional climate, the selected 40
study sites were categorized into five climate zones: (I) cold temperate
zone including 6 sites for deciduous coniferous forest (DCF), (II)

Fig. 1. Locations of the 40 sampling sites in five
climate zones in China. “n” represents the number of
soil samples from each climate zone. I: Cold tempe-
rate zone (6 sites for deciduous coniferous forest,
DCF); II: Temperate zone (6 sites for deciduous
coniferous broad-leaved mixed forest, DCBF); III:
Warm temperate zone (6 sites for deciduous broad-
leaved forest, DBF); IV: Subtropical zone (5 sites for
evergreen coniferous forest, ECF; 7 sites for ever-
green broad-leaved forest, EBF; and 2 sites for ever-
green coniferous-broadleaved mixed forest, ECBF);
and V: Tropical zone (3 sites for seasonal tropical
rainforest, STF, and 5 sites for tropical rainforest,
TF).
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temperate zone including 6 sites for deciduous coniferous broad-leaved
mixed forest (DCBF), (III) warm temperate zone including 6 sites for
deciduous broad-leaved forest (DBF), (IV) subtropical zone including 5
sites for evergreen coniferous forest (ECF), 7 sites for evergreen broad-
leaved forest (EBF) and 2 sites for evergreen coniferous-broadleaved
mixed forest (ECBF), and (V) tropical zone including 3 sites for seasonal
tropical rainforest (STF) and 5 sites for tropical rainforest (TF) (Fig. 1).

2.2. Sampling design and data collection

A field sampling campaign consisting of a combined survey of ve-
getation and collection of soil samples was carried out from August to
September 2012. Independent 400m2 plots (20m×20m) within each
forest site (generally within 20 square kilometers) were randomly de-
signated for vegetation investigation and soil sampling. The forest sites
were selected based on conserved forests with minimum anthropogenic
disturbance. Additionally, two intensively managed forest types, in-
cluding ECBF and ECF, in the subtropical zone were selected because of
their wide distribution in this region. The Masson pine (Pinus mas-
soniana L.) and China fir (Cunninghamia lanceolata (Lamb.) Hook.) were
the dominant plant species and artificially planted in both forest types.
Ten plots were usually designated to investigate vegetation and collect
soil sample in each forest site. However, because some soil samples,
which had a low fungal sequences number (< 5000) within the
Illumina MiSeq sequencing, were filtered in the data analysis, we only
presented plant and soil fungal data from 326 samples in this study. The
details of the vegetation type and the location of the forty sites are
shown in Supplementary Table S1. All plots were surveyed using a
standardized sampling protocol. In each plot, we recorded all tree
species with a diameter at breast height (DBH)≥ 2.5 cm. Two 25m2

(5× 5m) subplots and three 1m2 (1×1m) subplots were arranged in
each plot for the investigation of shrubs and herbs, respectively. In the
shrub and herb quadrats, the species and their relative abundances
were recorded. The 10 dominant tree species in each forest type are
shown in the Supplementary Table S2. Plant community data were
subsequently used to calculate the tree richness (TR), shrub richness
(SR) and herb richness (HR) and plant beta diversity.

Data of mean annual temperature (MAT) and mean annual pre-
cipitation (MAP) (40 years from 1972 to 2012) were obtained from the
China Meteorological Data Sharing Service (http://cdc.cma.gov.cn/).
The Kriging interpolation method was applied to generate the climatic
data of the sampling sites using ArcGIS. Net primary productivity (NPP)
was obtained from the Resources and Environmental Science Data
Center of the Chinese Academy of Sciences (http://www.resdc.cn/).
The NPP was estimated in this data center based on global production
efficiency (GLO-PEM) model. The light use efficiency theory is that
gross primary productivity (GPP) and absorbed photosynthetically ac-
tive radiation (APAR) linearly correlated. Thus, the NPP estimation in
the GLO-PEM model can be described as follows (Cramer et al., 1999):

= × × − RNPP PAR FPAR ε a

Where PAR is photosynthetically active radiation; FPAR is the fraction
of absorbed photosynthetically active radiation; ε is actual light use
efficiency (LUE), and Ra is autotrophic respiration including main-
tenance respiration and growth respiration. In this study, considering
the long-term effect of plant carbon on the soil fungal community, we
used the mean annual NPP from the 2005 to 2010.

2.3. Soil sample collection

When we investigated the plant community, soil samples were
collected at the same time from each investigated forest plot across all
forest ecosystems. Briefly, five soil cores (3 cm in diameter and 10 cm in
depth) were randomly collected from each 400m2 sampling plot after
removal of the litter layer and subsequently pooled to form a composite
sample, i.e., a single soil sample per plot. The composite soil samples

were transported to the laboratory using ice boxes, sieved (< 2mm) to
remove stones, root fragments and large organic debris and then thor-
oughly homogenized and separated into two subsamples. One sub-
sample was stored at −80 °C for molecular analysis after freeze-drying;
the other was air-dried at room temperature for the determination of
soil physico-chemical properties.

2.4. General soil analysis and climatic data collection

Soil organic carbon (SOC) was assayed according to the Walkley-
Black dichromate oxidation procedure (Page et al., 1982). Soil pH was
measured in a 1:2.5 (v/v) soil:water suspension with a digital pH meter
(PHS-3C, Shanghai Lida Instrument Company, China). Soil available
phosphorus (AP) was measured according to the method described by
Olsen et al. (1954). Soil total N contents were measured using a C/N
analyzer (Vario EL III, Germany). Available potassium (AK) was ex-
tracted by 1M ammonium acetate (pH=7) and then was measured by
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(Warncke and Brown, 1998). The soil C/N ratio was calculated based
on the content of SOC and total N. Soil particle size was analyzed by a
laser diffraction technique using a Longbench Mastersizer 2000 (Mal-
vern Instruments, Malvern, England) to calculate the percentage of clay
(0–2 μm), silt (2–50 μm) and sand (50–2000 μm). Three parallel mea-
surements were performed for each soil sample to minimize measure-
ment errors, and only mean values were used for statistical analysis.

2.5. DNA extraction, PCR and high-throughput sequencing

Microbial DNA was extracted from 0.25 g of soil using a MO BIO
Ultraclean Soil DNA Isolation Kit (MO BIO laboratories, Carlsbad, CA,
USA) according to the manufacturer's instructions. Extracted soil DNA
was quantified by NanoDrop ND-1000 UV-Vis spectrophotometer to
determine the concentration. The primer set ITS1-F (CTTGGTCATTTA
GAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) was used to
amplify the variable ITS1 region of ribosomal DNA. The reverse primer
contained a variable length (8–12 bp) error-correcting barcode unique
to each soil sample to permit sequencing on the Illumina MiSeq plat-
form. Amplification of each sample was performed in triplicate with
25 μL reaction volumes and using the following thermal cycling para-
meters: 3 min at 94 °C, followed by 35 cycles at 94 °C for 45 s, 1 min at
50 °C for annealing, and finally 1min at 72 °C. The PCR reaction con-
tained 10 ng of template DNA, 2.5 μL of 10×PCR buffer, 1 μM each
primer, and 0.5 U of TaKaRa ExTaq (Takara Bio, Otsu, Japan). PCR
products were checked and purified by 1.5% agarose gel electrophor-
esis in 0.5 ×Tris-acetate-EDTA (TAE). After assessing the quantity and
quality of the purified PCR products by using a NanoDrop ND-1000 UV-
Vis spectrophotometer, the three purified PCR products per sample
were pooled. Finally, the PCR amplicons were combined at equimolar
concentrations before being sequenced using the paired-end sequencing
strategy (2× 250 bp) on an Illumina MiSeq sequencer at the Chinese
National Human Genome Center in Shanghai.

2.6. Bioinformatics

Raw sequence data were processed using the Quantitative Insights
into Microbial Ecology (QIIME) platform (Caporaso et al., 2010). We
first removed sequences shorter than 50 bp and with an average quality
score lower than 30 or with nucleotide mismatches within the barcode
and primer. Assembling of paired-end reads was then performed based
on two criteria: (1) the overlapping length between the forward and
reverse reads exceeded 30 bp; and (2) there is no mismatch within the
overlapping region. ITSx1.0.7 was applied to extract the ITS1 region for
optimal resolution of clustering and to remove non-target sequences.
Chimeras were removed using the de novo method of UCHIME v 9.0 in
the QIIME platform. We used an unsupervised Bayesian clustering al-
gorithm as implemented in CROP v1.33 to cluster OTUs because it is
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robust to sequencing errors and produces fewer artificial OTUs than
conventional hierarchical clustering methods (Hao et al., 2011; Horn
et al., 2014). We also excluded OTUs with a singleton sequence to re-
move any spurious OTUs caused by possible sequencing errors or
contaminants (Bokulich et al., 2013). Taxonomy was assigned to each
fungal OTU using the RDP option in parallel_assign_taxonomy_rdp.py
with minimum confidence of 0.8 (Wang et al., 2007). OTUs that did not
match their expected fungal kingdoms were removed according to RDP
classifications. The UNITE v.7 (http://unite.ut.ee) release for QIIME
served as a reference database. Fungal functional guilds for fungal
OTUs were also assigned using FUNGuild (https://github.com/
UMNFuN/FUNGuild) according to Tedersoo et al. (2014) and Nguyen
et al. (2016). The four major functional groups of pathogens, sapro-
trophs, ectomycorrhizal (EcM) fungi and AM fungi were assigned. To
correct for sampling effort, a random resampling procedure was per-
formed to construct subsets to a depth of 5000 sequences per soil
sample for downstream analysis. We thus obtained data for 326 soil
samples that were subjected to subsequent statistical analysis (Table
S1). The soil fungal representative sequences of OTUs from 326 soil
samples in this study have been deposited in the NCBI database with
accession numbers MF527280-MF535102.

2.7. Statistical analyses

We firstly used the Hill number to describe the soil fungal alpha
diversity, which integrated the weighing of species abundances into the
diversity measures and was calculated by the following formula (Kang
et al., 2016):

∑= ⎛
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When q=0, 0D simply represents the species richness; when q= 1, 1D
represents the exponential Shannon index; when q= 2, the 2D as the
inverse Simpson index. Parameter q determines sensitivity of the di-
versity measure to the species abundance, and higher q value displays
more weight on the abundant species and sharply discounts rare spe-
cies. Regression analyses were performed to assess the relationships
between latitude and the three fungal alpha diversity indices, to avoid
pseudoreplication, we used the average values for each study site in this
analysis. Then, we applied a Random Forest analysis to identify the
most important drivers of soil to total fungal and functional fungal
richness among significant environmental variables, which were se-
lected by correlation analysis (P < 0.05), using the ‘randomForest’
package in R (Breiman, 2001). Random Forest has been specifically
developed for comparable classification and relies on a regression tree
method. The value of %IncMSE (percent increment of the mean squared
error) was reported for the rank of importance of each predictor
(Breiman, 2001). The significance for the effects of each predictor on
response variables was assessed using the ‘rfPermute’ package in R
(Archer, 2013).

A number of complementary techniques were implemented to
analyze beta-diversity. Nonmetric multidimensional scaling (NMDS)
was used to depict dissimilarity of fungal communities using fungal
relative abundance data (Bray-Curtis distances) and presence/absence
data (Sorensen distances), respectively. Permutational multivariate
analysis of variance (PERMANOVA) was performed to confirm sig-
nificant differences in fungal community structures in any pair of forest
types. The analysis of NMDS, PERMANOVA were carried out with the
‘vegan’ and ‘ecodist’ packages in R. The distance based redundancy
analysis (db-RDA) was applied to investigate effect of environmental
variables on soil fungal community structure. To increase the ex-
planatory of db-RDA model, the most high-abundance OTUs profiles
(> 1000 sequences per OTU; a total of 275 OTUs) were selected as the
response variables. We also investigated the effect of dominate plant
species (> 50 number per plant species; a total of 149 plant species) on

the functional fungal groups using the db-RDA model. The manual
forward selection procedure was conducted in both db-RDA models to
determine significance of predictors (P < 0.05) using a Monte Carlo
test with 499 permutations in the CANOCO software (version 5.0,
Microcomputer Power, Inc., Ithaca, NY).We further used Sørensen's
multiple-site dissimilarity index (multiple-site beta diversity) to com-
pare differences between plants and soil fungi based on presence/ab-
sence data. To avoid inflated P values, we only used 50 randomly se-
lected samples per climatic zone (there were five climatic zones). This
index was partitioned into two components: the turnover component of
Sørensen dissimilarity, namely, βSIM, and the nestedness component of
Sørensen dissimilarity, namely, βSNE (Baselga, 2010). Sørensen's mul-
tiple-site dissimilarity analysis was carried out with the ‘betapart’
package in R. Analyses of variance (ANOVAs) were conducted to
compare the multiple-site beta diversity (βSIM and βSNE) using SPSS
(version 20.0, IBM SPSS Inc.).

The interactions between fungal species (OTUs) in five climatic
zones were inferred using 50 randomly selected samples. High-abun-
dance OTUs (> 100 sequences per OTU; a total of 925 OTUs) were
retained, facilitating characterization of the core soil fungal commu-
nity. First, we carried out a ‘null model’ analysis on presence/absence
data to examine co-occurrence patterns (Gotelli and Graves, 1996). The
fixed-fixed null model (SIM9) that preserves matrix row and column
totals was applied to generate constructed assemblages. SIM9 was more
suitable for ‘island list’-type samples from heterogeneous soils, and the
algorithm SIM9 has lower type I and type II error probabilities than
other SIM null model algorithms (Gotelli, 2000; Gotelli and Ulrich,
2010). We compared the observed C-score with the mean of C-scores
generated from 1000 randomly assembled null matrices. Both the P-
value and standardized effect size (SES), which can avoid biases af-
fecting raw C-scores from the OTU numbers, were examined to assess
whether our fungal co-occurrence pattern was random. Approximately
95% of the SES values should fall between −2.0 and 2.0. Positive SES
values greater than 2.0 represent competition between species for
nonrandom patterns of co-occurrence, while SES values below −2.0
represent cooperation between species for nonrandom patterns of co-
occurrence. We also constructed SparCCs (Sparse Correlations for
Compositional data) to infer fungal species-species (OTU-OTU) inter-
action networks. The significance of SparCCs was assessed with a per-
mutation test with 999 permutations of random selections in the pre-
sence/absence matrices. SparCCs above 0.5 or below −0.5 and
statistical significance (P < 0.01) were extracted and imported to
network analyses. The topology of networks (e.g., average degree) was
calculated using the Gephi platform (Bastian et al., 2009). Visualization
of the co-occurrence network was also achieved using the Gephi plat-
form. The data of ECF and ECBF (36 and 15 samples, respectively) were
eliminated in comparison of beta diversity and co-occurrence between
plant and fungi because these are managed forest ecosystems and are
not belonging to latitudinal forest type.

3. Results

3.1. Fungal database summary

After filtering out chimeras and sequences of non-fungal origin and
removing singletons, we assigned 5,287,607 high-quality-filtered se-
quences to 14,941 OTUs. To ensure the comparability of fungal alpha
and beta diversity between samples, we rarified soil samples to 5000
sequences and obtained sequence data for 326 soil samples. This re-
duced the number of fungal OTUs to 7823. The number of OTUs, across
326 soil samples, ranged from 74 to 532. The dominant fungal phyla
across all samples were Basidiomycota (45.28% of total fungal se-
quences), Mortierellomycotina (25.90%) and Ascomycota (25.50%),
while other phyla were only represented by 2.23% of sequences
(Chytridiomycota (0.16%), Kickxellomycota (0.02%), Glomeromycota
(0.13%), Mucoromycota (1.90%), and Entomophthoromycota (0.02%))
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(Figs. S1 and S2). The most OTU-rich phyla were Ascomycota (3734
OTUs), Basidiomycota (3201 OTUs), Chytridiomycota (184 OTUs),
Mortierellomycotina (137 OTUs) and Glomeromycota (122 OTUs).

3.2. Diversity patterns of soil fungal and plant communities

The richness of tree and shrub significantly increased from high-
latitude to low-latitude (Fig. 2). The overall soil fungal richness (oD)
only marginally increased towards low-latitude and showed larger
variation at low-latitude than high-latitude, while the soil fungal 2D
diversity index showed a clearer increasing pattern than richness to-
wards low-latitude (Fig. 2). The fungal taxonomic groups at the phylum
level showed that the relative abundances of Basidiomycota sig-
nificantly decreased, while that of Mortierellomycotina increased to-
wards low-latitude (Fig. S3). The major fungal functional groups
showed different richness patterns: the richness of saprotrophic, pa-
thogenic and AM fungi increased, while EcM fungi decreased at low-
latitude (Fig. S4).

According to the random forest analysis, the most important en-
vironmental predictors for fungal richness included MAP and MAT. In
addition to the significant effects of MAP and MAT on the richness of all
fungal functional groups, SOC, AP, AK, soil C/N and HR were sig-
nificant variables affecting saprotrophic fungal richness. SOC and AK
were variables significantly affecting the richness of pathogens. NPP,

SOC, TR, soil C/N, AK, clay and sand content influenced EcM fungal
richness. TN and NPP was the important factor for predicting AM fungal
richness (Fig. 3).

3.3. Fungal and plant community composition

NMDS showed a key predictor shaping fungal community structure
was the forest type based on both Bray-Curtis and Sorensen distances
(Fig. 4). PERMANOVA analyses further confirmed the significant dif-
ferences among forest types with the only exception of the pair STF and
TF using the Bray-Curtis dissimilarity (P < 0.05; Table S3). The db-
RDA model selection procedure revealed that the climatic factors were
the most important predictors for the soil fungal community structure
across samples (Fig. 5A) and eighteen plant species were selected as the
significant predictors to affect the functional fungal groups (Fig. 5B).

According to the multiple-site beta diversity (Sørensen's multiple-
site dissimilarity) analysis, both tree and soil fungal species decreased
in species turnover rate (βSIM) with increasing latitude (also increasing
forest biomes) (Fig. 6A and C). However, the patterns of nestedness
(βSNE) for trees and soil fungal species were quite different. The βSNE of
tree species increased with latitude, while the βSNE of soil fungal species
showed an irregular pattern, although significant differences were de-
tected among forest biomes (Fig. 6B and D).

Fig. 2. Plant and soil fungal alpha diversity in different forest types along a latitudinal gradient in China. (A) Fungal 0D α-diversity; (B) Tree richness; (C) Fungal 1D
α-diversity; (D) Shrub richness; (E) Fungal 2D α-diversity; and (F) Herb richness.
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3.4. Relation of fungal and plant diversity

Soil fungal richness (0D) showed a week positive relationship with
tree and shrub species richness (Spearman rho= 0.13, P=0.02;
rho= 0.21, P < 0.001, respectively), and did not correlate to herb
richness. Soil fungal 1D and 2D diversity indices also weekly correlated

with tree species richness (Spearman rho=−0.12, P=0.02;
rho= 0.17, P=0.003, respectively) and did not correlate with both
shrub and herb richness. However, the pairwise dissimilarity of soil
fungal and plant communities had strong positive relationships (trees:
Spearman rho=0.56, P < 0.001; shrubs: rho=0.53, P < 0.001;
herbs: rho=0.46, P < 0.001).

Fig. 3. Random forest estimates of relative im-
portance (% of increase of mean square error, MSE)
of environmental variables for predicting alpha di-
versity of soil fungi and fungal functional groups. (A)
Fungal richness; (B) Saprotroph richness; (C)
Pathogen richness; (D) EcM richness; and (E) AM
richness. The accuracy was calculated separately for
each tree and averaged from values of all trees
(10,000 trees). Significant factors are shown in green
(P < 0.05). MAT, mean annual temperature; MAP,
mean annual precipitation; SOC, soil organic carbon;
TN, total nitrogen; AP, soil available phosphorus; AK,
soil available potassium; C/N, soil C/N ratio; NPP,
net primary productivity; TR, tree richness; SR, shrub
richness and HR, herb richness. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. Nonmetric multidimensional scaling (NMDS) analysis based on Bray-Curtis distances (A) and Sorensen distances (B) showing soil fungal community variation
along a latitudinal gradient in China. Color of dots indicates forest type of the samples. DCF, deciduous coniferous forest; DCBF, deciduous coniferous broad-leaved
mixed forest; DBF, deciduous broad-leaved forest; ECF, evergreen coniferous forest; EBF, evergreen broad-leaved forest; ECBF, evergreen coniferous-broadleaved
mixed forest; STF, seasonal tropical rainforest; and TF, tropical rainforest. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3.5. Species co-occurrence of soil fungi and plants

With the fixed-fixed null model algorithm, as measured by the SES
of the C-scores (Table S4), we observed a trend for species segregation
of plant co-occurrence along latitude (cold temperate zone:
SES=−0.48, P=0.65; temperate zone: SES=−1.29, P=0.91;
warm temperate zone: SES=3.1, P < 0.001; subtropical zone:
SES=2.4, P=0.003; and tropical zone: SES= 15.47, P < 0.001)
(Fig. 7A). By contrast, soil fungal assemblages displayed nonrandom co-
occurrences in mid-latitude regions (temperate zone: SES=17.57,
P < 0.001; warm temperate zone: SES=31.77, P < 0.001; sub-
tropical zone: SES=7.7, P < 0.001), while displaying random co-oc-
currences in both low- and high-latitude regions (cold temperate zone:
SES=−0.92, P=0.80; tropical zone: SES=1.37, P=0.09). Overall,
a hump-shaped pattern of nonrandom co-occurrence patterns was

found along the latitude gradient (Fig. 7B). The fungal SES value was
highly correlated with NPP and TR in the mid- and low-latitude regions
(R2=0.98, P < 0.05; R2=0.95, P < 0.05, respectively) (Fig. 8).

The topological features of networks of soil fungi were also calcu-
lated to distinguish differences in OTU correlations based on SparCCs,
and the highest numbers of positive and negative edges were observed
in the mid-latitude regions, whereas low values were observed in low-
and high-latitude regions. The average degree, average weighted de-
gree and other network parameters followed a similar trend. Overall,
the network topologies of interactions between fungal species showed a
hump-shaped pattern with latitude (Fig. 9, Table S5).

4. Discussion

The geographic distribution of soil fungi has attracted much atten-
tion and been investigated extensively. However, less is known about
whether soil fungal communities co-vary with plant communities, in-
dicating a need for large-scale studies to compare plant and soil fungal
diversity. We present the first study to compare multiple-diversity and
co-occurrence patterns between plants and soil fungi across a large
latitudinal gradient.

4.1. Fungal diversity and the driving factors

In agreement with the global study of Tedersoo et al. (2014), we
found that tree richness increased sharply with declining latitude, while
soil fungal richness only marginally increased towards low-latitude.
Importantly, we found a high variation of soil fungal richness in tropic
zone, which could be a result of the high environmental heterogeneity
(varied topography and soil properties). Interestingly, we also found
clear differences in latitudinal patterns for fungal functional groups: the
richness of pathogen, AM and saprotrophic fungi decreased, while that
of EcM fungi increased with increasing latitude (Fig. S4). Richness of
EcM fungi was higher in the cold temperature zone than in the other
zones, mainly due to the abundance of EcM host plants. Indeed, our db-
RDA model supported that the EcM abundance highly correlated with
many coniferous tree species such as Larix gmelinii (Rupr.) Kuze, Pinus
koraiensis Siebold et Zuccarini and Abies nephrolepis (Trautv.) Maxim.
Pathogen and saprotrophic richness were greater at low latitudes (Fig.
S4); a possible reason for this pattern is that high plant diversification
permits greater fungal diversification.

For the fungal taxonomic groups, towards the tropics, we observed
declines in the relative abundances of Basidiomycota with latitude,
while the relative abundance of Mortierellomycotina increased. The
opposite latitudinal pattern of these fungal taxonomic groups could
depend on the fungal physiological characteristics. For example, many
Basidiomycetes produce phenol oxidases (Floudas et al., 2012), there-
fore they may have an advantage in soils with low-quality carbon such
as boreal forest (Sterkenburg et al., 2015). Mortierellomycotina are
often fast growing (Fisher and Roberson, 2016), and the high moisture
in tropical rainforests could thus provide favorable habitats for them.

Given the ubiquitous symbiotic and parasitic relationships between
soil fungi and plants (Peay et al., 2010), we expect a strong positive
relationship of diversity between plants and soil fungi. However, we
found only a weak positive correlation between plant and fungal alpha
diversity (0D and 2D). Importantly, the random forest model showed
that plant alpha diversity was not an important predictor for fungal
richness. We also did not find a significant effect of plant productivity
on fungal richness. Therefore, our results appear to support neither the
resource diversity hypothesis nor the carbon resource hypothesis. Plant
diversity and productivity determine soil fungal richness at the regional
scale (Yan et al., 2016; Hiiesalu et al., 2017), but not at the global scale
(Tedersoo et al., 2014), suggesting that the link between plants and
fungi is complex and depends on the spatial scale. In agreement with
the global study from Tedersoo et al. (2014), we found that climatic
variables were the most important predictors of fungal richness. One

Fig. 5. db-RDA plot showing the relationships between soil fungal community
structure and environmental variables (A) and plant community structure (B).
For figure A, the fungal OTUs profiles as the response variables and the black
lines represented the environmental variables, and color dots represented soil
samples from different forest types. For figure B, the functional fungal groups as
the response variables, which were the red lines, while the black lines re-
presented the plant species. DCF, deciduous coniferous forest; DCBF, deciduous
coniferous broad-leaved mixed forest; DBF, deciduous broad-leaved forest; ECF,
evergreen coniferous forest; EBF, evergreen broad-leaved forest; ECBF, ever-
green coniferous-broadleaved mixed forest; STF, seasonal tropical rainforest;
and TF, tropical rainforest. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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possible reason for this link is that the higher temperatures and greater
availability of water in low-latitude regions permit higher growth rates
and metabolism as well as high rates of evolutionary processes, in-
cluding mutation and speciation (Zhou et al., 2016).

4.2. Links between plant and fungal community structures

Although weak link of alpha diversity between plant and soil fungi,
soil fungal beta diversity highly positively correlated with all plant beta
diversity including tree, shrub and herb. This finding is in agreement
with that of Prober et al. (2015), who showed that plant community
composition correlates with the composition of soil fungal communities
in grasslands. We thus assume that plant community structure is im-
portant in shaping the fungal community in both forest and grassland
ecosystems at the continental scale. It should be noted that the woody
plants had greater impact on the soil fungal community than herb

plants. The reason for this is that fungi are the principal decomposers of
woody debris which had large content of lignin, and ecotomycorrhizal
fungi form symbiotic associations with woody plants (Rineau et al.,
2013).

By additionally surveying plant community structures, we com-
pared the species turnover (βSIM) and nestedness (βSNE) between plants
and soil fungi as influenced by forest types. We found that the tree βSIM
increased in low-latitude, which was consistent with the results of Qian
et al. (2005), who demonstrated that the βSIM of vascular plants in-
creased with decreasing latitude in North America. We found a similar
species turnover pattern of soil fungi along the latitude gradient. Spe-
cies turnover is usually associated with spatial distance and environ-
mental sorting (Qian et al., 2005). The comparable species turnover
patterns between plant and fungi suggest that similar climatic filtering
processes shape plant and fungal species assemblages. The higher plant
and fungal species turnover at low-latitude sites was due to greater

Fig. 6. Contrasting plant and soil fungal multiple-site beta diversities (quantified by Sørensen's multiple-site dissimilarity). (A) Tree multiple-site beta diversity
(βSIM); (B) tree multiple-site beta diversity (βSNE); (C) fungal multiple-site beta diversity (βSIM); and (D) fungal multiple-site beta diversity (βSNE).

Fig. 7. Standardized effect sizes (SESs) from null model analysis of co-occurrence patterns of tree and soil fungi. Values above or below the dashed line at SES= ±2,
respectively, indicate nonrandom co-occurrences. DCF, deciduous coniferous forest; DCBF, deciduous coniferous broad-leaved mixed forest; DBF, deciduous broad-
leaved forest; EBF, evergreen broad-leaved forest; and STF_TF, seasonal tropical rainforest and tropical rainforest.
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habitat specialization because a greater number of endemic species
occurred in environments with less pronounced seasonality. However,
the nestedness (βSNE) patterns of trees and soil fungi were completely
different. The nestedness represents a nonrandom process of species
loss as a consequence of any factor promoting the disaggregation of
community assembly. The fact that the βSNE value for soil fungi was
lower than that for trees likely reflected the fact that random events,
such as wild fires, had greater effects on plants than on the fungal
community.

4.3. High fungal co-occurrence complexity in mid-latitude forests

The C-score approach suggested that assemblages of soil fungi are
characterized by nonrandom patterns of co-occurrence along the lati-
tude that are quite different from those found in plant assemblages. The
decrease in plant community SES values with latitude suggested that
there is stronger interspecific competition (e.g., plants competing for
limiting resources) in tropical forest than in the temperate and cold
temperate regions. However, evidence of greater fungal competition
was found in temperate hardwood forests in the mid-latitude region
than in other regions. Additionally, a number of significant fungal
species-species (OTUs-OTUs) correlations based on the SparCC analysis
support a higher fungal interaction intensity in this mid-latitude forest
than in low/high-latitude forests. Our results were consistent with the
report of Ma et al. (2016), who found that the interaction between
microbes was stronger in the northern part of Eastern China than in the
southern part. However, we found that the cold temperate zone had
very weak fungal interactions, and this region was not included in Ma's
study. Interestingly, we found that soil fungal competition intensity
clearly decreased with increasing NPP and plant diversity when we did
not consider the data from the cold temperate zone. There are two

possibilities for the point of cold temperate zone outside such re-
lationships. The one is that harsh environment in this cold temperate
zone, which is characterized by MAT below −5 °C and periods of
freezing over 200 days per year, decreases the activity of soil fungi and
suppresses fungal growth and results in decreased interaction between
fungal species. The other was that the high-abundance EcM in the
boreal forest are likely interacting with plants than with other fungi,
which result low interaction between fungal groups. The decreased
fungal competition associating with increased plant abundance and
diversity is perhaps due to increasing abundance and diversity of
carbon resources giving rise to pronounced niche differentiation, re-
sulting in weaker interactions between soil fungal groups (Faust and
Raes, 2012). Therefore, our result could support the possibility of
carbon resource-driven soil fungal co-occurrence patterns (Banerjee
et al., 2016).

5. Conclusions

This study represents a systematic and large-scale investigation of
latitudinal constraints on the distribution of soil fungal communities
across forest habitats. Our study presents solid evidence that soil fungal
communities exhibit distinct diversity and co-occurrence patterns along
latitudinal gradients. Moreover, our additional description of plant
community structures gave us the opportunity to test links between
plant and soil fungal communities. We showed that the soil fungal
community structure is strongly related to that of plants, with strong
correlations in community composition but weak correlations in species
richness. Additionally, similar patterns of species turnover for plants
and soil fungi were found along the latitude gradient, suggesting that
similar environmental filtering processes determine both plant and
fungal species assembly. We further found that soil fungi likely

Fig. 8. Relationships between the values of fungal SES and NPP (A) and tree richness (B). SES, standardized effect size; NPP, net primary productivity; DCF,
deciduous coniferous forest; DCBF, deciduous coniferous broad-leaved mixed forest; DBF, deciduous broad-leaved forest; EBF, evergreen broad-leaved forest; and
STF_TF, seasonal tropical rainforest and tropical rainforest.

Fig. 9. Network co-occurrence analysis of soil fungal communities in forest ecosystems along a latitudinal gradient in China. Each node represents a fungal out, and
nodes are colored in each panel based on their membership at the phylum level. DCF, deciduous coniferous forest; DCBF, deciduous coniferous broad-leaved mixed
forest; DBF, deciduous broad-leaved forest; EBF, evergreen broad-leaved forest; and STF_TF, seasonal tropical rainforest and tropical rainforest.
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experience more extensive interactions in the mid-latitude region, im-
plying that carbon quantity rather than quality is the driver of fungal
co-occurrence patterns over a large scale. Our results shed light on the
assemblage patterns of soil fungi in forest ecosystems and add to our
knowledge regarding the drivers of soil fungal communities across
climate zones.
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