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Effects of plant diversity, soil
microbial diversity, and network
complexity on ecosystem
multifunctionality in a
tropical rainforest

Yanxuan Chen1, Xiaobo Huang1,2,3, Xuedong Lang1,2,3,
Rong Tang1,2,3, Rui Zhang1,2,3, Shuaifeng Li1,2,3*

and Jianrong Su1,2,3*

1Institute of Highland Forest Science, Chinese Academy of Forestry, Kunming, China, 2Pu’er Forest
Ecosystem Research Station, National Forestry and Grassland Administration of China,
Kunming, China, 3Pu’er Forest Ecosystem Observation and Research Station of Yunnan Province,
Science and Technology Department of Yunnan Province, Kunming, China
Introduction: Plant diversity and soil microbial diversity are important driving

factors in sustaining ecosystemmultifunctionality (EMF) in terrestrial ecosystems.

However, little is known about the relative importance of plant diversity, soil

microbial diversity, and soil microbial network complexity to EMF in tropical

rainforests.

Methods: This study took the tropical rainforest in Xishuangbanna, Yunnan

Province, China as the research object, and quantified various ecosystem

functions such as soil organic carbon stock, soil nutrient cycling, biomass

production, and water regulation in the tropical rainforest to explore the

relationship and effect of plant diversity, soil microbial diversity, soil microbial

network complexity and EMF.

Results: Our results exhibited that EMF decreased with increasing liana species

richness, soil fungal diversity, and soil fungal network complexity, which followed

a trend of initially increasing and then decreasing with soil bacterial diversity

while increasing with soil bacterial network complexity. Soil microbial diversity

and plant diversity primarily affected soil nutrient cycling. Additionally, liana

species richness had a significant negative effect on soil organic carbon stocks.

The random forest model suggested that liana species richness, soil bacterial

network complexity, and soil fungal network complexity indicated more relative

importance in sustaining EMF. The structural equation model revealed that soil

bacterial network complexity and tree species richness displayed the significantly

positive effects on EMF, while liana species richness significantly affected EMF via

negative pathway. We also observed that soil microbial diversity indirectly

affected EMF through soil microbial network complexity. Soil bulk density had

a significant and negative effect on liana species richness, thus indirectly
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influencing EMF. Simultaneously, we further found that liana species richness

was the main indicator of sustaining EMF in a tropical rainforest, while soil

bacterial diversity was the primary driving factor.

Discussion: Our findings provide new insight into the relationship between

biodiversity and EMF in a tropical rainforest ecosystem and the relative

contribution of plant and soil microibal diversity to ecosystem function with

increasing global climate change.
KEYWORDS

tropical rainforest, soil microbial diversity, plant diversity, liana species richness,
ecosystem multifunctionality
1 Introduction

With the frequent disturbances of human activities and

abnormal changes in the global climate, biodiversity is currently

being lost at an unprecedented rate worldwide, which results in the

loss of multiple ecosystem functions and services in the global

terrestrial ecosystems (Lopez-Rojo et al., 2019; Li et al., 2023).

Previous studies have mainly focused on the effects of biodiversity

on individual ecosystem functions and ignored the multiple

ecosystem functions provision, which displayed a biased and

limited understanding of the effects of biodiversity on ecosystem

functions (Li et al., 2020a; Luo et al., 2022). Previous studies have

also shown that biodiversity played and important role in affecting

ecosystem functions (Lefcheck et al., 2015; Yan et al., 2023), which

is becoming a more prominent consideration when examining

multiple ecosystem functions. Ecosystems have many functions

and services, all of which may be affected by biodiversity and

enhanced or inhibited by other functions (Pennekamp et al.,

2018). Therefore, we need to consider the effects of biodiversity

on multiple ecosystem functions simultaneously (ecosystem

multifunctionality, EMF) (van der Plas et al., 2016; Garland

et al., 2021).

The effect of soil microbe and plant community on EMF is a

powerful tool for interpreting the relationship between biodiversity

and EMF. Previous studies suggested that plant diversity and soil

microbial diversity were essential to sustaining EMF (Li et al.,

2020a; Wang et al., 2021), which found that EMF increased with

increasing plant species richness (Maestre et al., 2012; Moi et al.,

2021). As a central component of terrestrial ecosystems, soil

microbial communities account for one-quarter of the Earth’s

biodiversity, which played a critical role in maintaining EMF by

affecting soil organic matter turnover (Bastida et al., 2016; Sokol

et al., 2022). A previous study have found that soil microbial

diversity drives the EMF in the terrestrial ecosystem (Delgado-

Baquerizo et al., 2016). Especially, soil bacterial diversity positively

promoted EMF enhancement (Giguere-Tremblay et al., 2020).

However, soil fungal diversity was not significantly correlated

with EMF (Jing et al., 2015; Sun et al., 2023). These suggested

that there is a trade-off between different soil microbial diversity and
02
EMF (Sun et al., 2023). Meanwhile, the relationship between plant

and soil microbial diversity and EMF reveal significant differences

within diverse terrestrial ecosystems. In the grassland ecosystem,

EMF decreased with the loss of soil microbial diversity and the

simplification of soil microbial community composition (Wagg

et al., 2014; Luo et al., 2023). In the temperate forest, above-

ground and subsurface biodiversity regulated EMF (Yuan et al.,

2020), and environmental conditions and heterogeneity affected the

stability of the ecosystem (Qiao et al., 2022). In the subtropical

forest, soil microbial abundance and soil properties were positively

correlated with EMF (Wang et al., 2022a), and plant functional trait

diversity and structural diversity equally underpin EMF (Ouyang

et al., 2023). However, the effects of soil microbial diversity and

plant diversity on EMF in the tropical rainforest are poorly

documented and understood.

Currently, most studies overlook the effect of soil microbial

network complexity on EMF. Soil microbial network complexity

affects the stability and adaptability of soil microbial communities

and their functions (Chen et al., 2022). Therefore, exploring the

complexity of the soil microbial networks could help us better

understand the relationship between soil microbial diversity and

EMF. A previous study suggested that soil microbial co-occurrence

network, a key component of soil microbial diversity’s association

with EMF, was a better predictor of EMF than soil microbial

diversity (Chen et al., 2022). For example, ozone concentration

increased the network complexity of soil bacteria and fungi, which

may ultimately decrease EMF (Li et al., 2022b).

Environmental factors play a significant role in driving EMF.

Soil physicochemical properties can directly or indirectly affect

plant diversity and soil microbial diversity, thus altering EMF

(Yang et al., 2021b). As main limiting factor for plant growth, soil

moisture directly affected EMF via the processes of the plant-soil-

atmosphere system (Asbjornsen et al., 2011). In addition, soil bulk

density could affect the relationship between litter layer and forest

floor and soil water regulation, carbon cycle and nutrient cycle

(Nottingham et al., 2015).

Tropical rainforest covers only 7% of the world’s land area,

which supports two-thirds of the world’s biodiversity (Couvreur

et al., 2011; Chen et al., 2021). Due to climate change, shifting
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cultivation, and commercial logging, tropical rainforest habitats

decreased rapidly and become increasingly fragmented, which may

negatively affect ecosystem functions and services (Ding and Zang,

2005; Senior et al., 2018; Liu and He, 2022). Tropical rainforests

have become one of the most productive but fragile ecosystems on

Earth (Zhang et al., 2023). The tropical rainforest in Xishuangbanna

is currently China’s largest and most biodiverse. However, its area

has continuously decreased, especially with the increasing rubber

price, which has led to large-scale primary forest degradation

because of the conversion of primary forests to rubber plantations

(Lan et al., 2017; Singh et al., 2019). This study aims to explore the

relative importance of plant diversity and soil microbial diversity,

soil microbial network complexity, and environmental factors in

sustaining EMF in a tropical rainforest. Specifically, we explore the

following three hypotheses: (1) EMF increases with increasing plant

species diversity; (2) soil bacterial diversity displays more

importance in sustaining EMF than soil fungal diversity; and (3)

soil microbial network complexity mediates the relationship

between biodiversity and EMF.
2 Materials and methods

2.1 Study area

The study area is located in Xishuangbanna, Yunnan Province,

China (21°10′–22°40′ N and 99°55′–101°50′ E), belonging to the

tropical humid zone south of the Tropic of Cancer (Zhai et al.,

2017). The climate in this region is characterized as tropical

monsoon climate, with an average annual temperature ranging

from 15.1 to 21.7°C and an annual rainfall between 1200 and

2500 millimeters (mm) (Cao et al., 2006). The region is affected by

the southwest monsoon throughout the year, with pronounced dry

and wet seasons. The soil type is categorized as acidic brick-red soil

(Ling et al., 2022). This region has the largest remaining area of

tropical rainforest in China. In our study region, the main tree

species in the tropical rainforest included Parashorea chinensis,

Cleidion brevipetiolatum, Phoebe lanceolata, and Garcinia cowa.

The shrub species included Boehmeria glomerulifera and

Pittosporopsis kerrii, while the liana species included Tetrastigma

planicaule and Aganosma breviloba.
2.2 Plot investigation and
biomass measurement

From April to May 2021, we established three 1 hm2 forest

dynamic plots in the Menglun, Shangyong, and Bubeng areas,

totaling 75 sampling plots with the area of 20 m × 20 m. In each

sampling plot, we identified and recorded all woody plants with a

diameter at breast height (DBH) ≥ 1 cm and their tree height (m),

including tree, liana, and shrub. The volume of plant branches after

removing the bark was determined using the drainage method, and

then the branches were dried in an oven at 103°C to a constant

weight that was measured after drying. The branch density was
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calculated using the ratio of branch dry weight to volume. We

calculated the above-ground biomass (AGB) among the woody

plant species using species-specific allometric equations (Equation

1) based on wood density, DBH, and tree height (Byrnes et al., 2014;

Li et al., 2020c).

AGB = ½0:0673� (WD� DBH2 �H)0:976� � 25=1000 (1)

where AGB represents the above-ground biomass of the plant,

WD represents wood density, DBH represents diameter at breast

height, and H represents tree height.
2.3 Soil sampling and measurement

We collected a total of 75 soil samples. In each sample plot, we

took five soil samples of about 250g from the center and four

corners, with a 0–20 cm soil depth, and mixed them to form a

composite soil sample. Then, we divided the composite soil sample

into two parts for measuring the physicochemical properties of the

soil and the soil microbial DNA, respectively. At the same sampling

point, a stainless-steel cylinder with a volume of 100 cm3 was used

to collect soil core, which were used to measure physical indicators

such as soil bulk density (SBD), soil water content (SWC) and soil

water-holding capacity (SWHC) (Reynolds, 1970; Wang et al.,

2022b). Next, we used standard measurement methods to

determine soil chemical indicators such as soil organic carbon

(SOC), soil total nitrogen (TN), soil total phosphorus (TP), soil

hydrolyzed nitrogen (HN), soil available phosphorus (AP), soil total

potassium (TK), and soil available potassium (AK). We used the

CHN analyzer (2400 II CHN Analyzer, PerkinElmer, Boston, MA,

USA) to measure SOC and TN, and the molybdenum antimonial

blue colorimetry and Olsen method to determine TP and AP (Bao,

2000; Li et al., 2022a). In addition, HN was determined by alkaline

hydrolysis diffusion method. TK and AK were determined by

atomic absorption spectrophotometry (Bao, 2000). The formula

for calculating soil organic carbon stock (SOCS) (Equation 2) was

used as follows:

SOCS = 0:1� c � d � r � (1 − D) (2)

where SOCS (t•hm-2) represents soil organic carbon stock, c

(g•kg-1) represents soil organic carbon content, d (g•cm-3)

represents soil bulk density, r (cm) represents soil layer thickness,

and D represents the gravel content with a diameter greater than 2

mm, measured as a volume ratio.
2.4 Soil microbial diversity

We extracted DNA from 0.5 g soil samples using the FastDNA

Soil DNA Isolation Kit (MP Biochemicals, Solon, OH, USA). Soil

microbial diversity was analyzed using the nucleotide conserved

region of rRNA. For bacteria, we used the V4 - V5 region of the

highly conserved 16S gene, and for fungi, we mainly used the

internal transcriptional spacer (ITS) region. The bacterial 16S rRNA

was amplified with gene primers 338F (5 ’-ACTCCTA
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CGGGAGGCAGCA-3 ’ ) and 80 6R ( 5 ’ -GGACTACH

VGGGTWTCTAAT-3’). The ITS of fungi was amplified by

primers ITS1 (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and

ITS2 (5’-GCTGCGTTCTTCATCGATGC-3’). After PCR, the

amplicons were extracted and purified for downstream library

preparation for high-throughput sequencing. We used the

Illumina HiSeq sequencing platform to analyze soil microbial

diversity and constructed short fragment libraries using paired-

end sequencing methods to analyze microbial species annotation

and abundance. Among them, polymerase chain reaction (PCR)

was performed in triplicate using 50 ml of reaction mixture

containing 10 ml buffer, 0.2 ml Q5 High-Fidelity DNA polymerase,

10 ml High GC Enhancer, 1 ml Dntp, 10 mM per primer, and 60 ng

genomic DNA. The PCR for fungi was performed using the Veriti

Thermal cycler (Applied Biosystems). The thermal cycle conditions

were 95°C for 5 min, then 95°C for 1 min, 50°C for 1 min, 72°C for 1

min, a total of 15 cycles, and finally extended for 10 min at 72°C (Li

et al., 2020c). We performed amplicon sequencing using the

Illumina MixSeq 2500 platform of Biomarker Technologies

Corporation, Beijing, China. Low quality sequences (quality

score< 20, length< 150 bp, total expected error > 0.5) were

filtered after combining forward and backward reads. After

sequencing, we clustered or de-noised high-quality sequences of

soil bacteria and fungi and divided the bacterial and fungal

communities into operational taxonomic units (OTUs) based on

97% similarity. After sequencing 75 samples of soil bacteria and

fungi, we obtained 6,001,239 and 6,001,299 pairs of end-reads,

respectively, from which 79,167 and 79,221 clean reads were

generated. The original sequencing data can be found in the

NCBI Sequence Read Archive (SRA) under the accession number

SUB13691156: PRJNA995948.
2.5 Calculating ecosystem
multifunctionality

In this study, EMF include carbon stock, nutrient cycling, water

regulation and biomass production. Among them, biomass production

represented the above-ground biomass (AGB) of all woody plants with

DBH ≥ 1 cm. At the same time, nutrient cycling was composed of soil

total nitrogen (TN), soil total phosphorus (TP), soil hydrolyzed

nitrogen (HN), soil available phosphorus (AP), soil total potassium

(TK), and soil available potassium (AK) in the ecosystem. Soil organic

carbon stocks (SOCS) served as a proxy for carbon stock, and soil

water-holding capacity (SWHC) represented water regulation.

We standardized these four ecosystem functions across 75

sampling plots using Z-score transformations. Then, the four

ecosystem function scores for each sampling plots were averaged

to obtain a multifunctional index (Byrnes et al., 2014; Yang

et al., 2023).
2.6 Data analysis

All of the statistical analyses were performed using R4.2.3 (R

Core Team, 2022). First, we use a multithreshold multifunctional
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method to evaluate the effects of plant diversity and soil microbial

diversity on EMF, and analyze the trade-offs between different

ecosystem functions of EMF to verify whether plant diversity and

soil microbial diversity support multiple ecosystem functions at

high threshold levels. First, we run this method using the

“multifunc” package. The effects of plant diversity and soil

microbial diversity on EMF were examined by the slope changes

of curves fitted with the EMF index (threshold-based index of

multifunctionality (MFt)) at different thresholds (Byrnes et al.,

2014). Among them, the minimum threshold when diversity has

an effect on multifunctionality (Tmin), the maximum threshold

when diversity has an insignificant effect on multifunctionality

(Tmax), the threshold when diversity has the greatest positive or

negative effect (Tmde), and the threshold when diversity has the

greatest effect on the number of functions that reach the threshold

(Rmde). These four main indicators give us information on how

plant diversity and soil microbial diversity affect EMF.

Next, we used the “agricolae” package to conduct ordinary least

squares regression analysis to explore the relationship between

plant diversity (including tree, shrub, and liana) and soil

microbial diversity, soil microbial network complexity, soil water

content, soil bulk density, and EMF (R Core Team, 2022). Then, we

used the “linkET” package to perform correlated analyses and

visualizations of the relationships between plant diversity, soil

microbial diversity, soil microbial network complexity,

environmental factors, and EMF. We used the ‘WGCNA’ package

to construct a co-occurrence network of soil bacteria and fungi

based on Spearman correlation coefficient for microbial co-

occurrence network analysis. In our study, only OTUs with a

relative abundance > 0.01% were used in the microbial co-

occurrence network, where OTUs represented nodes and the

correlations between nodes represented edges (Qiu et al., 2021).

We used the “RMThreshold” package to set appropriate similarity

thresholds of 0.850 and 0.540 for soil bacteria and fungi based on

random matrix theory (RMT). Then, we adjusted the P-values (P<

0.05) of the correlations using the Benjamini-Hochberg false

discovery rate (FDR) (Benjamini et al., 2006). We use the

“subgraph” function in the “igraph” package to extract the

subnetwork properties of each soil sample from the constructed

network (Yang et al., 2022). Then, the soil microbial network was

visualized using the Gephi platform (Xue et al., 2017). Soil bacterial

and fungal network complexity was calculated using the topological

features of the network, including the number of nodes and edges,

average degree, clustering coefficient, average path length, network

diameter, and graph density (Jiao et al., 2022). We also checked the

dominant taxonomic groups at the phylum level (Qiu et al., 2021).

Next, we use multidimensional scales (MDS) to calculate

topological parameters of soil microbial network complexity.

Before calculation, the average path length and diameter are

processed using the reciprocal of the variable (X-1) (Jiao et al.,

2022). Then, before statistical analysis, all data were log10-

transformed for normality. OTUs represented the alpha diversity

index of soil bacteria and fungi, and plant diversity is mainly

represented by plant species richness, included the number of

tree, shrub, and liana species in each sampling plot. The effects of

plant diveristy, soil microbial diversity, soil microbial network
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complexity, and environmental factors on EMF were assessed using

ordinary least squares linear regression.

Finally, we use “lavaan” (Rosseel, 2012) and “randomForest”

packages to analyze SEM and random forest model respectively. We

used random forest model mean square error (MSE) percentages to

assess the relative importance of plant diversity, soil microbial

diversity, soil microbial network complexity, and environmental

factors to EMF (Jiao et al., 2022). Next, we used structural equation

modeling (SEM) to assess the direct and indirect associations

between plant diversity, soil microbial diversity, soil microbial

network complexity, environmental factors, and EMF. The effects

of different variables on EMF and multiple ecosystem functions

were determined by path standardization coefficients and

correlation P-values. We use Chi-square tests, goodness of fit

index (GFI), and approximate root-mean-square error (RMSEA)

to evaluate the fit of the model. The results showed that P > 0.05,

GFI = 1, RMSEA< 0.05 by chi-square test (Rosseel, 2012), indicating

that the structural equation model was trustworthy.
3 Results

3.1 Effects of plant diversity and soil
microbial diversity on EMF

According to the results obtained from the multithreshold

method, we can conclude that TSR has a significant positive

correlation with EMF in the 1% to 3% threshold range

(Figure 1A). LSR has a significant negative effect on EMF, with a

minimum threshold of 13% and a maximum threshold of 81%.

When the threshold reached 48%, the effect on EMF was the

greatest, and the maximum effect (Rmde) of LSR was 0.1668,

meaning that an increase of one liana species reduced 0.1668

functional scores (Figure 1B). SSR has no significant effect on

EMF (Figure 1C). In addition, BSR has a significant positive effect

on EMF, with a minimum threshold of 86% and a maximum

threshold of 92% (Figure 1D). In the 3% to 60% threshold range,

FSR has a significant negative effect on EMF (Figure 1E).
3.2 Relationship between EMF and plant
diversity, soil microbial diversity, soil
microbial network complexity, and
environmental factors

Based on ordinary least squares linear regression analysis, EMF

decreased with increasing LSR (Figure 2B), BSR (Figure 2D), FSR

(Figure 2E) and FNC (Figure 2G). However, EMF showed an

increasing trend with the increase in BNC (Figure 2F).

Additionally, there was no significant regression relationship

between EMF and TSR (Figure 2A), SSR (Figure 2C), SWC

(Figure 2H), and SBD (Figure 2I).

Further, combined heatmap analysis showed that FSR, FNC,

and BNC had significant positive effects on nutrient cycling

function, and the affected soil nutrients mainly included TN, TP,

TK, HN, and AP (Figure 3A). SSR, TSR, and LSR mainly have
Frontiers in Plant Science 05
significant positive effects on AP, and LSR also has significant

positive effects on TN and SOCS (Figure 3B). SBD and SWC have

significant positive effects on SWHC, and SWC also has a positive

effect on AP (Figure 3C).
3.3 Soil microbial network complexity
and dominant phyla

Soil bacterial and fungal communities in the soil exhibited

differential patterns of symbiosis, but both soil bacterial and

fungal co-occurrence networks demonstrated high complexity.

Based on the topological parameters of the soil microbial

networks (Figure 4E), the average degree of soil bacteria network

was 16.889. The network diameter was 8, with a graph density of

0.158. The modularity was 0.599, and the average clustering

coefficient of the nodes was 0.661, with an average path length of

2.647. On the other hand, the average degree of soil fungi network

was 88.041. The network diameter was 5, with a graph density of

0.454. The modularity was 0.359, and the average clustering

coefficient of the nodes was 0.786, with an average path length

of 1.713.

At the phylum level, the dominant groups of soil bacteria and

their proportion in the total phylum abundance (Figures 4A, C),

were Acidobacteria (45.37%), Proteobacteria (24.07%), and

Verrucomicrobia (11.11%), among others. The dominant groups

of soil fungi were Ascomycota (52.57%) and Basidiomycota

(35.43%) (Figures 4B, D). Among the dominant bacterial groups,

Acidobacteria and Verrucomicrobia showed a significant negative

correlation with EMF, mainly influencing the soil nutrient cycling

function of TN, TP, TK, and SOCS. On the other hand,

Proteobacteria showed a significant positive correlation with EMF,

positively impacting the nutrient cycling of TN, TP, and TK and

carbon stock function (Figure 5). Among the dominant fungal

groups, Ascomycota had a significant negative correlation with

EMF, primarily affecting nutrient cycling function of AP, TP, and

TK. Conversely, Basidiomycota were positively correlated with

EMF, mainly influencing nutrient cycling function of TP, TK, and

carbon stock function (Figure 5).
3.4 Relative importance of plant diversity,
soil microbial diversity, soil microbial
network complexity, and environmental
factors on EMF

According to the random forest model (Figure 6B), LSR, BNC,

and FNC ranked the top three in the importance of contributing

EMF, with importance scores of 15.37, 14.13, and 12.91,

respectively, while FSR, SSR, and SWC ranked the least in the

importance of EMF, with scores of 1.41, 0.74, and 0.64, respectively.

The standardized effects of plant diveristy, environmental

factors, soil microbial diversity, and soil microbial network

complexity on EMF were obtained through structural equation

modeling (SEM) (Figure 6A). Chi-square test showed no significant

P-value (0.926 > 0.05), indicating that there was no significant
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A B

D E

C

FIGURE 1

Correspondence between the slope of the relationship between the threshold and the (A) tree species richness (TSR), (B) liana species richness
(LSR), (C) shrub species richness (SSR), (D) soil bacterial diversity (BSR), (E) soil fungal diversity (FSR), and the number of functions that reached the
threshold. The dots represent the fitted values, and the shaded areas represent ± 1 confidence interval.
A B

D E F

G IH

C

FIGURE 2

Relationship between EMF and (A) tree species richness (TSR), (B) liana species richness (LSR), (C) shrub species richness (SSR), (D) soil bacterial
diversity (BSR), (E) soil fungal diversity (FSR), (F) soil bacterial network complexity (BNC), (G) soil fungal network complexity (FNC), (H) soil water
content (SWC), and (I) soil bulk density (SBD) based on ordinary least squares linear regression analysis.
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A B C

FIGURE 3

Relationship between (A) soil microbial diversity and network complexity, (B) plant diversity, and (C) environmental factors and multiple ecological
functions. BSR, soil bacterial diversity; FSR, soil fungal diversity; BNC, soil bacterial network complexity; FNC, soil fungal network complexity; SSR,
shrub species richness; TSR, tree species richness; LSR, liana species richness; SBD, soil bulk density; SWC, soil water content; TN, soil total nitrogen;
TP, soil total phosphorus; HN, soil available nitrogen; AP, soil available phosphorus; TK, soil total potassium; AK, soil available potassium; SWHC, soil
water-holding capacity; SOCS, soil organic carbon stock; GB, above-ground biomass.
A B

D

E

C

FIGURE 4

Co-occurrence networks of (A) soil bacteria and (B) soil fungi, and the proportion of dominant phylum of (C) soil bacteria and (D) soil fungi to total
phyla abundance; (E) The radar chart represents the relevant topological parameters of the networks.
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difference between the implied covariance matrix of the model and

the observed covariance matrix (P< 0.05), which confirmed the

validity of the structural equation model. The results demonstrated

that BNC has a highly significant direct positive effect on EMF (path

standardized coefficient = 0.471, P< 0.001). TSR also has a

significant direct positive effect on EMF (path standardized
Frontiers in Plant Science 08
coefficient = 0.306, P< 0.01), while LSR has a highly significant

direct negative effect on EMF (path standardized coefficient =

-0.450, P< 0.001). Furthermore, MSR primarily exerted an

indirect effect on EMF by influencing MNC, while environmental

factors (EF) had significant negative effects on LSR and FNC, thus

indirectly affecting EMF.
FIGURE 5

Relationship between soil bacterial dominant groups, soil fungal dominant groups and EMF *, p< 0.05; **, p< 0.01; ***, p< 0.001.
A B

FIGURE 6

Effects and significance of plant diversity, soil microbial diversity, soil microbial network complexity and environmental factors on EMF. PSR: plant
species richness included tree species richness (TSR), liana species richness (LSR), and shrub species richness (SSR); EF: environmental factors
included soil water content (SWC) and soil bulk density (SBD); MSR: soil microbial diversity included soil bacterial diversity (BSR) and soil fungal
diversity (FSR); MNC: soil microbial network complexity included soil bacterial network complexity (BNC) and soil fungal network complexity (FNC).
Solid lines and standardized path coefficients indicate significant differences (P< 0.05), while dashed lines indicate no significant differences. *, p<
0.05; **, p< 0.01; ***, p< 0.001; RMSEA (Root Mean Square Error of Approximation) < 0.05 and GFI (Goodness of Fit Index) ≥ 0.9, indicates that the
model fits reasonably.
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4 Discussion

Our results reveal a positive correlation between tree species

richness and EMF. Our findings revealed a positive correlation

between tree species richness and EMF, which is consistent with

most previous studies showing that EMF increases as tree species

richness increases (Eisenhauer et al., 2018; Moi et al., 2021). At the

same time, this also confirms our first hypothesis. However, it is

worth noting that the increase in liana species richness has a

significant negative effect on EMF. There are several possible

explanations for this phenomenon. First, tropical rainforests have

been shown to contain more diverse plant species and complex

community structures but lack dominant species (Purves and

Turnbull, 2010). Therefore, the increase of liana species richness

will affect the carbon stock function and nutrient cycling function of

tropical rainforests, and significantly influences the dynamic

development of tropical rainforests and adversely affect the

reproduction, growth, and survival of tree species (van der Heijden

and Phillips, 2009; Schnitzer et al., 2011). Secondly, most liana species

were considered pioneer plants with high light requirements. They

often compete with certain tree species for light to affect inter-species

coexistence and species diversity. This competition limited the survival

of understory plants and reduced the overall productivity and net

primary productivity of trees (Rodriguez-Ronderos et al., 2016;

Meunier et al., 2021; Meunier et al., 2022), thereby reducing

ecosystem productivity and multifunctionality. Therefore, we suggest

that liana species richness may be the main indicator of EMF in the

recovery of tropical rainforests.

Soil microbial diversity was a driving factor in sustaining EMF,

and soil bacteria and soil fungi played different roles in this process.

Our study found that soil bacterial diversity was the main driver of

EMF in tropical rainforests. Soil bacterial diversity has a significant

positive effect on EMF, but when it exceeded a certain threshold, soil

bacterial diversity has a negative effect on EMF. In contrast, soil

fungal diversity was significantly negatively correlated with EMF.

This finding was consistent with previous research indicating that

EMFwas significantly positively correlated with soil bacterial diversity

rather than soil fungal diversity (Sun et al., 2023). This finding also

supports our second hypothesis. This relationship may be due to the

greaterflexibility of soil bacteria in terms of resource requirements and

physiological capabilities (He et al., 2009). Increasing the diversity of

soil bacteria can alter the physicochemical properties of the

rhizosphere, facilitating the absorption of nutrient and water by

plant roots (Li et al., 2020d) and enhancing the synergistic

interactions between plants and microorganisms.

In addition, soil bacterial diversity has been shown to actively

participate in the cycling of organic compounds produced by plants,

fungi, and insects (Kalam et al., 2020), thereby promoting plant

growth and increasing EMF. However, with the increase of soil

bacterial diversity, niche differentiation occurred in the forest

soil microenvironment, which limited the survival space of soil

microorganisms and intensified the competition for available

resource among soil microorganisms. This interaction hinders the

growth of EMF beyond a certain threshold (Chen et al., 2022). The

increase in soil fungal diversity accelerates the decomposition of
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litter in tropical rainforests, potentially leading to an increase in

pathogenic fungi and saprophytic fungi and a decrease in

mutualistic fungi, thus negatively affecting the survival and

growth of forest plants (Li et al., 2022c). Furthermore, soil fungi

have been observed to negatively impact plant growth and EMF

through symbiotic and pathogenic interactions, influencing

nutrient availability and cycling (Frac et al., 2018).

Currently, soil microbial network complexity is being

investigated as a driving mechanism for EMF. Previous studies

found a strong negative correlation between soil microbial network

complexity and EMF (Li et al., 2022b), corroborating the negative

correlation between soil fungal network complexity and EMF

observed in our study. However, we also found a significant

positive correlation between soil bacterial network complexity and

EMF. The possible reason for this is that soil microbial keystone

species regulate related microbial structures and EMF (Yang et al.,

2021a). For example, in a dominant bacterial community, we

identified Acidobacteria, which have been found to interact

positively with plants and are considered plant growth-promoting

bacteria. Acidobacteria possess beneficial genes that contribute to

their survival and competitive colonization in the rhizosphere,

establish a beneficial relationship with plants, and promote soil

nutrient cycling and carbon stock, thereby facilitating plant growth

and enhancing EMF (Kielak et al., 2016; Kalam et al., 2020). Other

studies have shown that the abundance of Ascomycota is

significantly higher in tropical forest soils than in other forest

ecosystems (Tedersoo et al., 2014). This increased abundance of

Ascomycota may be attributed to the warm and humid climate,

abundant biological resources, and higher litter decomposition rates

in tropical forests. Ascomycota can degrade litter and other organic

substrates and is a typical fungal phylum involved in decaying

processes (Tedersoo et al., 2014; Li et al., 2022b). This means that

increase in the abundance of Ascomycota has negative effects on soil

nutrient cycling and carbon stock, which are not conducive to

maintaining biodiversity and EMF growth. This also provides

strong evidence for our conclusion and third hypothesis.
5 Conclusions

Our study demonstrates that liana species richness played an

important role in changes of EMF as an indicator, while soil

bacterial diversity was a key driving factor in sustaining EMF. Soil

bacterial diversity indirectly affected EMF via soil bacterial network

complexity. Furthermore, soil fungal diversity, soil fungal network

complexity, and soil bacterial network complexity playedmore critical

roles in soil nutrient cycling, while liana species richness primarily

affected soilnutrient cyclingandcarbonstocks.Therefore, liana species

richness and soilmicrobial network complexity played a crucial role in

EMF within a tropical rainforest. In the restoration of tropical

rainforest, our findings suggest promoting the recovery and

improvement of EMF in tropical rainforest by appropriately

reducing the type and liana. At the same time, we also suggest

reducing the diversity of soil fungi and increasing the network

complexity of soil bacterial dominant groups to promote the
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restoration of tropical rainforest and the promotion of EMF. When

evaluating EMF through the lens of tropical rainforest ecosystem

conservation and sustainable management, the effects and

interactions of above-ground and below-ground biodiversity should

be considered simultaneously.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: BioProject, PRJNA995948.
Author contributions

CY, LS and SJ conceived the concept for this study and designed

the methodology. LS, HX, TR, LX, and ZR collected the data. LS

contributed to revisions. CY analysed the data and wrote the

manuscript. All authors contributed to the article and approved

the submitted version.
Funding

This work was supported by the Fundamental Research Funds

of CAF (CAFYBB2020ZA002 and CAFYBB2021ZA002), and the
Frontiers in Plant Science 10
Young and Middle-aged Academic and Technical Leaders Reserve

Talents Project of Yunnan Province (202005AC160166).
Acknowledgments

We would like to thank Dr. Joseph Elliot at the University of

Kansas for his assistance with English language and grammatical

editing of the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
Asbjornsen, H., Goldsmith, G. R., Alvarado-Barrientos, M. S., Rebel, K., Van Osch, F.
P., Rietkerk, M., et al. (2011). Ecohydrological advances and applications in plant-water
relations research: a review. J. . Plant Ecol. 4, 3–22. doi: 10.1093/jpe/rtr005

Bao, S. D. (2000). Agricultural and chemistry analysis of soil (Beijing: China
Agriculture Press).

Bastida, F., Torres, I. F., Moreno, J. L., Baldrian, P., Ondono, S., Ruiz-Navarro, A.,
et al. (2016). The active microbial diversity drives ecosystem multifunctionality and is
physiologically related to carbon availability in mediterranean semi-arid soils. Mol.
Ecol. 25, 4660–4673. doi: 10.1111/mec.13783

Benjamini, Y., Krieger, A. M., and Yekutieli, D. (2006). Adaptive linear step-up procedures
that control the false discovery rate. Biometrika 93, 491–507. doi: 10.1093/biomet/93.3.491

Byrnes, J. E. K., Gamfeldt, L., Isbell, F., Lefcheck, J. S., Griffin, J. N., Hector, A., et al. (2014).
Investigating the relationship between biodiversity and ecosystem multifunctionality:
challenges and solutions. Methods Ecol. Evol. 5, 111–124. doi: 10.1111/2041-210X.12143

Cao, M., Zou, X. M., Warren, M., and Zhu, H. (2006). Tropical forests of
xishuangbanna, china. Biotropica 38, 306–309. doi: 10.1111/j.1744-7429.2006.00146.x

Chen, J., Feng, K., Hannula, S. E., Kuzyakov, Y., Li, Y., and Xu, H. (2021).
Interkingdom plant-microbial ecological networks under selective and clear cutting
of tropical rainforest. For. Ecol. Manage. 491, 119182. doi: 10.1016/j.foreco.2021.119182

Chen, W., Wang, J., Chen, X., Meng, Z., Xu, R., Duoji, D., et al. (2022). Soil microbial
network complexity predicts ecosystem function along elevation gradients on the
tibetan plateau. Soil Boil. Biochem. 172, 108766. doi: 10.1016/j.soilbio.2022.108766

Couvreur, T. L. P., Forest, F., and Baker, W. J. (2011). Origin and global
diversification patterns of tropical rain forests: inferences from a complete genus-
level phylogeny of palms. BMC Biol. 9, 44. doi: 10.1186/1741-7007-9-44

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, J. J.,
Encinar, D., et al. (2016). Microbial diversity drives multifunctionality in terrestrial
ecosystems. Nat. Commun. 7, 10541. doi: 10.1038/ncomms10541

Ding, Y., and Zang, R. G. (2005). Community characteristics of early recovery
vegetation on abandoned lands of shifting cultivation in bawangling of hainan island,
south china. J. Integr. Plant Biol. 47, 530–538. doi: 10.1111/j.1744-7909.2005.00026.x

Eisenhauer, N., Hines, J., Isbell, F., van der Plas, F., Hobbie, S. E., Kazanski, C. E.,
et al. (2018). Plant diversity maintains multiple soil functions in future environments.
Elife 7, e41228. doi: 10.7554/eLife.41228
Frac, M., Hannula, S. E., Belka, M., and Jedryczka, M. (2018). Fungal biodiversity and
their role in soil health. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.00707

Garland, G., Banerjee, S., Edlinger, A., Miranda Oliveira, E., Herzog, C., Wittwer, R.,
et al. (2021). A closer look at the functions behind ecosystem multifunctionality: a
review. J. Ecol. 109, 600–613. doi: 10.1111/1365-2745.13511

Giguere-Tremblay, R., Laperriere, G., De Grandpre, A., Morneault, A., Bisson, D.,
Chagnon, P., et al. (2020). Boreal forest multifunctionality is promoted by low soil
organic matter content and high regional bacterial biodiversity in northeastern canada.
Forests 11, 149. doi: 10.3390/f11020149

He, J., Ge, Y., Xu, Z., and Chen, C. (2009). Linking soil bacterial diversity to
ecosystem multifunctionality using backward-elimination boosted trees analysis. J. Soil
Sediment. 9, 547–554. doi: 10.1007/s11368-009-0120-y

Jiao, S., Lu, Y., and Wei, G. (2022). Soil multitrophic network complexity enhances
the link between biodiversity and multifunctionality in agricultural systems. Global
Change Biol. 28, 140–153. doi: 10.1111/gcb.15917

Jing, X., Sanders, N. J., Shi, Y., Chu, H., Classen, A. T., Zhao, K., et al. (2015). The
links between ecosystem multifunctionality and above- and belowground
biodiversity are mediated by climate. Nat. Commun. 6, 8159. doi: 10.1038/
ncomms9159

Kalam, S., Basu, A., Ahmad, I., Sayyed, R. Z., El-Enshasy, H. A., Dailin, D. J., et al.
(2020). Recent understanding of soil acidobacteria and their ecological significance: a
critical review. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.580024

Kielak, A. M., Cipriano, M. A. P., and Kuramae, E. E. (2016). Acidobacteria strains
from subdivision 1 act as plant growth-promoting bacteria. Arch. Microbiol. 198, 987–
993. doi: 10.1007/s00203-016-1260-2

Lan, G., Li, Y., Wu, Z., and Xie, G. (2017). Impact of tropical forest conversion on soil
bacterial diversity in tropical region of china. Eur. J. Soil Biol. 83, 91–97. doi: 10.1016/
j.ejsobi.2017.10.007

Lefcheck, J. S., Byrnes, J. E. K., Isbell, F., Gamfeldt, L., Griffin, J. N., Eisenhauer, N.,
et al. (2015). Biodiversity enhances ecosystem multifunctionality across trophic levels
and habitats. Nat. Commun. 6, 6936. doi: 10.1038/ncomms7936

Li, K., Hayes, F., Chadwick, D. R.,Wang, J., Zou, J., and Jones, D. L. (2022b). Changes in
microbial community composition drive the response of ecosystem multifunctionality to
elevated ozone. Environ. Res. 214, 114142. doi: 10.1016/j.envres.2022.114142
frontiersin.org

https://doi.org/10.1093/jpe/rtr005
https://doi.org/10.1111/mec.13783
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1111/2041-210X.12143
https://doi.org/10.1111/j.1744-7429.2006.00146.x
https://doi.org/10.1016/j.foreco.2021.119182
https://doi.org/10.1016/j.soilbio.2022.108766
https://doi.org/10.1186/1741-7007-9-44
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1111/j.1744-7909.2005.00026.x
https://doi.org/10.7554/eLife.41228
https://doi.org/10.3389/fmicb.2018.00707
https://doi.org/10.1111/1365-2745.13511
https://doi.org/10.3390/f11020149
https://doi.org/10.1007/s11368-009-0120-y
https://doi.org/10.1111/gcb.15917
https://doi.org/10.1038/ncomms9159
https://doi.org/10.1038/ncomms9159
https://doi.org/10.3389/fmicb.2020.580024
https://doi.org/10.1007/s00203-016-1260-2
https://doi.org/10.1016/j.ejsobi.2017.10.007
https://doi.org/10.1016/j.ejsobi.2017.10.007
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1016/j.envres.2022.114142
https://doi.org/10.3389/fpls.2023.1238056
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Chen et al. 10.3389/fpls.2023.1238056
Li, S., Huang, X., Lang, X., Shen, J., Xu, F., and Su, J. (2020a). Cumulative effects of
multiple biodiversity attributes and abiotic factors on ecosystem multifunctionality in
the jinsha river valley of southwestern china. For. Ecol. Manage. 472, 118281.
doi: 10.1016/j.foreco.2020.118281

Li, S., Huang, X., Shen, J., Xu, F., and Su, J. (2020c). Effects of plant diversity and soil
properties on soil fungal community structure with secondary succession in the pinus
yunnanensis forest. Geoderma 379, 114646. doi: 10.1016/j.geoderma.2020.114646

Li, J., Li, S., Huang, X., Tang, R., Zhang, R., Li, C., et al. (2022a). Plant diversity and
soil properties regulate the microbial community of monsoon evergreen broad-leaved
forest under different intensities of woodland use. Sci. Total Environ. 821, 153565.
doi: 10.1016/j.scitotenv.2022.153565

Li, Y., Niu, W., Zhang, M., Wang, J., and Zhang, Z. (2020d). Artificial soil aeration
increases soil bacterial diversity and tomato root performance under greenhouse
conditions. Land Degrad. Dev. 31, 1443–1461. doi: 10.1002/ldr.3560

Li, X., Qu, Z., Zhang, Y., Ge, Y., and Sun, H. (2022c). Soil fungal community and
potential function in different forest ecosystems. Diversity-Basel 14, 520. doi: 10.3390/
d14070520

Li, Y., Schmid, B., Schuldt, A., Li, S., Wang, M., Fornoff, F., et al. (2023). Multitrophic
arthropod diversity mediates tree diversity effects on primary productivity. Nat. Ecol.
Evol. 7, 832–840. doi: 10.1038/s41559-023- 02049-1

Ling, Z., Shi, Z., Gu, S., He, G., Liu, X., Wang, T., et al. (2022). Estimation of
applicability of soil model for rubber (hevea brasiliensis) plantations in xishuangbanna,
southwest china. Water 14, 295. doi: 10.3390/w14030295

Liu, Y., and He, F. (2022). Warming shifts soil microbial communities and tropical
tree seedling mortality. Ecology 103, e3810. doi: 10.1002/ecy.3810

Lopez-Rojo, N., Pozo, J., Perez, J., Basaguren, A., Martinez, A., Tonin, A. M., et al.
(2019). Plant diversity loss affects stream ecosystem multifunctionality. Ecology 100,
e02847. doi: 10.1002/ecy.2847

Luo, Y., Cadotte, M. W., Liu, J., Burgess, K. S., Tan, S., Ye, L., et al. (2022).
Multitrophic diversity and biotic associations influence subalpine forest ecosystem
multifunctionality. Ecology 103, e3745. doi: 10.1002/ecy.3745

Luo, S., Png, G. K., Ostle, N. J., Zhou, H., Hou, X., Luo, C., et al. (2023). Grassland
degradation-induced declines in soil fungal complexity reduce fungal community
stability and ecosystem multifunctionality. Soil Biol. Biochem. 176, 108865.
doi: 10.1016/j.soilbio.2022.108865

Maestre, F. T., Quero, J. L., Gotelli, N. J., Escudero, A., Ochoa, V., Delgado-
Baquerizo, M., et al. (2012). Plant species richness and ecosystem multifunctionality
in global drylands. Science 335, 214–218. doi: 10.1126/science.1215442

Meunier, F., van der Heijden, G. M. F., Schnitzer, S. A., De Deurwaerder, H. P. T.,
and Verbeeck, H. (2021). Lianas significantly reduce aboveground and belowground
carbon storage: a virtual removal experiment. Front. Forests Global Change 4.
doi: 10.3389/ffgc.2021.663291

Meunier, F., Visser, M. D., Shiklomanov, A., Dietze, M. C., Guzman, J. A. Q., Sanchez-
Azofeifa, G. A., et al. (2022). Liana optical traits increase tropical forest albedo and reduce
ecosystem productivity. Global Change Biol. 28, 227–244. doi: 10.1111/gcb.15928

Moi, D. A., Antoniazi Evangelista, H. B., Mormul, R. P., Evangelista, L. R., and Thomaz,
S. M. (2021). Ecosystem multifunctionality and stability are enhanced by macrophyte
richness in mesocosms. Aquat. Sci. 83, 53. doi: 10.1007/s00027-021-00808-5

Nottingham, A. C., Thompson, J. A., Turk, P. J., Li, Q., and Connolly, S. J. (2015).
Seasonal dynamics of surface soil bulk density in a forested catchment. Soil Sci. Soc Am.
J. 79, 1163–1168. doi: 10.2136/sssaj2014.12.0491n

Ouyang, S., Gou, M., Lei, P., Liu, Y., Chen, L., Deng, X., et al. (2023). Plant functional
trait diversity and structural diversity co-underpin ecosystem multifunctionality in
subtropical forests. For. Ecosyst. 10, 100093. doi: 10.1016/j.fecs.2023.100093

Pennekamp, F., Pontarp, M., Tabi, A., Altermatt, F., Alther, R., Choffat, Y., et al.
(2018). Biodiversity increases and decreases ecosystem stability. Nature 563, 109–112.
doi: 10.1038/s41586-018-0627-8

Purves, D. W., and Turnbull, L. A. (2010). Different but equal: the implausible
assumption at the heart of neutral theory. J. Anim. Ecol. 79, 1215–1225. doi: 10.1111/
j.1365-2656.2010.01738.x

Qiao, X., Geng, Y., Zhang, C., Han, Z., Zhang, Z., Zhao, X., et al. (2022). Spatial
asynchrony matters more than alpha stability in stabilizing ecosystem productivity in a
large temperate forest region. Global Ecol. Biogeogr. 31, 1133–1146. doi: 10.1111/geb.13488

Qiu, L., Zhang, Q., Zhu, H., Reich, P. B., Banerjee, S., van der Heijden, M. G. A., et al.
(2021). Erosion reduces soil microbial diversity, network complexity and
multifunctionality. Isme J. 15, 2474–2489. doi: 10.1038/s41396- 021-00913-1

Reynolds, S. G. (1970). The gravimetric method of soil moisture determination part
iii an examination of factors influencing soil moisture variability. J. Hydrol. 11, 288–
300. doi: 10.1016/0022- 1694(70)90068-5

R Core Team. (2022). R: A language and environment for statistical computing
(Vienna: R Foundation for Statistical Computing).
Frontiers in Plant Science 11
Rodriguez-Ronderos, M. E., Bohrer, G., Sanchez-Azofeifa, A., Powers, J. S., and
Schnitzer, S. A. (2016). Contribution of lianas to plant area index and canopy structure
in a panamanian forest. Ecology 97, 3271–3277. doi: 10.1002/ecy.1597

Rosseel, Y. (2012). Lavaan: an r package for structural equation modeling. J. Stat.
Software 48, 1–36. doi: 10.18637/jss.v048.i02

Schnitzer, S. A., Bongers, F., and Wright, S. J. (2011). Community and ecosystem
ramifications of increasing lianas in neotropical forests. Plant Signal. Behav. 6, 598–600.
doi: 10.4161/psb.6.4.15373

Senior, R. A., Hill, J. K., Benedick, S., and Edwards, D. P. (2018). Tropical forests are
thermally buffered despite intensive selective logging. Global Change Biol. 24, 1267–
1278. doi: 10.1111/gcb.13914

Singh, D., Slik, J. W. F., Jeon, Y., Tomlinson, K. W., Yang, X., Wang, J., et al. (2019).
Tropical forest conversion to rubber plantation affects soil micro- & mesofaunal
community & diversity. Sci. Rep. 9, 5893. doi: 10.1038/s41598-019-42333-4

Sokol, N.W., Slessarev, E., Marschmann, G. L., Nicolas, A., Blazewicz, S. J., Brodie, E. L.,
et al. (2022). Life and death in the soil microbiome: how ecological processes influence
biogeochemistry. Nat. Rev. Microbiol. 20, 415–430. doi: 10.1038/s41579-022-00695-z

Sun, K., Cai, J., Liu, X., Yang, L., Li, H., Wang, G., et al. (2023). Effects of nitrogen and
phosphorus supply levels and ratios on soil microbial diversity-ecosystem
multifunctionality relationships in a coastal nontidal wetland. Sci. Total Environ.
874, 162472. doi: 10.1016/j.scitotenv.2023.162472

Tedersoo, L., Bahram, M., Polme, S., Koljalg, U., Yorou, N. S., Wijesundera, R., et al.
(2014). Global diversity and geography of soil fungi. Science 346, 1256688. doi: 10.1126/
science.1256688

Van der Heijden, G.M. F., and Phillips, O. L. (2009). Liana infestation impacts tree growth
in a lowland tropical moist forest. Biogeosciences 6, 2217–2226. doi: 10.5194/bg-6-2217-2009

Van der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer-Lorenzen, M.,
Verheyen, K., et al. (2016). Biotic homogenization can decrease landscape-scale
forest multifunctionality. PNAS 113, 3557–3562. doi: 10.1073/pnas.1517903113

Wagg, C., Bender, S. F., Widmer, F., and van der Heijden, M. G. A. (2014). Soil
biodiversity and soil community composition determine ecosystem multifunctionality.
PNAS 111, 5266–5270. doi: 10.1073/pnas.1320054111

Wang, Y., Li, S., Lang, X., Huang, X., and Su, J. (2022b). Effects of microtopography
on soil fungal community diversity, composition, and assembly in a subtropical
monsoon evergreen broadleaf forest of southwest china. Catena 211, 106025.
doi: 10.1016/j.catena.2022.106025

Wang, Y., Liu, M., Chen, Y., Zeng, T., Lu, X., Yang, B., et al. (2021). Plants and microbes
mediate the shift in ecosystem multifunctionality from low to high patterns across alpine
grasslands on the tibetan plateau. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.760599

Wang, J., Shi, X., Lucas-Borja, M. E., Lam, S. K., Wang, Z., and Huang, Z. (2022a).
Plants, soil properties and microbes directly and positively drive ecosystem
multifunctionality in a plantation chronosequence. Land Degrad. Dev. 33, 3049–
3057. doi: 10.1002/ldr.4371

Xue, L., Ren, H., Li, S., Leng, X., and Yao, X. (2017). Soil bacterial community
structure and co-occurrence pattern during vegetation restoration in karst rocky
desertification area. Front. Microbiol. 8, 2377. doi: 10.3389/fmicb.2017.02377

Yan, P., Fernandez-Martinez, M., VanMeerbeek, K., Yu, G., Migliavacca, M., and He,
N. (2023). The essential role of biodiversity in the key axes of ecosystem function.
Global Change Biol. 29, 4569–4585. doi: 10.1111/gcb.16666

Yang, F., Chen, Q., Zhang, Q., Long, C., Jia, W., and Cheng, X. (2021a). Keystone species
affect the relationship between soil microbial diversity and ecosystem function under land use
change in subtropical china. Funct. Ecol. 35, 1159–1170. doi: 10.1111/1365-2435.13769

Yang, X., Long, Y., Sarkar, B., Li, Y., Lu, G., Ali, A., et al. (2021b). Influence of soil
microorganisms and physicochemical properties on plant diversity in an arid desert of
western china. J. Forestry Res. 32, 2645–2659. doi: 10.1007/s11676-021-01292-1

Yang, Y., Shi, Y., Fang, J., Chu, H., and Adams, J. M. (2022). Soil microbial network
complexity varies with ph as a continuum, not a threshold, across the north china plain.
Front. Microbiol. 13. doi: 10.3389/fmicb.2022.895687

Yang, Y., Chai, Y., Xie, H., Zhang, L., Zhang, Z., Yang, X., et al. (2023). Responses of
soil microbial diversity, network complexity and multifunctionality to three land-use
changes. Sci. Total Environ. 859, 160255. doi: 10.1016/j.scitotenv.2022.160255
Yuan, Z., Ali, A., Ruiz-Benito, P., Jucker, T., Mori, A. S., Wang, S., et al. (2020).

Above- and below-ground biodiversity jointly regulate temperate forest
multifunctionality along a local-scale environmental gradient. J. Ecol. 108, 2012–
2024. doi: 10.1111/1365-2745.13378

Zhai, D., Xu, J., Dai, Z., and Schmidt-Vogt, D. (2017). Lost in transition: forest
transition and natural forest loss in tropical china. Plant Diversity 39, 149–153.
doi: 10.1016/j.pld.2017.05.005

Zhang, G., Zhou, G., Zhou, X., Zhou, L., Shao, J., Liu, R., et al. (2023). Effects of tree
mycorrhizal type on soil respiration and carbon stock via fine root biomass and litter
dynamic in tropical plantations. J. Plant Ecol. 16, rtac056. doi: 10.1093/jpe/rtac056
frontiersin.org

https://doi.org/10.1016/j.foreco.2020.118281
https://doi.org/10.1016/j.geoderma.2020.114646
https://doi.org/10.1016/j.scitotenv.2022.153565
https://doi.org/10.1002/ldr.3560
https://doi.org/10.3390/d14070520
https://doi.org/10.3390/d14070520
https://doi.org/10.1038/s41559-023- 02049-1
https://doi.org/10.3390/w14030295
https://doi.org/10.1002/ecy.3810
https://doi.org/10.1002/ecy.2847
https://doi.org/10.1002/ecy.3745
https://doi.org/10.1016/j.soilbio.2022.108865
https://doi.org/10.1126/science.1215442
https://doi.org/10.3389/ffgc.2021.663291
https://doi.org/10.1111/gcb.15928
https://doi.org/10.1007/s00027-021-00808-5
https://doi.org/10.2136/sssaj2014.12.0491n
https://doi.org/10.1016/j.fecs.2023.100093
https://doi.org/10.1038/s41586-018-0627-8
https://doi.org/10.1111/j.1365-2656.2010.01738.x
https://doi.org/10.1111/j.1365-2656.2010.01738.x
https://doi.org/10.1111/geb.13488
https://doi.org/10.1038/s41396- 021-00913-1
https://doi.org/10.1016/0022- 1694(70)90068-5
https://doi.org/10.1002/ecy.1597
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.4161/psb.6.4.15373
https://doi.org/10.1111/gcb.13914
https://doi.org/10.1038/s41598-019-42333-4
https://doi.org/10.1038/s41579-022-00695-z
https://doi.org/10.1016/j.scitotenv.2023.162472
https://doi.org/10.1126/science.1256688
https://doi.org/10.1126/science.1256688
https://doi.org/10.5194/bg-6-2217-2009
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1016/j.catena.2022.106025
https://doi.org/10.3389/fpls.2021.760599
https://doi.org/10.1002/ldr.4371
https://doi.org/10.3389/fmicb.2017.02377
https://doi.org/10.1111/gcb.16666
https://doi.org/10.1111/1365-2435.13769
https://doi.org/10.1007/s11676-021-01292-1
https://doi.org/10.3389/fmicb.2022.895687
https://doi.org/10.1016/j.scitotenv.2022.160255
https://doi.org/10.1111/1365-2745.13378
https://doi.org/10.1016/j.pld.2017.05.005
https://doi.org/10.1093/jpe/rtac056
https://doi.org/10.3389/fpls.2023.1238056
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of plant diversity, soil microbial diversity, and network complexity on ecosystem multifunctionality in a tropical rainforest
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Plot investigation and biomass measurement
	2.3 Soil sampling and measurement
	2.4 Soil microbial diversity
	2.5 Calculating ecosystem multifunctionality
	2.6 Data analysis

	3 Results
	3.1 Effects of plant diversity and soil microbial diversity on EMF
	3.2 Relationship between EMF and plant diversity, soil microbial diversity, soil microbial network complexity, and environmental factors
	3.3 Soil microbial network complexity and dominant phyla
	3.4 Relative importance of plant diversity, soil microbial diversity, soil microbial network complexity, and environmental factors on EMF

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References


