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Abstract

Fungi play vital regulatory roles in terrestrial ecosystems. Local community assembly mechanisms, including deterministic
and stochastic processes, as well as the size of regional species pools (gamma diversity), typically influence overall soil
microbial community beta diversity patterns. However, there is limited evidence supporting their direct and indirect effects
on beta diversity of different soil fungal functional groups in forest ecosystems. To address this gap, we collected 1606 soil
samples from a 25-ha subtropical forest plot in southern China. Our goal was to determine the direct effects and indirect
effects of regional species pools on the beta diversity of soil fungi, specifically arbuscular mycorrhizal (AM), ectomycorrhizal
(EcM), plant-pathogenic, and saprotrophic fungi. We quantified the effects of soil properties, mycorrhizal tree abundances,
and topographical factors on soil fungal diversity. The beta diversity of plant-pathogenic fungi was predominantly influenced
by the size of the species pool. In contrast, the beta diversity of EcM fungi was primarily driven indirectly through com-
munity assembly processes. Neither of them had significant effects on the beta diversity of AM and saprotrophic fungi. Our
results highlight that the direct and indirect effects of species pools on the beta diversity of soil functional groups of fungi
can significantly differ even within a relatively small area. They also demonstrate the independent and combined effects of
various factors in regulating the diversities of soil functional groups of fungi. Consequently, it is crucial to study the fungal
community not only as a whole but also by considering different functional groups within the community.

Keywords Beta diversity - Community assembly processes - Functional groups of fungi - Species pool - Deterministic
processes - Stochastic processes

Introduction

Fungi comprise a highly diverse group of organisms, esti-
mated to include 2.2-3.8 million species [1]. They play cru-
cial roles in regulating plant diversity and productivity in
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terrestrial ecosystems [2, 3]. Fungi participate in various
nutritional relationships with plants, such as saprotrophic,
mutualistic, and parasitic interactions [4]. These organisms
are classified into different functional guilds based on their
ecological roles and nutritional strategies (e.g., mycorrhizal
fungi, pathogenic fungi, and saprotrophic fungi) [5]. Myc-
orrhizal fungi, mainly consisting of arbuscular mycorrhizal
(AM) fungi and ectomycorrhizal (EcM) fungi, can benefit
plants by providing nutrients and defending against patho-
gens [6—10]. Generally, EcM fungi have better access to
resources in organic form than AM fungi, and EcM fungi
have stronger antagonism against pathogenic fungi than AM
fungi, thereby providing better defenses to their host plants
[11-13]. Saprotrophic fungi, which decompose plant lit-
ter [14], play an important role in both carbon and nutrient
turnover [15]. In addition, the presence of pathogenic fungi
in natural ecosystems contributes to maintaining plant spe-
cies diversity by impeding plant growth and reproduction,
thereby preventing any single plant species from becoming
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predominant [16—19]. While factors influencing soil fungal
diversity have been extensively studied in various ecosys-
tems [20-22], there is still a significant knowledge gap in
forest systems. One complexity lies in the fact that differ-
ent fungal groups confer distinct functions, and it remains
unclear to what extent each functional group is governed by
shared community assembly processes or exhibits idiosyn-
cratic behaviors (such as being influenced only by determin-
istic, stochastic processes, or the size of the local species
pool).

The biodiversity and structure of soil functional fun-
gal communities have received considerable attention [14,
23-25], and it is recognized that different factors may drive
the structures of these communities. However, it is still an
open question whether these different findings may arise
from different studies or whether different fungal groups
exhibit distinct responses even within a single commu-
nity. For instance, when a functional group, such as AM
or EcM fungi, is studied separately, it may be influenced
by plant community composition and/or soil abiotic factors
[26-31]. When considering the drivers of both functional
groups together, results have been variable. Some studies
have found that both EcM and saprotrophic fungi were influ-
enced by plant communities and soil abiotic factors [32].
Other studies have shown that EcM fungi were primarily
affected by plant communities, soil abiotic factors, and geo-
graphical distance, whereas saprotrophic fungi were only
influenced by geographical distance [33]. Furthermore, it
has been observed that mycorrhizal fungi were mainly deter-
mined by plant communities, whereas saprotrophic fungi
were influenced by both plant communities and soil abiotic
factors [34]. Regarding the three functional groups, some
studies have suggested that plant communities explain the
largest proportion of variation in plant-pathogenic, AM, and
EcM fungi, while environmental and spatial factors account
for smaller proportions [35]. Based on these findings, it is
necessary to assess the presence of universal governing fac-
tors or idiosyncratic responses for different functional fungal
communities in a single community.

Beta diversity, proposed by Whittaker in 1960, can not
only reflect the diversity distance relationship between sam-
ples but also reflect the degree of differentiation between
communities, which is related to the complexity of the envi-
ronment [36]. For example, high beta diversity means that
the community differentiation is high and the community
structure is complex. Beta diversity plays a crucial role in
shaping cross-scale biodiversity patterns [37], so it is urgent
to study the beta diversity patterns of fungal communities.
There are various ways to quantify beta diversity [38, 39],
and it is influenced by both alpha and gamma diversities
[40, 41]. The species pool, representing the complete set
of species capable of naturally dispersing, establishing, and
persisting in a specific area [42, 43], can have varying effects
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on community structure depending on the study scale [44].
Although previous studies have examined beta diversity pat-
terns along latitudinal gradients [37, 45], there is limited
research on beta diversity patterns of soil fungi in forest
ecosystem plots based on different subplots. Investigating
alpha, beta, and gamma diversity scales is applicable not
only to the overall soil fungal community but also to its
functional groups.

Community assembly processes can be categorized into
deterministic and stochastic processes [46, 47]. Determin-
istic processes refer to the biological and environmental
selection mechanisms that influence communities, while
stochastic processes emphasize dispersal and ecological
drift [48-50]. Previous studies have explored the mecha-
nisms underlying community assembly of individual soil
functional groups of fungi in specific ecosystems [51-53].
For example, Wang et al. studied EcM fungal communi-
ties of five common pine plant species in Inner Mongolia,
China, and the results showed that both deterministic and
stochastic processes jointly drove the community association
of EcM fungi, but the stochastic process was dominant [52].
In addition, through the study of EcM fungal communities in
young, intermediate, and old forests in subtropical ecosys-
tems in China, Gao et al. found that EcM fungal communi-
ties are affected by environmental selection and dispersal
limitation in old forests, but only by environmental selection
in young, intermediate, and whole forests [53]. However,
these studies have primarily focused on the assembly pro-
cesses of individual functional groups of fungi and over-
looked potential differences among other fungal guilds [54].

The size of the species pool and diverse community
assembly mechanisms, such as heterogeneous environments
and dispersal processes, may directly or indirectly influence
the beta diversity of a community. For example, previous
studies on plant communities have indicated that changes
in beta diversity across broad biogeographic gradients are
more likely driven by gamma diversity rather than ecological
assembly mechanisms [41]. Using an extensive plant dataset,
it has been found that beta diversity was primarily influenced
by changes in the species pool at small scales, while local
assembly mechanisms played a major role at large scale [55].
Similarly, a study on soil diazotrophic beta diversity pat-
terns in grassland ecosystems demonstrated the importance
of species pools and local community assembly processes
[56]. However, the significance of these mechanisms in all
soil fungal communities or specific functional groups within
subtropical forest ecosystems remains to be determined.
Thus, it is necessary to clearly distinguish the direct effects
of species pools from the indirect effects through local com-
munity assembly processes, as this will help elucidate the
mechanisms underlying the geographic patterns of soil func-
tional fungal communities. Based on this, we predict that
the beta diversity of the four functional groups of fungi is
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dominated by different driving mechanisms (species pool or
community assembly processes) at a local scale, due to the
different dispersal patterns (host-associated fungi vs free-
living groups) of these functional groups.

In this study, we collected 1606 soil samples from a 25-ha
subtropical forest plot in Zhejiang, China. We investigated
the effects of various factors (soil properties, mycorrhizal
tree abundances, and topographical factors) on the four
functional groups of fungi (AM, EcM, plant-pathogenic,
and saprotrophic fungi). Additionally, we described the

Direct effect

Alpha diversity

Deterministic process
(Ecological selection)

Species pool
AJISIQAIP B)Ig

: Stochastic process
i (Dispersal, diversification, drift)
Local community assembly
mechanisms

Indirect effect

Fig. 1 Framework illustrating the direct and indirect influences (local
community assembly mechanisms) driving beta diversity through
species pool dynamics

(@) (b)

Fig.2 a—c Sampling distribution of the 25-ha Baishanzu (BSZ) stem-
mapping forest plot. Black circles indicate the sampling points, and
the names of each subplot are shown in red (1-25). The subplots
were randomly distributed within a 100 mx 100 m area, resulting in

community assembly processes of these four functional
groups at the same local scale. Specifically, we aimed to
determine (1) whether there were differences in the diversity
patterns (alpha, beta, and gamma) and community assembly
mechanisms (deterministic and stochastic processes) among
the four functional groups; (2) whether the beta diversity of
the four functional fungal communities and the total fungi
were influenced by the direct effects of species pools and the
indirect effects through local ecological assembly processes
(see Fig. 1); and (3) whether there were differences in the
relative contributions of potential factors (soil properties,
mycorrhizal tree abundances, and topographical factors) to
the beta diversity of the four functional fungi.

Materials and Methods
Study Area

The study was conducted in the Baishanzu (BSZ) Nature
Reserve (27° 40'-27° 50" N, 119° 3'-119° 6’ E), which is
located in Qingyuan County, Zhejiang Province, China
(Fig. 2a). The reserve primarily comprises subtropical ever-
green broad-leaved tree species [57]. A 25-ha forest plot
(500 m x 500 m) was established in the northern region
(Fig. 2b). In 2014, all free-standing woody stems in the plot
with a diameter at breast height (DBH) > 1 cm were mapped,
tagged, and identified to the species level. Additionally, their
DBHs were measured. The study recorded a total of 204,038
stems belonging to 42 families and 86 genera (Flora Reipub-
licae Popularis Sinicae, https://www.iplant.cn/frps).

West-East (m)

a sample range of 49-78 for the 25 subplots. The red star represents
Beijing, the capital of China, while the triangle represents the BSZ
forest plot
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Soil Sampling

In October 2018, soil sampling was conducted following
the soil sampling protocol of the Center for Tropical Forest
Sciences (CTFS) [58]. A total of 1622 soil sampling points
were obtained, of which 1606 were processed (with a loss
of 16 samples in the field, as shown in Fig. 2¢). The sam-
pling was conducted in two rounds, with a sampling depth
of 0-10 cm and a sampling diameter of 6 cm.

To begin, the 25-ha BSZ forest plot was divided into 625
grids measuring 20 m X 20 m. Soil sampling took place at
the intersections of adjacent grids, resulting in 676 grid
intersections, all of which served as soil sampling points.
In the second round, approximately 70% (473 out of 676) of
the grid intersections were randomly selected for extended
sampling. The extended sampling method followed [59]: for
these selected grid intersections, one direction out of the
eight possible directions (east, west, south, north, southeast,
southwest, northwest, and northeast) was randomly chosen
as the sampling direction. In this direction, two sampling
points were randomly selected at distances of 2, 5, and
8 m. In total, 946 sampling points were obtained using this
approach.

Upon collection, soil samples were immediately divided
into two parts in the field. One part of the fresh soil was
transported to the laboratory and stored at— 80 °C for high-
throughput sequencing to obtain soil fungal data. The other
part was used to measure soil physicochemical properties.
Prior to analysis, this part of the soil was processed by
removing small stones and fine roots and then passing it
through a 2-mm sieve.

Mycorrhizal Information for Adult Trees in the BSZ
Forest Plot

Only individual adult trees with a diameter at breast height
(DBH) of > 10 cm were included in this study. This crite-
rion was chosen because the symbiotic relationship between
mycorrhiza and trees is influenced by the ontogenetic stage
of trees, and larger-diameter trees are more likely to form
mycorrhizal associations [60, 61]. Based on the available
literature and information from the website http://mycor
rhizas.info/index.html, tree species in the BSZ forest plot
were classified into three mycorrhizal types [62]. The study
included 13 ectomycorrhizal (EcM) tree species and 89
arbuscular mycorrhizal (AM) tree species (Table S1), while
excluding ericoid mycorrhiza (ErM) [62]. To conduct the
study, the BSZ forest plot (500 m X 500 m) was divided into
25 subplots of 100 m X 100 m each. The number of soil sam-
ples distributed within each subplot was counted, and the
number of AM and EcM trees in each subplot was calcu-
lated, respectively (Fig. 2c).
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Soil Chemical Properties

To assess the role of abiotic factors in the beta diversity of
the soil fungal community, we measured 16 soil variables,
including soil water content, total nitrogen (TN), NH,*-N,
NO;™-N, total phosphorus (TP), available phosphorus (AP),
available potassium (AK), organic carbon (OC), pH, alu-
minum (Al), calcium (Ca), copper (Cu), iron (Fe), magne-
sium (Mg), manganese (Mn), and zinc (Zn) (Table S2). Soil
properties were assessed using the Chinese National Stand-
ard Method (https://std.samr.gov.cn/), as well as referring
to a relevant book [63]. Soil water content was determined
using the aluminum box drying method. TN in the soil was
measured using the Kjeldahl method. For this, fresh soil
samples (10 g) were mixed with 50 mL of 2 mol/L KC1
solution in a bottle, shaken for 1 h, and allowed to stand
for 10 min. The supernatant was collected, and the concen-
trations of NH,*-N and NO;™-N were determined using a
SmartChem 2000 discrete chemical analyzer. Soil TP was
measured using the acid melt-molybdenum stibium anti-
color method. Soil AP was determined using the sodium
hydrogen carbonate (NaHCO;) solution-Mo-Sb anti-spec-
trophotometric method. We extracted the soil samples with
a neutral solution of 1 mol/L~! NH,AC, wherein NH,*-N
was exchanged with K* on the soil colloid surface, along
with water-soluble K* in the solution. The AK content in
the leaching solution was determined using a flame pho-
tometer. OC was quantified using the potassium dichromate
oxidation external heating method. We weighed 0.6 g of
soil sample, added 6 g of a mixed flux of lithium borate
and lithium carbonate, stirred and mixed thoroughly, and
melted the mixture in a furnace at 1100 °C. The resulting
liquid sample was poured into a mold and cooled to form
glass sheets. Finally, the Al, Ca, Fe, and Mg contents were
measured using an X-ray fluorescence spectrometer, while
other trace elements (Cu, Mn, and Zn) in the soil samples
were measured using an inductively coupled plasma atomic
emission spectrometer (ICP-AES).

Molecular Analysis of Soil Microorganisms

DNA was extracted from each soil sample using the Mag-
Pure Soil DNA KF Kit (Magigene Biotechnology Co., Ltd.,
Guangzhou, China). Subsequently, the DNA concentration
and purity were measured using the NanoDrop One instru-
ment (Thermo Fisher Scientific, MA, USA). For fungi, a
nested polymerase chain reaction (PCR) approach was
employed to target the internal transcribed spacer (ITS)
region of fungal rDNA. The second ITS (ITS2) region of the
rRNA operon was sequenced using the ITS3 (5'-GCATCG
ATGAAGAACGCAGC-3") and ITS4 (5'-TCCTCCGCTTA
TTGATATGC-3') primer pairs [64].
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Each PCR sample consisted of 25 pL of 2 X Premix Taq
(Takara Biotechnology, Dalian Co. Ltd., China), 1 pL of
each primer (10 mM), 20 pL of nuclease-free water, and 3 L
of DNA (20 ng/uL) template, making up a total volume of
50 pL. The PCR temperature profile included an initial cycle
of 5 min at 94 °C for initialization, followed by 30 cycles of
30 s denaturation at 94 °C, 30 s annealing at 52 °C, and 30 s
extension at 72 °C. This was followed by a final elongation
step of 10 min at 72 °C. The length and concentration of
the PCR products were determined through 1% agarose gel
electrophoresis. The final mixture of PCR products was puri-
fied using the E.Z.N.A. Gel Extraction Kit (Omega, USA).
The Illumina Hiseq2500 platform was utilized for PE250
sequencing of the amplicon library (Guangdong Magigene
Biotechnology Co., Ltd., Guangzhou, China).

Bioinformatics

Sequence data (.fastq) were processed using mothur software
(V1.35.1) [65]. Barcodes and primers were subsequently
removed, and clean tags were obtained. Sequence analy-
ses were conducted using USEARCH software (V10) [66].
Sequences were clustered into operational taxonomic units
(OTUs) with a 97% sequence similarity threshold [67]. Taxo-
nomic information for each representative sequence was anno-
tated using the UNITE database (for ITS) [68] with a default
confidence threshold of >0.5. Fungal OTUs were classified
based on ecological guilds using the FUNGuild database
(http://www.stbates.org/guilds/app.php) [5]. Using the FUN-
Guild database, fungal OTUs in the BSZ forest plots were suc-
cessfully assigned to a trophic guild with a confidence level of
“probable” or “highly probable” (Table S3). Here, unmatched
fungi accounted for 59.5% of total abundance in the functional
groups of fungi. Prior to normalization, the original sequence
numbers of the 1606 soil samples collected from the BSZ for-
est plot ranged from 28,843 to 367,435. Finally, in order to
correct the differences in sequencing depth between samples
[69, 70], the sequence of all samples was rarefied according
to the minimum sequence length, and the soil samples were
refined to 28,843 sequences. Here, only for the fungal dataset
from the BSZ forest plot, OTUs with sequence lengths <20
across all samples were deleted from all samples, resulting in
15,444 remaining OTUs [71].

Biodiversity Estimation

Based on the collected fungal data, we conducted several
diversity estimations for the total fungi and four functional
fungal communities (i.e., AM, EcM, saprotrophic, and plant-
pathogenic fungi). Firstly, we estimated the alpha diversity
of each soil sample within the entire plot. Additionally, we
calculated the gamma diversity for each subplot. Alpha
diversity was determined by calculating the OTU richness

within a single soil sample. This calculation was performed
for a total of 1606 soil samples. On the other hand, gamma
diversity was calculated by the total OTU richness of all soil
samples within each subplot, representing a 100 m X 100 m
region. To explore the direct and indirect effects of species
pools on beta diversity, we employed specific methods.
Beta diversity was assessed using the following formula:
f =1—a/y, where « represents the average value of the
alpha diversity across all samples within a given subplot
and y represents the gamma diversity of that subplot [56].
It is important to note that there exist multiple methods for
calculating beta diversity, and we opted for this particular
approach to conduct our analysis.

Statistical Analysis

The assembly processes of four functional groups of fungi
were assessed using the normalized stochasticity ratio (NST)
calculated with the “tNST()” function in the “NST” package
[72]. First, the Bray—Curtis index was calculated for each of
the four functional groups (AM, EcM, plant-pathogenic, and
saprotrophic fungi) using the abundance data. This index
was then compared with the corresponding Bray—Curtis
index obtained from the null model. The null model was
generated by randomizing the observed community 999
times, with the observed abundances randomly shifted
across all the OTUs of the site X OTU table (note that this
randomization does not preserve the row sum or column
sum). The null model was calculated using the PF algorithm
(proportional taxa occurrence frequency, fixed richness).
Next, the NST was calculated as follows: Let Aij be the
observed similarity between two sites i and j, and
B; =1 —A; be the observed dissimilarity. £ is the null
expected similarity between sites i and j, and E; means the
average of 999 times. If fungal communities across sites are
affected by deterministic processes and the communities
become more similar, the average selection strength of com-

Ay—Ej ..
munities (SS) is: S = f') If fungal communities across

sites are affected by deter;ninistic processes and the com-
munities become more dissimilar, the average selection
] ()
By (1-4)
The stochasticity ratio is then defined as ST=1—SS. Since
E,_.]- is not always between 0 and 1, based on this, the normal-
ized selection strength (NVSS) and the normalized stochastic-
ity ratio (NST) are proposed to keep the final value between

Oand 1. The NSSis: NSS = (85-557) Where SSP is the theoreti-

SSP—SST
cal maximum value of SS(under)completely deterministic
assembly and SS” is the theoretical minimum value of SS
under completely stochastic processes, respectively. The
NST is: NST = 1 — NSS. The NST was used to quantify the
relative importance of deterministic assembly (NST < 50%)

By—E;

strength of communities (SS) is: SS =
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and stochastic processes (NST>50%) for four functional
groups of fungi following Ning et al. [72], respectively.

To further explore the community assembly processes of
the four functional groups of fungi, we calculated the Lev-
in’s niche breadth (B) index using the “niche width” func-
tion in the “spaa” package [73, 74]. The community-level B
value (Bcom) represents the average B value in a community
[75]. In this study, Bcom was calculated as the average of all
OTUs’ niche widths for the four functional groups of fungi,
corresponding to the 1606 samples.

We conducted Mantel and partial Mantel tests to assess
the direct and indirect effects of species pools (gamma
diversity values) and community assembly processes (NST
values) on the beta diversity of four functional groups of
fungi in the BSZ forest plot. For this analysis, we utilized the
“mantel.partial” and “mantel” functions from the “vegan”
package in R [76].

To identify the driving factors of beta diversity in the four
functional groups, we employed variance partitioning analy-
sis (VPA). We initially performed multicollinearity analysis
using the “varclus()” function from the “Hmisc” package
[77] to assess potential factors, namely soil properties, myc-
orrhizal tree abundances (AM and EcM tree numbers), and
topographical factors (slope, elevation, and convexity). Here,
we only used the Kriging interpolation method to obtain
the topographic data of 1606 samples in this 25-ha plot,
and total fungal data, soil property data, and mycorrhizal
tree species abundance data were real measurements. All
explanatory variables were standardized to equalize vari-
ances using the “scale” function in R. Model selection was
performed using the stepwise method based on the Akaike
information criterion (AIC) in R with the “step()” func-
tion [78, 79]. Additionally, a backward selection model,
starting with the full model, was used to avoid selecting a
local AIC minimum. The remaining factors identified were
NH,*-N, NO;™-N, TP, AK, Al, Ca, Cu, Fe, Mg, Mn, soil
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water content, convexity, slope, and AM and EcM tree num-
bers. Data visualization was conducted using the “ggplot2”
package [80], and all statistical analyses were performed in
R within the RStudio environment (V4.1.1; https://www.r-
project.org/).

Results

In the total fungal community, Basidiomycota (45.6% of the
total abundance) and Ascomycota (30.8% of the total abun-
dance) exhibited the highest average relative abundances at
the phylum level (Fig. S1a). Among the functional groups
of fungi, EcM fungi accounted for 21.2% of the total abun-
dance, while saprotrophic fungi represented 9.22% of the
total abundance. Plant-pathogenic and AM fungi consti-
tuted 0.58% and 0.49% of the total abundance, respectively
(Fig. S1b). The contour map depicted clear variations in the
distribution patterns of functional groups of fungi across
different sampling points (Fig. S2).

Diversity Patterns and Community Assembly
Processes of Soil Functional Fungal Communities

The alpha, beta, and gamma diversities differed significantly
among the fungal groups of AM, EcM, plant-pathogenic,
and saprotrophic fungi (P <0.001; Fig. 3a, b, c¢). The average
alpha and gamma diversities of EcM and saprotrophic fungi
exceeded that of AM and plant-pathogenic fungi through-
out the entire plot (Fig. 3a, c). On the contrary, the average
beta diversity of AM and plant-pathogenic fungi was higher
than that of EcM and saprotrophic fungi (Fig. 3b). Addi-
tionally, the alpha, beta, and gamma diversities of the four
functional fungal groups exhibited variation even within the
same subplots (Fig. S3). Patterns of diversity showed limited
correlation among functional groups, with only the gamma

(¢)1250 d

b
a
1

1000

750

Gamma diversity
(9]
S
>

N
n
=

AM EcM Pathogenic Saprotrophic

Fig.3 Distribution of average alpha (a), beta (b), and gamma (c)
diversities of functional groups of soil fungi in the Baishanzu (BSZ)
forest plot. The colors in green, blue, red, and purple represent plant-
pathogenic (Pathogenic), arbuscular mycorrhizal (AM), ectomycor-
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rhizal (EcM), and saprotrophic fungi, respectively. The Tukey HSD
test was used for post hoc test. The different letters above bars (a, b, c,
d) indicate statistically significant difference
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diversity of plant-pathogenic fungi displaying a positive
correlation with that of the other three functional groups,
while all other pairwise comparisons were nonsignificant
(Fig. S4).

The NST and Bcom values differed significantly among
the fungal groups of AM, EcM, plant-pathogenic, and sap-
rotrophic fungi (P <0.001; Fig. 4a, c). Based on the NST
values, all four groups exhibited evidence supporting the
impact of stochastic processes on assembly, with this effect
being particularly strong for AM and plant-pathogenic fungi
(NST>50%; Fig. 4a, b). In contrast, EcM and saprotrophic
fungi showed more mixed evidence, with average NST val-
ues closer to 50% (Fig. 4a, b). Figure 4c illustrates that the
mean Bcom value of AM fungi was the highest, indicating
that AM fungi generally have a broader niche width com-
pared to the other three functional groups.

Species Pool Size Influences the Beta Diversity
of Soil Functional Fungal Communities Directly
and Indirectly Through Ecological Assembly
Processes

The size of the species pool had a direct effect only on the
beta diversity of plant-pathogenic fungi and not on the
other three functional groups. In the case of plant-patho-
genic fungi, a significant positive correlation was observed
between beta diversity and the species pool size (gamma
diversity; R?=0.24, P=0.010, Fig. 5c). However, no sig-
nificant relationships were found between beta diversity and
gamma diversity for AM, EcM, and saprotrophic fungi (AM
fungi: R?=0.06, P=0.219; EcM fungi: R*=0.06, P=0.228;
saprotrophic fungi: R>=0.03, P=0.439).

We employed Mantel and partial Mantel tests to further
investigate the differing direct and indirect effects (via com-
munity assembly processes) of species pools on the beta

diversity of each functional fungal group. Our results dem-
onstrated that the beta diversity of EcM fungal communi-
ties was primarily influenced indirectly through commu-
nity assembly processes, rather than directly by the species
pools (Mantel test: r=0.48, P=0.001; partial Mantel test:
r=0.44, P=0.002; see Table 1). Conversely, the beta diver-
sity of plant-pathogenic fungal communities was directly
governed by the species pools rather than being indirectly
influenced by community assembly processes (Mantel test:
r=0.23, P=0.022; partial Mantel test: r=0.18, P=0.024;
see Table 1). Moreover, the beta diversity of the total fun-
gal communities in the BSZ forest plot was influenced both
directly and indirectly by the species pools (Mantel test:
r=0.54, P=0.002; »=0.48, P=0.001; partial Mantel test:
r=0.32, P=0.009; r=0.21, P=0.014; see Table 1). In con-
trast, the beta diversity of AM fungal communities was not
directly affected by the species pools or indirectly influenced
by community assembly processes (Mantel test: r= —0.01,
P>0.05; r=-0.03, P>0.05; partial Mantel test: r= —0.01,
P>0.05; r=—-0.04, P>0.05; see Table 1). The beta diver-
sity of saprotrophic fungal communities also remained unaf-
fected by both the species pools and community assembly
processes (Mantel test: r=0.11, P>0.05; r=0.12, P> 0.05;
partial Mantel test: r=0.09, P> 0.05; r=0.02, P> 0.05; see
Table 1).

The Relative Contributions of Soil Properties,
Mycorrhizal Tree Abundances, and Topographical
Factors to the Beta Diversity of Soil Functional
Groups of Fungi

The results of the variance partitioning analysis revealed
that soil properties, mycorrhizal tree abundances, and top-
ographical factors did not have independent effects on the
beta diversity of AM fungal community. In combination,

(a) * (b)
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Fig.4 Average normalized stochasticity ratios (NST) of the functional
fungal community (a). The scatter plot represents the average NST
values of the functional fungal community across 25 subplots in the
forest plot (b). The average niche width values (Bcom) are shown for
four fungal groups: arbuscular mycorrhizal fungi (AM fungi), ecto-

(©) 50 Bcom ***
I £ a
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L ¢ e
¢ =
2 30
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e — E
=AM’ 2 b
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mycorrhizal fungi (EcM fungi), plant-pathogenic fungi (Pathogenic
fungi), and saprotrophic fungi (c). ***P <0.001. The X-axis repre-
sents the names of the 25 subplots. The Tukey HSD test was used for
post hoc test. The different letters above bars (a, b, ¢, d) indicate sta-
tistically significant difference
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Table 1 Effects of species pools and ecological assembly processes on the beta diversity of soil functional fungal communities analyzed using

the Mantel test and partial Mantel test

Mantel test
Community assembly

Partial Mantel test
Controlling for species

Mantel test Partial Mantel test

Species pools (r) Controlling for commu-

processes () pools (r) nity assembly processes
)
AM fungi -0.01 0.01 -0.03 —-0.04
EcM fungi 0.48%*** 0.445#5%% 0.05 -0.03
Plant-pathogenic fungi —0.05 —0.08 0.23* 0.18*
Saprotrophic fungi 0.11 0.09 0.12 0.02
All fungi 0.54%* 0.32%* 0.48+%#* 0.21*

Values indicated in bold represent significant differences (*P <0.05, **P <0.01, ***P <(0.001). Significant differences were determined based

on 999 permutations

these factors only explained 40% of the total variance
(Fig. 6a). However, for the other three groups, 69-77%
of the variance was explained by the three sets of fac-
tors, although their relative weightings varied among the
groups. Consequently, there is no single “controlling fac-
tor” for soil fungal beta diversity in this system. Specifi-
cally, soil properties were the driving factor for the beta
diversity of EcM fungal community, while they had no
effect on saprotrophic fungi (Fig. 6b). The beta diversity

@ Springer

of plant-pathogenic fungi was influenced by a relative bal-
ance of soil properties and topographical factors, whereas
mycorrhizal tree abundances impacted only the beta diver-
sity of the saprotrophic fungal community (Fig. 6¢, d).
In addition, we examined the effects of soil properties,
mycorrhizal tree abundances, and topographical factors on
alpha and gamma diversity of four functional fungal com-
munities using the variance partitioning analysis. Among
them, soil properties, as the most important potential
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Fig.6 Variation partition- (a)

ing analysis illustrating the
proportion of variance in the
beta diversity of soil functional
fungi explained by soil proper-
ties, mycorrhizal tree numbers,
and topographical factors.

The percentages indicate the
contributions, while values <0
are not displayed. a, b, ¢, and d
represent the beta diversity of
arbuscular mycorrhizal fungi,
ectomycorrhizal fungi, plant-
pathogenic fungi, and sapro-
trophic fungi, respectively

(c)

(b)
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Values <0 not shown

Pathogenic fungal beta diversity

factors, had a significant impact on the alpha and gamma
diversities of four functional fungal groups (Fig. S5 and
Fig. S6).

Discussion

In order to enhance our understanding of the mechanisms
driving soil functional fungal communities, we conducted
an evaluation of the direct and indirect effects (mediated
through ecological community assembly processes) of spe-
cies pools on the beta diversity of soil functional groups.
This analysis was based on a dataset obtained from a 25-ha
subtropical forest plot. Our study revealed that stochastic
processes predominantly influenced the community assem-
bly of AM, plant-pathogenic, and saprotrophic fungi. How-
ever, there were differences in the community assembly
mechanisms of EcM fungi in different subplots. Further-
more, we found that soil properties had the most significant
contribution to the beta diversity of EcM fungi, followed
by plant-pathogenic fungi, while they did not indepen-
dently contribute to the beta diversity of AM and sapro-
trophic fungi. The findings of this study hold considerable

Saprotrophic fungal beta diversity

significance for advancing our comprehension of the diverse
functions of fungi in forest ecosystems. By implementing
a functional division of fungi based on ecological guilds
[5], future research can greatly facilitate investigations into
the impact of soil fungal communities on the diversity and
functioning of forest ecosystems.

Diversity Patterns of Soil Functional Fungal
Communities

The biodiversity indices (alpha, beta, and gamma diversities)
of the AM, EcM, plant-pathogenic, and saprotrophic fungal
communities within the same subplot exhibited variation,
highlighting the specificity of different functional groups
(Fig. 3). Additionally, it was observed that the alpha and
gamma diversities of plant-pathogenic fungi and AM fungi
were similar and significantly lower than that of EcM fungi.
This result can be attributed to several reasons. Firstly, sites
with high rates of EcM fungi accumulation may display
low rates of saprotrophic or pathogenic fungi accumula-
tion, while sites with high rates of AM fungi accumulation
tend to have high rates of plant-pathogenic fungi accumu-
lation [81]. Based on our results, the richness distribution
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of four functional fungal groups was significantly observed
(Fig. S2). Generally, the sites with less EcM fungi richness
had more saprotrophic fungi richness, while the sites with
more AM fungi richness had relatively more saprotrophic
and plant-pathogenic fungi richness. Secondly, it has been
suggested that EcM fungi are more resistant to pathogenic
fungi compared to AM fungi, which may be linked to the
fine root morphology of the host species [82, 83]. EcM fungi
are also known to provide protection to plants (including
seedlings) against pathogenic fungi [84-86]. In this study,
EcM fungi exhibited higher diversity and stronger resistance
to plant-pathogenic fungi compared to AM fungi, resulting
in lower diversity of plant-pathogenic fungi in comparison.
However, the findings for saprotrophic fungi differed sig-
nificantly. For instance, Eagar et al. revealed that in four
temperate hardwood forests in southern Indiana, United
States, the diversity of plant-pathogenic and saprotrophic
fungi increased with increasing dominance of AM trees, but
not with EcM trees dominance [87]. In this study, we found
that EcM tree species were dominant by comparing the rela-
tive basal areas of the two mycorrhizal species (Fig. S7). At
the same time, we found that the relative basal area of EcM
tree species was significantly negatively correlated with the
diversity of AM fungi. The diversity of EcM fungi increased
with the increase of EcM tree species dominance, while
the diversity of plant-pathogenic and saprotrophic fungi
decreased with the increase of EcM tree species dominance,
but none of them was significant (Fig. S8). This result was
consistent with previous study [87].

Community Assembly Processes of Soil Functional
Fungal Communities

In this study, the community assembly processes of EcM
fungi were predominantly determined by determinis-
tic processes in 12 subplots (BSZ1, BSZ2, BSZ3, BSZ6,
BSZ7, BSZS8, BSZ11, BSZ12, BSZ13, BSZ14, BSZ21,
and BSZ22) and stochastic processes in the remaining 13
subplots (Fig. 4). This distinction may be attributed to the
influence of elevation on the distribution of EcM fungi in
the 25 subplots (Fig. S9) [88]. In this study, there was a
significant correlation between EcM fungal diversity and
elevation factor (R*=0.38, P <0.001). A recent study con-
ducted in mountains of southwest China also demonstrated
that elevation has a significant impact on EcM fungal com-
munities [89]. It was further inferred that the differences
in community assembly processes of EcM fungi in differ-
ent subplots might be caused by the elevation. Moreover,
EcM fungal communities at different elevations within the
BSZ plot could be influenced by various factors, such as soil
water content and the distribution of aboveground mycor-
rhizal tree species. These factors may also result in different
community assembly mechanisms [30, 90].

@ Springer

Based on the NST and Bcom values, this study revealed
that EcM fungi exhibited the narrowest average niche width
and the least spatially even distribution compared to the
other three functional fungal groups (Fig. S2). One possi-
ble explanation for this pattern is that species with smaller
niche widths tend to have more uneven distributions and are
more susceptible to dispersal limitation. Conversely, species
with larger niche widths tend to be more widely and evenly
distributed and less affected by dispersal limitation [91, 92].
Compared with other three functional fungal groups, EcM
fungi had the smallest average NST value. The smaller NST
value means that it is more susceptible to deterministic pro-
cesses (environmental factors) [72]. EcM fungi are more
susceptible to environmental changes when it involves global
change or local disturbances.

Driving Mechanism Underlying Beta Diversity
of Soil Functional Fungi

Our findings revealed a significant positive correlation
between the beta diversity and gamma diversity of plant-
pathogenic fungi within functional fungal communities.
This result aligns with previous studies conducted in other
ecosystems [41, 56, 93, 94]. For instance, Grman et al.
demonstrated that the beta diversity of plant communities
in grassland ecosystems increases with the species pool
[93], while Wang et al. reported that an increase in gamma
diversity leads to an increase in the beta diversity of diazo-
trophic communities [56]. However, we did not observe a
significant relationship between beta diversity and gamma
diversity in the other three functional fungal groups inves-
tigated in this study (AM, EcM, and saprotrophic fungi).
Generally, according to the framework, the gamma diversity
(i.e., species pool) can influence the beta diversity of fun-
gal communities either directly or indirectly (community
assembly processes). Here, we did not find a direct corre-
lation between gamma diversity and beta diversity in the
other three functional fungi groups, which may be due to
the indirect driving role of community assembly processes.
The processes of community assembly are closely related
to biological type, environmental filtration, and biological
interactions [95-97].

Our results partially support the hypothesis that the
beta diversity of microbial communities is influenced both
directly and indirectly by species pools and community
assembly processes, addressing our second research ques-
tion. Specifically, the beta diversity of the EcM fungal com-
munity was primarily driven indirectly through community
assembly processes rather than by species pools (Table 1).
The influence of community assembly processes suggests
that different selective filters, such as homogeneous environ-
ments, heterogeneous environments, and dispersal processes,
can shape beta diversity by selectively filtering species from
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the species pool in distinct ways [98, 99]. For example,
Pereira et al. studied the effects of two tropical rain forest
types (semi-deciduous rain forest and dense ombrophilous
forests) on AM fungal community assembly processes in the
Atlantic rain forest in Northeastern Brazil, South America.
The results showed that there were significant differences
in community assembly dynamics between the two forest
types, and the differences caused by the host tree presence
or preferences are most likely due to different responses to
environmental variables [51].

It is increasingly recognized that soil functional fungal
communities may be governed by different factors, and dif-
ferent functional groups within the same community may
exhibit similar or distinct drivers [32, 33]. In our study, we
also identified soil properties, mycorrhizal tree numbers, and
topographic factors as the most significant factors influenc-
ing the beta diversity of EcM, saprotrophic, and plant-path-
ogenic fungi, respectively. The beta diversity of AM fungi,
on the other hand, was influenced by a combination of soil
properties and mycorrhizal tree species. And the three poten-
tial factors had no independent effects on the beta diversity
of AM fungal community. Furthermore, based on the Venn
diagrams, we observed that the residuals (unexplained by
these factors) of the AM fungal community were the larg-
est (60%), suggesting a potential influence of unmeasured
environmental variables and ecological processes. It might
also be due to the strong effect of stochastic processes. Addi-
tionally, it is important to note that since our study captured
a snapshot in time, different results could emerge due to
temporal and seasonal changes.

Conclusions

This study investigates the impact of species pools, both
direct and indirect (through community assembly processes),
on the beta diversity of various functional fungal groups
within a 25-ha forest plot in northern China. The findings
emphasize the importance of classifying fungal communi-
ties into distinct functional groups for research purposes.
Additionally, by analyzing the potential driving mechanisms
behind four functional fungi, we gain a more comprehen-
sive understanding of the significant variations in driving
factors among different functional groups within specific
ecosystems.
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