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Abstract
Unraveling the influence of community assembly processes on soil ecosystem func-
tioning presents a major challenge in the field of theoretical ecology, as it has received 
limited attention. Here, we used a series of long-term experiments spanning over 
25 years to explore the assembly processes of bacterial, fungal, protist, and nematode 
communities using high-throughput sequencing. We characterized the soil microbial 
functional potential by the abundance of microbial genes associated with carbon, ni-
trogen, phosphorus, and sulfur cycling using GeoChip-based functional gene profil-
ing, and determined how the assembly processes of organism groups regulate soil 
microbial functional potential through community diversity and network stability. Our 
results indicated that balanced fertilization (NPK) treatment improved the stochas-
tic assembly of bacterial, fungal, and protist communities compared to phosphorus-
deficient fertilization (NK) treatment. However, there was a nonsignificant increase 
in the normalized stochasticity ratio of the nematode community in response to 
fertilization across sites. Our findings emphasized that soil environmental factors 
influenced the assembly processes of the biotic community, which regulated soil 
microbial functional potential through dual mechanisms. One mechanism indicated 
that the high phosphorus levels and low soil nutrient stoichiometry may increase the 
stochasticity of bacterial, fungal, and protist communities and the determinism of 
the nematode community under NPK treatment, ultimately enhancing soil microbial 
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1  |  INTRODUC TION

Understanding the principles that govern the assembly of organ-
ism communities and their impact on soil biogeochemical cycling is 
crucial for predicting ecosystem responses to global climate change 
(Martiny et  al.,  2011). The fundamental processes of community 
assembly, determinism and stochasticity, work concurrently and 
symbiotically in species composition, and ecosystem functioning 
(Dini-Andreote et al., 2015). Determinism indicates that selection is 
the primary force that shapes soil microbiomes, including environ-
mental filtering and species interactions, while stochasticity empha-
sizes dispersal events and random drift (Zhou, 2017). Currently, the 
extent to which stochastic and deterministic processes contribute 
to community assembly in agricultural ecosystems remains a subject 
of deliberation (Jiao et al., 2020; Wang et al., 2013). Fertilization is a 
common agriculture management practice that affects the patterns 
of organism community assembly by changing soil characteristics 
(Guo et al., 2010). Long-term phosphorus-deficient fertilization al-
ters the microbial community by changing the ratios of soil nitro-
gen–phosphorus or carbon–phosphorus (Peñuelas et  al., 2013). In 
contrast, balanced fertilization is considered a beneficial strategy 
to improve bacterial diversity, enzyme activities, soil quality, and 
crop yield, which is associated with the stochastic process of mi-
crobial communities (Feng et  al., 2017). Studies on the impact of 
fertilization-induced environmental changes on the assembly pro-
cesses of soil organism communities have primarily focused on in-
dividual bacterial or fungal communities (Shi et al., 2020). However, 
soil protists and nematodes as top-down regulators play critical roles 
in mediating microbial community structure and ecosystem func-
tioning. Therefore, it is essential to consider various organism groups 
to understand how anthropogenic environmental changes affect the 
assembly processes of soil microorganisms (including bacteria, fungi, 
and protists) and microfauna (nematodes).

To advance the understanding of the mechanisms underlying 
belowground biota, it is imperative to elucidate the relationship be-
tween biotic community and assembly processes (Feng et al., 2018). 
The assembly processes can inevitably structure the diversity and 
co-occurrence network of soil biotic community (Stegen et al., 2012) 

and show substantial influences on ecosystem functioning (Leibold 
et  al.,  2017). Variations in community assembly processes have 
provided evidence for differences in the composition and spe-
cies co-occurrence patterns of various biotic communities (Peay & 
Bruns, 2014). Deterministic processes tend to dominate in bacte-
rial communities characterized by low diversity (Xun et  al., 2019), 
whereas stochastic processes lead to more intricate microbial co-
occurrence networks, potentially influencing microorganism inter-
actions (Jiao et  al., 2020). Microbial communities exhibit different 
relationships between fungal diversity and the stochasticity ratio 
of the community from large to small scales (Zheng et  al., 2021). 
However, a comprehensive quantitative synthesis is yet to be under-
taken to assess the impact of assembly processes on the diversity 
and network structures of soil organism groups at larger scales.

Biotic community diversity holds significant ecological impor-
tance in predicting ecosystem functioning responses to below-
ground habitat changes (Balvanera et al., 2014). Disentangling the 
mechanisms underpinning the diversity–function relationship is 
crucial for determining the contributions of abundance and compo-
sition of organisms to ecosystem functioning. While an increasing 
number of studies have primarily focused on the implications of mi-
crobial α-diversity for ecosystem functioning (Delgado-Baquerizo 
et al., 2020), the role of β-diversity, which pertains to variations in 
community composition, has received relatively less attention (Mori 
et  al.,  2018). Furthermore, the network complexity and stability 
mirrored by the functional traits of organisms play a pivotal role in 
determining the functional composition of ecological communities 
(Thébault & Fontaine, 2010). Soil microbial and nematode commu-
nities undergo significantly different assembly processes, resulting 
in distinct functional compositions regarding nutrient cycling (Fierer 
et al., 2012; Leff et al., 2015). So far, there is a paucity of studies on 
how the assembly processes of organism groups affect soil microbial 
functional potential by mediating community diversity and network 
stability.

In this study, we sought to explore the mechanisms of envi-
ronmental factors and biotic communities affecting soil microbial 
functional potential associated with carbon (C), nitrogen (N), phos-
phorus (P), and sulfur (S) cycling. We used long-term experiments 

functional potential by reinforcing the network stability of the biotic community. The 
other mechanism indicated that the low phosphorus levels and high soil nutrient stoi-
chiometry may increase the stochastic process of the bacterial community and the 
determinism of the fungal, protist, and nematode communities under NK treatment, 
thereby enhancing soil microbial functional potential by improving the β-diversity of 
the biotic community. Taken together, these results provide valuable insights into the 
mechanisms underlying the assembly processes of the biotic community that regulate 
ecosystem functioning.

K E Y W O R D S
balanced fertilization, deterministic and stochastic processes, environmental factors, 
functional genes, nutrient stoichiometry, organism groups
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with three fertilization treatments across different agroecologi-
cal sites, including no fertilization, phosphorus-deficient fertil-
ization, and balanced fertilization. The bacterial, fungal, protist, 
and nematode communities were determined by high-throughput 
amplicon sequencing, and functional gene microarrays were ex-
amined by GeoChip-based metagenomic technology. Specifically, 
we attempted to answer the following questions: (1) How do the 
assembly processes, diversity, and co-occurrence network of or-
ganism groups respond to balanced fertilization compared with 
phosphorus-deficient fertilization? (2) How do the stochastic and 
deterministic processes of organism groups mediate diversity 
and network stability of biotic community? and (3) What is the 
biological mechanism of assembly processes of organism groups 
that drive soil microbial functional potential through community 
diversity and network stability? We hypothesized that balanced 
fertilization would enhance the stochastic processes of the micro-
bial community compared to phosphorus-deficient treatment, and 
soil microorganisms (bacteria, fungi, and protists) and microfauna 
(nematodes) exhibit consistent responses to fertilization. We also 
supposed that stochastic processes of organism groups would lead 
to increased community diversity and network stability, thereby 
improving soil microbial functional potential.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental sites description and soil 
sampling

We collected soil samples in 2015 from seven agroecosystem 
sites of the National Ecosystem Research Network of China 
across a latitudinal gradient from 26° to 47° N, including Hailun 
(HL), Fengqiu (FQ), Qiyang (QY), Shengyang (SY), Changwu (CW), 
Yanting (YT), and Fukang (FK). The experimental sites are charac-
terized by more than 25 years of different fertilization, with mean 
annual precipitation ranging from 160 to 1309 mm and mean an-
nual temperatures ranging from 2.8 to 18.8°C (Table  S1). Three 
fertilization treatments with three replicates included no fertili-
zation (Ctrl), phosphorus-deficient fertilization (NK, nitrogen and 
potassium inputs), and balanced fertilization (NPK, nitrogen, phos-
phorus, and potassium inputs). The details of each experimental 
site and corresponding soil properties were given in Tables S1 and 
S2, respectively.

We collected surface soils (0–20 cm) from each plot (5 × 5 m) 
under three treatments at the seven sites after harvesting the 
summer crop. We followed an “S” sampling pattern to collect 
seven soil cores from each plot and then combined them to create 
a composite sample. Three treatments were randomly distributed 
and applied to triplicate plots at each site. After collection, all sam-
ples were stored on dry ice and immediately transported to the 
laboratory. Subsequently, 63 soil samples (7 sites × 3 treatments 
× 3 replicates) were sieved to a 2 mm size, and any visible live plant 
material and stones were manually removed. Each soil sample was 

divided into two subsamples to determine soil chemical proper-
ties, microbial and nematode communities, and functional genes 
(Zhu et al., 2023).

2.2  |  Soil chemical properties

Soil pH was measured using a pH meter (FE20 FiveEasy™, Mettler 
Toledo, Germany) in a 1:2.5 suspension of dry soil mass to deionized 
water volume (Kader et al., 2015). The dichromate oxidation method 
was used to determine soil organic carbon (SOC; Nelson,  1996). 
Soil organic matter (OM) was calculated as OM = SOC × 1.724. 
Total nitrogen (TN) was determined by semi-micro Kjeldahl diges-
tion (Bremner,  1960). Total phosphorus (TP) and total potassium 
(TK) were digested with HF-HClO4 and determined using the 
molybdenum-blue method (O'Halloran & Cade-Menun, 2007) and 
atomic absorption spectrophotometer (Kanehiro & Sherman, 1965), 
respectively. Available phosphorus (AP) was determined using the 
molybdenum blue method after extraction with sodium bicarbo-
nate (Lu, 1999). Available potassium (AK) was extracted with am-
monium acetate and detected using flame photometry (Lu, 1999). 
Ammonium nitrogen (NH4

+-N) was determined by ultraviolet spec-
trophotometry using 0.01 mol L−1 calcium chloride extraction, while 
nitrate nitrogen (NO3

−-N) was determined by spectrophotometry 
through a saturated calcium sulfate extraction (Lu, 1999). The car-
bon–nitrogen ratio (C/N) was calculated by the ratio of SOC to TN, 
the carbon–phosphorus ratio (C/P) by the ratio of SOC to TP, and the 
nitrogen–phosphorus ratio (N/P) by the ratio of TN to TP.

2.3  |  DNA extraction and 
high-throughput sequencing

Total genomic DNA was extracted from 0.5 g of fresh soil using 
the Powersoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, 
CA, USA) following the manufacturer's instructions. The extracted 
DNA was quantified and qualified using a Nanodrop ND-1000 spec-
trophotometer at 260/280 and 260/230 ratios ≥1.8 (NanoDrop 
Technologies, Delaware, USA). The DNA was then used for high-
throughput sequencing of the biotic community (bacteria, fungi, 
protists, and nematodes) and functional gene analysis.

The bacterial 16S rRNA and fungal ITS genes were amplified 
using the primer pairs 515F/806R (Caporaso et al., 2011) and ITS7F/
ITS4R (Ihrmark et al., 2012), respectively. The protist and nematode 
18S rRNA genes were amplified using primer pairs S615F/S947R 
(Fiore-Donno et al., 2018) and 3ndf/1132rmod (Geisen et al., 2018). 
The taxonomic profiles of soil bacterial, fungal, protist, and nem-
atode communities were determined via amplicon sequencing 
using the Illumina MiSeq platform. Bioinformatics processing was 
performed as described previously (Geisen et  al.,  2018). Briefly, 
primer sequences were removed using cutadapt (Martin, 2011), and 
chimeric reads and singletons were filtered out using VSEARCH 
(Rognes et al., 2016). High-quality sequences were then divided into 
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operational taxonomic units (OTUs) with a similarity threshold of 
97% using VSEARCH (Rognes et al., 2016). Taxonomic assignments 
of OTUs were performed using RDP Classifier (Wang et al., 2007). 
All samples were rarefied to ensure equal sampling depth within 
each organism group.

2.4  |  GeoChip hybridization analysis

We examined the functional structure of the biotic community using 
GeoChip 5.0, including carbon (C), nitrogen (N), phosphorus (P), and 
sulfur (S) cycling. To obtain sufficient DNA for microarray analysis, 
20 ng of template DNA from each sample was amplified using whole 
community genome amplification. After amplification, 2.5 μg of DNA 
was labeled and resuspended in a hybridization buffer. The labeled 
DNA was then hybridized on a GeoChip 5.0 microarray chip with 
10% formamide at 67°C for 24 h in an Agilent microarray hybridiza-
tion oven (Agilent Technologies, Santa Clara, CA). The chip was then 
washed, dried, and scanned using 100% laser power at wavelengths 
of 532 and 635 nm. Intensity data were collected using the Agilent 
Feature Extraction program. Raw intensity data were uploaded to 
the Functional Gene Microarray analysis pipeline for preprocessing, 
including normalization and log transformation. Further steps, such 
as hybridization, imaging, and data preprocessing, were performed 
as described previously (Zhou et al., 2015). Relative abundance data 
for soil functional gene-related C, N, P, and S cycling were deter-
mined by the ratio of the total signal intensity of each gene to the 
total number of probes (Zhao et al., 2016).

2.5  |  Construction of co-occurrence networks

The network analysis was based on a sample combination of all 
sites from each fertilization treatment (7 sites × 3 replicates for 
each network), because the data points from different treatments 
within each site cannot construct a reliable network. Collecting all 
sampling sites of each fertilization treatment can improve sensitivity 
to co-occurrence events and reveal co-occurrence patterns of soil 
biotic communities driven by different nutrient inputs across sites. 
The co-occurrence networks were constructed using the “WGCNA” 
package based on the Spearman correlation matrix with adjusted p 
values (Langfelder & Horvath, 2012). The network properties were 
calculated using the “igraph” package in R, and visualization was 
performed using Cytoscape software (version 3.7.2). We extracted 
subnetworks by preserving the phylotypes of individual soil sam-
ples using the “induced_subgraph” function in the “igraph” package 
(Csardi & Nepusz, 2006). Furthermore, we calculated the topological 
properties of the networks, including average degree (the number of 
adjacent edges), clustering coefficient (the probability that the adja-
cent nodes of a node were connected), network density (the ratio of 
the frequency of actual edges to possible edges), and network diam-
eter (the longest distance in the network). These metrics were used 
as indicators of network cohesion and stability (Jiao et  al., 2022; 

Zhou et  al.,  2010). Based on the within-module degree (z-score) 
and participation coefficient (c-score) threshold values, nodes were 
categorized into network hubs (z-score >2.5 and c-score >0.6), mod-
ule hubs (z-score >2.5 and c-score <0.6), connectors (z-score <2.5 
and c-score >0.6), and peripherals (z-score <2.5 and c-score <0.6; 
Poudel et  al., 2016). Network hubs, module hubs, and connectors 
were termed keystone taxa that play important roles in maintaining 
community stability (Tylianakis & Morris, 2017). Natural connectiv-
ity provided a valuable assessment of network stability, which can 
be achieved by removing nodes from the static network (Ming & 
Yan, 2015; Peng & Wu, 2016).

2.6  |  Quantification of soil microbial 
functional potential

We employed GeoChip 5.0 to assess the soil microbial functional po-
tential associated with C, N, P, and S cycling (Donhauser et al., 2021; 
Pressler et  al., 2020; Sun et  al., 2014; Xu et  al., 2014). The gene 
values of 10 functional groups were initially normalized as relative 
abundances, including carbon degradation (from labile carbon to 
recalcitrant carbon), carbon fixation, nitrogen fixation, nitrification, 
denitrification, polyphosphate synthesis, polyphosphate degrada-
tion, phosphorus oxidation, sulfur oxidation, and sulfur assimila-
tion. To ensure consistency with the diversity of organism groups 
(Z-score transformed data), we applied Z-score transformation to the 
functional gene data, which allowed for the calculation of associa-
tions between the two datasets in subsequent analyses. The Z-score 
transformation method is commonly chosen to transform already 
normalized data, due to its favorable statistical properties, includ-
ing a normal distribution of average Z-scores, a weak correlation be-
tween means and variances of these averages, and the absence of 
constraints on variability observed in raw data (Delgado-Baquerizo 
et al., 2016; Maestre et al., 2012). The soil microbial functional po-
tential was determined by the average values of functional genes 
after Z-score transformation. In addition, the microbial functional 
potential associated with C, N, P, and S cycling was calculated by 
averaging the Z-score-transformed values of their corresponding 
functional genes. The averaging approaches provided a clear and 
easily interpretable measure of different organisms to sustain soil 
microbial functional potential (Jing et al., 2015; Wagg et al., 2014).

2.7  |  Estimating assembly processes of biotic 
communities

The normalized stochasticity ratio (NST) was used to estimate the 
relative importance of stochastic processes in community assembly. 
The normalized stochasticity ratio of all treatments in each site was 
calculated using the “NST” package (Ning et al., 2019). NST was cal-
culated using various similarity metrics and null model algorithms, 
as well as stochasticity ratios, standard effect sizes, and modified 
Raup-Crick metrics (Ning et al., 2019; Zhou et al., 2014). NST was 
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modified from the stochasticity ratio by considering two alternative 
situations and normalizing the index to range from 0 to 1. The NST 
index had a boundary of 50% to distinguish between more deter-
ministic (<50%) and more stochastic (>50%) assembly.

2.8  |  Statistical analysis

The α-diversity (Shannon, Chao1, and evenness indices) of the bi-
otic community was calculated using the Quantitative Insights into 
Microbial Ecology (QIIME software, version 2) pipeline. We trans-
form the value of bacterial, fungal, protist, and nematode α-diversity, 
including Shannon, Chao1, and Evenness indices into Z-scores to 
obtain a computable index for each treatment. The standardized 
α-diversity values of bacterial, fungal, protist, and nematode com-
munities were then averaged to create an overall α-diversity index 
for the biotic community. The average α-diversity of individual bac-
terial, fungal, protist, and nematode communities is calculated using 
the standardized Shannon, Chao1, and evenness indices (Delgado-
Baquerizo et  al., 2019). The β-diversity of the biotic communities 
(bacterial, fungal, protist, and nematode communities) as well as 
the β-diversity of soil microbial functional potential were estimated 
based on Bray–Curtis dissimilarity between samples, and the dis-
similarity was calculated using the “vegdist” function in the “vegan” 
package. Principal coordinate analysis (PCoA) was conducted to re-
flect β-diversity in both biotic communities and soil microbial func-
tional potential using the “vegan” package (Oksanen et  al., 2013). 
The Bray–Curtis dissimilarity and PCoA analysis were performed 
based on a rarefied OTUs dataset for the biotic communities and 
a gene dataset for soil microbial functional potential. The distance 
decay rate (DDR) of bacterial, fungal, protist, and nematode com-
munities and soil microbial functional potential were calculated by 
the slopes of ordinary least-squares regressions for their similarity 
(1-Bray–Curtis dissimilarity) related to geographic distance. The 1-
Bray–Curtis dissimilarity represented the similarity between two 
samples. It ranged from 0 (when the two samples were completely 
dissimilar) to 1 (when the two samples were completely same in spe-
cies composition). The difference in slope between two datasets was 
calculated using the “diffslope” function in the “simba” package.

One-way ANOVA was performed to assess the differences in 
both biotic community α-diversity and soil microbial functional 
potential across different sites and fertilization treatments using 
Tukey's HSD tests (p < .05) in spss 20.0 software (spss, Chicago, IL, 
USA). Two-way PERMANOVA was used to determine the interac-
tion effect of fertilization treatments and sites on biotic commu-
nities and soil microbial functional potential in spss 20.0 software. 
Random forest modeling was conducted to quantitatively estimate 
the important predictors of soil microbial functional potential using 
the “randomForest” package (Liaw & Wiener, 2002), and the model 
and predictor significance levels were determined using the “A3” and 
“rfPermute” packages, respectively (Archer, 2016).

The partial least squares structural equation modeling (PLS-SEM) 
was essentially a sequence of regressions in terms of weight vectors 

using Smart PLS 3.0 software (Henseler et al., 2009). We used the 
relative abundances of functional genes for C, N, P, and S cycling, 
and the average degree and natural connectivity for network stabil-
ity in the PLS-SEM model (Table S2). The fitting index of the model 
was determined by Cronbach's alpha, composite reliability, and aver-
age variance extracted, with values greater than 0.7, 0.6, and 0.5, re-
spectively, indicating a well-fitting model. The goodness-of-fit (GoF) 
index was used to evaluate the overall fitness of the model (Henseler 
& Sarstedt, 2013). The overall fitting effect of the model was divided 
into weak (GoF >0.1), medium (GoF >0.25), and strong (GoF >0.36; 
Wetzels et al., 2009).

3  |  RESULTS

3.1  |  Assembly processes and distance decay 
pattern of organism groups

The normalized stochasticity ratio (NST) based on the null model 
was used to quantitatively assess the stochasticity of four organ-
ism groups under the three treatments across sites (Figure 1). The 
NST values of bacterial and fungal communities were significantly 

F I G U R E  1 The assembly processes of biotic community under 
different fertilization treatments. Normalized stochasticity ratio 
(NST) of bacterial (a), fungal (b), protist (c), and nematode (d) 
communities under different fertilization treatments are presented. 
Black lines represent the mean value. Different lowercase letters 
represent significant differences in NST under different fertilization 
treatments by Tukey's HSD post hoc tests (p < .05). The NST index 
has a boundary of 50% to distinguish between more deterministic 
(<50%) and more stochastic (>50%) assembly. Ctrl, no fertilization; 
CW, Changwu; FK, Fukang; FQ, Fengqiu; HL, Hailun; NK, nitrogen 
and phosphorus inputs; NPK, nitrogen, phosphorus, and potassium 
inputs; QY, Qiyang; SY, Shengyang; YT, Yangting.

(a) (b)

(c) (d)
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(p < .05) lower under NK treatment than under Ctrl treatment (6 of 
7 cases for bacteria and all cases for fungi; Figure 1a,b). The NST 
values for the protist community were 30.34% and 18.49% higher 
under NPK treatment than under NK and Ctrl treatments, respec-
tively (Figure  1c, p < .05). However, there was a nonsignificant 
(p > .05) difference in the NST values for the nematode community 
across the three treatments (Figure 1d). Furthermore, the organism 
groups showed significant declining DDRs characterized by negative 
slopes, including bacteria (R2 = .317–.333, p < .01), fungi (R2 = .239–
.381, p < .01), protists (R2 = .173–.253, p < .01), and nematodes 
(R2 = .102–.169, p < .01), indicating lower similarities with increasing 
distance (Figure S1). The slopes of the bacterial, fungal, and protist 
communities showed significant differences between NK and NPK 
treatments (Figure S1, p < .05), in contrast to the slope of the nema-
tode community (Figure S1, p > .05).

3.2  |  The diversity of organism groups

The results of the two-way ANOVA analysis showed significant 
(p < .001) differences in the α-diversity of the biotic community 

across the different sites (Table 1, Figure S2). This was observed in 
Shannon, Chao1, and evenness indices of the bacterial and fungal 
communities (p < .001), as well as Shannon and evenness indices of 
the protist community (p < .01) and Shannon index of the nematode 
community (p < .001; Table S3). Overall, fertilization treatments had 
a nonsignificant effect on the α-diversity of the biotic community 
(p = .052; Table 1), except for Shannon and evenness indices of the 
bacterial community, and Chao1 index of the fungal and protist com-
munities (p < .05; Table S3).

We found that sites, fertilization, and their interactions signifi-
cantly (p < .05) influenced the β-diversity of the overall biotic com-
munity, as well as that of the bacterial, fungal, protist, and nematode 
communities (Table  1; Figure  S3). Moreover, the bacterial and pro-
tist communities had the strongest responses to sites and fertiliza-
tion treatments compared to the fungal and nematode communities 
(Table 1). Correlation analysis showed that TN, OM, pH, and the ratios 
of C/N, C/P, and N/P showed stronger correlations with β-diversity 
than with α-diversity in the bacterial and fungal communities. 
However, pH, AP, and NH4

+-N were more strongly associated with 
β-diversity than with α-diversity of the protist and nematode commu-
nities (Figure S4).

TA B L E  1 Two-way ANOVA of biotic community diversity and soil microbial functional potential.

Site Fertilization Interaction

F value p value F value p value F value p value

α-diversity of biotic 
community

Biotic community α-diversity 20.22 <.001 3.15 .052 7.92 <.001

Bacteria 169.49 <.001 9.78 <.001 18.48 <.001

Fungi 11.33 <.001 3.05 .058 2.44 .016

Protists 3.69 .005 4.94 .012 1.72 .096

Nematodes 6.85 <.001 0.24 .789 1.17 .338

β-diversity of biotic 
community

Biotic community β-diversity 51.06 <.001 8.66 <.001 2.37 .02

Bacteria 1229.46 <.001 3.35 .05 10.2 <.001

Fungi 510.19 <.001 3.99 .026 5.25 <.001

Protists 322.93 <.001 10.83 <.001 11.34 <.001

Nematodes 42.37 <.001 4.79 .013 10.19 <.001

Soil microbial functional 
potential

Soil microbial functional 
potential

37.84 <.001 39.02 <.001 9.75 <.001

Carbon cycle 38.27 <.001 38.43 <.001 9.9 <.001

Nitrogen cycle 40.95 <.001 41.06 <.001 10.14 <.001

Phosphorus cycle 38.81 <.001 43.15 <.001 11.12 <.001

Sulfur cycle 39.1 <.001 40.53 <.001 10.36 <.001

β-diversity of soil 
microbial functional 
potential

β-diversity of soil microbial 
functional potential

40.77 <.001 38.01 <.001 10.3 <.001

Carbon cycle 41.18 <.001 38.75 <.001 10.45 <.001

Nitrogen cycle 42.76 <.001 40.26 <.001 10.4 <.001

Phosphorus cycle 41.45 <.001 41.82 <.001 11.42 <.001

Sulfur cycle 41.75 <.001 40.97 <.001 10.84 <.001

Note: Interaction represents the interaction effect of site and fertilization treatment on individual parameters. The bacterial, fungal, protist, and 
nematode community β-diversity were represented by their composition (first principal coordinates, PCoA1). β-diversity of soil microbial functional 
potential and carbon, nitrogen, phosphorus, and sulfur cycling functional potential composition were represented by PCoA1.

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17160 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  7 of 16ZHU et al.

3.3  |  Co-occurrence networks of organism groups

We constructed the co-occurrence network to explore the poten-
tial niche partitioning and network stability of the biotic community. 
Our results indicated that the NPK network was the most complex, 
with the highest number of connections (edges = 16,168) among co-
occurring genera (nodes = 954) compared to Ctrl and NK networks 
(nodes = 871 and 945, edges = 14,427 and 13,884; Figure  2a–c).  
Notably, the associations between nematodes and bacteria (edges = 
171), nematodes and fungi (edges = 20), and protists and bacteria 
(edges = 66) were higher in NPK network than in Ctrl and NK net-
works. In addition, the networks showed variation in topological 
metrics, with the NPK network exhibiting the highest values of av-
erage degree, clustering coefficient, network density, and diameter 
(Figure  S5). The ratio of negative edges to positive edges showed 
a general pattern of Ctrl > NPK > NK (Figure  2a–c). Compared to 
Ctrl and NK networks, the average degree and natural connectivity 
were the highest in NPK network (Figure 2d,e), indicating the high-
est network stability. The numbers of module hubs and connectors 
were higher in NPK network (6 and 7) than in Ctrl (5 and 5) and NK 
networks (3 and 4; Figure S6). Network stability, as indicated by aver-
age degree and natural connectivity, was positively correlated with 
TP and AP (R = .271–0.450, p < .05), but negatively correlated with 
NO3

−-N and the ratios of C/N, C/P, and N/P (R = .288–0.765, p < .01; 
Figure S4).

3.4 | Relationships of assembly processes of organism 
groups with community diversity and network stability

Linear regression analysis showed significant associations between 
community assembly of organism groups, diversity, and network 
stability (R2 = .003–.309, p < .05; Figure 3). Differences in α-diversity 
and β-diversity were significantly positively correlated with pairwise 
comparisons of stochasticity for the bacterial community (R2 = .05 
and .018, p < .001), but negatively correlated with those for fungal, 
protist, and nematode communities (R2 = .004 and .309, p < .05; 
Figure  3a–h). Moreover, differences in network stability showed 
significantly positive correlations with pairwise comparisons of sto-
chasticity of bacterial, fungal, and protist communities (R2 = .005 
to .006, p < .01; Figure 3i–k), but a negative correlation with that of 
nematode community (R2 = .003, p < .05; Figure 3l).

3.5  |  Soil microbial functional potential

We observed that DDRs of soil microbial functional potential were 
significant under Ctrl and NK treatments (R2 = .042 and .158, p < .01). 
However, there was nonsignificant DDR for soil microbial functional 
potential under NPK treatment (p > .05), indicating that the composi-
tion of functional genes was similar across different sites (Figure 4a). 
The slopes of DDRs were significantly lower under NPK treatment 

F I G U R E  2 Co-occurrence patterns and network stability of biotic community under different fertilization treatments. Co-occurrence 
patterns of multi-trophic networks under the Ctrl (a), NK (b), and NPK (c) treatments. The node is the genera of bacteria, fungi, protists, 
and nematodes. A connection between two nodes (i.e., an edge) represents a strong (Spearman's r > .8) and significant (adjusted p < .05) 
correlation. Pink edges indicate positive correlations between two nodes, while green edges indicate negative correlations. The right of each 
network is the summary of the positive and negative edges among bacteria, fungi, protists, and nematodes, and the statistics of the total 
nodes and edges. The pink and green numbers represent the number of positive and negative edges, respectively. (d, e) Network stability 
is indicated by average degree and natural connectivity of biotic network. Ctrl, no fertilization; NK, nitrogen and phosphorus inputs; NPK, 
nitrogen, phosphorus, and potassium inputs.
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8 of 16  |     ZHU et al.

than under Ctrl and NK treatments (Figure 4a). The DDRs for func-
tional potential related to carbon, nitrogen, phosphorus, and sul-
fur cycling exhibited a similar pattern to the overall soil microbial 
functional potential (Table S4). We found that balanced fertilization 
significantly (p < .05) increased the relative abundance of functional 
genes associated with carbon, nitrogen, phosphorus, and sulfur cy-
cling (Figure  4b; Figure  S7). Soil microbial functional potential, as 
well as functional potential related to carbon, nitrogen, phosphorus, 
and sulfur cycling, was significantly (p < .001) influenced by site, fer-
tilization, and their interactions (Table 1; Figures S8–S10).

3.6  |  The impacts of soil properties and biotic 
communities on soil microbial functional potential

Fertilization treatments significantly influenced the α-diversity of 
the biotic community (4 of 7 cases) and soil microbial functional 

potential (all cases), but the observed effects of fertilization on these 
factors were not consistent at each site (Figure S11, p < .05). There 
was a nonsignificant (p > .05) correlation between the α-diversity of 
the biotic community and soil microbial functional potential across 
all samples (Figure  5a). Significant positive relationships were ob-
served between the β-diversity of the biotic community and the 
β-diversity of soil microbial functional potential (R2 = .018, p < .001), 
and between network stability and soil microbial functional poten-
tial (R2 = .594, p < .001; Figure  5b,c). Random forest modeling de-
termined the highly significant (p < .01) predictors of soil microbial 
functional potential, including soil properties (AP, pH, TP, OM, TK 
and the ratios of C/N, C/P, and N/P), bacterial Shannon and even-
ness indices, fungal Chao1 index, protist and nematode evenness 
index, β-diversity of all organism groups, average degree, and natural 
connectivity (Figure 5d).

We combined with the analysis of correlation, linear regression, 
and random forest modeling; PLS-SEM was applied to evaluate the 

F I G U R E  3 Relationships between the assembly processes of organism groups and biotic community diversity and network stability. 
Relationships of the stochasticity of bacterial (a), fungal (b), protist (c), and nematode (d) communities with the biotic α-diversity. 
Relationships of the stochasticity of bacterial (e), fungal (f), protist (g), and nematode (h) communities with the biotic community β-diversity. 
Relationships of the stochasticity of bacterial (i), fungal (j), protist (k), and nematode (l) communities with the network stability of biotic 
community. Linear regression models (shown as black lines) and correlation coefficients are provided on each panel. *p < .05; **p < .01; 
***p < .001.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)
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    |  9 of 16ZHU et al.

direct and indirect effects of soil factors (AP, TP, and the ratios of 
C/P and N/P) and biotic communities (β-diversity and network sta-
bility) on soil microbial functional potential (Figures  6 and 7). The 
overall model fit was strong with a GoF value of 0.641 (Table S5). 
Our results indicated that AP and TP were positively associated 
with the network stability of the biotic community (path coeffi-
cient = 0.088, p < .001; Figure 6). Furthermore, AP and TP were pos-
itively correlated with the stochastic processes of bacterial, fungal, 
and protist communities (path coefficient = 0.111 to 0.138, p < .001), 
but negatively correlated with that of nematode community (path 
coefficient = −0.193, p < .01). Soil nutrient stoichiometry (the ratios 
of C/P and N/P) exhibited negative relationships with the network 
stability (path coefficient = −0.095, p < .001) and stochastic pro-
cesses of the biotic community (path coefficient = −0.215 to −0.430, 
p < .001), but a positive relationship with the biotic β-diversity (path 
coefficient = 0.103, p < .001). Notably, we revealed that the network 
stability was positively correlated with the stochastic processes of 
bacterial, fungal, and protist communities (path coefficient = 0.065 
to 0.177, p < .05), but negatively correlated with that of nematode 
community (path coefficient = −0.077, p < .01; Figure  6). However, 
the β-diversity showed positive relationships with the stochas-
tic process of the bacterial community (path coefficient = 0.353, 
p < .001), but displayed negative relationships with those of fungal, 
protist, and nematode communities (path coefficient = −0.112 to 
−0.262, p < .05). Importantly, soil microbial functional potential was 

positively correlated with network stability (path coefficient = 0.469, 
p < .001) and β-diversity (path coefficient = 0.068, p < .05) of the bi-
otic community.

4  |  DISCUSSION

4.1  |  Community assembly, diversity, and network 
of biotic community in response to nutrient input

Long-term nutrient input has been demonstrated to decrease the 
relative importance of stochasticity within bacterial and fungal com-
munities (Liu et al., 2021). Insufficient P availability limits microbial 
metabolic activity and exerts significant stress on microbial commu-
nities through environmental filtering (Feng et al., 2017). Conversely, 
a balanced nutrient input mitigates the impact of environmental 
stress on community assembly (Liu et  al.,  2015). As P availabil-
ity increases, the community may exhibit greater stochasticity to 
counteract the influence of niche partitioning (Zhou et  al., 2014). 
However, the NST and DDR pattern of the nematode community 
did not significantly respond to nutrient input, which appears to 
contradict the first hypothesis. Nevertheless, the nematode com-
munity exhibited a significant DDR pattern under all three fertiliza-
tion treatments, indicating that microfaunal community composition 
may be strongly affected by geographic factors, such as local climate 

F I G U R E  4 Distance decay curves of soil microbial functional potential and different functional genes under different fertilization 
treatments. (a) Similarity of soil microbial functional potential against geographic distances among sampling sites. The bar graph represents 
the value of the slope. The slopes were pairwise compared among three fertilization treatments by permutation tests. Asterisks denote 
significant correlations. (b) The relative abundance of functional genes associated with carbon, nitrogen, phosphorus, and sulfur cycling 
under different fertilization treatments. Different lowercase letters represent significant differences of individual parameters under 
fertilization treatments by Tukey's HSD post hoc tests (p < .05). Ctrl, no fertilization; NK, nitrogen and phosphorus inputs; NPK, nitrogen, 
phosphorus and potassium inputs. *p < .05; **p < .01; ***p < .001.

(a)

(b)
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10 of 16  |     ZHU et al.

and soil type (Figure 1d; Figure S1). However, the influence of fertili-
zation on nematode communities may not be consistent across con-
trasting soil types and locations (Sarathchandra et al., 2001; Zhao 
et al., 2014). This result underscored the importance of local condi-
tions and the pitfalls of extrapolating results from a single site to 
other environments has its limitations when studying the nematode 
community.

It was not surprising that the diversity of the biotic commu-
nity significantly varied across the seven sites (Figures S2 and S3; 
Table  1; Table  S3), as soil acidity and type have been reported to 
cause changes in the belowground biota (Bardgett & Van Der 
Putten, 2014; Oliverio et al., 2020). Nutrient addition caused little 
or only marginal effect on microbial α-diversity, but it did signifi-
cantly alter β-diversity. Balanced nutrient input results in the homo-
geneous selection of copiotrophic species, favoring their survival 
(Feng et  al.,  2017). Phosphorus-deficient conditions can promote 

the growth of oligotrophic species, leading to different community 
compositions (Leff et al., 2015). Concomitantly, fertilization-induced 
changes in the soil environment have a more pronounced effect on 
β-diversity than α-diversity due to soil pH and nutrient stoichiome-
try (in 't Zandt et al., 2019; Liu et al., 2018).

Network analysis can be applied to identify co-occurrence 
patterns and potential interactions in a complex biotic community 
(Faust & Raes, 2012). Our study focused on a complex multi-trophic 
network that included bacteria, fungi, protists, and nematodes, 
rather than a single taxonomic network. Our findings revealed that 
the NPK network displayed the highest topological metrics and 
module hubs, indicating highly complex and robust network sta-
bility (Deng et al., 2012; Peng & Wu, 2016). Additionally, we found 
that the associations between different organism groups were 
the strongest in the balanced fertilization treatment (Figure  2). In 
the belowground ecosystem, nutrient availability can influence 

F I G U R E  5 Driving factors of soil microbial functional potential based on linear and random forest modeling. (a) Correlation between the 
biotic community α-diversity (Z-score) and soil microbial functional potential (Z-score) across all samples. (b) Correlation between the biotic 
community β-diversity and the soil microbial functional potential β-diversity across all samples. (c) Relationships between network stability 
(Z-score) and soil microbial functional potential (Z-score) across all samples. (d) Mean predictor importance (% of increased mean square 
error, MSE) of abiotic and biotic factors on soil microbial functional potential. AK, available potassium; AP, available phosphorus; C/N, the 
ratio of soil organic carbon to total nitrogen; C/P, the ratio of soil organic carbon to total phosphorus; N/P, the ratio of total nitrogen to total 
phosphorus; NH4

+-N, ammonia nitrogen; NO3
−-N, nitrate nitrogen; OM, organic matter; TK, total potassium; TN, total nitrogen; TP, total 

phosphorus. *p < .05; **p < .01; ***p < .001.

(a) (b) (c)

(d)
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    |  11 of 16ZHU et al.

biodiversity across multi-trophic levels through bottom-up forces 
(Schulz-Bohm et al., 2017). An ample supply of nutrients likely leads 
to rapid growth of organisms in the basal trophic level, thereby in-
creasing the populations of their predators and enhancing potential 
multi-trophic interactions (Geisen et al., 2021). Positive and negative 
edges are often considered indicative of potential cooperative and 
competitive relationships in the network (Chen et al., 2019). The bal-
ance between cooperation and competition in multiplex networks 
is the fundamental mechanism for species coexistence (Godoy 
et  al.,  2018). The presence of moderately positive and negative 
edges in the NPK network resulted in a greater number of coexisting 
species and a more stable network structure.

4.2  |  The influence of assembly processes on 
diversity and network stability

Partially supporting our second hypothesis, the stochastic process 
of the bacterial community and the deterministic processes of the 
fungal, protist, and nematode communities enhanced β-diversity. 
In contrast, the stochastic processes of the bacterial, fungal, and 
protist communities and the deterministic process of the nematode 

community promoted network stability (Figures 3 and 6). The sto-
chastic process indicates that when bacteria occupy similar abili-
ties to compete for common resources, they can coexist in highly 
overlapping ecological niches without eliminating species due 
to competition, which supports higher bacterial diversity (Chase 
& Myers, 2011; Jiao et  al., 2020). The heightened bacterial diver-
sity, in turn, amplifies metabolic networks and nutrient availability, 
thereby promoting the stable coexistence of bacteria with special-
ized functions (Xun et al., 2019). In addition, bacteria are more af-
fected by stochastic processes due to their smaller size, and the 
random colonization or extinction events can result in ecological 
drift and dispersal limitation, ultimately contributing to high levels 
of β-diversity (Chase, 2010; Martiny et  al., 2011). Conversely, the 
rise in deterministic processes within the eukaryotic community, 
characterized by larger body sizes, is linked to habitat heterogene-
ity that creates diverse ecological niches across regions, promot-
ing β-diversity (Chase,  2010). A microbial community dominated 
by stochastic processes tends to exhibit greater stability within the 
complex ecological network in the face of environmental perturba-
tions (Li et al., 2020; Pandit et al., 2009). Nematodes are essential 
components of soil food webs, participating in complex trophic in-
teractions with organisms, such as plants and microorganisms (Klass 

F I G U R E  6 Soil environmental factors 
mediate the soil microbial functional 
potential through the bacterial, fungal, 
protist, and nematode communities 
using structural equation modeling. The 
ellipses represent the latent variables, and 
the rectangles represent the observed 
variables. The symbol of the pentagram 
represents the community assembly of 
four organism groups. The data below 
the observation variable in the white box 
represent the weight. Black lines indicate 
significant relationships. The text on the 
black line represents the path coefficient, 
the black text represents the positive 
effect, while the red text represents the 
negative effect. Paths with nonsignificant 
coefficients are not presented. 
Community assembly is represented 
by normalized stochasticity ratio. The 
β-diversity is represented by the Bray–
Curtis dissimilarity of bacterial, fungal, 
protist, and nematode communities. 
Network stability is represented by 
average degree and natural connectivity 
of biotic network. AP, available 
phosphorus; C/P, the ratio of soil organic 
carbon to total phosphorus; N/P, the ratio 
of total nitrogen to total phosphorus; 
TP, total phosphorus. *p < .05; **p < .01; 
***p < .001.
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12 of 16  |     ZHU et al.

et al., 2012). Stochastic fluctuations in nematode communities may 
cause disruptions in these trophic interactions, thereby affecting the 
overall stability of the biotic network (de Vries et al., 2013).

4.3  |  Dual mechanisms of biotic community 
affecting soil microbial functional potential

Taking multi-trophic species into account in the network can 
improve our ability to predict soil microbial functional potential 
in agricultural ecosystems. Our study suggested that soil envi-
ronmental factors altered the assembly processes of organism 
groups, thereby influencing the soil microbial functional potential 
through network stability and β-diversity of the biotic community 
(Figure  6). We have created a conceptual figure to illustrate the 
dual mechanisms that regulate soil microbial functional potential 
with varying soil environmental factors (Figure 7). One mechanism 
indicated that high phosphorus levels and low nutrient stoichiom-
etry (C/P and N/P ratios) increased the stochastic processes of 
bacterial, fungal, and protist communities and the deterministic 
process of the nematode community under balanced fertiliza-
tion (NPK) treatment, which enhanced soil microbial functional 

potential by reinforcing the network stability of the biotic com-
munity (Figure 7). Increasing soil P resources boosts nutrient avail-
ability for soil microorganisms and accelerates their metabolic 
activities, ultimately improving the stochastic processes of the 
microbial community and enhancing network stability (Yang & van 
Elsas, 2018). However, phosphorus addition can also cause envi-
ronmental stress (e.g., salt toxicity) and increase the deterministic 
process of the nematode community (Sarathchandra et al., 2001; 
Zhao et al., 2014), which may improve network stability through 
top-down regulation (Karakoç et al., 2020). Additionally, low nu-
trient stoichiometry (C/P and N/P ratios) can foster complex and 
stable ecological networks between nematodes and microorgan-
isms, with higher average degree and natural connectivity (de 
Vries et al., 2018; Xun et al., 2021). Stable multi-trophic networks 
can improve soil microbial functional potential by enhancing nu-
trient cycling and carbon utilization efficiency in agroecosystems 
(Chen et al., 2022; Cotrufo et al., 2013), as guild interactions are 
considered important drivers of ecosystem functioning (Allen 
et al., 2022).

As an alternative mechanism, low phosphorus levels and high 
nutrient stoichiometry (C/P and N/P ratios) enhanced the sto-
chastic process of the bacterial community and the deterministic 

F I G U R E  7 A conceptual figure displays the proposed dual mechanisms that regulate soil microbial functional potential. One mechanism 
indicates that the high phosphorus levels (AP and TP) and low nutrient stoichiometry (C/P and N/P ratios) may increase the stochastic 
processes of bacterial, fungal, and protist communities and deterministic process of the nematode community under balanced fertilization 
(NPK) treatment, ultimately enhancing soil microbial functional potential by reinforcing network stability of the biotic community. The 
other mechanism indicates that the low phosphorus levels (AP and TP) and high nutrient stoichiometry (C/P and N/P ratios) may increase 
the stochastic process of the bacterial community and deterministic processes of the fungal, protist, and nematode communities under 
phosphorus-deficient fertilization (NK) treatment, thereby enhancing soil microbial functional potential by improving the biotic β-diversity. 
AP, available phosphorus; C/P, the ratio of soil organic carbon to total phosphorus; N/P, the ratio of total nitrogen to total phosphorus; TP, 
total phosphorus.
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    |  13 of 16ZHU et al.

processes of the fungal, protist, and nematode communities 
under phosphorus-deficient fertilization (NK) treatment, which 
improved the soil microbial functional potential by increasing 
the β-diversity of the biotic community (Figure 7). In the absence 
of external phosphorus resources, the enhanced deterministic 
processes in fungal, protist, and nematode communities may be 
attributed to the intensified competition for phosphorus (Wang 
et al., 2023). Through the evolution of specific mechanisms, such 
as symbiotic associations, nutrient uptake efficiency, or phos-
phorus storage strategies, these eukaryotic organisms have de-
veloped diverse survival strategies, contributing to an increase in 
β-diversity (Eldridge et al., 2018). Furthermore, high soil nutrient 
stoichiometry has the potential for creating environmental hetero-
geneity to influence the P-driven deterministic processes, thereby 
contributing to the formation of distinct niches for various or-
ganisms and fostering the biotic β-diversity (Nguyen et al., 2020; 
Zhang et  al.,  2020). Phosphorus-deficient environments usually 
have higher β-diversity, fostering the survival of specialized spe-
cies and offering unique functional potential (Souza et al., 2008). 
High β-diversity is crucial for maintaining multiple functions in 
the local environment since there is no ubiquitous combination of 
species capable of supporting all functions simultaneously (Mori 
et al., 2018). As such, the contribution of multi-trophic networks 
and β-diversity to soil microbial functional potential under differ-
ent management regimes may hold considerable ecological impor-
tance and warrant further investigation.

AUTHOR CONTRIBUTIONS
Lingyue Zhu: Conceptualization; data curation; formal analysis; visu-
alization; writing – original draft; writing – review and editing. Lu 
Luan: Writing – review and editing. Yan Chen: Data curation; for-
mal analysis; funding acquisition; investigation; project administra-
tion; resources; supervision. Xiaoyue Wang: Visualization. Shungui 
Zhou: Methodology; writing – review and editing. Wenxiu Zou: 
Investigation. Yinghua Duan: Investigation. Bo Zhu: Investigation. 
Yan Li: Investigation. Wenzhao Liu: Investigation. Jizhong Zhou: 
Methodology; resources. Jiabao Zhang: Funding acquisition; in-
vestigation; project administration; resources; supervision; writing 
– review and editing. Yuji Jiang: Conceptualization; funding acquisi-
tion; writing – original draft; writing – review and editing. Bo Sun: 
Conceptualization; formal analysis; funding acquisition; investiga-
tion; resources; supervision.

ACKNOWLEDG MENTS
This research was financially supported by the Strategic Priority 
Research Program of Chinese Academy of Sciences (XDA0440203), 
National Key Research and Development Program of China 
(2022YFD1900603 and 2022YFD1900601), National Natural 
Science Foundation of China (42177298), Double Thousand Plan 
of Jiangxi Province (jxsq2023201046), and Youth Innovation 
Promotion Association of CAS (Y2021084). In memoriam of the dis-
tinguished Professor Bo Sun, we acknowledge his pivotal role in the 

development of this work. His insights and expertise will always be a 
cherished part of this research.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The raw sequence data of bacteria, fungi, protists, and nematodes 
were deposited to the National Center for Biotechnology Information 
(NCBI) under PRJNA747872, PRJNA747891, PRJNA747906, and 
PRJNA747905, respectively. Data on the relative abundance of 
genes related to the carbon, nitrogen, phosphorus, and sulfur cycle 
can be accessed at https://​doi.​org/​10.​6084/​m9.​figsh​are.​21502​401.​
v1.

ORCID
Lingyue Zhu   https://orcid.org/0000-0002-5278-1318 
Lu Luan   https://orcid.org/0000-0002-9840-9300 
Yan Chen   https://orcid.org/0000-0001-8354-940X 
Xiaoyue Wang   https://orcid.org/0000-0003-0654-6904 
Yinghua Duan   https://orcid.org/0000-0002-2663-7523 
Yuji Jiang   https://orcid.org/0000-0001-8290-3518 
Bo Sun   https://orcid.org/0000-0002-4514-787X 

R E FE R E N C E S
Allen, W. J., Bufford, J. L., Barnes, A. D., Barratt, B. I. P., Deslippe, J. R., 

Dickie, I. A., Goldson, S. L., Howlett, B. G., Hulme, P. E., Lavorel, S., 
O'Brien, S. A., Waller, L. P., & Tylianakis, J. M. (2022). A network 
perspective for sustainable agroecosystems. Trends in Plant Science, 
27(8), 769–780.

Archer, E. (2016). rfPermute: Estimate permutation p-values for random for-
est importance metrics. R Package Version, 1.5.2.

Balvanera, P., Siddique, I., Dee, L., Paquette, A., Isbell, F., Gonzalez, A., 
Byrnes, J., O'Connor, M. I., Hungate, B. A., & Griffin, J. N. (2014). 
Linking biodiversity and ecosystem services: Current uncertainties 
and the necessary next steps. Bioscience, 64(1), 49–57.

Bardgett, R. D., & Van Der Putten, W. H. (2014). Belowground biodiver-
sity and ecosystem functioning. Nature, 515(7528), 505–511.

Bremner, J. M. (1960). Determination of nitrogen in soil by the Kjeldahl 
method. The Journal of Agricultural Science, 55(1), 11–33.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, 
C. A., Turnbaugh, P. J., Fierer, N., & Knight, R. (2011). Global pat-
terns of 16S rRNA diversity at a depth of millions of sequences per 
sample. Proceedings of the National Academy of Sciences of the United 
States of America, 108(Suppl 1), 4516–4522.

Chase, J. M. (2010). Stochastic community assembly causes higher bio-
diversity in more productive environments. Science, 328(5984), 
1388–1391.

Chase, J. M., & Myers, J. A. (2011). Disentangling the importance of eco-
logical niches from stochastic processes across scales. Philosophical 
Transactions of the Royal Society, B: Biological Sciences, 366(1576), 
2351–2363.

Chen, L., Jiang, Y., Liang, C., Luo, Y., Xu, Q., Han, C., Zhao, Q., & Sun, B. 
(2019). Competitive interaction with keystone taxa induced nega-
tive priming under biochar amendments. Microbiome, 7, 77.

Chen, W., Wang, J., Chen, X., Meng, Z., Xu, R., Duoji, D., Zhang, J., He, J., 
Wang, Z., Chen, J., Liu, K., Hu, T., & Zhang, Y. (2022). Soil microbial 
network complexity predicts ecosystem function along elevation 

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17160 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.21502401.v1
https://doi.org/10.6084/m9.figshare.21502401.v1
https://orcid.org/0000-0002-5278-1318
https://orcid.org/0000-0002-5278-1318
https://orcid.org/0000-0002-9840-9300
https://orcid.org/0000-0002-9840-9300
https://orcid.org/0000-0001-8354-940X
https://orcid.org/0000-0001-8354-940X
https://orcid.org/0000-0003-0654-6904
https://orcid.org/0000-0003-0654-6904
https://orcid.org/0000-0002-2663-7523
https://orcid.org/0000-0002-2663-7523
https://orcid.org/0000-0001-8290-3518
https://orcid.org/0000-0001-8290-3518
https://orcid.org/0000-0002-4514-787X
https://orcid.org/0000-0002-4514-787X


14 of 16  |     ZHU et al.

gradients on the Tibetan plateau. Soil Biology and Biochemistry, 172, 
108766.

Cotrufo, M. F., Wallenstein, M. D., Boot, C. M., Denef, K., & Paul, E. 
(2013). The microbial efficiency-matrix stabilization (MEMS) frame-
work integrates plant litter decomposition with soil organic matter 
stabilization: Do labile plant inputs form stable soil organic matter? 
Global Change Biology, 19(4), 988–995.

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex 
network research. InterJournal Complex Systems, 1695, 1–9.

de Vries, F. T., Griffiths, R. I., Bailey, M., Craig, H., Girlanda, M., Gweon, 
H. S., Hallin, S., Kaisermann, A., Keith, A. M., Kretzschmar, M., 
Lemanceau, P., Lumini, E., Mason, K. E., Oliver, A., Ostle, N., Prosser, 
J. I., Thion, C., Thomson, B., & Bardgett, R. D. (2018). Soil bacte-
rial networks are less stable under drought than fungal networks. 
Nature Communications, 9, 3033.

de Vries, F. T., Thébault, E., Liiri, M., Birkhofer, K., Tsiafouli, M. A., 
Bjørnlund, L., Bracht Jørgensen, H., Brady, M. V., Christensen, S., 
de Ruiter, P. C., d'Hertefeldt, T., Frouz, J., Hedlund, K., Hemerik, L., 
Hol, W. H. G., Hotes, S., Mortimer, S. R., Setälä, H., Sgardelis, S. P., 
… Bardgett, R. D. (2013). Soil food web properties explain ecosys-
tem services across European land use systems. Proceedings of the 
National Academy of Sciences, 110(35), 14296–14301.

Delgado-Baquerizo, M., Bardgett, R. D., Vitousek, P. M., Maestre, 
F. T., Williams, M. A., Eldridge, D. J., Lambers, H., Neuhauser, S., 
Gallardo, A., García-Velázquez, L., Sala, O. E., Abades, S. R., Alfaro, 
F. D., Berhe, A. A., Bowker, M. A., Currier, C. M., Cutler, N. A., Hart, 
S. C., Hayes, P. E., … Fierer, N. (2019). Changes in belowground 
biodiversity during ecosystem development. Proceedings of the 
National Academy of Sciences of the United States of America, 116(14), 
6891–6896.

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, 
J. J., Encinar, D., Berdugo, M., Campbell, C. D., & Singh, B. K. (2016). 
Microbial diversity drives multifunctionality in terrestrial ecosys-
tems. Nature Communications, 7, 10541.

Delgado-Baquerizo, M., Reich, P. B., Trivedi, C., Eldridge, D. J., Abades, 
S., Alfaro, F. D., Bastida, F., Berhe, A. A., Cutler, N. A., Gallardo, 
A., García-Velázquez, L., Hart, S. C., Hayes, P. E., He, J. Z., Hseu, 
Z. Y., Hu, H. W., Kirchmair, M., Neuhauser, S., Pérez, C. A., … 
Singh, B. K. (2020). Multiple elements of soil biodiversity drive 
ecosystem functions across biomes. Nature Ecology & Evolution, 
4(2), 210–220.

Deng, Y., Jiang, Y. H., Yang, Y., He, Z., Luo, F., & Zhou, J. (2012). Molecular 
ecological network analyses. BMC Bioinformatics, 13, 113.

Dini-Andreote, F., Stegen, J. C., Van Elsas, J. D., & Salles, J. F. (2015). 
Disentangling mechanisms that mediate the balance between 
stochastic and deterministic processes in microbial succession. 
Proceedings of the National Academy of Sciences of the United States 
of America, 112(11), E1326–E1332.

Donhauser, J., Qi, W., Bergk-Pinto, B., & Frey, B. (2021). High tempera-
tures enhance the microbial genetic potential to recycle C and N 
from necromass in high-mountain soils. Global Change Biology, 
27(7), 1365–1386.

Eldridge, D. J., Maestre, F. T., Koen, T. B., & Delgado-Baquerizo, M. 
(2018). Australian dryland soils are acidic and nutrient-depleted, 
and have unique microbial communities compared with other dry-
lands. Journal of Biogeography, 45(12), 2803–2814.

Faust, K., & Raes, J. (2012). Microbial interactions: From networks to 
models. Nature Reviews Microbiology, 10(8), 538–550.

Feng, Y., Chen, R., Stegen, J. C., Guo, Z., Zhang, J., Li, Z., & Lin, X. (2018). 
Two key features influencing community assembly processes at 
regional scale: Initial state and degree of change in environmental 
conditions. Molecular Ecology, 27(24), 5238–5251.

Feng, Y., Guo, Z., Zhong, L., Zhao, F., Zhang, J., & Lin, X. (2017). Balanced 
fertilization decreases environmental filtering on soil bacterial 
community assemblage in North China. Frontiers in Microbiology, 8, 
2376.

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., & 
Knight, R. (2012). Comparative metagenomic, phylogenetic and 
physiological analyses of soil microbial communities across nitro-
gen gradients. The ISME Journal, 6(5), 1007–1017.

Fiore-Donno, A. M., Rixen, C., Rippin, M., Glaser, K., Samolov, E., Karsten, 
U., Becker, B., & Bonkowski, M. (2018). New barcoded primers for 
efficient retrieval of cercozoan sequences in high-throughput en-
vironmental diversity surveys, with emphasis on worldwide bio-
logical soil crusts. Molecular Ecology Resources, 18(2), 229–239.

Geisen, S., Hu, S., dela Cruz, T. E. E., & Veen, (Ciska), G. F. (2021). Protists 
as catalyzers of microbial litter breakdown and carbon cycling at 
different temperature regimes. The ISME Journal, 15(2), 618–621.

Geisen, S., Snoek, L. B., ten Hooven, F. C., Duyts, H., Kostenko, O., 
Bloem, J., Martens, H., Quist, C. W., Helder, J. A., & van der Putten, 
W. H. (2018). Integrating quantitative morphological and qualita-
tive molecular methods to analyse soil nematode community re-
sponses to plant range expansion. Methods in Ecology and Evolution, 
9(6), 1366–1378.

Godoy, O., Bartomeus, I., Rohr, R. P., & Saavedra, S. (2018). Towards 
the integration of niche and network theories. Trends in Ecology & 
Evolution, 33(4), 287–300.

Guo, J. H., Liu, X. J., Zhang, Y., Shen, J. L., Han, W. X., Zhang, W. F., 
Christie, P., Goulding, K. W. T., Vitousek, P. M., & Zhang, F. S. 
(2010). Significant acidification in major Chinese croplands. Science, 
327(5968), 1008–1010.

Henseler, J., Ringle, C. M., & Sinkovics, R. R. (2009). The use of partial 
least squares path modeling in international marketing. Advances in 
International Marketing, 20, 277–319.

Henseler, J., & Sarstedt, M. (2013). Goodness-of-fit indices for partial 
least squares path modeling, 28, 565–580.

Ihrmark, K., Bödeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, 
A., Schenck, J., Strid, Y., Stenlid, J., Brandström-Durling, M., 
Clemmensen, K. E., & Lindahl, B. D. (2012). New primers to am-
plify the fungal ITS2 region—Evaluation by 454-sequencing of ar-
tificial and natural communities. FEMS Microbiology Ecology, 82(3), 
666–677.

in 't Zandt, D., van den Brink, A., de Kroon, H., & Visser, E. J. W. (2019). 
Plant-soil feedback is shut down when nutrients come to town. 
Plant and Soil, 439, 541–551.

Jiao, S., Lu, Y., & Wei, G. (2022). Soil multitrophic network complexity 
enhances the link between biodiversity and multifunctionality in 
agricultural systems. Global Change Biology, 28, 140–153.

Jiao, S., Yang, Y., Xu, Y., Zhang, J., & Lu, Y. (2020). Balance between com-
munity assembly processes mediates species coexistence in agri-
cultural soil microbiomes across eastern China. The ISME Journal, 
14, 202–216.

Jing, X., Sanders, N. J., Shi, Y., Chu, H., Classen, A. T., Zhao, K., Chen, 
L., Shi, Y., Jiang, Y., & He, J. (2015). The links between ecosystem 
multifunctionality and above- and belowground biodiversity are 
mediated by climate. Nature Communications, 6, 9159.

Kader, M., Lamb, D. T., Correll, R., Megharaj, M., & Naidu, R. (2015). Pore-
water chemistry explains zinc phytotoxicity in soil. Ecotoxicology 
and Environmental Safety, 122, 252–259.

Kanehiro, Y., & Sherman, G. D. (1965). Fusion with sodium carbonate for 
total elemental analysis. In C. A. Black (Ed.), Methods of soil analysis, 
part 2–agronomy 9 (pp. 952–958). American Society of Agronomy, 
Inc.

Karakoç, C., Clark, A. T., & Chatzinotas, A. (2020). Diversity and coexis-
tence are influenced by time-dependent species interactions in a 
predator–prey system. Ecology Letters, 23(6), 983–993.

Klass, J. R., Peters, D. P. C., Trojan, J. M., & Thomas, S. H. (2012). 
Nematodes as an indicator of plant–soil interactions associated 
with desertification. Applied Soil Ecology, 58, 66–77.

Langfelder, P., & Horvath, S. (2012). Fast R functions for robust cor-
relations and hierarchical clustering. Journal of Statistical Software, 
46(11), i11–i37.

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17160 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  15 of 16ZHU et al.

Leff, J. W., Jones, S. E., Prober, S. M., Barberán, A., Borer, E. T., Firn, 
J. L., Harpole, W. S., Hobbie, S. E., Hofmockel, K. S., Knops, J. 
M. H., McCulley, R. L., La Pierre, K., Risch, A. C., Seabloom, E. 
W., Schütz, M., Steenbock, C., Stevens, C. J., & Fierer, N. (2015). 
Consistent responses of soil microbial communities to elevated 
nutrient inputs in grasslands across the globe. Proceedings of 
the National Academy of Sciences of the United States of America, 
112(35), 10967–10972.

Leibold, M. A., Chase, J. M., & Ernest, S. K. M. (2017). Community as-
sembly and the functioning of ecosystems: How metacommunity 
processes alter ecosystems attributes. Ecology, 98(4), 909–919.

Li, P., Liu, M., Ma, X., Wu, M., Jiang, C., Liu, K., Liu, J., & Li, Z. (2020). 
Responses of microbial communities to a gradient of pig manure 
amendment in red paddy soils. Science of the Total Environment, 705, 
135884.

Liaw, A., & Wiener, M. (2002). Classification and regression by random-
Forest. R News, 2(3), 18–22.

Liu, J., Liu, M., Wu, M., Jiang, C., Chen, X., Cai, Z., Wang, B., Zhang, 
J., Zhang, T., & Li, Z. (2018). Soil pH rather than nutrients drive 
changes in microbial community following long-term fertilization 
in acidic Ultisols of southern China. Journal of Soils and Sediments, 
18(5), 1853–1864.

Liu, W., Graham, E. B., Dong, Y., Zhong, L., Zhang, J., Qiu, C., Chen, R., Lin, 
X., & Feng, Y. (2021). Balanced stochastic versus deterministic as-
sembly processes benefit diverse yet uneven ecosystem functions 
in representative agroecosystems. Environmental Microbiology, 
23(1), 391–404.

Liu, Y., Johnson, N. C., Mao, L., Shi, G., Jiang, S., Ma, X., Du, G., An, L., & 
Feng, H. (2015). Phylogenetic structure of arbuscular mycorrhizal 
community shifts in response to increasing soil fertility. Soil Biology 
& Biochemistry, 89, 196–205.

Lu, K. (1999). Analytical methods of soil and agricultural chemistry (in 
Chinese). China Agricultural Science and Technology Press.

Maestre, F. T., Quero, J. L., Gotelli, N. J., Escudero, A., Ochoa, V., Delgado-
Baquerizo, M., García-Gómez, M., Bowker, M. A., Soliveres, S., 
Escolar, C., García-Palacios, P., Berdugo, M., Valencia, E., Gozalo, 
B., Gallardo, A., Aguilera, L., Arredondo, T., Blones, J., Boeken, B., … 
Zaady, E. (2012). Plant species richness and ecosystem multifunc-
tionality in global drylands. Science, 335(6065), 214–218.

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. Embnet Journal, 17(10), 10–12.

Martiny, J. B. H., Eisen, J. A., Penn, K., Allison, S. D., & Horner-Devine, M. 
C. (2011). Drivers of bacterial β-diversity depend on spatial scale. 
Proceedings of the National Academy of Sciences of the United States 
of America, 108(19), 7850–7854.

Ming, L., & Yan, G. (2015). Optimal network topology and improved ge-
netic algorithm. In Proceedings of the 5th international conference on 
information engineering for mechanics and materials, 2352 (pp. 1175–
1181). Atlantis Press.

Mori, A. S., Isbell, F., & Seidl, R. (2018). β-Diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology & Evolution, 33(7), 
549–564.

Nelson, D. W. (1996). Total carbon. Organic Carbon, and Organic Matter., 
5, 961–1010.

Nguyen, Q. T. D., Kim, D., Shimanaga, M., Uchida, J., Aoshima, T., & Wada, 
M. (2020). Horizontal distribution of nematode communities in a 
seasonally-hypoxic enclosed sea (Omura Bay, Japan). Journal of 
Oceanography, 76(6), 479–489.

Ning, D., Deng, Y., Tiedje, J. M., & Zhou, J. (2019). A general framework 
for quantitatively assessing ecological stochasticity. Proceedings 
of the National Academy of Sciences of the United States of America, 
116(34), 16892–16898.

O'Halloran, I. P., & Cade-Menun, B. J. (2007). Total and organic phospho-
rus. In M. R. Carter & E. G. Gregorich (Eds.), Editors soil sampling and 
methods of analysis (2nd ed) part III–soil chemical analyses. CRC Press.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'hara, 
R., Simpson, G. L., Solymos, P., Stevens, M. H. H., & Wagner, H. 
(2013). Package ‘vegan’. Community ecology package, version 2.

Oliverio, A. M., Geisen, S., Delgado-Baquerizo, M., Maestre, F. T., Turner, 
B. L., & Fierer, N. (2020). The global-scale distributions of soil 
protists and their contributions to belowground systems. Science 
Advances, 6, eaax8787.

Pandit, S. N., Kolasa, J., & Cottenie, K. (2009). Contrasts between habi-
tat generalists and specialists: An empirical extension to the basic 
metacommunity framework. Ecology, 90(8), 2253–2262.

Peay, K. G., & Bruns, T. D. (2014). Spore dispersal of basidiomycete fungi 
at the landscape scale is driven by stochastic and deterministic pro-
cesses and generates variability in plant–fungal interactions. New 
Phytologist, 204, 180–191.

Peng, G. S., & Wu, J. (2016). Optimal network topology for structural 
robustness based on natural connectivity. Physica A: Statistical 
Mechanics and its Applications, 443, 212–220.

Peñuelas, J., Poulter, B., Sardans, J., Ciais, P., Van Der Velde, M., Bopp, 
L., Boucher, O., Godderis, Y., Hinsinger, P., Llusia, J., Nardin, E., 
Vicca, S., Obersteiner, M., & Janssens, I. A. (2013). Human-induced 
nitrogen-phosphorus imbalances alter natural and managed eco-
systems across the globe. Nature Communications, 4, 3934.

Poudel, R., Jumpponen, A., Schlatter, D. C., Paulitz, T. C., Gardener, B. 
B. M., Kinkel, L. L., & Garrett, K. A. (2016). Microbiome networks: 
A systems framework for identifying candidate microbial assem-
blages for disease management. Analytical and Theoretical Plant 
Pathology, 106(10), 1083–1096.

Pressler, Y., Zhou, J., He, Z., Van Nostrand, J. D., & Smith, A. P. (2020). 
Post-agricultural tropical forest regeneration shifts soil microbial 
functional potential for carbon and nutrient cycling. Soil Biology and 
Biochemistry, 145, 107784.

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: 
A versatile open source tool for metagenomics. PeerJ, 2016(10), 
1–22.

Sarathchandra, S. U., Ghani, A., Yeates, G. W., Burch, G., & Cox, N. R. 
(2001). Effect of nitrogen and phosphate fertilisers on microbial and 
nematode diversity in pasture soils. Soil Biology and Biochemistry, 
33, 953–964.

Schulz-Bohm, K., Geisen, S., Wubs, E. R. J., Song, C., De Boer, W., & 
Garbeva, P. (2017). The prey's scent—Volatile organic compound 
mediated interactions between soil bacteria and their protist pred-
ators. The ISME Journal, 11(3), 817–820.

Shi, Y., Dang, K., Dong, Y., Feng, M., Wang, B., Li, J., & Chu, H. (2020). 
Soil fungal community assembly processes under long-term fertil-
ization. European Journal of Soil Science, 71(4), 716–726.

Souza, V., Eguiarte, L. E., Siefert, J., & Elser, J. J. (2008). Microbial en-
demism: Does phosphorus limitation enhance speciation? Nature 
Reviews Microbiology, 6(7), 559–564.

Stegen, J. C., Lin, X., Konopka, A. E., & Fredrickson, J. K. (2012). Stochastic 
and deterministic assembly processes in subsurface microbial com-
munities. The ISME Journal, 6(9), 1653–1664.

Sun, Y., Shen, Y., Liang, P., Zhou, J., Yang, Y., & Huang, X. (2014). Linkages 
between microbial functional potential and wastewater constitu-
ents in large-scale membrane bioreactors for municipal wastewater 
treatment. Water Research, 56, 162–171.

Thébault, E., & Fontaine, C. (2010). Stability of ecological communities 
and the architecture of mutualistic and trophic networks. Science, 
329(5993), 853–856.

Tylianakis, J. M., & Morris, R. J. (2017). Ecological networks across en-
vironmental gradients. Annual Review of Ecology, Evolution, and 
Systematics, 48, 25–48.

Wagg, C., Bender, S. F., Widmer, F., & Van Der Heijden, M. G. A. (2014). 
Soil biodiversity and soil community composition determine eco-
system multifunctionality. Proceedings of the National Academy of 
Sciences of the United States of America, 111(14), 5266–5270.

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17160 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 16  |     ZHU et al.

Wang, J., Shen, J., Wu, Y., Tu, C., Soininen, J., Stegen, J. C., He, J., Liu, X., 
Zhang, L., & Zhang, E. (2013). Phylogenetic beta diversity in bacte-
rial assemblages across ecosystems: Deterministic versus stochas-
tic processes. The ISME Journal, 7, 1310–1321.

Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new 
bacterial taxonomy. Applied and Environmental Microbiology, 73(16), 
5261–5267.

Wang, W., Sun, Z., Mishra, S., Xia, S., Lin, L., & Yang, X. (2023). Body size 
determines multitrophic soil microbiota community assembly asso-
ciated with soil and plant attributes in a tropical seasonal rainforest. 
Molecular Ecology, 32(23), 6294–6303.

Wetzels, M., Odekerken-Schröder, G., & Oppen, C. V. (2009). Using 
PLS path modeling for assessing hierarchical construct models: 
Guidelines and empirical illustration. MIS Quarterly, 33, 177–195.

Xu, M., Zhang, Q., Xia, C., Zhong, Y., Sun, G., Guo, J., Yuan, T., Zhou, J., & 
He, Z. (2014). Elevated nitrate enriches microbial functional genes 
for potential bioremediation of complexly contaminated sediments. 
The ISME Journal, 8(9), 1932–1944.

Xun, W., Li, W., Xiong, W., Ren, Y., Liu, Y., Miao, Y., Xu, Z., Zhang, N., Shen, 
Q., & Zhang, R. (2019). Diversity-triggered deterministic bacterial 
assembly constrains community functions. Nature Communications, 
10, 3833.

Xun, W., Liu, Y., Li, W., Ren, Y., Xiong, W., Xu, Z., Zhang, N., Miao, Y., Shen, 
Q., & Zhang, R. (2021). Specialized metabolic functions of keystone 
taxa sustain soil microbiome stability. Microbiome, 9, 35.

Yang, P., & van Elsas, J. D. (2018). Mechanisms and ecological implica-
tions of the movement of bacteria in soil. Applied Soil Ecology, 129, 
112–120.

Zhang, X., Liu, S., Wang, J., Huang, Y., Freedman, Z., Fu, S., Liu, K., Wang, 
H., Li, X., Yao, M., Liu, X., & Schuler, J. (2020). Local community as-
sembly mechanisms shape soil bacterial β diversity patterns along a 
latitudinal gradient. Nature Communications, 11, 5428.

Zhao, J., Wang, F., Li, J., Zou, B., Wang, X., Li, Z., & Fu, S. (2014). Effects 
of experimental nitrogen and/or phosphorus additions on soil nem-
atode communities in a secondary tropical forest. Soil Biology and 
Biochemistry, 75, 1–10.

Zhao, M., Sun, B., Wu, L., Gao, Q., Wang, F., Wen, C., Wang, M., Liang, Y., 
Hale, L., Zhou, J., & Yang, Y. (2016). Zonal soil type determines soil 
microbial responses to maize cropping and fertilization. mSystems, 
1(4), e00075–e00116.

Zheng, W., Zhao, Z., Lv, F., Yin, Y., Wang, Z., Zhao, Z., Li, Z., & Zhai, B. 
(2021). Fungal alpha diversity influences stochasticity of bacterial 
and fungal community assemblies in soil aggregates in an apple or-
chard. Applied Soil Ecology, 162, 103878.

Zhou, J. (2017). Stochastic community assembly: Does it matter in mi-
crobial ecology? Microbiology and Molecular Biology Reviews, 81(4), 
e00002–e00017.

Zhou, J., Deng, Y., Luo, F., He, Z., Tu, Q., & Zhi, X. (2010). Functional mo-
lecular ecological networks. MBio, 1(4), e00169–e00210.

Zhou, J., Deng, Y., Zhang, P., Xue, K., Liang, Y., Van Nostrand, J. D., Yang, 
Y., He, Z., Wu, L., Stahl, D. A., Hazen, T. C., Tiedje, J. M., & Arkin, 
A. P. (2014). Stochasticity, succession, and environmental perturba-
tions in a fluidic ecosystem. Proceedings of the National Academy of 
Sciences of the United States of America, 111(9), 836–845.

Zhou, J., He, Z., Yang, Y., Deng, Y., Tringe, S. G., & Alvarez-Cohen, L. 
(2015). High-throughput metagenomic technologies for complex 
microbial community analysis: Open and closed formats. MBio, 6(1), 
e02288–e02314.

Zhu, L., Chen, Y., Sun, R., Zhang, J., Hale, L., Dumack, K., Geisen, S., 
Deng, Y., Duan, Y., Zhu, B., Li, Y., Liu, W., Wang, X., Griffiths, B. 
S., Bonkowski, M., Zhou, J., & Sun, B. (2023). Resource-dependent 
biodiversity and potential multi-trophic interactions determine be-
lowground functional trait stability. Microbiome, 11, 95.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Zhu, L., Luan, L., Chen, Y., Wang, X., 
Zhou, S., Zou, W., Han, X., Duan, Y., Zhu, B., Li, Y., Liu, W., 
Zhou, J., Zhang, J., Jiang, Y., & Sun, B. (2024). Community 
assembly of organisms regulates soil microbial functional 
potential through dual mechanisms. Global Change Biology, 
30, e17160. https://doi.org/10.1111/gcb.17160

 13652486, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17160 by U

niversity O
f O

klahom
a, W

iley O
nline L

ibrary on [30/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/gcb.17160

	Community assembly of organisms regulates soil microbial functional potential through dual mechanisms
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Experimental sites description and soil sampling
	2.2|Soil chemical properties
	2.3|DNA extraction and high-­throughput sequencing
	2.4|GeoChip hybridization analysis
	2.5|Construction of co-­occurrence networks
	2.6|Quantification of soil microbial functional potential
	2.7|Estimating assembly processes of biotic communities
	2.8|Statistical analysis

	3|RESULTS
	3.1|Assembly processes and distance decay pattern of organism groups
	3.2|The diversity of organism groups
	3.3|Co-­occurrence networks of organism groups
	3.4|Relationships of assembly processes of organism groups with community diversity and network stability
	3.5|Soil microbial functional potential
	3.6|The impacts of soil properties and biotic communities on soil microbial functional potential

	4|DISCUSSION
	4.1|Community assembly, diversity, and network of biotic community in response to nutrient input
	4.2|The influence of assembly processes on diversity and network stability
	4.3|Dual mechanisms of biotic community affecting soil microbial functional potential

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


